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Abstract 

Fish production in floodplain river systems is largely dependent upon the floodplain 
component and upon the timing, extent and duration of the flood pulse, all of which can 
be severely modified by hydraulic engineering. This thesis examines the impact of flood 
control drainage and irrigation (FCDI) schemes on fish production and biodiversity in 
Bangladesh by comparing: (i) species assemblages inside and outside FCDI schemes and 
(ii) the population dynamics of six members of the floodplain fish community sampled 
from inside and outside the Pabna Irrigation and Rural Development Project (PIRDP) and 
by modelling the response of a typical floodplain species to hydrological modification. 

Species assemblages were found to be significantly (P < 0.05) different inside and outside 
FCDI schemes with up to 25 species absent or less abundant inside compared to outside. 
The majority of these species are conspicuous members of the highly prized migratory 
`whitefish' category including silurid catfish, large cyprinids (including the Indian major 
carps), clupeids and mullets. In their absence, assemblages inside FCDI schemes are less 
rich and dominated by small, lower value `black' and `greyfish' species. 

Populations of the six species sampled from inside and outside the PIRDP were 
dominated by a single cohort for most of the year. Recruitment occurred both inside and 
outside the scheme coinciding with floodplain inundation. Growth of all the species was 
rapid and strongly seasonal and five of the six species reached sexual maturity by the end 
of their first year. With only one exception, growth rates, condition and fecundity of 
populations were either significantly higher (P < 0.05) inside the scheme or not 
significantly different. Differences in growth performance were explained by fish 
density, with four of the six species being less abundant inside the PIRDP. No significant 
differences were detected in the length at maturity, spawning period or instantaneous total 
mortality rate (Z). Estimates of Z were very high for all six species ranging from 3.2 to 
4.7 y', equivalent to only 4% - 1% survival y'. It was concluded that the production 
potential of individual fish is at least as high inside as outside the PIRDP. 

Empirical relationships describing the dependence of growth, mortality and recruitment 
upon fish density for a typical floodplain species were combined in an age-structured 
dynamic pool model -a variant of the Welcomme and Hagborg (1977) model. Model 
predictions indicate that the current hydrological modification within the PIRDP 
diminishes recruitment and thereby the production of those fish present within the 
scheme only marginally (= 10%). 

With 50% lower fish yields per unit area recorded inside the scheme by a companion 
study, it is thus concluded that FCDI schemes strongly impacts fish productivity, 
biodiversity and the unit value of the catch by the partial inaccessibility of their 
embankments and the impact this has upon the recruitment of migratory species to inside 
floodplains. It is recommended that mitigating measures and management strategies for 
modified floodplain fisheries focus upon augmenting the recruitment of migratory species 
from outside sources and improving the survival of resident spawning stocks. 
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1. Introduction 

"The principal driving force responsible for the existence, productivity, and interactions of the major biota 
in the river-floodplain systems is the flood pulse" 

(Junk et al, 1989). 

A dichotomy exists in Bangladesh between the need for hydraulic engineering to control 

flooding patterns to maximise agricultural production and to provide effective protection 

against extreme floods, and the potential impact that hydraulic engineering has upon fish 

production and species assemblages. From a fisheries perspective, this problem is 

compounded by the fact that the majority of fish production is directly or indirectly 

dependent upon the floodplain component of the floodplain-river system and upon the 

timing, extent and duration of the flood pulse; all of which can be severely modified by 

hydraulic engineering. 

This thesis attempts to help resolve this dichotomy by first identifying the effects of 
hydraulic engineering structures on the biological processes that influence the dynamics 

of the fish populations and their species assemblages. Then, by developing a model to 

simulate a floodplain fish population, explore potential management measures to mitigate 

the negative impacts and increase sustainable yield. 

1.1 Background 

Bangladesh lies between South and South-East Asia just north of the Tropic of Cancer 

between 20°45' N and 26°40' N and between 8800Y E and 90°42' E. It has a total land 

area of 143 998 km2; approximately the same size as England and Wales. It borders India 

to the West, North-West and East and Myanmar to the South-East. To the South is the 

Bay of Bengal. The country is a vast alluvial delta created by the Ganges and 
Brahmaputra rivers' characterised by very flat plains which never rise more than 10 

The Ganges and Brahmaputra rivers take the names Padma and Jumuna respectively within Bangladesh 
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metres above sea level. Fifty-per-cent of the country is below the 8m contour (Hossain 

et al, 1987; Murray, 1991) 

The climate is sub-tropical and tropical and there are three main seasons: the monsoon 

or 'wet' season (June-October), the 'cold' season (November-February) and the 'hot' 

season (March-May) with temperatures ranging 21°C - 35°C. Annual rainfall varies from 

1000mm in the West to 5000mm in the North near Assam. Three quarters of the total 

annual rain falls in the four month monsoon period between June and September (Murray 

1991). 

Bangladesh is one of the most densely populated countries in the world. Based upon a 

population growth rate of 2.7% per annum, the population density by the year 2000 is 

predicted to be more than 3 persons per hectare (Hughes et al, 1994). Population density 

is greatest in the areas of the lower Padma and Meghna rivers (Rahman et al, 1994). 

Agriculture dominates the Bangladeshi economy. Almost half of the National Product 

is derived from agriculture (Rashid, 1991). Rice is by far the most important crop 

contributing 75% of all field crop output and occupying 80% of all cultivated land. Three 

main rice varieties are grown: Aman, Aus and Boro; one in each of the growing seasons. 
The fast growing Aus variety is planted in April and must be harvested before flooding 

occurs in June/July. Aman is a flood tolerant variety, planted at the onset of the monsoon 

and harvested in November at the beginning of the dry season (Rahman et al, 1994). 

Boro is grown during the dry season, produces a higher yield than the other two varieties 
but must be irrigated and cannot tolerate inundation (Rashid, 1991). Jute is an important 

cash crop alongside tea, timber and fish, and provides more than 60% of the export 

earnings of Bangladesh. Two main species of jute are grown; the higher yielding variety 

cannot withstand flooding (Rashid, 1991). Despite the country's high soil fertility, land 

yields are extremely low relative to other countries. For example, production per unit 

area is approximately 25% of that in Australia (Murray, 1991). 

According to Rahman et al (1994) fish provide over 80% of the total animal protein 
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consumed in Bangladesh. Seventy five per cent of all families living on the floodplain 

fish to supplement their incomes (Sklar and Dulu 1994) and five million people are 
totally dependent upon fishing upon the floodplains for their livelihood (Clayton, 1994). 

In the split year 1990/91 the estimated total annual catch of Bangladesh was 895,935 

tonnes (Anon, 1991). Compared to other sectors, the inland freshwater capture fishery 

is by far the most important sector of the industry providing nearly half of the total catch 
for the year (Figure 1.1 a). Within this sector, the majority of the catch is caught from 

floodplains (Figure 1.1b). After jute, fish products are the second most important export 

commodity of Bangladesh providing 12% of total annual export earnings (Sklar and Dulu 

1994, Hughes et al, 1994). 

The major rivers; the Padma, Juruna and Mehgna are the most important geographical 
feature in Bangladesh and divide the country into four major regions: Northern, Southern, 

Central and Eastern. The Padma (Ganges) River rises from the slopes of the Himalayas 

at the Bangshi Glaciers and passes through the Indo-Gangetic Plain and enters 
Bangladesh in the Rajshahi District. Of its total length of 2600km, only 230 km lie in 

Bangladesh. The Jumuna (Brahmaputra) River rises from the glaciers of the Himalayas 

in Tibet, passes through Assam and enters Bangladesh in the Rangpur District. 

Approximately 10% of its total length (2800km) lies in Bangladesh. The Meghna River 

in Bangladesh is about 400km long and drains the northeast region of the country. 

Only approximately 8% of the drainage basin area of these rivers (16 million km2) lies 

within Bangladesh. The remainder lies in India (62%), China (18%), Nepal (8%) and 
Bhutan (4%) (Hughes et al, 1994). The flow from these three rivers combines just north 

of Chandpur, Bangladesh to form the Lower Meghna (Rashid, 1991). 

In addition to the network of major rivers, tributaries and canals (khals) there are 

numerous perennial and seasonal beels (natural depressions upon the floodplain), oxbow 
lakes and household ponds. The latter are created by excavating soil to construct raised 
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Figure 1.1 (a) Total catch in Bangladesh by sector and (b) total inland catch by habitat 
type for the split year 1990/91. Source: Department of Fisheries (DoF), Bangladesh. 
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platforms upon which houses are built. 

The rivers in Bangladesh are 'flood' type where the seasonality of the monsoon rainfall 

(Figure 1.2a) over their drainage basins is reflected down-river as a pronounced 'pulse' 

of increased flow (Figure 1.2b). River discharge rates (and water level) begin to increase 

in March or April and reach a maximum during the peak rainfall period between August 

and September. During this period a point is reached (bankfull level) when the rivers can 

no longer drain the volume of water contained within them and subsequent increases 

result in the rivers overspilling their natural levees onto the adjacent plains. Here the 

water spreads slowly out and eventually inundates the floodplain. The floodplains 

remain inundated for up to eight months of the year in low lying areas. 

As the dry season approaches between October to December, waters recede to the main 

river channel (the drawdown), isolating bodies of water within beels and other flood- 

inundated water bodies (FIWB's) present on the floodplain. The FIWB's may be 

perennial or seasonal depending upon their size, depth and drainage and evaporation 

rates. 

In Bangladesh over 60% of the total land area (approximately 90 000 km2) is floodable. 

The depth of floodplain inundation varies according to location, relief and soil type 

Hossain et al (1987). Further details of flooding patterns in Bangladesh are illustrated 

by Welcomme (1985 p32). 
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1.2 The importance of floodplain inundation 

Junk et al (1989) propose that the principal driving force responsible for the productivity 

of major biota in river-floodplain systems is the pulsing of the river flow or'flood pulse' 

which produces periodic inundations upon the floodplain or aquatic/terrestrial transition 

zone (ATTZ). The bulk of this production is derived directly or indirectly within the 

ATTZ itself which is periodically replenished with inorganic nutrients derived from 

water and sediments transported from the main river channel during the pulse. These 

promote primary production from phytoplankton, grasses and higher plants as well as 

epiphytic algae which can transfer up to 30kg of nitrogen per hectare of floodplain from 

the atmosphere to the soils (Boyce, 1994). The ephemeral flood conditions also produce 

`dynamic edge effects' or moving littoral zones upon the ATTZ which promote the 

decomposition of organic material thereby releasing nutrients back into the floodplain 

(Junk et al, 1989). 

The rapid increase in primary production and area available for colonization by aquatic 

organisms following floodplain inundation supports a diverse community of highly 

productive fauna. Fish exploit this surge of production, feeding upon the abundant food 

resources to grow rapidly during the period of inundation. The floodplain also provides 

sheltered spawning grounds with plenty of refuges in amongst the submerged vegetation 

for the young and juvenile stages. Pools, lakes, beels and canals, replenished with water 

by the flood pulse, also provide dry season refuges for floodplain resident species of fish 

(Welcomme, 1985). 

By contrast primary and secondary production in the main channel is relatively low. A 

shifting sandy substrate, great depth, turbidity, turbulence and strong current, make the 

main channel unfavourable for primary production. Siltation, swift currents and absence 

of aquatic vegetation also make the beds of most large rivers unsuitable for benthic 

organisms and few higher animals have adapted to utilize this biotope exclusively. Those 

that do tend to be predators of fish or aquatic invertebrates which depend to a great extent 

directly or indirectly upon the primary production upon the floodplains (Junk et al, 1989). 
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Therefore, although the main rivers do support large fisheries, the highest yields are 

associated with the floodplain habitat which is consistent with catch statistics (Figure 

1. lb). The main channel is used mainly as a migration route for gaining access to feeding 

and spawning grounds upon the floodplain or as a refuge during the dry season. 

The highly seasonal and unpredictable nature of the floodplain environment naturally 

selects for species with very high rates of reproduction, growth, early maturity and high 

fecundity. These r-selected communities are able to respond quickly to changes in 

environmental conditions, exploiting favourable floods. Fish production and stock 

resilience to exploitation is therefore generally higher on the floodplain than within more 

stable environments dominated by K selected species (Lowe-McConnell, 1987). The 

floodplain environment also promotes species diversity due to its dynamic habitat 

structure; "The regular flood pulse allows organisms to develop adaptations and 

strategies for efficient utilization of habitats and resources within the river-floodplain 

environment" Junk et al (1989). 

As well as contributing to the bulk of fish production and promoting species diversity, 

the flood pulse also gives rise to extremely fertile lands for agricultural production as 

well as water for irrigation. It also replenishes ground waters lowered during dry season 

abstraction. 

1.3 'Extreme' flooding and its effects in Bangladesh 

The extent of annual flood inundation in Bangladesh is variable and unpredictable 

(Figure 1.3) resulting largely from spatial and temporal variations in snow melt and the 

amount of rain falling in the upper catchment areas of the main rivers flowing through 

the country. 

Simultaneous high rainfall in the catchment areas of both the Padma and the Jumuna 

rivers may synchronize their peak discharge rates creating `drainage congestion' and 
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Figure 1.3 Area inundated by flooding in Bangladesh, 1954-1988. Points labelled with 
dates correspond to years of extreme flooding. Data source: Ahmad (1989) 

causing `extreme' or'catastrophic' flooding (Pramanik, 1994)- Matin & Husain, (1989), 

Ahmad (1989), and Pramanik (1994) have blamed deforestation as a contributory factor, 

arguing that it increases discharge rates and silt loading leading to shallower rivers which 

combine to make the rivers more prone to flooding. Paradoxically, hydraulic engineering 

structures that confine river flow to the main channel (see below) often increases the 

likelihood of extreme floods as observed in the Rhine ( see Ward and Stanford, 1989). 

Extreme flooding can disrupt transport and communication systems and damage 

infrastructure such as roads, railways, bridges, embankments and buildings. In the most 

severe cases, many lives are lost and people are left homeless. In the catastrophic 

flooding during 1988,30 million people were made homeless (Temple & Payne 1995). 
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Rice, jute and sugarcane and vegetable crops are all susceptible to damage caused by 

flooding. Given that 85% of the population live at agrarian subsistence level and that 

almost half of the National Product is derived from agricnltüre, damage to crops caused 
by extreme flooding presents a serious threat to the welfare of the people of Bangladesh 

and to the economy as a whole. Drinking water supplies may also become contaminated 

during extreme floods which are invariably followed by diseases such as cholera, 

diarrhoea and dysentery. The cost of flood damage (and other natural disasters) between 

1947-1991 has been estimated at US$25 billion (Pramanik, 1994). 

1.4 Hydraulic Engineering_ 

Hydraulic engineering attempts to provide a means of controlling flooding patterns to 

facilitate activities such as agriculture, grazing cattle, housing, industrial purposes and 

to prevent extreme flooding. This is achieved using three main types of structure (i) 

impoundments (ii) levees/polders and (iii) canals (channelization). Impoundments 

control the river discharge rate by storing water behind a dam. They are generally the 

most popular mode of flood control as they often carry with them additional benefits such 

as hydro-electric power generation and the creation of large water bodies upstream of the 

dam which can be utilised for fish culture, irrigation and cattle watering. Levees are 

linear dams designed to increase the height of the existing natural levee and thereby 

prevent water spreading laterally onto the floodplain. Polders serve the same purpose but 

enclose areas of floodplain within dykes to control flooding thereby enabling activities 

such as rice and fish culture, irrigated agriculture and grazing for cattle to take place. 

Channelization involves modifying the natural complexity of a river by smoothing and 

straightening its banks to increase the rate of river flow in order to redistribute water 

within a river system or to protect adjacent land from flooding (Welcomme, 1985). 

Hydraulic engineering in Bangladesh is characterised by earthen embankments (levees) 

forming polders or flood control, drainage and irrigation (FCDI) schemes. These 

schemes are designed to provide some control over floodplain inundation to maximise 
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agricultural production based upon high yielding varieties (HYV) of rice and jute, and 

a safe environment for their inhabitants. Flooding within FCDI schemes is usually 

cönfro-11ed by s1uiee gätes built intö the embankments. Local rainfall is often an 

important source of flooding and thus some schemes including the Pabna Irrigation and 

Rural Development Project (PIRDP) are also equipped with pumps to control water 

levels within the polder when gravity drainage is not possible. Nearly 200 FCDI schemes 

exist in Bangladesh protecting approximately 30% of the total area of the country. 

Individual schemes can be very large such as the Chandpur Project (40 000ha) and the 

(PIRDP) (185 000 ha) (Smith, 1994). 

The impact of hydraulic engineering structures on fisheries and fish populations has been 

reviewed by Welcomme (1985). An updated summary of the main effects is presented 

in Table 1.1. 
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The main impact of levees and embankments is to deny fish access to floodplain 

spawning and feeding grounds which they depend upon for their survival, thereby 

causing a reduction in exploitable biomass (various authors cited by Welcomme, 1985). 

The remaining habitat is often less diverse inducing changes in species composition 

favouring non-obligate floodplain spawners. If levees are designed to manipulate water 

levels upon the floodplain, then reduced flooding can disrupt nutrient exchange and 

thereby affect growth, recruitment and ultimately the productivity of the system 

(Welcomme, 1985; Gehrke, 1992). River discharge rates often increase as flow is 

confined to the main channel, sweeping larvae, fry and juveniles past appropriate sites 

for colonization and destroying spawning beds by erosion of the river bed (Backiel and 

Penczack, 1989). Case studies reviewed by Welcomme (1985) and those below illustrate 

these main effects. 

The Mississippi River (MR), the largest river in North America has been extensively 

modified by this type of engineering structure during the past 200 years. The river is 

impounded by a series of navigation pools from St. Louis to Minneapolis in the Upper 

Mississippi River (UMR) and levees have been constructed almost along its entire length, 

particularly along the banks of the Lower and Middle Mississippi River (LMR/MMR). 

Channelization, dredging and construction of revetments have also occurred along 

various sectors. In the MMR, the levees have narrowed the floodplain and the floodplain 

area along the LMR has declined by 90% as a result of the levee construction. Levee 

construction has also isolated many floodplain lakes from the main channel and 

channelisation has increased discharge rates within the river as the flow is now further 

confined to the main channel. 

The impact of these structures is particularly pronounced in the Atchafalaya River (AR), 

a principal distributary of the LMR. Standing stock biomass in the unleveed part of the 

river was shown to be 55% higher than within the leveed section. Species assemblages 

in the leveed section are now dominated by foraging species such as the gizzard shad 

(Dorosoma cepedianum) almost completely replacing sport and commercial species. 

Similar declines in productivity were seen in the Illinois River, a tributary of the UMR, 
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resulting from the loss of floodplain habitat and silting of floodplain lakes with toxic 

sediments. The abundance of species dependent upon the floodplain for spawning has 

also diminished including pike (Exos lucuis), large-mouth bass (Micropterus salmoides) 

and yellow perch (Percaflavescens) (Fremling et al, 1989). 

Before modification, the Missouri River, another tributary of the Mississippi, was 

characterized by high turbidity, pulsed discharge and a wide braided channel. 

Subsequent changes in turbidity, sediment load, discharge characteristics and habitat 

diversity have brought about changes in the fish fauna including the decline of the pallid 

sturgeon (Scaphirhynchus albus) which is less able to compete with the closely related, 

but more adaptable, shovelnose sturgeon (Scaphirhynchus platorynchus). Swift currents 

created by the levees and channelisation have caused the decline of the flathead chub 

(Hybognathus gracilis) in favour of other chubs such as the speckled (H. aestivalis), 

sturgeon (H. gelida) and sicklefin (H. meeki) varieties that are more adapted to the new 

open channels with swift currents. Species that favour silty backwaters and floodplains 

to feed on organically rich mud and ooze have also declined in abundance (Pflieger and 

Grace, 1987). 

The river Danube has been extensively modified by hydraulic engineering structures 

since the turn of the century. The construction of levees in the lower Danube has 

increased discharge velocity, reducing the abundance of many migratory species as their 

larvae are now ejected into the sea instead of passively drifting onto the floodplain to 

develop in the sheltered waters. The levees also deny phytophils and semi-migratory 

species such as common carp (Cyprinus carpio), pike (Leucius idus), and sheat fish 

access to important spawning grounds (Bacalbasa-Dobrovici, 1985). 

Levee construction and channelization projects in the Lower Rhone between Lyon and 

the Carmague to protect residents from flooding and to improve navigation within the 

main channel have reduced species diversity and diminished the abundance of migratory 

species in favour of reophilic cyprinids and "wide spectrum species" such as chub 

(Fruget, 1992). Similar modifications to the Vistula River and its tributary the Pilca in 
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Poland have damaged the spawning grounds of Salmo salar, Salmo trutta trutta, and 

Vimba vimba, and have thereby reduced their abundance (Backiel and Penczak, 1989). 

Until recently, impact studies in Bangladesh focussed mainly upon the effects of the 

Farraka barrage on hilsa (Hilsa ilisha) stocks, for example, Chandra et al, 1990). Many 

of those who examined FCDI schemes concluded that they reduced fish production and 

interrupted fish migrations, but were largely unsupported by any formal data. For 

example, Shafi (1990) boldly states that levee construction in Bangladesh has 

"... destroyed naturally evolved and balanced systems of fish and prawn migrations both 

for spawning and for travel to and from nursery and feeding grounds. And these 

alterations in the environment have proved to be an ecological catastrophe causing 

continuous decline in their production....... ". Rahman et al (1994) state that FCDI 

schemes have caused a 70% decline in fisheries. Tsai and Ali (1985), Khaleque and 

Islam (1985), Ameen (1987), Natarajan (1989), Bishaya (1990), Ali (1991), Hossain and 

Afroze (1991), Smith (1994) and Sklar and Dulu (1994) all make similar, but apparently 

unsubstantiated claims. 

Arguably the most objective, though yet unpublished, research was undertaken as part 

of the Flood Action Plan (FAP). This five year programme (1990-95), drawn up by the 

World Bank in response to the disastrous floods in 1987 and 1988, was designed to 

provide coordinated action by the international community to formulate a long term flood 

control programme (Dalal-Clayton 1990). As part of the overall programme, a number 

of'supporting studies' were undertaken to address the potential environmental impact that 

might be anticipated following implementation of the FAP. 

FAP 17 was the only study devoted entirely to assessing the impact of FCDI schemes on 

the fish and fisheries. The assessment was based mainly upon comparisons of total 

annual catch and effort, biodiversity and species compositions recorded at sites of similar 

habitat, inside and outside FCDI schemes. Hatchling movement studies were also 

undertaken to help provide biological explanations for any observed differences in 

species composition. Eight schemes in the North West, North East, North Central and 
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South West regions of the country were included and a total of 104 study sites were 

selected representing four different habitat types; main rivers, secondary rivers, canals 

and floodplains/beels (FAP 17,1994; Table 3.2 ). Four of the selected FCDI schemes 

were, however, not functioning as planned (FAP 17,1994; Table 3.1). 

Total annual catch and effort for each site and gear type were calculated from daily catch 

rates and fishing effort sampled on a bi-monthly basis. A generalised linear model 

(GLIM) was employed to normalise catch rates for different gears and time periods. 

Catch rates inside and outside FCDI schemes were compared statistically to determine 

any differences in fish density by habitat type. Significant differences in fish density 

were then expressed in terms of annual catch per unit area (CPUA). For all habitat types, 

fish density was not significantly different (P>0.05) inside and outside partially 

functioning FCDI schemes. For fully functioning schemes, almost half of the possible 

in/out comparisons could not be made because there were insufficient numbers of 

common gears operating both inside and outside. This included all the habitat types 

within one of the schemes (Chalan Beel Polder B). The majority of the remainder of 

comparisons for the other three schemes showed no significant differences in density. 

Only three significant differences in density were found. For the PIRDP located in the 

North West and for the Satla-Bagda Polder 1 in the South West, the density of fish on the 

floodplains was found to be significantly higher outside the scheme than inside. 

Conversely, the density of fish in rivers within the Brahmaputra Right Embankment 

(BRE) scheme was significantly higher than those outside the scheme. Generalisations 

regarding the impact of FCDI schemes on fish density or productivity were made difficult 

by these conflicting results. 

An important conclusion drawn by FAP 17 (1994) was that FCDI schemes encourage 

greater fishing effort. However, examination of Tables 3.16 and 3.19 of the same report 

indicate that for those habitat types and schemes (both partially and fully operational) for 

which standardised effort could be calculated, exactly half showed greater fishing effort 

inside than outside and the other half showed the converse. This conclusion must 

therefore be challenged. 
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The analysis did reveal that catches inside and outside FCDI schemes in the North West 

of the country for split years 1992/93 and 1993/94 were positively correlated with flood 

extent and duration. The results also indicated that FCDI schemes can influence the 

seasonality of the fishery by delaying the drawdown. This has the effect of both delaying 

and extending the period of peak catches. 

Biodiversity was measured as species richness (S) - the total number of fish species 

recorded in the catches at each site. Comparisons between sites inside and outside the 

fully functioning schemes showed that for floodplain habitat, species richness was 6-35% 

lower inside than outside. For canals and rivers a similar pattern emerged though for the 

Kalabari/Ambola canal (Satla-Bagda Polder 1) and the Padma/Baral river (PIRDP), 

species richness was found to be 13% and 5% greater inside than outside respectively. 

For the partially functioning schemes, a total of nine comparisons of habitat and scheme 

combinations were made. Of these, six showed species richness to be greater inside than 

outside. None of the comparisons were tested statistically. 

Species composition inside and outside the FCDI schemes, expressed as a percentage of 

total annual catch combined across all gears, was also compared, after first categorising 

species as either migratory or floodplain resident. For floodplain habitat in the north west 

region, migratory species formed less than 10% of the total annual catch inside the FCDI 

schemes compared to between 26%-36% outside. In the South West, migratory species 

were insignificant in terms of their abundance both inside and outside the schemes 

though floodplain resident species comprised a greater proportion of the catch outside 

than inside. The results for partially functioning schemes and for all comparisons of river 

and canal habitat were contradictory and inconsistent. 

The approach adopted by FAP 17 in the analysis of biodiversity and species composition 

could be criticised for several reasons. For the species composition comparison, species 

were a priori categori sed according to their migratory behaviour and therefore the effect 

of the FCDI schemes upon species composition had been presumed. Species richness 

and composition data calculated from total annual catch landed by all gear types will 
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depend largely upon the gear composition or `gear mix' employed at each site or location 

because gears are often highly selective towards particular species. For example, a small 

bamboo trap designed to catch small shrimp species is unlikely to catch large predators 

such as Wallago attu or Channa striatus. Similarly, a large meshed gillnet is unlikely to 

catch small prawn species, but more likely to catch large predator species . 
Furthermore, 

species compositions recorded at each site will also be dependent upon the relative effort 

deployed with each gear type ('effort mix'). 

The main aim of the hatchling study was "... to assess the impact of flood control 

embankments on fish movement... prior to recruitment... " (FAP 17 1995, page 39). 

The assessment was based upon comparisons of fry density in secondary rivers inside and 

outside FCDI schemes in the immediate vicinity of sluice gates. Five sluice gates were 

monitored at three FCDI schemes in the north west and north east regions. At the 

Chargat sluice gate, samples were taken in both 1992 and 1993. At the other four 

schemes, sampling was confined to 1993. The actual and total numbers of months during 

which fry densities were recorded varied between the sluice gates and between years in 

the case of Chargat. 

The results, summarised in Table 1.2 indicate significant (P < 0.05) differences in fly 

density for only two (Chargat and Talimnagar) of the five sluice gate locations. At 

Chargat, densities were higher outside than in, and at Talimnagar, the converse existed. 

The study conclusion that "... when gates are open, severe hydraulic conditions reduced 

densities and supply rates in regulated rivers" FAP 17 (1995, page xxviii), must 

therefore also be challenged. 
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1.5 Aims of the thesis 

This research was undertaken as part of the `Fisheries Dynamics of Modified Floodplains 

in South and South East Asia' study (R5953), an Overseas Development Administration 

(ODA) aid project conducted by MRAG (1997), funded through the Fisheries 

Management Science Programme (FMSP). This placed certain restrictions on the scope 

of this thesis which had to be tailored to complement the objectives of R5953. These 

objectives were: (i) to understand the implications of spatial and temporal dynamics of 

floodplain fish and fisheries on the management of inland capture fisheries and (ii) in the 

light of existing uncertainties, to understand the impacts of FCDI schemes on fish 

production and to make recommendations on the management of floodplain fish 

resources. 

The aims of this thesis focus upon meeting this second objective in support of 

comparisons of productivity (catch per unit area (CPUA)) and fishing intensity (effort per 

unit area (EPUA)) made by MRAG (1997) inside and outside a typical, fully functioning 

FCDI scheme. 

Differences in productivity may be due to two factors: the relative numbers of fish in 

each region and their relative production (elaboration of fish tissue) potential. It was 

hypothesised that the first factor may be impacted by the effects of FCDI scheme 

embankments on fish migration routes and by the effects of floodplain morphology and 

hydrological modification on the recruitment of fish within the scheme, while the second 

factor depends largely upon relative water levels and the resources available for fish 

production. 

The aims of the thesis were therefore identified as: 

(i) Re-examine the FAP 17 species abundance data using more robust statistical 

methodology to determine the impact of FCDI schemes on biodiversity and upon 

the accessibility of modified floodplains to migratory species. 
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(ii) Estimate, and compare statistically, population parameters describing growth, 

reproduction and survival of fish sampled from inside and outside a typical, fully 

functioning FCDI scheme and thereby determine the impact of FCDI schemes on 

production potential. 

(iii) For a selected species (Puntius sophore), determine the relationships between 

growth, mortality, and recruitment on fish density, to explore the dependence of 

fish production on water levels and floodplain morphology. 

(iv) Using the estimated population parameters and empirical models derived from 

(ii) and (iii) respectively, develop a simulation model to examine the dynamics 

of floodplain fish populations in relation to dynamic hydrological and 

exploitation regimes. 

(v) Using the simulation model, determine whether the recruitment and production 

of fish inside the scheme could be affected by floodplain morphology and 

hydrological modification, and explore options for the management of modified 

floodplain fisheries. 

(vi) Using the information gained from (i), (ii) and (v), interpret the productivity 

estimates of MRAG (1997) and thereby draw conclusions on the impact of FCDI 

schemes on fish production and make recommendations on the management of 

modified floodplain fish resources. 
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1.6 The study site 

The Pabna Irrigation and Rural Development Project (PIRDP) was selected for this 

research because (i) it is recognised as fully functioning in terms of flood control (FAP 

17 1994), (ii) it is located in an area particularly prone to extensive flooding (Temple and 

Payne, 1995) and therefore potential impacts should be apparent and (iii) a considerable 

amount of fisheries data is already available for this scheme collected by the FAP17 

study. 

The scheme is located in the North West region of Bangladesh at the confluence of the 

Padma and Jumuna Rivers (Figure 1.4). It provides flood control to approximately 1845 

km' and drainage facilities to 1380 km' of agricultural land within the districts of Pabna, 

Sirajganj and Natore. Prior to its construction, this area once formed part of the active 

floodplains of the Ganges, Jumuna and Baral Rivers. Within the scheme there are six 

major drainage channels which form three hydraulically independent drainage systems; 

the Chiknai-Tarapasha-Ratnai-Sutikhali system, the Kageswari system and the Badai 

system. The Chicknai system drains the northern part of the project into the Baral and 

Jumuna Rivers through the Demra and Bera sluices respectively. The Koitola sluice on 

the Jumuna drains the Kageswari system and the Badai drains the southern part of the 

project area into the Ganges (Padma) via Talimnagar sluice (Danish Hydraulic Institute 

1994). 

Water levels within the scheme are controlled by a combination of sluice gates and 

pumping stations. There are six major drainage sluices on the main perimeter 

embankment and fifteen other drainage sluices inside the scheme associated with 

irrigation canals. Pumping stations located at Bera and Koitola supplement the gravity 

drainage systems. At Bera, the pumping station is used for irrigation during the dry 

season and drainage during the monsoon. The station at Koitola is used for drainage 

only. There are also more than 600 other `irrigation structures' within the scheme though 

the irrigation system is currently inoperative due to infrastructural problems (Danish 

Hydraulic Institute, 1994). 
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Figure 1.4 The catchment position of the study site at the confluence of the Padma and 
Jumuna Rivers. 
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For logistical reasons, only one drainage system, the Badai, located in the southern part 

of the scheme, was selected for the study. This was chosen in preference to the two other 

systems based upon the results of a flood simulation model used by the Surface Water 

Modelling Centre (SWMC) to quantify the effects of the PIRDP on the flooding patterns 

of the area. These indicated that, for the hydrological conditions in 1993, the effect of 

the project was most pronounced in this basin which exhibited a significant reduction in 

peak water levels and area of inundation (for further details see Danish Hydraulic 

Institute 1994). This region was also of particular interest to other components of the 

funding project R5953, principally those concerned with the spatial dynamics of the 

fishery since the Talimnagar sluice gate was believed to be a potentially important 

migration pathway for fish (see MRAG (1997) for further details). In addition to the 

main earth embankment or levee, the PIRDP is subdivided artificially by many roads and 

footpaths with larger roads having canals alongside them (Figure 1.5). 

The floodplain lands immediately adjacent inside and outside the flood control 

embankment formed the `Inside' and `Outside' sampling regions (Figure 1.6). The 

region labelled `Adjacent Region' was needed to estimate catches in the main 

Inside/Outside sampling regions from fishermen living outside those regions, and vice 

versa, as part of the catch-effort sampling programme undertaken by MRAG (1997). The 

sampling regions were believed to be nominally similar, containing a mixture of habitats 

including secondary rivers, floodplains and natural depressions (beeis). 

Hydrology at the study site 

The hydrology at the study site is determined by the flooding patterns of the Jumuna and 

Padma Rivers and local rainfall. During the rainy season, waters rise approximately 20 

ft (6m) to reach a peak flood by July or August. The high water period may continue for 

around three months before waters begin to fall in September or October. 

The floodplains at the study site are at an altitude of approximately 25ft. During the two 

year sampling period, floodplains outside the PIRDP where covered by up to 8.6ft (2.6m) 

of water in the flood season (Figure 1.7). Due to the embankment, flood depths inside 
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Figure 1.5 Rivers, main roads and the flood control embankment of the Pabna Irrigation 

and Rural Development Project (PIRDP) area. Source: MRAG (1997). The study site 

straddled the embankment in the south-east of the PIRDP area (see Figure 1.6). 
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Figure 1.6 `Inside' and ̀ Outside' sampling sub-regions. The Inside Region also included 
the region marked `Adjacent Region'. Source: MRAG (1997). 
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Figure 1.7 Daily water heights at the study site in 1995 (upper figure) and 1996 (lower 
figure) measured inside (thin lines) and outside (thick lines) the Talimnagar sluice gates, 
and total apertures of each sluice gate (bars). Source: MRAG (1997). 
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the PIRDP reached a maximum of 6.4ft (2m). Dry season water levels were relatively 

stable at approximately 15l inside and outside the scheme in both sampling years whilst 

high water levels fluctuated far more. Stable dry season levels may be due to the 

buffering effect of the huge Gangetic delta and the closeness of the PIRDP site to the 

water table during this period. Almost all the land within the project site, except raised 

roads and housing, both inside and outside the PIRDP, are inundated in a normal flood 

(MRAG, 1997). 

The overall effect of the PIRDP is to reduce, delay and smooth the flood curve inside the 

scheme compared to that outside (Figure 1.7), to maximise the production of high water 

Aman rice, as the crop has time to grow with the gently rising water without being 

submerged. 

Delayed flooding inside the PIRDP shortens the period of floodplain inundation inside 

the scheme compared to that outside by approximately 20 days (Table 1.3). The 

combined effect of the delayed inundation and reduced water height significantly reduces 

the magnitude of flooding measured by the integral flood index' (foot-days of inundation 

over the average floodplain depth of 25ft) inside the PIRDP. In 1995/1996, the flood 

index was 32% lower inside than outside and 25% lower in 1996/1997. 

Table 1.3 Flood measures inside and outside the PIRDP FCDI scheme for 95/96 and 
96/97 flood years calculated from water height data measured at Talimnagar Sluice gate. 

95/96 96/97 

Flood measure Inside Outside Inside Outside 

Flood index (foot days inundated) 420 632 398 532 

Days floodplain inundated 109 129 90 115 

Max. floodplain depth (ft) 5.8 8.6 6.4 8.3 

Welcomme (1979) 
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1.7 Key Species 

Six species from more than 250 caught within the river/floodplain system of Bangladesh 

were selected as key species for this research. These key species fell into four of five 

'guilds' developed by MRAG (1994a) to categorise the main types of fish inhabiting the 

system. These guilds categorise species according to similarities in their (i) population 

parameters (growth and mortality rates), (ii) feeding and reproductive behaviour and (iii) 

vulnerability to different types of gear (MRAG, 1994a). 

The final selection of the species within each guild (Table 1.4) was constrained by the 

overall objectives of the funding project (R5953). It represented a compromise between 

the availability of similar or the same species at the study site in Bangladesh and 

Indonesia (required for the comparative assessment of fish populations at a heavily 

modified and a pristine site respectively), and the suitability of species for tagging to 

assess spatial dynamics within the two systems. Despite these requisites, the selection 

contained a broad selection of members of the river-floodplain community. 

Table 1.4 'Key species' selected within each guild. 

Guild Key species 

Large carps: Catla catla 

Large predators: Channa striatus, Wallago attu 

Medium sized fish: Anabas testudineus, Glossogobius giuris 

Small fish: Puntius sophore 

The key species are illustrated (not to scale) in Figures 1.8a-f. 
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Figure I. 8a Puntius sophore 

Class Osteichthyes 

Subclass Actinopterygii 

Order Cypriniformes 

Suborder Cyprinoidei 

Family Cyprinidae 

Subfamily Cyprinninae 

Genus Puntius 

Species Puntius sophore (Hamilton) 

Figure 1.8b Catla catla 

Class Osteichthyes 

Subclass Actinopterygii 

Order Cypriniformes 

Suborder Cyprinoidei 

Family Cyprinidae 

Subfamily Cyprinninae 

Genus Catla 

Species Catla calla (Hamilton) 
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Figure I. 8c Channa striatus 

Class Osteichthyes 

Subclass Actinopterygii 

Order Channiformes 

Family Channidae 

Genus Channa 

Species Channa strintus (Bloch) 

Figure I. 8d Wallago attu 

Class Osteichthyes 

Subclass Actinopterygii 

Order Cypriniformes 

Suborder Siluroidei 

Family Siluridae 

Genus Wallago 

Species Wallogo attu (Bloch) 
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Figure 1.8e Anabas testudineus 

Class Osteichthyes 

Subclass Actinopterygii 

Order Perciformes 

Suborder Anabantoidei 

Family Anabantidae 

Genus Anabas 

Species Afnbas testudineus (Bloch) 

Figure 1.8f Glossogobius giuris 

Class Osteichthyes 

Subclass Actinopterygii 

Order Perciformes 

Suborder Gobiodei 

Family Gobiidae 

Subfamily Gobiinae 

Genus Glossogobius 

Species Glossogobius giuris (Hamilton) 
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1.8 Data collection 

Data were collected in two ways: through 'routine' sample collection programmes and by 

a number of ad hoc studies. The routine sampling programmes were conducted for a two 

year period between January 1995 and December 1996 by local field staff employed 

under Project R5953. The author was responsible for training field staff and for 

designing and implementing the sampling programmes for the research documented in 

this thesis in addition to other components required to meet the broader objectives of 

project R5953. 

1.8.1 Routine sampling programmes 

Data were collected under three routine sampling programmes designed to provide 

information on the growth and mortality rates of fish, their feeding activities and life 

history strategies in relation to hydrological conditions: 

" Biological 

" Length frequency 

0 Hydrological 

Biological Sampling programme 

Samples were collected each month to reveal any seasonal patterns in feeding, growth 

and reproduction. Sampling was stratified by fish size (5 categories ranging from small 

to extra large), and sampling location (inside and outside the PIRDP). Details of the five 

size categories for each key species are given in Table Al. 1. Sampling was planned to 

provide 5 samples in each strata giving a total of 50 samples per month. The actual 

number of samples collected for each species in each month, inside and outside the 

PIRDP are given in Table A1.2. Samples of fish were purchased from primary fish 

markets or directly from the fishermen from whole, unsorted catches caught with low- 

selectivity gear types. The location of capture (inside or outside the PIRDP) including 

habitat type, was determined by interviewing the fishermen. After selection and 
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purchase, samples were taken back to the field laboratory and work began as soon as 

possible before the samples desiccated and stomach contents decomposed. The following 

measurements were taken and recorded on data form B (Table Al. 3): 

(i) Length and weight data 

Fork length to the nearest mm and somatic weight to the nearest 0.01 g were recorded 

using a measuring board and a top pan balance, or spring balance if the fish exceeded 

100g. 

(ii) Reproductive and life history data 

The sex of each fish was determined by examining the gonad. Mature females were 

identified by the presence of eggs within the ovaries and the males by smooth, whitish, 

non-granular testes or finger like projections in the case of Wallago attu . 
The gonad of 

each fish was removed by dissection and weighed with a top pan balance to the nearest 

0.01 g. Each gonad was then inspected with a hand lens or microscope to determine the 

stage of sexual maturity. The stage of maturity was classified according to Bagenal, 

(1978): 

Immature - Young individuals which have not yet engaged in reproduction. Gonads 

very small with no eggs or sperm present or easily visible. 

Mature - Eggs and sperm are distinguishable with the naked eye; testes change 
from transparent to a pale rose. 

Ripe - Gonads have achieved their maximum weight. Gonads contain obvious 

eggs or sperm. 

Spent - The sexual products have been discharged. Ovaries are often flaccid and 
bloodshot with the appearance of deflated sacks. 

(iii) Stomach fullness and contents 

Fish sampled for stomach contents were chosen to minimise regurgitation of food, 

feeding under abnormal conditions, and digestion after capture. Fish caught by gillnets 

and traps were therefore not used. Stomach fullness was assessed in situ by gently 
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drawing its contents down towards the blind end of the stomach sac with a finger. 

Fullness was recorded on a scale of between 1-10 where 10 indicates a full stomach, 5 

a half full stomach and so on. The stomach was then removed using a scalpel or scissors 

and its contents emptied into a petri dish. Food items within the stomach were identified 

using a hand lens and microscope. The percentage volume of each food item in the 

stomach was estimated and recorded. 

Length frequency sampling programme 

The length frequency sampling programme was designed to provide data for estimating 

growth parameters, mortality rates and patterns of recruitment. The data collected for 

each species represented, as far as possible, the true size (age) structure of the wild 

populations. Samples were collected from whole, unsorted catches landed by fishermen 

operating non-selective or low selectivity gear types such as small meshed seine nets or 

from de-watering operations, which catch the widest possible size range of fish. 

Length frequency data were collected within a 10 day period or `sampling window' every 

two months to provide a time series of length frequency samples. Twelve evenly-spaced, 

bi-monthly samples were recorded for each key species for each sampling location 

(inside and outside the PIRDP) over the two year field sampling programme. Bi-monthly 

target sample sizes for each inside and outside sampling location were 200 fish for the 

small key species P. sophore, A. testudineus and G. giuris and 300 for the larger species 

W. attu, Ccatla and Cstriatus. Smaller targets were set for the smaller species because 

their populations are generally characterised by fast growth and high rates of mortality 

and therefore generally comprise fewer age classes than larger, longer lived species. 

Larger samples are therefore required for the larger species to ensure that the older, less 

abundant age classes are sampled. Sample sizes recorded for each species and sampling 

location in each bi-monthly sampling window are given in Table Al 
. 
4. 

The bi-monthly samples for each key species were usually made up from a number of 

separate sub-samples taken from different fishermen, collected on different days. Often, 

target sample sizes could not be achieved due to the seasonal nature of the fishery. Data 
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were recorded as fork length measured to the nearest cm below (or V2cm below for small 

fish) and entered as a tick on a sampling form (see Table A1.5). 

Hydrological data recording programme 

The hydrological data recording programme was designed to provide information to help 

interpret the population dynamics of the key species. Water height above mean sea level 

(a. m. s. l. ) measured inside and outside the scheme was recorded daily from gauges at 

Talimnagar, Baulikolar and Kalilpur sluices. Historical water height data were also 

obtained from the Bangladesh Water Development Board (BWDB). Sluice gate 

operations were also monitored on a daily basis, providing information on the numbers 

and apertures of open gates. Only data for Talimnagar sluice are considered here. For 

details relating to the other sluice gates see MRAG (1997) 

Catch and effort sampling programme 

This research was aimed at supporting comparisons of productivity (CPUA) made by 

MRAG (1997). Therefore, whilst estimating productivity was not a primary objective 

of this thesis and having had little involvement in the initial design, the author was 

required to implement the catch and effort sampling programme in the field which 

included conducting a'frame survey' (see MRAG, 1994 for further details). This frame 

survey was particularly time consuming both in Bangladesh and in London and required 

substantial modification in the field whilst being implemented. However, it was decided 

not to include a description of the work and analysis carried out in this thesis. Instead, 

interested readers are referred to MRAG (1997). 

1.8.2 Ad hoc studies 

Ad hoc studies, described in detail in the relevant sections of this thesis, were designed 

by the author to support the data collected through the routine sampling/data collection 

programmes described above. The majority were designed to provide empirical 

relationships between growth mortality and recruitment on fish density, to explore the 

dependence of fish production on water levels (Section 1.5). They were generally quite 
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complex and time consuming and therefore local field staff could not be expected to 

conduct these studies in addition to the routine programmes. All ad hoc programmes, 

were therefore, undertaken by the author though often with support from the local field 

staff. These ad hoc studies are described in the following sections: 

Density-dependent growth of P. sophore Section 3.2 

Utility of visible implant tags for marking tropical river fish Annexed paper 

Fecundity sampling Section 4.1 

Recruitment dynamics of P. sophore Section 4.2 

Density-dependent natural mortality of P. sophore Section 5.2 & 5.3 

1.8.3 Summary of field visit activities 

During the three years of this research, nine visits were made to the field site varying in 

duration between two to five weeks. A summary of the field visit activities is given in 

Table 1.5 below. 

1.8.4 Database design and description 

Data collected during the routine sampling programmes were entered and stored in a 

database written for Project R5953 by MRAG Ltd using Micro Rim RBase software. 

The structure and operation of the database is described in MRAG (1995). 

1.8.5 Other sources of data 

Data used for the analysis in Chapter 2 were extracted from the database compiled by 

FAP17. A description of, and documentation for, this database is given in FAP17 (1995 

Appendix 1). 
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Table 1.5 Summary of field visit activities. 

Year Period Activities 

1994 Mar/April (i) Selection of study site (Section 1.6) 

July/Aug (i) Survey of study site and selection of local field staff 

Nov/Dec (i) Implementation of routine sampling programmes (Section 1.8) 

(ii) Frame survey for catch/effort programme (Section 1.8.1) 

(iii) Investigations into suitable tagging locations for VI tags 

(Annexed publication) 

(iv) Establishment of collaborative research link with Bangladesh 

Agricultural University (BAU), Mymensingh 

1995 Jan/Dec (i) Completion of catch effort frame survey (Section 1.8.1) 

Mar/April (i) VI tag performance experiment at BAU (Annexed publication) 

(ii) Fecundity sampling (Section 4.1) 

Nov/Dec (i) Density-dependent natural mortality study (Section 5.2) 

1996 Feb/Mar (i) Density-dependent natural mortality study (Section 5.2) 

June (i) Density-dependent growth study (Section 3.2) 

1997 May/June (i) Project results dissemination at BAU 
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1.9 Outline and structure of the thesis 

Following this section, the thesis is divided into six main chapters, five appendices, and 

one annexed publication. 

In chapter 2, multivariate analysis is used to compare species assemblages in 

hydrologically modified and pristine locations in Bangladesh to determine the impact of 

FCDI schemes on biodiversity and upon the accessibility of modified floodplains to 

migratory species. The analysis covers not only the PIRDP, but also other FCDI schemes 

in three other regions of the country. Impacts are discussed in ecological and socio- 

economic contexts. 

The examination of the impact of the PIRDP on production potential of fish populations 

begins in Chapter 3 based upon comparisons of the growth performance of each key 

species inside and outside the PIRDP. Differences in flooding intensity and duration, fish 

density, and feeding activity are used to interpret observed differences in growth 

performance. The second main section of this chapter explores in more detail the 

influence of density on the growth of P. sophore, the key species selected for more 

detailed population modelling in Chapter 6. 

Chapter 4 and 5 follow a similar format. Chapter 4 begins with an examination of the 

impact of the PIRDP on reproduction dynamics by comparing important parameters of 

the reproductive strategy of each key species. The second section explores the 

relationship between stock size and recruitment for experimental populations of 

P. sophore. 

Chapter 5 contains three main sections. The first concerns the impact of the PIRDP on 

the mortality and survival rates of the key species based upon comparisons of total 

annual instantaneous mortality rate estimates for populations sampled inside and outside 

the PIRDP. The remaining two sections are devoted to exploring the effects of 

population density on the natural mortality rate of P. sophore. 
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A floodplain fisheries model is developed in Chapter 6, incorporating the population 

parameters and empirical density-dependent models derived for P. sophore in previous 

chapters to examine whether the recruitment and production of fish inside the PIRDP 

could be affected by floodplain morphology and hydrological modification, and to 

provide guidelines for the management of modified floodplain fisheries in Bangladesh. 

Armed with information from Chapters 2-5 on the impact of the PIRDP on migration 

routes and the production potential of fish within the scheme, the model results are used 

to interpret the MRAG (1997) estimates of productivity inside and outside the PIRDP and 

thereby draw conclusions on the impact of the scheme on fish productivity. 

Most sections include their own discussions and each chapter contains a summary of the 

main findings. The main conclusions and recommendations are discussed in Chapter 7. 
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Chapter 2 
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2. Species Assemblages 

"The loss of hiodiversity is a human paradox and a crisis of technological culture" 

(Kim and Weaver, 1994) 

This chapter compares species assemblages' present in hydraulically modified (inside 

FCDI schemes) and pristine (outside FCDI schemes) locations in Bangladesh based upon 

a re-examination of species abundance data recorded by FAP 17 using more robust 

statistical methodology. The data used in the analysis includes the PIRDP, and several 

other FCDI schemes in other regions of the country. 

2.1 Introduction 

Tropical fish communities'- are noted for their high diversity (Lowe-McConnell, 1987). 

The floodplain river systems in Bangladesh contain more than 260 species of teleost fish 

within 145 genera and 55 Camilies (Rahman, 1989). Fish communities are influenced by 

biotic and abiotic factors which are continually changing through space and time. These 

changes may occur gradually, for example in response to geomorphological change (land 

form and levels), climatic change or more rapidly in response to anthropological effects 

such as pollution, exploitation and hydraulic engineering (Lowe-McConnell, 1987). 

Changes to fish communities or assemblages have potentially important ecological, 

economic, nutritional, and arguably ethical and aesthetic implications (Spellerberg and 

1A fish assemblage is "... all the fish species in a defined area... " Wootton, (1990) where a species 
is "... a group of similar individuals having a common origin and a continuos breeding system" 
(Lowe-McConnell, 1987). 

2 The term `community' is often used in the same way as `assemblage', though the two may be 
distinct. The former comprise organisms that interact in some way in a given area or habitat, the 
latter include all the species present, irrespective of whether they interact or not (Wootton, 1990). 
The term `assemblage' therefore offers a more general, widely applicable descriptor of groups 
of species. 
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Hardes, 1992; Robinson, 1993; Kim and Weaver, 1994). From an ecological perspective, 

these changes may affect the community dynamics and ecosystem functioning, leading 

to reductions in exploitable biomass (Wootton, 1990; Robinson, 1993; Kim and Weaver, 

1994; Randall, 1994). Each successive loss of a species increases the probability of this 

occurring (Randall, 1994). Changes in species composition often result in the loss of 

large, high value species, lowering the overall unit value of the fishery. `Replacement' 

species may compound this problem as they are often a small, low value `opportunistic' 

type, characterised by low catchability and high cost of exploitation. Assuming prices 

remain unchanged, the net effect is a reduction in the economic rent of the fishery 

(Cunningham et al, 1985). Moreover, the nutritional value and processing costs per unit 

weight of fish may vary among assemblages comprising different sizes of fish 

particularly if processing efficiency varies with fish size (Regier et al, 1989). Perhaps 

of less apparent or immediate importance to developing nations is the concept that the 

value of biotic resources extends beyond its commercial or nutritional value; use and 

existence values are also important. Use value includes the aesthetic and recreation value 

of a resource (Randall, 1994). `Existence value' is received by persons who feel pleasure 

from knowing that a resource is being maintained and protected. Likewise, `bequest 

value' may be acquired from the satisfaction of knowing the resource will be available 

for future generations (Cunninghham et al, 1985). Perhaps more abstract are the ethical 

implications of such changes. These centre around the question of whether it is morally 

right or wrong to allow these changes to occur. The answer will depend largely on the 

prevailing religious and political beliefs (Spellerberg and Hardes, 1992). 

Species inhabiting the floodplain-river systems have been categorised into two 

ecologically distinct groups based largely upon their behaviour in response to seasonal 

changes in the floodplain environment (Welcomme, 1985): 

Whitefish 

Species belonging to this category, are generally reophilic, inhabiting rivers and other 

fluvial bodies. The majority undertake seasonal spawning and/or feeding migrations 

either longitudinally (upstream) or laterally onto the floodplain, or a combination of both. 
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Longitudinal migrations may be upstream or downstream, some are local covering only 

small distances, others, usually upstream, may be substantial. Upstream spawning 

locations offer a number of advantages, including higher dissolved oxygen concentrations 

and fewer predators. Furthermore, the duration of the downstream drift of developing 

fry may take several weeks allowing time for individuals to grow beyond a size which 

is particularly vulnerable to predation. Fry may move onto the floodplain either passively 

or actively or in the case of the anadromous Hilsa ilsha, be swept downstream to the sea. 

Adults of other species often return, usually before the eggs and young, to downstream 

floodplain habitats soon after spawning to take advantage of the rich feeding. Lateral 

migrations are active rather than passive and in an ordered sequence of species when 

returning to the main channel. Whitefish species are generally intolerant of the extreme 

conditions that exist in the floodplain habitat during the dry season (low oxygen and pH 

levels and high temperatures) and hence they must undertake lateral migrations to fluvial 

environments each year (Welcomme, 1985; Ward and Stanford, 1989). 

Blackfish 

Species belonging to this category are generally limnophilic, `still-water fishes' (MRAG, 

1994a). Because their migrations between wet and dry-season habitats are limited, they 

are normally confined to the floodplain habitat, dispersing within it during the flood to 

spawn and feed and inhabit residual water bodies and lagoons during the dry season. At 

most, their migrations are lateral to fringes of the main channel. Many species are 

adapted to surviving low oxygen concentrations, high temperatures and even desiccation 

(see Welcomme, 1985; Lowe-McConnell, 1987 for reviews). 

This categorisation has been extended by Regier et al (1989) to include `greyfish' 

species. `Greyfish' species inhabit backwaters or the fringes of the main channel during 

the dry season and undertake lateral migrations to the floodplain for feeding and 

spawning. However, unlike `whitefish' species, they are capable of residing on the 

floodplain during the dry season if suitable conditions prevail. 

Species of fish are often also classified according to the main processes which control 
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their populations, the intrinsic rate of population increase and the environmental carrying 

capacity (parameters r and K of the logistic population model). `r-selected' species are 

characterised by their small size, short lifespan, rapid growth, early maturity, high 

fecundity and high natural mortality rates (Pitcher and Hart, 1982). Their populations rely 

on the ability to colonise new habitats and increase rapidly to exploit unpredictable 

environments (eg inundated floodplain habitat). A consequence of these `life history 

characteristics' is that their populations contain few age-groups and are intrinsically 

variable, `tracking' the environmental variation. They can sustain high levels of 

exploitation, but are susceptible to sudden collapse (eg Peruvian anchovetta). Their small 

size makes them less mobile. Conversely, K-selected species are generally regarded as 

large, slow-growing, long-lived species, maturing later in life and usually less fecund. 

These species also tend to exhibit lower natural mortality rates. Their populations 

contain several age-classes and are therefore less susceptible to sudden collapse, but they 

cannot sustain heavy exploitation. They are less able to take advantage of favourable 

environmental conditions, but are better suited to surviving long periods of adverse 

conditions (Garrod and Knights, 1979; Pitcher and Hart, 1982; McDowall, 1994). 

Size is seen as the most important trait of an individuals' life history and hence a good 

indicator of its position within the ` r/K spectrum'. As size decreases, metabolic rate per 

unit weight increases, leading to a decrease in longevity. The size of an organism has 

also been shown to be strongly positively correlated with its generation time and equally 

strongly negatively correlated with its intrinsic growth rate (Begon and Mortimer, 1986; 

McDowall, 1994). 

It is postulated that because it is largely the environment which `selects' for species 

(Begon and Mortimer, 1986) those which primarily reside, or can choose to reside, on the 

floodplain ('blackfish' and `greyfish' respectively) all year round are likely 

predominantly to comprise r--selected species, but will also include some K-selected 

species which have developed adaptations to surviving on the floodplain. An example 

of the latter might include Chanua straitus, a relatively large, slow growing, low 

fecundity piscivorous predator which has a modified supra-branchial chambers adapted 
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for air breathing (see Welcomme, 1985 for further details). Conversely, given the 

relative `stability' of the riverine environment, `whitefish' species are likely to comprise 

mostly K-selected species, but will also include some r-selected species, mostly clupeids. 

Arguably, this postulate would be supported to some degree if riverine habitats contained 

more large species than small, and if floodplains contained relatively more small species 

than large. Figure 2.1 below shows the average abundance of species belonging to four 

size categories; small (<30cm), medium (30-60cm), large (60-90cm) and extra large 

(>90cm) caught from main river and floodplain habitat in pristine locations in 

Bangladesh during 1993. Average abundance (kg/100 hours of fishing with a small mesh 

seine) is expressed as a percentage of the combined catch per unit effort (CPUE) which 

was averaged across the species within each size category. 
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Figure 2.1 Comparison of the percentage of combined average abundance (kg/100 hours 

of fishing) of species belonging to small, medium, large and extra large fish caught in 

main river and floodplain habitat in Bangladesh during 1993 using seine net gear. (Data 

source: FAP 17 Database). 
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Small species are more abundant on the floodplain compared with the main river habitat 

and large and extra large species are more abundant in the main river compared to the 

floodplain habitat (Figure 2.1) supporting the postulate. The presence of large and extra 

large species on the floodplain is likely to reflect the migratory behaviour of these 

individuals as large size is likely to be an asset for fish that migrate (McDowall, 1994). 

Welcomme (1979: p86-87) hints at the presence of a difference in the size structure of 

species inhabiting these two main biotopes: "... there tends to be a high proportion of fish 

of very small adult size (less than 10cm) on floodplains... " and "... most river systems 

have a few species of truly gigantic size". 

As we shall see later, this apparent spatial difference in the abundance of r and K-selected 

species has important implications for interpreting differences in species assemblages 

Previous studies which have investigated the impacts of levees and polders (FCDI 

schemes in Bangladesh) were summarised in Table l. 1 of the previous chapter. These 

studies indicate that their main impact is to interrupt migratory pathways and the passive 

drift of larvae and juveniles onto the floodplains. The overall effect is to eliminate lateral 

migrants and reduce recruitment or cause complete recruitment failure of species relying 

on the passive drift of larvae/juveniles onto the floodplain (Butcher, 1967; Starret, 1972; 

Sparks and Starret, 1975; Balcalbasa and Popta, 1978; Welcomme, 1979,1985; Fremling 

et al, 1989; FAP 17,1994). FCDI schemes also have the potential to affect species 

assemblages indirectly, largely as the result of higher human population densities which 

are likely to be attracted to the relative security and stability of the modified floodplain 

environment offered by embankments or levees. These higher population densities are 

likely to have a greater polluting potential resulting from more intensive use of pesticides 

and fertilizers required for HYV's of crops, and from potentially greater concentrations 

of domestic and urban waste (Welcomme, 1979,1985 Table 8.4; Regier et al, 1989; 

Natarajan, 1989; Sklar and Dulu, 1994). 

These higher human population densities are also likely to lead to a much higher level 

of fishing intensity (fishing effort per unit area) which in turn can bring about changes 
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to fish assemblages (see below) 

Changes to fish communities or assemblages in response to increasing fishing intensity 

is largely predictable and often termed `ecosystem overfishing' or the `fishing-up 

process' (Regier and Loftus, 1972). The fishing-up process has been widely observed 

in a number of freshwater ecosystems including the Amazon, Orinoco, Oueme, Mekong 

river and several of the Great African Lakes (Welcomme, 1985). Commonly, as 

exploitation increases, there is a progressive disappearance of larger (K-selected) species, 

which are usually highly mobile (migratory) or predatory (piscivorous) and targeted as 

highly valuable food fish (Regier, 1977; Regier et at, 1989). These species tend to be 

particularly vulnerable to fishing gear. Predators are generally aggressive with high 

catchability to gear such as baited hooks and lines. Large aggregations of migratory 

species become highly vulnerable to relatively efficient barrier or interceptory type traps 

and nets as knowledge of their behaviour, location of their spawning sites and migration 

routes become progressively more understood. Although these species are well adapted 

to moderate fishing intensity, they are readily overfished at high levels of exploitation. 

Elimination of the large predatory species frequently results in the community becoming 

dominated by small, short-lived, opportunistic (r-selected) species including crustacea 

and which contain few piscivorous or large migratory or benthic (K-selected) species. 

Catches become progressively dominated by smaller, lower value species which tend to 

exhibit large interannual variation in abundance linked to inter-annual variations in flood 

strength. However, because these small species often occupy a lower trophic level, 

overall production may not be diminished, rather the rate of biological production is 

expected to increase, which coupled with a reduction in the population biomass leads to 

a higher productionfbiomass ratio (P/B) (Regier and Loftus, 1972; Regier and 

Henderson, 1973; Regier, 1977; Garrod and Knights, 1979; Tuner, 1981; Welcomme, 

1985; LoweMcConnell, 1987; Novoa, 1989; Regier et al, 1989; Welcomme et al, 1989). 

Based upon these ideas, heavily exploited floodplain communities would be expected to 

become dominated by small r-selected `blackfish and `greyfish' species. 

Because K-selected `whitefish' species are often migratory and predatory, a communitys' 
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response to the effects of FCDI schemes may be very similar to one which has suffered 

very high exploitation levels. A further complication arises because other forms of 

environmental stress other than exploitation by man (eg pollution) can bring about 

similar responses (Welcomme, 1985). Therefore it may be very difficult to elicit and 

separate the causal mechanisms of an observed community or assemblages response to 

hydraulic engineering (Regier et al, 1989; Welcomme et al, 1989). 

Evidence also suggests that species assemblages are able to respond to natural, 

particularly climatic, variations in the environment. For example in the River Niger, two 

homologous assemblages appear to exist, one of which is adapted to poor flood and the 

other to high flood conditions. This flexibility also extends to the species level, typified 

by the ability of species such as common carp, to change their migratory behaviour in 

response to the prevailing hydrological conditions (Welcomme, pers. comms. ). 
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2.2 Methods for studying multi species distribution patterns 

The bewildering array of methods and techniques for analysing ecological communities 

may be broadly categorised into three distinct groups: 

(1) Univariate methods 

These condense the species counts for a sample (site) into a single coefficient, typically 

a diversity index. A number of indices, often in combination, are commonly used in 

fisheries research including the Simpson's Diversity Index (D), Shannon-Wiener 

Diversity Index (H'), and species richness (S) (Wootton, 1990). For impact studies, 

discrimination between sites is often demonstrated with one-way analysis of variance 

using a number of replicates recorded for each site, condition or time period, followed 

by multiple comparison tests (eg Tukey, 1953) for individual pairs of sites or conditions. 

For species richness, values may first have to be logged in order to meet normality and 

constant variance conditions. Linking patterns of diversity with the environment is 

usually performed using simple (or multiple) regression techniques (Clarke and Warwick, 

1994). A particular weakness of diversity indices is that in themselves they contain no 

biological information (Wootton, 1990) and so two samples or sites may have the same 

diversity, but without possessing a single species in common (Clarke and Warwick, 

1994). Therefore, although the environmental impact may be described in terms of 

differences in diversity, the causal mechanisms will not be revealed. 

(2) Graphical/Distributional methods 

Graphical/distributional representations extract information on patterns of relative species 

abundance or biomass without condensing the information into a single summary statistic 

such as a diversity index. These methods are used in pollution studies, specifically as a 

means of determining levels of environmental `stress'. They are not regarded as 

applicable to this research and thus are not given further consideration here. Further 

details of these methods are described in Sanders (1968), Gray and Pearson (1982), 

Warwick (1986) and Clarke and Warwick (1994). 
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(3) Multivariate methods 

Multivariate methods are those which deal with large numbers of measurements recorded 

in one or more samples simultaneously. Instead of focussing on the analysis of mean and 

variance, they direct attention to the analysis of correlations or (dis)similarities among 

the data (Dillon and Goldstein, 1984). They are "... descriptive techniques for exploring 

pattern in data sets and providing succinct summaries and displays" (Digby and 

Kempton, 1987). Since community data are inherently multivariate, Clarke and Warwick 

(1994) argue in favour of these methods "... in order to elicit the important biological 

structure and its relation to the environment". This approach is often termed `pattern 

analysis'. Two major categories of multivariate approaches for analysing ecological 

communities exist: ordination and classification methods (Figure 2.2). 

Ordination methods 

Ordination methods attempt to construct `maps' of samples, usually in a low number of 

dimensions (two or three), such that their placement reflects the similarity of their 

biological communities. Points in close proximity to each other have very similar 

communities whilst samples that are far apart share few common species or have the 

same species but at very different levels of abundance or biomass (Clarke and Warwick, 

1994). 

Two categories of ordination may be defined (Figure 2.2). The first are referred to as 

indirect gradient analysis techniques. These aim to produce sample maps to provide 

insight into the underlying structure of the data by simplifying the complexities through 

data reduction (Dillon and Goldstein, 1984), thereby aiding the generation of hypotheses 

regarding the relationships between species compositions and environmental factors 

(Digby and Kempton, 1987). In essence these techniques allow the data to "... tell its own 

story.. "(Clarke, 1993). In contrast, direct gradient analysis (ordination) techniques 

represent an intermediate between regression analysis and ordination. These are the 

`canonical ordination techniques' which deal simultaneously with species and 

environmental data (Jongman et al, 1987). However, these methods have been largely 

criticised for embedding a priori assumptions about species-environment responses at 
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an early stage of the analysis (Jongman et al 1987; Clarke, 1993). Typically, the 

response is assumed to be unimodal, though in reality the form of the response may be 

linear, unimodal, monotonic or multimodal or combinations of these (Clarke, 1993). 

However, this criticism is not unique to direct gradient methods, but also extends to 

some of the indirect methods. Direct gradient methods are further complicated by the 

fact that invariably there are many environmental variables which can be measured and 

it is often not known which variables the species react to (Jongman et al, 1987). 

The major categories of ordination methods falling into the direct and indirect gradient 

analysis techniques are briefly described below. 

(i) Indirect gradient analysis techniques 

Principal Components Analysis 

Principle components analysis was the first ordination method to be devised. The 

method assumes a linear response model in which the abundance of any species either 

increases or decreases with the value of the latent environmental variables (Jongman et 

(1l, 1987). It aims to produce an ordination of the samples which emphasises the major 

patterns of variation in species composition (Digby and Kempton, 1987). This is 

achieved by transforming the data array into a set of linear combinations that account for 

most of the variance in the original data set (Dillon and Goldstein, 1984). Implicitly, 

dissimilarities between samples are defined in terms of their Euclidean distance (the 

natural distance in space) which are converted onto the ordination by projection. The 

success of the (two-dimensional) ordination is measured as the percentage of total 

variation explained by the first two principal components (Clarke and Warwick, 1994). 

Although PCA is conceptually straightforward, it does have a number of weaknesses. 

Firstly, Euclidean distance is not a particularly suitable measure of dissimilarity between 

samples because it takes account of joint absences. A measure which "... takes account 

of joint absences has the effect of saying estuarine and abyssal samples are similar 

because both lack outer-shelf species" (Field et al, 1982). 
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Biological survey data are often characterised by absences of many species in the 

majority of samples so that data arrays are often dominated by zeros (Field et al, 1982). 

Secondly, PCA requires the exclusion of less common species for the algorithm to work, 

so that the number of species retained is comparable to the number of samples. This 

often necessitates arbitrary decisions about which species to exclude. Thirdly, as stated 

above, it makes assumptions about the form of the species-environment response model. 

Finally, its distance-preserving properties are regarded as poor (Clarke and Warwick, 

1994). 

Principal Coordinates Analysis 

Principal Coordinates Analysis (PCO) or classical scaling is an extension of PCA. It 

aims to addresses the weakness of its Euclidean dissimilarity measure by allowing a 

wider definition of dissimilarity measures. However, as with PCA, its distance 

preserving properties are poor and it assumes a linear response model (Clarke and 

Warwick, 1994). 

Correspondence Analysis (CA) 

Correspondence analysis (CA) is a technique that constructs a theoretical variable that 

best explains the species data by iteratively selecting values for sites that maximise the 

dispersion of species scores (an estimate of the optimum value of the theoretical variable 

for the species). This theoretical variable is termed the first ordination axis of CA; its 

values are the site scores on the first CA axis. A second and further axes may be 

constructed that successively improve the dispersion of species scores with the constraint 

of being uncorrelated with previous CA axes (Jongman et al, 1987). 

A particular weakness of this ordination method is its sensitivity to the `horseshoe 

effect'(Greig-Smith, 1983; Kershaw and Looney, 1985; Digby and Kempton, 1987). 

This is often observed when samples have been taken from diverse habitats along a single 

environmental gradient when instead of a linear sequence of sites, the ordination shows 

an arch or horseshoe shape. In this case, the ordination therefore fails to represent the 

true underlying (dis)similarity between sites. Detrended correspondence analysis 
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(DECORANA) was proposed by Hill and Gauch (1980) as a modified version of this 

technique which aims to overcome these faults. The method consists of a trend removal 

method and optional rescaling of axis to remove compression points at either end (Digby 

and Kempton, 1987; Jongman et al, 1987). However, this process has been widely 

criticised for being arbitrary and "overzealous" in its manipulation of the data (Digby 

and Kempton, 1987; Clarke, 1993; Clarke and Warwick, 1994). Both CA and DCA 

assume unimodal species-environment response models. 

Non-metric multidimensional scaling (MDS) 

Non-metric Multidimensional scaling (MDS) was developed by Shepard (1962) and 

Kruskal (1964) for use in social sciences where measurement scales are often arbitrary. 

Since its development it has been extensively used in a large number of published 

ecological studies (Clarke, 1993). The method constructs an ordination where the 

relative distances between samples or sites are based upon their rank (dis)similarity 

calculated from a matrix of similarity or dissimilarity coefficients. The coefficient is 

usually a simple algebraic measure of how close the abundance levels are for each 

species. The MDS algorithm employs an iterative procedure to construct the ordination, 

successively moving the positions of the points until they satisfy the dissimilarity 

relations between the samples. The success of the ordination is measured in terms of 

`stress' (Clarke and Warwick, 1994). The ordination is then interpreted in terms of 

relative similarities, for example, "sample A is more similar to sample B than it is to 

sample C" (Clarke, 1993). 

A particular strength of this technique is its lack of assumptions regarding the form of the 

species-environment response. Its distance preserving properties (based upon the rank 

order of dissimilarities) are also superior to those based upon actual numerical values of 

the dissimilarities such as PCA and CA. Rohlf (1972) conducted an empirical 

comparison of non-metric MDS, PCA and PCO applied to numerical taxonomy and 

found that MDS gave the best results as measured by the correlation between the 

distances in the ordination and the original dissimilarity distances. The method also 

provides flexibility in the choice of similarity coefficients that can be utilized which can 
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be chosen to ignore joint absences, to place emphasis on common or rare species or 

compare percentage species composition. Furthermore, MDS is conceptually simple and 

therefore may be readily applied with understanding and the results easily communicated 

(Clarke and Warwick, 1994). The weakness of this approach is that the iterative 

procedure cannot guarantee to reach the global optimum (Digby and Kempton, 1987; 

Clarke and Warwick, 1994). This makes it necessary to repeat the analysis several times 

from different starting configurations to ensure the global minimum of the stress function 

has been reached (Clarke and Warwick, 1994). 

(ii) Direct gradient analysis methods (Canonical ordination techniques) 

Canonical ordination techniques aim to detect patterns of variation in community data 

that can be best explained by observed environmental variables. This is achieved using 

an ordination that maps the pattern in variation in species compositions between sites but 

also the main relations between the species and environmental variables. Two methods 

are commonly used, the first, Canonical Correspondence analysis (CCA), is an extension 

of correspondence analysis. The second, Redundancy analysis (RA), is the canonical 

form of PCA (Jongman et al, 1987). 

Direct gradient methods are impossible to perform without explicit environmental data 

(Jongman et al, 1987). The species data analysed in this chapter have no corresponding 

environmental data with which they may be interpreted and therefore no further 

examination of these methods is given here. A good description of these methods is 

given in Jongman et al (1987). 

Classification Methods 

These are techniques for classifying sites, species or variables into natural groupings by 

identifying inherent structure in the data (Jongman et al, 1987). The methods often 

provide a useful and objective preliminary classification system (Digby and Kempton, 

1987). Three major categories of classification methods can be identified: agglomerative, 

divisive hierarchial and non-hierarchial methods. Agglomerative hierarchial methods, 
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commonly termed `cluster analysis', are the most commonly employed classification 

methods in community ecology (Clarke and Warwick, 1994). The methods employ a 

similarity matrix calculated for the samples or sites and successively fuse them into 

groups or clusters starting with the two most similar samples (Gauch, 1982; Digby and 

Kempton, 1987). Divisive hierarchial methods execute the converse sequence, starting 

with a single cluster and successively dividing it into smaller groups. The results of 

hierarchial clustering are usually presented in the form of a dendrogram (tree diagram) 

which shows the hierarchial structure and similarity level between sites and groups of 

sites (Jongman et al, 1987). Dendrograms do, however, have a number of disadvantages 

associated with them which have been described by Field et al (1982): (i) they only show 

inter-group relationships, (ii) they have a tendency to overemphasise discontinuities and 

may force a graded series into discrete classes, and (iii) the sequence of samples in the 

dendrogram is arbitrary and two adjacent samples are not necessarily the most similar 

which can make their interpretation difficult. 

Non-hierarchial classification methods are conceptually the simplest of all multivariate 

techniques. These methods assign each sample to a cluster positioning similar samples 

together (Gauch, 1982). This is usually achieved by selecting sites or samples to act as 

initial foci for clusters and then assigning other sites to the clusters. Further details of the 

methodology and available software are described by Gauch (1982) and Jongman et al 

(1987). Unlike hierarchial classification, these methods are unable to elicit the 

relationships between clusters, but may provide an initial first step in clustering of very 

large data sets (Gauch, 1982). 
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2.3 Materials and methods 

From the plethora of multivariate techniques outlined above, non-parametric multi- 
dimensional scaling was selected for the analysis in this chapter because of (i) its lack of 

assumptions regrading the form of the species-environment response and (ii) its 

flexibility in terms of definition and conversion of dissimilarity to distance and 

preservation of these relationships in ordination space. The multivariate approach 

adopted in this chapter (Figure 2.3) is based upon a strategy proposed by Clarke and 
Warwick (1994). 

1. Raw data 2. (Dis)similarity 3. MDS Ordination 

Samples/Sites matrix 

1234 

5. Indicator 4. Monte Carlo 
Species test 
Analysis (ANOSIM) 

6. Linking with 
environmental i 
variables 

Figure 2.3 Summary of the stages and pathways in the multivariate analyses used in this 
section. 
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Raw data 

The analysis presented in this chapter is based upon species catch and effort data recorded 

by FAP 17 at 104 different sampling sites in Bangladesh during 1993. These sites are 

located in the north west (NW), north central (NC), north east (NE) and south west (SW) 

regions of the country. The sites represent the full range of aquatic habitat categories 

found in the country and are subject to varying degrees of hydrological control. Site 

habitat have four categories; 

(i) Main rivers (MR) 

(ii) Secondary rivers (SR) 

(iii) Canals/khals (C) 

(iv) Floodplain/Beel (FB) 

Jamuna and Padma 

small rivers 

channels linking rivers to floodplains/beels 

seasonally flooded land/depressions on floodplain 

Sites located outside FCDI schemes, and therefore not subjected to any form of 

hydrological control, were classified as `pristine'. All sites located within FCDI schemes 

were classified as `modified' though the degree of hydrological control within them may 

vary because some are structurally incomplete or have breached or submersible 

embankments. The degree of hydrological control within each scheme was classified as: 

None - The site is not located within a FCDI scheme or the construction of the 

FCDI is incomplete. 

Partial - The FCDI scheme has submersible or breached embankments. 

Full - The embankments of the FCDI scheme are intact and flood levels within 

the scheme are controlled by sluice gates and pumps. 

Sites are identified by an alphanumeric code, for example, NWII, SW26. The 

alphabetical symbols donate the region of the country, and the number identifies a 

particular sampling site within that region. Full details of each site are given in Table 

2.1. 
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Table 2.1 Descriptions of FAP 17 sampling sites including degree of hydrological 

regulation. CH-Compartmentalization Pilot Project, MIP-Manu Irrigation Project, SHP- 
Shanghair Haor Project, PIRDP- Pabna Irrigation and Rural Development Project, BRE- 
Brahmaputra Right Embankment, PB- Polder B, CFP- Chatla-Fukurhati Project. P- 
Pristine habitat, M- Modified habitat. 

Site 

code 

Site 
Description 

Habitat 
code 

In/ 
out 

FCD/I 

scheme 

Degree of 
regulation Comments 

NCOI Jamuna River MR P None Pristine habitat 

NC02 Pungli River SR P None Pristine habitat 

NC03 Gala & Borobasalia Khals C P None Pristine habitat 

NC04 Gazaria Floodplain FB P None Pristine habitat 

NC05 Tepi Beel FB P None Pristine habitat 

NC06 Northern Dhateswari River SR P None Pristine habitat 

NC07 Anahula Khal C P None Pristine habitat 

NCO8 Anahula Floodplain FB P None Pristine habitat 

NC09 Anahula Beel FB 1' None Pristine habitat 

NCIO Indrabelta and Santosh Khals C M CPP None Construction incomplete 

NCI I Beltaraksit Floodplain FB IM CPP None Construction incomplete 

NC12 Lohanjang River SR P None Pristine habitat 

NC13 Deojang and Atia Khals C M CPP None Construction incomplete 

NC14 Atai Floodplain FB M CPP None Construction incomplete 

NC'15 Atai Heel FB M CI'P None Construction incomplete 

NC16 Dhaleswari River SR I None Pristine habitat 

NC17 Zia Khal C P None Pristine habitat 

NC 18 Mailjani Floodplain FB P None Pristine habitat 

NC 19 Mailjani Beel FB P None Pristine habitat 

NC20 Jamuna River MR P None Pristine habitat 

NC21 Gazikhali River SR P None Pristine habitat 

NC22 Chandrakhali Khal C P None Pristine habitat 

NC23 Nazipur Floodplain FB P None Pristine habitat 

NC24 Hazipur Beel FB P None Pristine habitat 

NC25 Dhaleswari River SR P None Pristine habitat 

NC26 Mailagi Khals C P None Pristine habitat 

NC27 Char Ghior Floodplain FB P None Pristine habitat 

NC28 Char Ghior Beel FB P None Pristine habitat 

NC29 Ichamati River SR P None Pristine habitat 

NC30 Sakini Khal C P None Pristine habitat 

NC31 Gala Floodplain FB P None Pristine habitat 

NC32 Jamuna River MR P None Pristine habitat 

NC33 Jamuna river MR P None Pristine habitat 

NEOI Khorodari Khal C M MIP Partial Embankments breached 

NE02 lslampur Floodplain FB M MIP Partial Embankments breached 

NE03 Akali Gang C M MIP Partial Embankments breached 

NE04 Patasinga Beel FB M MIP Partial Embankments breached 

NI-05 Baraimabad Floodplain FB M MIP Partial Embankments breached 

NE06 Kushiyara River SR P None Pristine habitat 

NE07 Juri River SR P None Pristine habitat 

NE08 Tekuni Floodplain FB P None Pristine habitat 
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Site 

code 

Site 
Description 

Habitat 
code 

In/ 
out 

PCD/I 

scheme 

Degree of 
regulation Comments 

NE09 Tekuni Bee] FB P None Pristine habitat 

NEW Gobindapur Floodplain FB P None Pristine habitat 

NEI I Old Surma River SR P None Pristine habitat 

NE12 Monti Beel FB M SLIP Partial Submersible embankments 

NE13 Karchabrar Beel FB M Slip Partial Submersible embankments 

NE14 Asumura Floodplain FB M SHP Partial Submersible embankments 

NE15 Lumardai Khal C M Slip Partial Submersible embankments 

NE16 Surma River SR P None Pristine habitat 

NE17 Dapha Floodplain FB P None Pristine habitat 

NE18 Dapha Beel FB P None Pristine habitat 

NE19 Chatal Beel FB P None Pristine habitat 

NE20 Mahasingh River SR P None Pristine habitat 

NWOI Jamuna River MR P None Pristine habitat 

NW02 Jamuna & Hursagar Rivers MR P None Pristine habitat 

NW03 Badai River SR M&P PIRDP Full 

NW04 Gandahasti Floodplain FB M PIRDP Full 

NW05 Gazna Beel FB M PIRDP Full 

NW06 Ichamati River SR M PIRDP Full 

NW07 Kageswari River SR M PIRDP Full 

NW08 Roadside canals C M PIRDP Full 

NW09 Gangbhanga Floodplain FB M PIRDP Full 

NWIO Gangbhanga Beel FB M PIRDP Full 

NWI I Chiknai River SR M PIRDP Full 

NW 12 Shwargram Floodplain I'll M PIRDP Full 

NW13 Shwareram Beel FB M PIRDP Full 

NW14 Baral River SR IM7 PIRDP Full 

NW15 Karatoya River SR P None Pristine habitat 

NW 16 Borrow Pit Canals C P None Pristine habitat 

NW l7 Baghabari Floodplain FB P None Pristine habitat 

NWI8 Sunnai Beel FB P None Pristine habitat 

NW 19 Old Hurasagar River SR M PRE Full 

NW20 Nandina Khal C M BRE Full 

NW21 Nandina Beel FB M BRE Full 

NW22 Pabna Beel FB M PIRDP Full 

NW23 Someshpur Beel FB M PIRDP Full 

NW24 Padma River MR P None Pristine habitat 

NW25 Baral River SR M PIRDP Full 

NW26 Chargat Beel FB M PIRDP Full 

NW27 Atrai River SR P None Pristine habitat 

NW28 Haribhanga Beel FB M PB Full 

NW29 Chalan Khals C P None Pristine habitat 

NW30 Chalan Beel FB P None Pristine habitat 

SW01 Padma River MR P None Pristine habitat 

SW02 Arial Khan River SR P None Pristine habitat 

SW03 Bhubaneswar River SR P None Pristine habitat 

SW04 Bogail Khal C M CFP Partial Breached embankments 

SWO5 Kumardanga Floodplain FB M CFP Partial Breached embankments 

SW06 Chatla Beel FB M C: FP Partial Breached embankments 

SW07 Kumar River SR P None Pristine habitat 

SW08 Rajandi Khal C P None Pristine habitat 

SW09 Mohipauls Floodplain FB P None Pristine habitat 
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Site 

code 
Site 
Description 

Habitat 

code 

In/ 
out 

FCD/I 
scheme 

Degree of 
regulation Comments 

SW 10 Andolir Beel FB P None Pristine habitat 

SW II Amgramer Khal C P None Pristine habitat 

SW 12 Kalahari Khal C P None Pristine habitat 

SW 13 Josler Floodplain FB P None Pristine habitat 

SW14 Joisler Beel FB P None Pristine habitat 

SW l5 Moisler Floodplain FB P None Pristine habitat 

SW 16 Moizler Beel FB P None Pristine habitat 

SW 17 Satla-Bagda Khal C P None Pristine habitat 

SWI 8 Chitrapara Floodplain FB M SBP Full 

SWI9 Chitrapara Beel FB M SBP Full 

SW20 Ambola Khal c M SBP Full 

SW21 Ambola Floodplain and Bee] FB M SBP Full 

SW22 Satla-Bagda Floodplain FB M SBP Full 

89 



Data format 

The analysis was based upon annual catch per unit effort (CPUE) data recorded for each 

species and site for a single gear type. Because no estimates of standardised effort were 

available for any one gear type used at all the sites, the CPUE data used in the analysis 

are uncorrected for any effects that season and habitat type might have upon catchability. 

However, CPUE is a more meaningful index of abundance than the percentage 

contribution to the total catch and using data for only a single gear type also overcomes 

the problems associated with the `gear' and `effort mix' described in Section 1.4. By 

using the data in this format, the major criticisms of the approach adopted by FAP17 

(1995b) were addressed. The CPUE values were calculated from the total annual catch 

(kg) of each species and the total effort (hours fished) recorded for the gear at each site 

and expressed in terms of catch per 100hrs of fishing effort as catch rates were generally 

very low. 

Gear selection 

Two criteria, species selectivity and site coverage, were used to select the most 

appropriate gear for this analysis from the seventy one different types recorded at the 

sites during 1993. Selectivity was measured as the number of species caught by the gear. 

The greater the number of species caught, the lower the selectivity and vice versa. Site 

coverage was measured as the number of sites where the gear was used. The most 

appropriate gear was deemed to be unselective, or have the lowest selectivity, and was 

used at all or most of the sampling sites. Figure 2.4a compares the selectivity of the 

different gears which caught more than 100 species. The small mesh seine (gear code 

`45') caught more species (154) than any other gear type and was therefore the least 

selective. These 154 species accounted for 99.9% of the combined annual catch from all 

gear types during 1993. Figure 2.4(b) shows the numbers of sites where individual gears 

catching more than 100kg were recorded during 1993. Gear-site combinations with 

catches less than this arbitrary figure were not included because it was believed that small 

catches would not contain a representative sample of the species assemblage. 

90 



(a) 

160 

140 

120 

4 ioo 

O 

so 
z 

60 

40 

Gear type 

(v) 

IOU 

SO 

60 

4() 
0 

z 20 

0 

Gear type 

Figure 2.4 (a) Number of individual species caught by the different gear types employed 

at the sampling sites during 1993. Only gears that caught more than 100 species are 

shown. The gear labelled `Seine' is `gear 45'. Seine2 and 3 are other types of seine net. 
(b) Numbers of sites where individual gears catching more than 100 kg were recorded 
during 1993. Only gears recorded at more than 50 sites are shown. Data source: FAP 

17 Database. 
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The pushnet was recorded at more sites (86) than any other gear. The castnet ranked 

second with 80 sites and seine net (gear 45) third, with 74 sites. The fact that no single 

gear was used at all 104 sites, serves to reinforce the fact that the `gear mix' is unlikely 

to be the same among sites. Given the rationale of this chapter, selectivity was 

considered a more important attribute than coverage and therefore it was concluded that 

the seine net (gear 45) was the most appropriate gear for this analysis. 

Data matrix 

The CPUE data for gear 45 are presented in the form of a typical rectangular species-by- 

site matrix in Table A2.1. Only sites where catches by gear 45 exceed 100 kg are 

included. The matrix comprises 154 rows, corresponding to the number of species in the 

sample and 74 columns corresponding to the number of sites. The abundance of the ith 

species at thejth site is donated by y;;. 

(Dis)similarity matrix 

Multivariate methods are based upon the concept of similarity measured between pairs 

of samples. Similarity between samples is measured by a similarity coefficient (S) which 

is usually defined to take values in the range 0-100% where: 

S= 100% if two samples have identical species assemblages; 

S=0 if two samples have totally dissimilar species assemblages. 

A number of similarity measures are widely used in ecology. The attributes of the most 

common have been described by Field et al (1982), Digby and Kempton (1987) and 

Clarke and Warwick (1994). Clarke (1993) and Clarke and Warwick (1994) argue in 

favour of the Bray-Curtis coefficient (Bray and Curtis (1957)) based upon the findings 

of Faith et al (1987), because it is invariant to scale change, and is not affected by joint 

absences. All the multivariate analyses presented in this chapter employ this coefficient. 

The Bray-Curtis similarity (S; k) between thejth and kth samples in the data matrix, is 

given by: 

92 



t 
I. 

vij-yikl 

sk-100(1-'-' ý 
(Yij +Yik) 

i=1 

where 

y; i = abundance or biomass of the ith species in thejth sample, and 
y; k = abundance or biomass of the ith species in the kth sample. 

(2.1) 

Similarities calculated between every pair of samples in the data matrix form a lower 

triangular `sample similarity matrix'. 

Data transformation 

Clarke (1993) and Clarke and Warwick (1994) warn that similarities calculated on the 

original data matrix "...... will typically lead to shallow interpretation.... " Clarke (1993) 

because they will be overdominated by a small number of highly abundant species. The 

calculated similarities will therefore fail to reflect the similarity of the overall species 

assemblage. Although some similarity coefficients, for example the `Canberra 

coefficient' Lance and Williams (1967), can weight the contribution of each species to 

adjust for this, they more often lead to the overdomination of the similarity by a large 

number of rare species, of no real significance. A balanced compromise can be achieved 

by applying the Bray-Curtis similarity coefficient to transformed data. This approach 

ensures that all species contribute something to the definition of similarity whilst 

retention of information on the relative abundance of the species ensures that more 

common species are given greater weight than rare ones. (Clarke, 1993; Clarke and 

Warwick, 1994). The same authors conclude that the most practical choice of 

transformation is a 4th root transformation 0)*=y0-2S) which essentially reduces the 

original data to approximately a six point scale where 0= absent, I= one individual, 2 

= handful, 3= sizeable number, 4= abundant, z5 = very abundant. All the multivariate 

analyses presented in this chapter employ this transformation. 
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MDS 

The starting point for MDS is the sample similarity or dissimilarity matrix. The MDS 

algorithm uses an iterative procedure to construct an ordination plot that satisfies, as 

closely as possible, the dissimilarity (S ) relations between the samples (where S is 

simply the complement of the similarity (S)) by minimising the `stress' value defined as: 

nn 

(a. 
k -äk)2 

stress 
j 

= 
nn 

2 
djk 

k 

where 

(2.2) 

c1» = the distance between thejth and kth sample points on the ordination 

C[ 
= the distance corresponding to a dissimilarity of 5;,, predicted from a non- 

jk parametric regression of d1k on 8/k for a given sample configuration. 

if d. 
k _ W, 

k 
for all the n (n-1)/2 possible distances in the similarity matrix, then the 

stress is zero. 

In order to ensure that the global minimum of the stress function was achieved, the MDS 

analysis was always repeated six times, starting with different random positions of 

samples in the initial configuration. If the same lowest stress solution re-appeared from 

these different starting configurations, then it was concluded that this was the best 

solution. The final computed stress value can be thought of as a good indicator of the 

adequacy of the MDS representation. Based upon empirical evidence and simulation 

studies of stress values, Clarke and Warwick (1994) have proposed the following 

guidelines for interpreting stress values: 
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Table 2.2 Guidelines for interpreting stress values. 

Stress 

value 

Interpretation 

< 0.05 Gives an excellent representation with no prospect of misinterpretation. 

<0.1 Corresponds to a good ordination with no real prospect of a mis-leading 
interpretation. 

<0.2 Still gives a potentially useful picture, though for values at the upper end 
of this range, too much reliance should not be placed on the detail of the 
plot. 

0.3 Indicates that the points are close to being arbitrarily placed in the 
ordination space. 

The MDS ordination provides a graphical description of the relationships between the 

species assemblages at the various samples as described in Section 2.2. Visual 

examination of these relationships for evidence of replicate groupings, provides an 

informal means to test hypotheses, identified a priori, regarding the species assemblages 

at the groups of sites, samples or conditions. 

ANOSIM -. testing for differences between groups of samples/sites 

When sample or site groupings are clearly evident, the informal test outlined above, may 

be sufficient to test hypotheses regarding sample groups. When differences between 

sample groups are less clear, a formal statistical test is required. Parametric tests based 

around multivariate analysis of variance (MANOVA) are unsuitable because their 

assumptions cannot be satisfied for typical multispecies abundance or biomass data. This 

is mainly due to the dominance of zero values in the species / sites matrix which even 

after transformation would not reduce to approximate (multivariate) normality (Clarke 

and Warwick, 1994). Seventy-five-percent of the entries in the data matrix used for this 

analysis are zero (see Table A2.1). Instead, a non-parametric permutation test was used, 

applied to the (rank) similarity matrix underlying the ordination. This `ANOSIM' test 

(analysis of similarity) uses a randomisation approach to generate significance level, 
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analogous to Monte Carlo tests. Null hypotheses are tested in three stages. Firstly, a `test 

statistic' (R) is computed from: 

(rB rw) 

R=- (2.3) 
M 
2 

where 

T, = average rank similarity among replicates within the groups 

rB = average rank similarity from all pairs of replicates between different 
groups 

where M is calculated from: 

non- (2.4) 

2 

where n is the total number of sites/samples under consideration. 

R=1 if all the replicates within a group of sites are more similar to each other than any 

replicates from other groups of sites. R will tend to zero as similarities between and 

within groups become the same on average; R will always lie between -1 and 1 (Clarke 

and Warwick 1994). Although the R statistic provides a useful comparative measure of 

the degree of separation of groups of sites, it is more important to know whether it is 

significantly different from zero. The second stage of the test is therefore to recompute 

the test statistic under permutations by randomly re-labelling all the sites/samples, 

ensuring that all possible allocations of labels to the samples/sites are examined. The 

number of distinct ways of permuting the labels (P) for n samples/sites within each g 

groups is given by: 

P= 
(ari) I 

(2.5) 
[(n ! )bg! ] 
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Finally, the significance level is calculated as the percentage number of times the 

originally calculated value of the R is exceeded. If the value is exceeded for less than 

5% of the relabellings, then the null hypothesis is rejected. Clearly, the maximum 

attainable significance level of this type of test will depend upon the number of possible 

permutations. At least 20 permutations are required to test at the 5% significance level. 

The above test is referred to by Clarke and Warwick (1994) as a `global' test, indicating 

that there are differences between groups of samples or sites. If only two groups are being 

tested, then the analysis finishes here, but when three or more groups are present, 

`pairwise' testing is required. This is achieved by extracting and re-ranking the 

similarities for each pair of groups of sites and repeating the test procedure outlined 

above. However, it must be borne in mind that if many such tests are performed, the risk 

of committing a Type I error will cumulate in a fashion analogous to applying two 

sample t-tests to attack a multisample hypothesis. In this case, the chance of committing 

a Type I error is 13% for three means and 21% for four means for a critical value of t at 

a= 5%. This problem may be overcome using multiple comparison tests (see Zar, 1984 

for further details). Unfortunately, no such solutions are possible here, so Clark and 

Warwick (1994) recommend exercising "...... appropriate caution in interpretation". 

Multiple pairwise comparisons were, however, used only to provide guidance for pooling 

similar sites across geographical regions and habitat type in an attempt to improve the 

potential power of the permutation tests. The impact of the FCDI schemes on the 

assemblages was ultimately tested using only two groups of sites representing conditions 

inside and outside the FCDI schemes. 

Indicator Species Analysis - determining species responsible for sample (site) groupings 

The species responsible for site groupings were determined by computing the average 

contribution (ö) of each species to the overall average dissimilarity ($) between all pairs 

of inter-group sites. Algebraically, if Sek (i) is the contribution of the ith species to the 

dissimilarity between two samples/sites then: 
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Sek (i) is then averaged over all pairs Y, k) with j in the first group and k in the second to 

give $, (Clarke and Warwick, 1994). 

The standard deviations SD(8j) of the 8jk (i) values were also calculated as a measure of 

how consistently a species contributes to l5 across all pairs of sites. The ratio $; /SD(8j) 

provides a useful measure of not only how much the ith species contributes to the 

dissimilarity between groups, but also how consistently it does so. Species with high 

ratios are therefore good discriminating species (Clarke and Warwick, 1994). The 

percentage and cumulative percentage average dissimilarity (ö) between the groups that 

is contributed by the ith species were calculated to aid interpretation. 

Linking with environmental variables 

Multivariate ecological data are often matched with a suite of environmental variables 

describing the physio-chemical properties of each replicate or sampling site (eg water 

depth, substrate, contaminant levels etc), which may be used to help explain the observed 

biological pattern. 

Water quality parameters; dissolved oxygen concentration, conductivity, total dissolved 

solids, pH, transparency and water temperature were recorded each month by FAP 17 but 

only for a selected number of sites. No major differences where detected inside and 

outside the FCDI schemes with the exception of transparency which was generally higher 

inside. Fishing intensity, measured as standardised effort for dominant gear types3 per 

unit area, (gear hrs ha-') was calculated for sites inside and outside FCDI schemes 

wherever possible by FAP 17 for the period March 1993 to February 1994. Often, 

3 Defined as gears that took at least 90% of the annual catch 
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however, gear usage and catch rates were very different inside and outside which 

precluded the estimation of standardised effort (FAP17,1994) 

Analytical Approach 

(Dis)similarities between species assemblages caught from all pristine sites were first 

examined to determine whether or not habitat type and/or geographical location are 

important factors influencing these assemblages. If no differences existed, then sites 

within these two strata were `pooled' to increase the number of replicates available for 

the comparison of assemblages at modified and pristine sites. When differences existed, 

separate comparisons were performed on the relevant region and habitat combinations. 

Partitioning of assemblages according to different habitat to allow detailed interpretation 

of environmental impacts in large heterogenous areas has been carried out by Omi et at, 

1979; Hawkes et al (1986) as cited by Barrella and Petrere (1994). 

A two-factor crossed ANOSIM described by Clarke (1993) and Clarke and Warwick 

(1994) was used to test two null hypotheses regarding the observed pattern in the MDS 

ordination of the pristine sites: 

H,: There are no differences in species assemblages between different habitat types 
(allowing for the fact that there may be differences between regions). 

H2: There are no differences in species assemblages between different geographical 
regions (allowing for the fact that there may be differences between habitat 
types). 

To test the first null hypothesis, an R statistic was calculated for each separate region 

using equation 2.4, as if for a simple one-way test for differences among habitat types, 

and the resulting values averaged to give R. The significance level of the test was 

determined by the number of times this value was exceeded during simultaneous re- 

orderings of each habitat label within each region. 

If the first hypothesis is rejected, then the second can be tested allowing for the fact that 

there are differences in species composition between habitat types. This is achieved by 

99 



reversing the role of the factors. In this case R is the average of the values of R calculated 

for each habitat type and the permutation distribution is generated from simultaneous 

relabellings of the region labels. When three or more levels are present within each 

factor, pairwise testing is required. This is achieved in a manner analogous to the one- 

way ANOSIM, where k is calculated from the extracted and re-ranked similarities for 

each pair of groups of sites. 

Having determined which (if any) site habitat/region combinations could be legitimately 

pooled, MDS was used to compare (dis) similarities in the species assemblages caught 

from modified and pristine sites. The null hypothesis (Ho) that there are no differences 

in species assemblages between the two conditions was then tested with the one-way 

ANOSIM test. Indicator species analysis was then applied to those comparisons which 

exhibited statistically significant differences at the 5% level or below to assess which 

species were responsible for the observed pattern. The monetary value of the 

assemblages at these groups of sites was also compared to evaluate the economic impact 

of FCDI schemes. These values were derived from the average abundance of the species 

in each group and the regional average annual price (TK/kg) of each species recorded by 

FAP17 (FAP17,1995 vol. 20). 

The PRIMER (Plymouth Routines in Multivariate Ecological Research) program (Clarke 

and Warwick, 1994) was used for the MDS, ANOSIM and indicator species analyses. 
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2.4 Results 

Figure 2.5a shows the MDS ordination for all pristine sites labelled by habitat type and 

geographical location. Careful examination reveals three overlapping clusters of sites, 

separated according to habitat type; main and secondary river to the left; floodplain/beel 

to the right and canal towards the bottom right hand corner. Simultaneous clustering of 

sites by region is also evident, shown by separation along the y-axis. This separation is 

perhaps less pronounced for sites in the NW and NC region. These patterns indicate that 

both habitat type and geographic location influence species assemblages. 

Unfortunately this hypothesis could not be tested using all the sites shown in Figure 2.5a 

because the two-way crossed ANOSIM test described above, requires at least one 

replicate within each factor combination (habitat/region). Of the 16 possible factor 

combinations, three contained no replicates. These were main river in the north east, 

canal in the north east and floodplain/beel in the south west. Canal and main river sites, 

which comprise only a relatively small proportion (35%) of the total number of pristine 

sites in the data set, were therefore excluded from this part of the analysis. Similarly all 

data from the SW region were omitted due to the absence of replicate sites from 

floodplain/beel, a habitat regarded as particularly important to this research. These three 

habitat/region stratifications were therefore retained for the modified/pristine site 

comparisons. 

The MDS ordination for the remaining pristine habitat/region combinations is displayed 

in Figure 2.5b. The same pattern as that described for Figure 2.5a again emerges , though 

with greater clarity, showing differences in species assemblages between both 

floodplain/beel and secondary river habitat type and between the three geographical 

regions. The results of the two-way ANOSIM test for these sites are given in Table 2.3. 

Both null hypotheses were decisively rejected at a significance level of 0% indicating 

significant species dissimilarities between both habitat type and geographical location. 

The pairwise test did however indicate that the hypothesis of no differences in species 

assemblages between sites in the NC and NW could only be rejected at aP <10% level. 
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Figure 2.5 (a) MDS ordination for all pristine sites (stress=0.15). (b) MDS ordination for 
habitat/region combinations containing at least one replicate (stress=0.13). 0- 
FloodplainBeel sites; o- Secondary rivers; v-Main Rivers; Q-Canals. Fill style 
indicates geographic location of sampling site where open = NC, solid = NE; 
hatched=NW and crosshatched =SW. 
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Table 2.3 Results from the two-way crossed ANOSIM test for differences between 
habitat and region groups (clusters) of sites. 

H,: There are no differences in species assemblages between different habitat types (allowing for the 
fact that there may be differences between regions). 

Hz: There are no differences in species assemblages between different geographical regions (allowing 
for the fact that there may be differences between habitat types). 

H,: 

Sample statistic (k): 0.517 

Number of permutations: 20000 (RANDOM SAMPLE FROM APPROX 1.514D+06) 

Number of permuted statistics greater than or equal R: 0 

Significance level of sample statistic: 0.0% 

H2: 

Sample statistic ( R) : 0.605 

Number of permutations: 20000 (RANDOM SAMPLE FROM APPROX 1.249D+09) 

Number of permuted statistics greater than or equal to R: 0 

Significance level of sample statistic: 0.0% 

Groups k value Possible Permutations Significant Significance 

permutations used statistics level 

NC, NE 0.789 2.28 x 105 5000 0 0.0% 

NC, NW 0.267 1155 1155 102 8.8% 

NE, NW 0.404 210 210 7 3.3% 
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Nonetheless, given that the argument here is whether "to pool" or "not to pool", it would 

be prudent to assume that species assemblages do differ among habitat types and among 

all regions. Separate modified/pristine site comparisons of species assemblages were 

therefore carried out for each habitat/region combination. 

MDS ordinations for these combinations are shown in Figure 2.6. Habitat types are 

depicted by the same symbols as those used in Figure 2.5. Open symbols represent 

pristine (outside) sites and solid symbols donate modified (inside) sites. Main rivers in 

all four regions, secondary rivers and canals in the NE, canals in the NW and secondary 

rivers and floodplain/beel habitats in the SW could not be included due to the absence of 

one or more replicates in one or both modified or pristine site categories. The calculated 

stress values given in the figure legend suggest that all the ordinations provide excellent 

or good representations of the relationships between the sites with no real prospect of 

misrepresentation. 

The results of the ANOSIM tests for each ordination are summarised in Table 2.4 which 

includes the calculated R statistic, the number of possible permutations, the number of 

significant statistics, the significance level (P) and the maximum attainable significance 

level. 

NC region 

Examination of the first row of ordinations in Figure 2.6 indicate that species 

assemblages caught from modified and pristine floodplain/beel habitat are not dissimilar 

since the two modified sites are located well within the `spread' of the pristine sites. This 

inference is supported by the results of the ANOSIM test (Table 2.4) which shows a 31% 

chance of committing a Type I error. The ordination for the canal habitat does show 

some weak evidence of assemblage dissimilarity between the site conditions though 

because there was only a single replicate representing the modified condition, and the 

overall number of replicates was low, the null hypothesis could not be rejected at the 5% 

level. The calculated significance level was, however, equal to the maximum attainable 

significance level. 
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Table 2.4 Summary of the results of the one-way ANOSIM to test the null hypothesis 
that there are no differences in species assemblages between modified and pristine sites 
of similar habitat type within each geographic region. 

Ho: There are no differences in species assemblages between modified and pristine 
sites of the same habitat type and geographic region. 

Region Habitat FCD/I DOR R Permutations Significant Significance H: 
0 

Max. 

stat. statistics level (p) attainable 

significance 

level 

NC FB CPP N 0.15 45 14 31.1 % Accept 7.0% 

NC C CPP N 0.50 51 20.0 % Accept 20.0% 

NE FB MIP P 0.44 126 1 0.8 % Reject 0.8% 

SHP P 

NW SR PIRDP F 0.42 

NW FB PIRDP F 0.59 

PB 

SW C CFP P 0.43 

SBP F 

52 40.0% Accept 

84 1 1.2 % Reject 

15 2 13.3 % Accept 

20.0% 

1.2% 

6.6% 

DOR - degree of hydraulic regulation: N -none; P -partial; F -full. 

106 



NE region 

Only floodplain/beel habitat could be examined in this region due to the absence of 

modified or pristine sites in the other two habitat categories. The ordination for this 

combination shows separation of modified and pristine sites along the y-axis indicating 

assemblage dissimilarity between the two groups. The ANOSIM test also rejected the 

null hypothesis at the 0.8% level. The modified site in the centre of the ordination 

appears less dissimilar to the pristine sites than the others. The pristine sites are also 

quite widely dispersed relative to the modified sites indicating relatively lower 

assemblage similarities within this group. 

NW re ion 

Similar to the canal habitat in the NE, the ordination and the calculated R statistic for 

secondary river habitat in the NW region indicate a degree of separation between the two 

site conditions. However, the ANOSIM tested failed to reject the null hypothesis (P = 

40%). The ordination for floodplain/beel habitat shows an unequivocal dissimilarity 

between pristine and modified sites. The ANOSIM test also decisively rejected the null 

hypothesis at the 1.2% level (the maximum attainable significance level). 

SW region 

The ordination for canal habitat in the SW region shows that one of the modified sites is 

similar, and the other very dissimilar, to the pristine sites. The R statistic (R = 0.43) 

indicates some degree of separation between the two groups of sites though the ANOSIM 

test rejected the null hypothesis only at the 13.3% level (maximum attainable significance 

level =6.6%). 

Indicator species analysis 

Table 2.5 summaries the results of the indicator species analysis for the floodplain/beel 

habitat in the NW region. The table contains the average abundance (kg/100hrs of 

fishing effort) of each species for both site conditions, including $j, -6; /SD $;, %-5; and 

cumulative %-8t. A comparison of the average abundance of each species is graphically 

presented in Figure 2.7. Species are arranged from top to bottom in descending order of 
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their 8, /SD -6; ratio. To assist interpretation, only those species contributing to 75% of 

the cumulative average dissimilarity (column 7 in Table 2.5) are shown. 

Considering only those which contributed to 75% of the dissimilarity between the two 

site conditions, species that were consistently absent (<0.00kg/100hrs) or virtually absent 

(<O. lkg/100hrs) from modified sites but present in pristine sites, in descending order of 

their "8; /SD $; ratio were Nemachilus botia, Pseudeutropius atherinoides, Clupisoma 

garua, Mystus bleekeri, Ailia coila, Silonia silondia, Rhinomugil corsula, Oxygaster 

gora, Catla catla, Labeo bata, Heteropneustes fossilis, Gagata youssoujl, Labeo 

calbasu, and Ompok pabda. Species that contributed significantly (>2kg/100hrs) to the 

overall abundance at pristine sites which were substantially (>50%) less abundant at 

modified sites were Hilsha ilisha, Glossogobius girius, Gudusia chapra, Corica soborna, 

Labeo rohita, Labeo gun tea, Mvstus vittatus, Pun tilts sophore, Cirrhinus reba, Cirrhinus 

mrigala and Wallapo attn. Based upon price data recorded at markets in the NW region 

by FAP17 (FAP17 1993 vo120), the mean unit value of these species is TK45.6/kg. 

Conversely, species that were consistently absent (<0.00kg/100hrs) or virtually absent 

(<O. lkg/100hrs) from pristine sites but present in modified sites, in descending order of 

their 5, /SD -5, ratio were Puntius gelius, Puntius phutunio and Brachygobills Hums. 

However, in each case their contribution to the average abundance at modified sites was 

not significant (<2kg/100hrs). Species that did contribute significantly (>2kg/100hrs) to 

the overall abundance at modified sites which were substantially (>50%) less abundant 

at pristine sites were Xenentodon cancila, Salmostoma phulo, Mastacembelus pancalus, 

Chanda nama and Chanda baculis. These species have a unit value of only TK27/kg. 

Overall, the unit value of the assemblage in pristine sites (TK 32/kg) is 25% greater than 

modified sites (TK 25.5/kg) 
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Table 2.5 Results of the indicator species analysis for floodplain beet habitat in the NW 

region wh3re full flood control is present. 

Species 

Abundance (kg/I00hrs) 

Pristine Modified 6, 5, /SDB. % cum% 

Price 

(TK/kg) 

Value (TK) 

Pristine Modified 
_ 

Xcancila 1.97 38.99 1.54 1.36 3.23 3.23 24.76 48.78 965.39 

P. atherinoides 2.20 0 1.28 3.89 2.69 5.93 45.86 100.89 0.00 

R. corsula 2.69 0 1.18 2.26 2.49 8.41 28.23 75.93 0.00 

A. coila 1.68 0 1.17 2.90 2.45 10.87 53.39 89.69 0.00 

M. b1eekeri 1.76 0.01 1.15 3.07 2.42 13.28 58.18 102.40 0.58 

H. ilisha 16.89 0.98 1.14 1.49 2.39 15.67 55.17 931.82 54.07 

L. bata 3.10 0 1.14 1.51 2.38 18.06 28.72 89.02 0.00 

P. sophore 20.99 11.72 1.09 1.17 2.30 20.36 24.76 519.71 290.19 

S. phulo 9.09 51.37 1.08 2.06 2.27 22.63 26.56 241.43 1364.39 

M. pancahcs 1.87 15.19 1.04 2.29 2.17 24.8 39.00 72.93 592.41 

L. rohita 4.65 0.47 1.02 1.33 2.15 26.95 57.43 267.05 26.99 

C. gmva 0.79 0 0.97 3.42 2.04 28.99 38.89 30.73 0.00 

C. catlo 2.09 0.06 0.97 1.54 2.04 31.03 44.22 92.42 2.65 

5'. silonclia 0.80 0 0.97 2.56 2.03 33.06 89.84 71.87 0.00 

C. reba 18.39 2.29 0.94 0.99 1.98 35.04 41.92 770.98 96.01 

C. nama 21.71 28.68 0.92 1.34 1.94 36.98 19.83 43U `! 568.72 

G. roussoufi 1.69 0 0.91 1.20 1.91 38.89 44.49 75.19 0.00 

C. punctntus I. 73 '. 14 0.89 1.28 1.87 0.76 23.40 40--: 5 73.48 

C. baci1lis 1.47 7.08 0.86 1.34 1.81 -12.57 20.80 30.57 : 726 

L. g: nuca 5.20 105 0.85 126 1.79 -44 36 28.72 01 3) 30.15 

frown 28.31 23.00 0.85 1.13 1.79 76.1-1 1257 55 
. 03 -150.11 

ýl. nrmatus 1.70 0-16 0.53 1.37 1.75 7.89 48.28 82.08 7.75 

gill ms 13.55 5 21 0.8-1 1.39 1.72 49.61 35.41 4 53 I 34 50 

P.;; elitts 0554 1.38 0.78 1.98 1.64 X1.25 Z . 76 0.99 34.17 

C'. mr/gala 250 0.44 0.78 0.91 1.63 51.88 37.76 ')4 '1 1 16.62 

L. calbasu 0.93 0 0.77 1.18 1.62 54.51 37.76 3.12 0.00 

5Ltengra 0.10 1.94 0.77 1.62 1.61 $6.12 58.18 5.82 112.87 

O. gora 0.76 0.02 0.76 1.67 1.60 57.72 34.22 26.01 0.68 

G. chapra 15.91 7.98 0.75 1.38 1.57 59.29 23.80 378.59 189.89 

P. phutunio 0.01 0.68 0.71 1.59 1.50 60.78 24.76 0.25 16.84 

C. fasciatus 0.88 1.66 0.70 1.35 1.47 62.26 24.76 21.79 41.10 

Nbotia 0.17 0 0.70 4.21 1.46 63.72 35.41 6.02 0.00 

O. pabda 1.31 0.02 0.69 1.09 1.46 65.17 100.80 132.04 2.02 

Al vittatus 2.89 1.59 0.69 1.22 1.45 66.62 45.86 132.54 72.92 

AT Tor 0.52 0.36 0.69 1.33 1.44 68.06 98.06 50.99 35.30 

(V. attu 2.30 0.47 0.67 0.79 1.40 69.46 54.78 125.99 25.75 

C. soborna 2.93 0.55 0.65 1.35 1.35 70.81 34.00 99.61 18.70 

ß. nanus 0 0.34 0.61 1.34 1.29 72.1 35.41 0.00 12.04 

T cutcutia 0.23 1.67 0.61 1.24 1.29 73.39 - - - 
1-ifossilis 0.40 0.06 0.57 1.27 1.21 74.6 60.69 24.27 3.64 

E. danricus 0.57 0.53 0.57 1.29 1.20 75.8 17.83 10.16 9.45 

D. rlecnrio 0.12 0 0.57 2.09 1.20 76.99 35.41 4.25 0.00 

1/. dmrio 0.27 0.15 0.57 1.28 1.19 78.18 34.22 92-1 5.13 

C. lalius 0.51 0.30 0. % 1.26 1.17 79.35 15.86 8.09 4.76 

. 1bcarasius 0.15 0.22 0.54 1.41 1.13 80.48 58.18 8.73 12.80 

S. bacaiila 0.52 0.19 0,53 1.31 1.11 81.59 26.56 13.81 5.05 

Al nculenncs 1.52 1.47 0.52 1.08 1 09 82.69 - - - 
C1rnnyn 3.56 15 41 0.49 1.62 1.03 83.71 19.83 169.74 305.58 
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E. vacha 0.12 0 0.46 1.29 0.97 84.69 41.63 5.00 0.00 

S. gongoto 0.12 0 0.46 1.30 0.97 85.65 35.41 4.25 0.00 

A. mola 0.25 0.33 0.44 1.47 0.93 86.59 47.04 11.76 15.52 

0. bi, nacula'us 0.09 0.05 0.42 1.25 0.88 87.46 100.80 9.07 5.04 

P. conchonius 4.19 11.13 0.41 1.30 0.85 88.32 24.76 103.74 275.58 

C. sota 0.25 0.09 0.40 0.79 0.84 89.16 15.86 3.97 1.43 

Clalius 0 0.27 0.38 0.65 0.80 89.96 15.86 0.00 4.28 

R. cotio 0.04 0 0.38 1.35 0.80 90.76 45.86 1.83 0.00 

L. boga 0.18 0.06 0.37 0.79 0.77 91.53 28.72 5.17 1.72 

J. coilor 0.29 0 0.35 0.68 0.74 92.28 34.22 9.92 0.00 

S. phasa 0.14 0 0.33 0.68 0.69 92.97 23.80 333 0.00 

P. ticto 0 0.08 0.32 0.87 0.68 93.65 11.14 0.00 0.89 

N. _onarus 0.19 0 0.32 0.68 0.67 94.31 35.41 6 73 0.00 

G. manminna 0 0.11 0.31 0.91 0.65 94.96 34.22 0.00 3.76 

14barlis 0.35 0.27 0.30 0.83 0.63 95.59 34.22 11.98 9.24 

C. marulius 0 1.35 0.27 0.43 0.57 96.16 36.40 0.00 49.14 

Mparsia 0.01 0.09 0.27 0.77 0.57 96.72 - - - 
C. orientalis 0.07 0 0.25 0.68 0.53 97.25 36.40 2.55 0.00 

8. cvez 0.03 0 0.20 0.68 0.43 97.68 26.56 0.80 0.00 

B. batasio 0.02 0 0.18 0.68 0.38 98.07 34.22 0.68 0.00 

P. boro 0 0.10 0.16 0.43 0.34 98.41 34.22 0.00 3.42 

Al. roseabergii 0.01 0 0.15 0.68 0.31 98.72 193.33 1.93 0.00 

[3 boddar-ti 0 0.05 0.14 0.43 0.30 99.02 - - - 
C. lcrriuis 0.01 0 0,14 0.68 0.30 99.32 35.41 0.35 0.00 

lI picc<<s 0 0 0.13 0.68 0.27 9959 34.22 0 00 0.00 

»', n: urnr 0 0 0.12 0.68 0.25 99.84 51.34 9.00 0.00 

Total 212.78 240.81 6831.79 91.49.96 
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Figure 2.7 Average abundance of species from modified and pristine floodplain/beel sites 
in the NW region. Species are arranged from top to bottom in descending order of their 
'&/SD $; ratio. Only those species contributing to 75% of the cumulative average 
dissimilarity (column 7 in Table 2.5) are shown. 
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Table 2.6 and Figure 2.8 summarise the results of the indicator species analysis for the 

NE region in the same format used for the NW region. Using the same definitions as for 

the NW region, species that were absent or virtually absent at modified sites, but present 

at pristine sites, were Mystus bleekeri, Wallago attu and Somileptes gongota. 

Significantly lower abundances at modified compared with pristine sites were found for 

Puntius conchonius, prawn species, Glossogobius giurus, Puntius ticto, Notopterus 

notopterus, Corica soborna, Tetraodon cutcutia, Salmostoma bacaila, Mystus tengra, 

Mystus aor, Mastacembelis armatus, Pellona ditchela, Hypophthalmichthys molitrix, 

Mystus cavasius, Chandramara chandramara, Gudusia chapra and Clupisoma garua. 

These species have a unit value of 36.5TK/kg. 

Species that were absent or virtually absent at pristine sites, but present at modified sites 

were Colisa lalius, Colisa sota and Hilsha ilisha. Finally, species which exhibited 

significantly lower abundances at pristine compared with modified sites were rashora 

daniconius, colisa fasciatus, Nandus nandus, Xcnentodon cancila, Ablypharyngo,, loir 

mola, Pontius gelius, Salmostoina photo, Chanda baculis, Badis badis, Chanda nrrnla, 

Pontius pliutunio and Pontius chola. The mean unit value of these species is TK26.5/kg. 

Overall, the unit value of the assemblage in pristine sites in the NE region (TK26/kg) is 

only marginally greater (8%) than in modified sites (TK24/kg). 

Linking with environmental variables 

Fishing intensity was consistently and significantly higher inside the FCDI schemes in 

both the NE and NW regions (Table 2.7). Standardised fishing intensity could not be 

calculated for Chalan Beel Polder B scheme, but for the most important gear types the 

annual effort deployed per hectare of floodplain was 2-5 times higher inside the scheme 

compared to outside. 
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Table 2.6 Results of the indicator species analysis for floodplain beef habitat in the NE 

region. 

Species 

Abundance (kg/l00hrs) 

Pristine Modified 5 h/SD 6, °/, 

Price 

cum% (TKJkg) 

Value (TK) 

Pristine Modified 

P. conchonius 217.96 7.45 1.90 1.17 3.80 3.8 25.45 5547.08 189.60 

Prawn 384.49 107.20 1.42 1.38 2.84 6.65 17.36 6674.75 1860.99 

G. giurus 48.32 4.28 1.21 2.12 2.42 9.07 30.43 1470.22 130.23 

P. ticto 40.10 3.22 1.19 0.88 2.39 11.46 11.45 459.25 36.88 

Nnotopterus 53.95 7.71 1.18 1.33 2.36 13.82 58.11 3135.29 448.07 

R. daniconius 0.48 31.57 1.15 1.48 2.30 16.12 18.07 8.67 570.45 

Csoborna 19.65 0.44 1.13 1.42 2.25 18.38 29.21 573.97 12.85 

T. cutcutia 71.27 8.01 1.12 1.45 2.23 20.61 - - - 
C. fascirttus 1.07 15.38 1.08 1.84 2.15 22.76 17.90 19.15 275.24 

Clalius 0 10.22 1.08 1.72 2.15 24.92 17.90 0.00 182.90 

N. nandus 12.27 17.16 1.07 1.43 2.13 27.05 38.18 468.41 655.08 

S. bacaila 20.88 0.59 1.05 0.94 2.10 29.15 22.82 476.48 13.46 

Xcancila 17.39 74.46 1.04 1.32 2.09 31.24 25.45 442.58 1895.01 

M. bleekeri 10.16 0 1.04 1.33 2.09 33.33 39.65 402.80 0.00 

A. 11101n 3.01 10.47 1.02 1.25 2.04 35.37 48.36 145.55 506.28 

M. tengro 12.45 2.31 1.00 1.62 2.00 37.37 39.65 493.59 91.58 

P. gelius 17.87 46.88 0.94 1.60 1.88 39.25 25.45 454.79 1193.10 

S. p/ntlo 10.97 42.49 0.94 1.14 1.88 41.13 22.82 250.34 969.62 

P. terio 2.97 2.36 0.91 1.93 1.83 42.96 25.45 75.59 60.06 

C. bacults 83.90 105.92 0.87 1.68 1.74 44.69 20.45 1715.92 2166.28 

13. badis 1.06 2.53 0.85 1.69 1.70 46.4 23.32 24.72 59.00 

M. pancaltts 5.14 3.88 0.84 1.35 1.68 48.07 34.24 175.98 133.84 

laor 7.01 0.26 0.82 1.03 1.63 49.7 96.57 676.96 25.1 ! 

Ad. armntus 3.43 0.40 0.79 1.37 1.58 51.28 49.63 170.22 19.85 

1l. ilisltn 0 250 0.78 1.10 1.57 52.85 47.36 0.00 118.40 

P. ditchela 10.61 0.97 0.77 0.74 1.54 54.39 23.32 247.43 2162 

Cimino 8.88 37.41 0.77 1.12 1 
. 
53 55.92 22.37 198.65 8')0.86 

ILgaintardi 4.26 1.55 0.76 1.04 1.51 57.43 23.32 99.35 36.15 

W. attu 6.24 0 0.75 0.94 1.50 58.93 53.95 336.65 0.00 

C. marulius 4.30 2.85 0.74 1.01 1.48 60.42 35.79 153.90 102.00 

P. pkutunio 1.01 8.19 0.73 1.41 1.45 61.87 25.45 25.70 208.44 

C. sota 0 1.19 0.73 1.72 1.45 63.33 17.90 0.00 21.30 

Nrnaydelli 1.98 0.24 0.71 1.38 1.43 64.75 29.44 58.30 7.07 

M. cavasius 11.56 3.00 0.69 0.71 1.39 66.14 39.65 458.30 118.94 

S. gongola 2.58 0 0.69 0.94 1.38 67.52 30.43 78.50 0.00 

C. chandramara 6.30 0.70 0.68 1.14 1.36 68.88 23.32 146.92 16.32 

C. punctatus 2.05 2.37 0.68 1.23 1.35 70.23 23.01 47.17 54.53 

P. chola 0.88 2.94 0.67 1.10 1.35 71.58 25.45 22.40 74.82 

G. chapra 103.01 45.52 0.66 1.43 1.32 72.9 26.84 2765.20 1221.94 

P. sopltore 29.53 22.99 0.65 1.39 1.31 74.21 25.45 751.54 585.10 

C. garua 2.56 0.23 0.59 0.92 1.19 75.39 38.30 98.06 8.81 

H. molitr/x 13.94 0 0.58 0.56 1.15 76.54 36.50 508.78 0.00 

M. aculenuts 2.93 0.05 0.56 0.83 1.12 77.66 31.84 93.29 1.59 

Cranga 27.69 38.34 0.55 1.59 1.10 78.76 22.37 619.43 857.67 

N. boti 1.54 0.01 0.53 0.88 1.06 79.82 30.43 46.86 0.30 

C. striatus 3.99 0.35 0.51 0.75 1.01 80.83 51.13 204.01 17.90 

B. dmrio 1.78 0.22 0.49 0.90 0.98 81.81 23.32 41.51 5.13 

L. rohita 3.15 1.21 0.49 0.72 0.98 82.79 67.82 213.63 82.06 

I. gutilea 0.62 0.40 0.48 1.02 0.95 83.74 33.91 21.02 13.56 

B. tenguru 2.67 0 0.47 0.56 0.94 84.68 23.32 62,27 0.00 
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G. youssoufi 2.89 0 0.46 0.56 0.91 85.59 30.32 87.62 0.00 

M. vittatus 1.47 0.06 0.46 0.95 0.91 86.51 39.65 58.28 2.38 

C. reba 0.41 0 0.42 0.96 0.84 87.35 49.51 20.30 0.00 

L calbasu 1.49 0.14 0.42 0.74 0.84 88.19 46.80 69.73 6.55 

Unknown 0.60 0 0.42 0.94 0.84 89.03 - - - 
M. seenghala 0.93 0.41 0.41 0.73 0.82 89.85 39.65 36.87 16.25 

O. pabda 3.28 0 0.40 0.56 0.80 90.65 99.27 325.60 0.00 

1/. fossilis 0.46 0.14 0.38 0.97 0.76 91.42 55.70 25.62 7.80 

R. cotio 0.23 0.22 0.37 0.90 0.75 92.16 23.32 5.36 5.13 

C. catla 0 3.22 0.37 0.48 0.74 92.91 52.22 0.00 168.15 

C. battrachus 0 2.29 0.36 0.69 0.72 93.63 64.05 0.00 146.67 

E. dandricus 0.08 1.52 0.34 0.74 0.68 94.31 18.32 1.47 27.85 

C. chaca 2.27 0 0.34 0.56 0.67 94.98 34.98 79.41 0.00 

A. testudineus 0 1.56 0.32 0.69 0.65 95.63 59.59 0.00 92.97 

P. atherinoides 0.55 0 0.30 0.56 0.60 96.23 31.25 17.19 0.00 

A. coila 0 0.65 0.25 0.48 0.50 96.73 36.38 0.00 23.65 

B. nunus 0.53 0 0.23 0.56 0.47 97.2 30.43 16.13 0.00 

P. boro 0.02 0.04 0.19 0.72 0.39 97.59 23.32 0.47 0.93 

B. hatasio 0 0.63 0.19 0.48 0.37 97.96 23.32 0.00 14.69 

0. binzaculatus 0.13 0 0.17 0.56 0.33 98.3 99.27 12.90 0.00 

C. nobolis 0 0.27 0.15 0.48 0.30 98.6 - - - 
Clatius 0 0.07 0.14 0.48 0.29 98.89 17.90 0.00 1.25 

E. vacha 0 0.08 0.14 0.48 0.29 99.17 41.00 0.00 3.28 

D. devario 0 0.19 0.14 0.48 0.28 99.45 30.43 0.00 5.78 

L. boga 0 0.03 0. II 0.48 0.23 99.68 33.91 0.00 1.02 

P. guganio 0 0.01 
. 
09 0.48 0.18 99.86 - - - 

L. angra 0 0 07 0.48 ). 14 100 - - - 
Total 1315.2 690 31918.08 16430.34 
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Figure 2.8 Average abundance of species from modified and pristine floodplain/beel sites 
in the NE region where hydrological control is only partial. Species are arranged from 
top to bottom in descending order of their h/SD fi, ratio. Only those species contributing 
to 75% of the cumulative average dissimilarity (column 7 in Table 2.6) are shown. 
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Table 2.7 Standardised fishing intensity for floodplain/beel habitat inside and outside 
FCDI schemes in the NE and NW regions. NA - not available. 

Annual fishing intensity (std gear firs hä-') 

Region FCDI Scheme Inside Outside 

NE MIP 51.4 3 5.0 

SHP 19.8 6.2 

NW PIRDP 3694.0 1923.0 

PB NA NA 
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2.5 Discussion 

Informal evidence (Figure 2.5a) indicated that, with the exception of main and secondary 

river, species assemblages in Bangladesh appear to differ according to both habitat type 

and geographical location (region). Formal evidence for this pattern was shown by 

floodplain/beel and secondary river habitat in the NC, NE and NW regions (Figure 2.5b 

and Table 2.4). Interestingly, the vertical separation of sites within Figure 2.5, indicating 

assemblage dissimilarities across regions, closely matches the actual latitudinal 

separation of these regions within Bangladesh. The fact that the NC and NW regions are 

located within similar latitudes in the country would seem to explain their lack of vertical 

separation in the ordinations. Differences in species assemblages among habitats is 

expected on the grounds that different habitat types will possess different morphological, 

chemical and physical characteristics. Only certain species will have evolved adaptations 

necessary for life in these conditions. Different habitat types may also offer different 

numbers of niches based largely on the complexity and dynamic nature of the habitat. 

Similar differences in assemblages linked with habitat type have been identified by 

Barn-ella and Petere (1994) in the Jacare Pepira River, Brazil, where distinct 

assemblages were identified for four different habitat types: floodplain, rapids, 

headstreams and mid-river tributaries. Explanations for differences in species 

assemblages across latitude, particularly in relation to their diversity have been discussed 

by Lowe-McConnell (1987), Wootton (1990) and McDowall (1994). These are based 

largely upon the idea that abiotic conditions are less predictable at higher latitudes and 

hence fewer species have evolved the necessary adaptations for life in these conditions. 

Extinction probability is also likely to be higher within these unpredictable environments. 

Differences in latitude between the geographic regions in Bangladesh are, however, 

relatively small. Perhaps a more plausible explanation for the observed differences may 

lie with the close orientation of the main river system along the north-south line. Water 

flows downstream from its sources to the north to eventually join the Bay of Bengal to 

the south. According to the river continuum concept (Vannote et al, 1980) or the 

established relationships between stream order and species richness (Lotrich 1973; 
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Horwitz, 1978; Welcomme, 1985; Wootton, 1990) or the abiotic-biotic continuum 

concept of Zalewski and Naiman (1985), species assemblages would indeed be expected 

to vary with latitude in this case. 

Because of these naturally occurring dissimilarities, valid comparisons of species 

assemblages caught at modified and pristine sites were achieved by maintaining the 

stratification of the data by both habitat and region (Figure 2.6). However, due to the 

unbalanced sampling design of FAP17, six of the twelve possible habitat/region 

combination (main river habitat is not modified in Bangladesh), comparisons could not 

be made because of the absence of replicate sites from modified or pristine locations. 

Moreover, only two of the remaining six combinations had sufficient numbers of 

replicates to test the null hypothesis at the 5% level. 

The absence of any dissimilarity in the species assemblages caught from floodplain/beel 

habitat at modified and pristine sites in the NC may be explained by the fact that the 

construction of the FCDI scheme in this region (CPP) is incomplete (Table 2.1) and has 

no influence on the flooding patterns (FAP 17,1995b). Flooding occurs naturally via the 

Lohajang River to the south-east of the scheme although a series of sluice gates within 

the embankment impairs the flow of floodwater in canals connected to the Pungli and 

Northern Dhaleswari rivers to the north and west of the scheme. This impaired flow 

would seem to explain the informal evidence for assemblage dissimilarity at modified 

and pristine canal sites. 

Floodplain/beel habitat in the NE region was one of the two habitat/region combinations 

which exhibited statistically significant differences in the assemblages caught at the two 

site conditions. Modified sites were located in two different schemes; the MIP and the 

SHP, both of which offer only partial hydraulic regulation due to breached and 

submersible embankments, respectively. It is interesting to note that the two modified 

sites lying outside the closely clustered group at the top of the ordination, are located in 

the SHP. These two sites showed less dissimilarity in their species assemblages with 

pristine sites compared to the other three. In both cases, partial regulation would appear 
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to have an impact on species assemblages though this impact appears less pronounced 

in the case of submersible than non-submersible, breached embankments. 

Floodplain/beel habitat in the NW region also exhibited statistically significant 

differences in species assemblages caught at the two site conditions. The modified sites 

are located in two schemes; the PB and the PIRDP, both of which exhibit frill flood 

control and have no submersible or breached embankments. The geographical position 

of sites within the NW region appears to explain their `spread' within the ordination. The 

main group of sites (both modified and pristine) in the centre of the ordination are located 

within and around the PIRDP scheme. The two `outlying' sites, one modified, one 

pristine, seen in the bottom left and right of the ordination respectively, are associated 

with the PB scheme located approximately 50km north of the PIRDP scheme. This 

suggests that geographical location within a particular region may also influences species 

assemblages. 

An R value of 0.42 and the pattern displayed in the ordination suggested that real 

differences in assemblages between the two site conditions may also exist for secondary 

river habitat in the NW. A greater number of pristine sites would be required to support 

this inference statistically. 

For canal habitat in the SW region, the apparent similarity of one of the modified sites 

to the group of pristine sites is likely to have prevented the rejection of the null 

hypothesis at the maximum attainable significance level (P = 6.6%). This modified site 

is located within the CFP, a scheme providing only partial flood control as a result of 

breached embankments. Conversely, the modified site furthest from, and therefore most 

dissimilar to, the pristine sites in the ordination is located within the SBP which provides 

full hydraulic control. 

In floodplain/beel habitat of the NW region, 25 species were absent or less abundant at 

modified sites compared to pristine. The majority of these species are large with an 
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average adult size of 54 cm', and many of them, including C. garua, O. pabda and W. attu 

are known to be piscivorous predators (Rahman, 1989; Kottelat et al, 1993). Species that 

were more abundant at modified sites compared to pristine (with the exception of 

Xcancila) were all very small with a mean adult size of 9cm. Similarly, for the 

floodplain/beel habitat in the NE region, the mean adult size of the species that were 

absent or less abundant at modified sites was also high (40 cm) compared to those that 

were more abundant at the modified sites (10 cm). The latter figure exclude Hilsa ilisha 

since its presence is believed to be erroneous (see below). 

This pattern is indicative that assemblages at modified sites have suffered ecosystem 

overfishing or the fishing-up process described in Section 2.1. Indeed fishing intensity 

in floodplain beel habitat was shown to be significantly greater inside the FCDI schemes 

in these two regions compared to outside (Table 2.7). 

Alternatively, recruitment of migratory species to inside floodplains may have been 

diminished or prevented altogether by the effects of FCDI embankments on migration 

routes. In the NW region, the majority of the 25 species which were absent or less 

abundant at the modified compared to pristine sites are Silurid catfish (P. atherinoides, 

C. garua, M. bleekeri, A. coila, S. silondia, H. fossilis, G. youssoufi, O. pabda, M. vittatus, and 

W. attu). Many of the genus within this order are known to make long distance and lateral 

migrations within the river- floodplain system (Lowe-McConnell, 1975,1987). This 

includes H. fossilis, which would be regarded as a `blackfish' because of its physiological 

and morphological adaptions for surviving extreme environmental conditions, but is 

known to undertake lateral migrations (Welcomme, 1985). Seven of the species belong 

to the Cirrhinus, Labeo and Catla genus of the cyprinid order which are also known to 

exhibit significant migratory behaviour within or between biotopes. L. bata, L. calbasu 

and L. guntea, Cmrigala and C. reba are likely to be long-distance migrants, which swim 

upstream to spawn on open substrate. Catla catla and L. rohita on the other hand, 

generally exhibit only local lateral migrations. (Lowe-McConnell, 1975 as cited by 

All average sizes are calculated from data given in Rahman (1989) 

120 



Welcomme, 1979 Table 3.11). Hilsha ilsha, G. chapra and Csoborna are all clupeids. 

This family of fish have soft fin rays, particularly suited for swimming in open water and 

renowned for their migratory behaviour (Lowe-McConnell, 1987). Hilsha ilisha is 

anadromous, migrating upriver to spawn on open substrate (Welcomme, 1985). Gudusia 

chapra and C. soborna are likely to behave similarly. The loach, N. botia, the goby 

G. giurus and the mullet R. corsula are mostly found in rivers and streams (Rahman, 

1989). Riverine species are known to be very mobile, often moving long distances up and 

downstream and migrate laterally in response to flooding (Lowe-McConnell, 1987). The 

remaining species may also be migratory white or greyfish species, though evidence 

presented by MRAG (1997) suggests that Puntius sophore may be a beel-resident or 

blackfish species. 

The five species of fish which were more abundant at the modified sites compared to the 

pristine are more characteristic of the less migratory resident black or grey fish 

categories, with traits resembling r-selected species. Mastacembelis pancalus secretes 

as protective layer of slime over its gills to promote oxygen diffusion in aerial conditions 

and the remaining species, S. phulo, Cnama and Cranga, with the exception ofX. cancila 

are all very small in size (mean size =9 cm). Species of small adult size are able to 

mature rapidly, possibly within one year, sustaining populations upon the floodplain 

throughout the year, thereby removing the need for migrations across biotope boundaries. 

The chanda genus in particular is so small (5-8 cm) that it is unlikely to be capable of any 

significant migrations. 

With the exception of a few cases, the pattern observed in the NE region was remarkably 

similar. Almost half of the species that were absent or less abundant at the modified sites 

compared to the pristine also belong to the siluroid order: Mbleekeri, W. attu, 

N. notopterus, M. tengra, M. aor, Mcavasius, C. chandramara and C. garua. Three 

clupeids: G. chapra, P. ditchela and C. soborna were also less abundant at modified sites 

as were the loach S. gongota and the same goby G. giurus. 

Correspondingly, the majority of species that were more abundant at the modified sites 
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compared to the pristine were also generally small, several belonging to the same genus: 

Xenentodon, Chanda, and Salmostoma. This group also contained three species of the 

genus Colisa; also conspicuous members of the `blackfish' group. This genus possesses 

morphological adaptations for surviving low dissolved oxygen concentrations in the form 

of labyrinthiform suprabranchial accessory respiratory organs (Rahman, 1989). 

Species belonging to the same genera including Puntius, Salmostoma and Mastacembelus 

were, however, often more abundant in modified than pristine floodplains and vice versa. 

These genera may belong to the `greyfish' category and thus may not respond in a 

predictable way to the loss or reduced accessibility of migration routes. Alternatively, 

species within these genera may simply exhibit different migratory responses. Different 

migratory responses within a genus have been reported for Labeo and Barbus in Lake 

Victoria, and Alestes in the Niger (Daget, 1952; Whitehead, 1959 and Welcomme, 1969 

as cited by Welcomme, 1985). Differential migratory responses between forms of the 

same species have also been reported by Wootton (1990). Size is likely to be an 

important factor in determining the potential for migration, particularly within swift 

currents in the main channel (McDowall, 1994). For the Salmostoma genus the smaller 

of the two (S. phulo) was more abundant at modified sites and is generally found only in 

streams, floodplains and beets, whereas the larger species ( S. bacaila) is also found in 

main rivers (Rahman, 1989). Similarly, the larger M. armatus is more abundant at 

pristine locations whereas the smaller M. pancalus is more abundant at modified sites. 

Levees and embankments have been shown to act as obstacles to fish migrations in a 

number of other river systems, particularly, (dis)tributaries of the Mississippi, which have 

been extensively modified by levees. In the Illinois river, the abundance of species 

dependent upon the floodplain for spawning habitat including pike (Esox lucius), large- 

mouth bass (Micropterus salmoides) and yellow perch (Perca flavescens) have 

diminished as a result of levee construction (Bryan & Sabins, 1978 as cited by 

Welcomme, 1985). Other members of the centrachids (sunfishes and bass) as well as 

ictalurids (bullhead catfish) have also declined in abundance in leveed sections of the 

Atchafayia river (Fremling et al, 1989). Species of small cyprinids Hybognathus 
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argyritis and Hybognathus placitus which exploit silty backwaters to feed on organically 

rich mud and ooze in the Missouri river have also declined in abundance, presumably due 

to loss of floodplain habitat or because they are obstructed from migrating onto the 

floodplain (Pflieger and Grace, 1987). In eastern Europe, Bacalbasa-Dobrovici 

(1985; 1989) postulate that levees constructed on the banks of the Danube have excluded 

and reduced the abundance of a number of phytophilic and semi-migratory species such 

as common carp (Cyprinus carpio), pike (Leucius idus) and sheat fish, although catch 

rates remained relatively constant. Further examples are given by Welcomme, (1985) 

and synthesised more generally by Welcomme et al (1989). Curiously, Regier et al 

(1989) suggest that levees and embankments suppress blackfish species (in addition to 

whitefish) despite defining their wet and dry season habitat as being floodplain. 

In the NW region the abundance of small, low value, `black' and `greyfish' was 

significantly greater in modified sites compared to pristine. This apparent compensation 

might be due the absence or reduced abundance of large piscivorous predator species 

which would otherwise prey on these species. This type of response has been observed 

by a number of workers. For example, Tonn and Paskowski (1986) found that 

mudminnow (Ubra liini) densities increased significantly following severe winterkills of 

adult yellow perch (Perca flaveseens) in lake habitat in North Wisconsin, USA. Caley 

(1993) periodically removed predators from artificial coral reefs which lead to increases 

in species richness and total abundance of resident non-piscivorous fishes. Both Caley 

(1993) and Zaret (1979) concluded that predators play an important role in structuring 

fish communities. Bayley and Petrere (1989 p387) exemplify the influence of predation 

on the abundance of prey species, in the Amazon system, Brazil, reporting that "... at least 

75% of the production of fish and decapods up to 24 cm long in the varzea (floodplain) 

was consumed by piscivores". Campbell (1979) reviews the literature on predation in 

rivers and cites several examples where substantial reductions in predator population 

abundance has led to increases in the abundance of prey populations. 
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The unit value of the assemblages at the modified sites is up to 25% lower than pristine 

sites. However, a study by Thilsted & Hassan (1996) on the nutritional importance of 

small indigenous fish in Bangladesh, concluded that small species such S. phulo, Chanda 

and Puntius species and prawn species, which have been shown to dominate assemblages 

inside FCDI scheme, have a higher nutritional value than larger, the more valuable, 

highly prized species such as the carps Labeo rohita and Hypopthalmichthys molitrix. 

Although protein and fat content are similar between the two groups, small fish provide 

more vitamins and minerals, particularly calcium and vitamin A, because they are eaten 

whole, including bones and organs. Small fish also have a lower unit value and are 

therefore more affordable. 

Data intensive and computationally demanding analysis of this type begs the questions: 

"Could more simple techniques such as univariate methods or the use of more easily 

collected data such as presence/absence, detect the same impacts? " Clearly the answers 

to these questions have important implications for future survey designs and assessments 

of this type. To answer these questions the same null hypothesis: `there are no 

differences in species assemblages caught at modified and pristine sites', was re- 

examined for the floodplain/beel habitat in the NW and NE regions in two ways. Firstly, 

with commonly applied univariate diversity indices: the number of species in the sample 

(N) and species richness (S) applied to presence/absence data and the Shannon-Wiener 

Diversity index (H') applied to the CPUE data (See Wootton (1990) or Clarke and 

Warwick (1994) for further details). The Student's t-test with pooled variances was used 

to test for significant differences in the mean values of each index. The second approach 

was based upon multivariate MDS and ANOSIM methods applied to presence/absence 

data. 

The means and 95% confidence intervals of each diversity index for both habitat/region 

combinations are shown in Figure 2.9. Examination of three graphs for the NE region 

indicate that assemblage diversity is marginally higher at the modified sites compared to 

The test is based upon the assumption of constant variance (Zar, 1984) 
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Figure 2.9 Mean and 95% confidence intervals for the number of species (N), species 
richness (S) and Shannon-Wiener diversity index (H') at the two site conditions for 
floodplain/beel habitat in the NE and NW regions. 
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Figure 2.10 MDS Ordinations for floodplain/beel habitat in the NW and NE regions 
based upon presence/absence data. Open circles denote pristine sites, solid denote 

modified sites (stress = 0.04,0.01). 
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the pristine. However, none of the indices rejected the null hypothesis at the 5% level (P 

= 0.74; P=0.45; P=0.97). For the NW region, the null hypothesis was rejected for N 

(P = 0.01) and S (P = 0.01), but not for H' (P = 0.14). 

The MDS ordinations from the multivariate analysis based upon presence/absence data 

are displayed in Figure 2.10. The ordination for the NW region shows unequivocal 

dissimilarity between the two site conditions. The ANOSIM test also rejected the null 

hypothesis at the 1.2% level (the maximum attainable significance level). The pattern 

displayed in the ordination for the NE region shows little dissimilarity between the site 

conditions; eight of the nine sites are overlapping. Despite a significance level of 5.6%, 

the dissimilarity between the two groups of sites appears dependent upon the single 

pristine site located at the bottom of the ordination. For this reason it would be prudent 

to accept the null hypothesis. 

In both regions, the Shannon-Wiener, the most commonly used diversity index, Clarke 

and Warwick (1994), was insensitive to the assemblages dissimilarities between site 

conditions. The number of species N and species richness S were equally insensitive to 

the dissimilarities present in the NE region. Only for the NW region, where there was 

a very significant difference (40%) in the mean number of species present at the two site 

conditions, did these two indices reject the null hypothesis. The results from the 

multivariate analysis applied to the presence/absence data revealed similar insensitivity 

to the perhaps subtle dissimilarities present in the NE region based mainly upon 

differences in species abundance as opposed to species absences. 

In addition to the apparent insensitivity of these more simple approaches, they are 

inherently unable to identify or elicit detailed information about species responsible for 

assemblage dissimilarity between site groups or conditions. As was demonstrated in this 

analysis, this information is extremely valuable for providing explanatory hypotheses for 

the observed patterns, and to highlight the broader impact of changes to species 

assemblages. 
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2.6 Chapter Summary 

0 Species assemblages in Bangladesh exhibit dissimilarities between geographical 

region and habitat type. 

0 Because of poor sampling design by FAP17, only 2 of the 12 habitat/region 

combinations contained sufficient numbers of replicates in each site condition to 

test for differences between assemblages at the 5% level. This highlights the 

need for balanced sampling design with sufficient numbers of replicates for 

studies of this type. 

0 Assemblages caught from hydrologically modified and pristine floodplain/beel 

habitat in the NW and NE regions were found to be significantly different (P < 

0.05). 

" Because of the close relationship between the three main ecological categories of 

fish and their positions along the r1K spectrum (Section 2.1), it is largely 

uncertain whether the observed differences are due to ecosystem overfishing or 

simply that the FCDI schemes act as obstacles to migrations and movement and 

thereby exclude, and reduce the abundance of large, migratory, high value 

`whitefish' species including the highly prized Indian major carp species, in 

favour of small, low value, resident, `black' and `grey' fish species. 

0 If the latter is the case, FCDI schemes in Bangladesh do not exclude all migratory 

species, rather they tend to simply reduce their abundance. This implies that 

sluice gates and other `regulators' allow some access between the main biotopes. 

0 Environmental stress other than exploitation by man (eg pollution) can also bring 

about similar responses, and hence their influence cannot be dismissed as being 

contributory or even responsible. This is exemplified by Natarajan (1989) who 

reports similar declines in the populations of `whitefish' species (Indian major 
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carps and Hilsa ilisha) in the Ganges in response to heavy exploitation and 

pollution. Similarly, catch rates were sustained by increases in the abundance of 

small cyprinids and air-breathing species (Welcomme et al, 1989). Backiel and 

Penczak (1989) also found that pollution in the Vistula River resulted in the 

decline of large, `active' species, though catches of non-migratory species 

remained constant. Indeed, the difficulty in assigning such responses to specific 

stresses in large rivers is well recognised. Multiple stresses may be acting 

simultaneously and many "... mimic each other in their effects" (Welcomine et al, 

1989). 

0 The unit value (TK/kg) of the assemblages was 25% lower in fully functioning 

schemes and 8% lower in partially functioning schemes. However, the nutritional 

value of the assemblages at modified sites, may be higher because small species 

are eaten whole including calcium, vitamin and mineral rich bones and organs. 

Small species are also less expensive and therefore more affordable by the rural 

poor. 

" Univariate methods or multivariate methods employing simple presence/absence 

data were found to be less sensitive to assemblage dissimilarity than multivariate 

methods applied to hard-won abundance data. The former methods are also 

unable to elicit potentially valuable information upon the abundance of species 

responsible for the observed dissimilarities. 

128 



Chapter 3 
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3. Growth, diet and feedin 

This chapter consists of two main sections. The first (Section 3.1) examines the impact 

of the PIRDP on the growth performance of the six key species by comparing their 

growth rates and condition inside and outside the scheme. Differences in flood intensity 

and duration (flood index), competition (fish density) diet and feeding rate are used to 

interpret observed differences in growth performance. The second section (Section 3.2) 

explores in more detail the influence of density on the growth of P. sophore, the key 

species selected for more detailed population modelling in Chapter 6. The main findings 

are summarised in Section 3.3. 

3.1. Comparison of growth performance. diet and feedin 

3.1.1. Introduction 

Growth is an important component of biological production. As well as affecting overall 

production directly, changes to growth rates may also result in decreased reproductive 

success and an increased risk of predation, and thereby mortality (Wootton, 1990). 

Growth rate estimates also provide information required to estimate mortality rates 

(Pauly, 1994). 

Factors influencing growth of fish are discussed, among others, by Lagler et al (1977); 

Lowe-McConnell (1987); Welcomme (1985); Weatherly and Gill (1987); Wootton 

(1990); Mann (1991); Pauly (1994) and McDowall (1994). These factors maybe broadly 

categorised as either endo- or exogenous. Endogenous factors include the genetic 

component of fish growth that ultimately limits the maximum size of a given species. 

The other main intrinsic factor controlling fish growth is body size. Growth rates 

generally decline with increasing fish size (age). Processes which account for this 

response are not fully understood, but may be related to the allometric growth of the gill 

surface area (Wootton, 1990; Pauly, 1994). 
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Exogenous factors affecting growth are better understood. Growth will depend largely 

on food availability and feeding rate and the nutritional value of the food ingested. 

Above the minimum ration required for maintenance, specific growth rate increases as 

a logarithmic function of ration. Specific growth rate reaches an asymptote corresponding 

to the maximum ration that can be consumed by the species. Fish generally forage to 

maximise growth rates rather than growth efficiency. Growth rates are also largely 

determined by the protein and energy content of the ingested food. The size of food 

items may also be important, particularly in predator species. The profitability of a given 

prey item is a function of its energy content and the amount of energy required for its 

capture and handling. Growth rates will therefore be largely determined by the 

availability of different prey size, allowing the predator to ".. select prey which will yield 

enough energy to support further increases in size" (Wootton, 1990). 

Feeding rate is influenced by temperature through its affect on metabolism, rate of gastric 

evacuation and possibly swimming performance. Dissolved oxygen concentrations will 

limit the maximum rate of aerobic respiration and therefore can have the same effects as 

temperature. Because maximum dissolved oxygen concentrations are dependent upon 

temperature, it is often difficult to separate these effects. 

Feeding rates may also be influenced by the physiological state of the fish. Feeding rate 

or consumption may decrease or cease completely as fish become reproductively active. 

Predator density is also likely to affect feeding rates. When predator densities are high, 

prey species must be more attentive, reducing the time available for foraging (Bayley, 

1988; Belk, 1993). Inter- and intra-specific competition for food will also determine 

feeding rates, though inter-specific competition is believed to be less important because 

of the inherent flexibility in trophic organisation among floodplain communities 

(Welcomme, 1985). Intra-specific competition is likely to be more important and will 

be largely governed by the density of fish. Because biomass density is known to vary 

significantly both inter- and intra-annually, the existence of intra-specific density- 

dependent growth has important implications for determining the dynamics of floodplain 

fish populations. Section 3.2 is therefore devoted to this subject. 
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Particularly for annual species or populations which comprise only one cohort for most 

of the year, the time of spawning (hatching) also has the potential to affect growth (Crisp 

& Mann, 1991). 

Abiotic factors also affect growth. Salinity levels outside the tolerable limits of the 

species will demand energy costs associated with osmotic and ion regulation. High levels 

of ammonia and pH have also been shown to slow growth (Wootton, 1990). 

Studies on the growth of floodplain fish populations have been reviewed by Welcomme 

(1985). Generally, growth is fast, particularly for the 0+ fish, postulated to be an 

adaptation to avoid intense predation by rapidly outgrowing the gape of predators before 

shelter on the floodplain disappears (Lowe-McConnell, 1967; MRAG, 1994a). For 

Oreochromis species inhabiting the Kafue system, Dudley (1972) found that up to 75% 

of the first year's growth was achieved within first six weeks of life. 

Growth is also seasonal, being fastest during the flood or high water season, and slowest, 

often ceasing completely, during the dry season. In the Amazon floodplain, Bayley 

(1988) found that mean weight increments of 12 species were 60% higher during the 

rising water period than during the remainder of the year. Seasonality in growth has been 

explained in terms of changes in food availability, temperature, competition for food, 

fasting prior to spawning activity and "deep physiological rhythms" (Welcornme, 1985). 

It is difficult to distinguish the relative importance of these factors since they often 

coincide at the same time. The rapid growth during the high water period generally 

correspond to periods when food resources are at their most abundant, temperature is at 

its highest and density (competition) is at its lowest. These conditions are reversed during 

the dry season when growth is at its slowest. However, explanations for the seasonality 

of growth are often inconsistent or contradictory among different species and systems 

(see Welcomme, 1985 for reviews). 

In addition to the inherent intra-annual variation described above, the growth of 

floodplain fish often exhibits significant inter-annual variation. These variations have 
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been correlated with flooding intensity and duration, and temperature during the dry 

season (Dudley, 1972; Kapetsky, 1974). These correlations are discussed further in 

relation to density-dependent growth in Section 3.2. During exceptionally poor flood 

years in the Senegal river system, Citharinus citharinus failed to reach sexual maturity, 

achieving less than 50% of its normal size, resulting in recruitment failure (Welcomme, 

1985; MRAG, 1994a). As we shall see, fish populations at the project site comprise 

almost entirely 0+ age fish, reaching maturity at the end of their first year. Failure to 

reach sexual maturity due to poor growth could have terminal implications for these 

populations. 

Studies on the sources of food, partitioning among individual species and seasonality in 

feeding patterns of floodplain fish populations have been extensively reviewed by 

Welcomme (1985). On the basis of a study by Chevey and Le Poulain (1940) in the 

Mekong system, feeding in floodplain rivers is regarded to be highly seasonal, linked to 

changes in food supply and population density. During the high water period, food 

resources become abundant and fish density is at its lowest, favouring intensive feeding. 

Conversely, during the dry season, densities are at their highest and food resources in 

discrete water bodies are finite and therefore may become depleted. These patterns of 

feeding intensity may be detected by changes in fish condition, measured as a function 

of weight in relation to length. The pattern of feeding described above is not, however, 

universal either among species or floodplain systems, but is likely to describe the general 

pattern for the majority of species. 
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3.1.2 Materials and methods 

Length frequency data 

The length frequency data collected at the study site as part of the routine biological 

sampling programme (Section 1.8) are presented in Figures A3.1 a -3.6 c in a gear type 

by sampling month matrix format for each species and inside (IN) and outside (OUT) 

sampling location. Because of the highly seasonal operation of different gear types', no 

single gear type provided sufficient data to construct a full time series of bi-monthly 

length frequencies for any of the species. It was therefore necessary to combine data 

across different gears in each sampling period (Figures 3.7a-f). This procedure assumes 

that any observed differences among length frequencies collected from different gears in 

each bimonthly period reflects spatial variation in the size of fish as opposed to any 

selectivity characteristics of the gear. Combining the data in this way should therefore 

provide length frequency data which approximately represents the true length structure 

of the population (MRAG, 1994a). The sampling time of each bimonthly distribution 

(sample timing) was calculated from the mean sample time weighted by the number of 

fish sampled on each day. 

Modelling growth 

The growth of each species was described by the seasonal version of the von Bertalanffy 

growth function (VBGF) (Equation 3.1) after Pitcher and Macdonald (1973) which 

allows for sinusoidal variation in growth rates throughout the year. 

Csin(2 (t-ts)) 
-K [(t-t0)* l 

L=L_ 
I1-e 

27E 
I 

(3.1) 

The seasonal operation of different gear types in floodplain fisheries reflects changes in the 

availability and vulnerability of fish to certain gear types, and the prevailing hydrological 

conditions (eg water depth, flow regime) during the flood cycle (Welcomme, 1985). 
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where L, = length at time t (decimal years). 

Lm = asymptotic length (the maximum size the fish would grow 

to in the absence of predation or disease. 

K= growth coefficient (describes the rate Lm is reached). 

to = age when length is zero. 

C= amplitude of seasonal growth rates oscillation (range 0-1) 

tS = `summer point' (time within the year when growth is 

fastest; range = -0.5 to +0.5). Growth is slowest at `winter 

point' (ts +0.5). 

Parameter estimation 

The parameters of Equation 3.1 were estimated from the length frequency data described 

above using a version of the Electronic LEngth Frequency ANalysis method (ELEFAN), 

Pauly and David (1981) in Version 4.1 of the Length Frequency Distribution Analysis 

(LFDA) software (Holden et al, 1995). Details of the estimation procedure are given in 

Pauly and David (1981); Sparre et al (1989) and Holden et al (1995). Briefly, the 

procedure consists of two main steps. The first involves restructuring each length 

frequency distribution to emphasise the peaks or modes (cohorts). These peaks are 

assigned points using a moving average. Points assigned to these peaks are, however, 

independent of the number of fish they represent, therefore weighting is equal. The 

second step involves fitting the growth curve using a score function, R� as a goodness of 

fit measure defined as Rn = ESP/ASP, where ESP is the explained sum of peaks and ASP 

is the available sum of peaks. The best estimates of the growth curve parameters are 

those which correspond to the highest score function. The score function has a maximum 

value of 1, if the growth curve passes through all the peaks. The LFDA package uses a 

numerical function maximisation procedure to find the best parameter estimates. 

Parameters for the non-seasonal von-Bertalanffy model (K and Lm ) were estimated first. 

The seasonal growth parameters were then estimated `two-by-two' in an iterative manner 

starting with the non-seasonal estimates for K and Lm to estimate C and t,. The values of 
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C and tS were then fixed and K and Lm re-estimated. This procedure was repeated until 

the parameters converged on the best estimates. 

Most of the distributions examined were dominated by a single mode. Because the 

parameters K and Lm are negatively correlated, curves with quite different sets of 

parameter estimates fitted the data equally well. In the majority of cases, curves could 

be fitted to the growth pattern in one year but not the other. In other cases, the fitted 

curve failed adequately to describe growth in either year. For these reasons, a degree of 

subjectivity was required to select the most appropriate sets of parameter estimates and 

therefore two or three alternative fits are presented. Overall, the VBGF failed adequately 

to describe the growth of the key species because (i) inter-annual variations in growth 

were significant in most cases, (ii) inter-annual variations in the time of recruitment 

(spawning time) were also common and (iii) the majority of distributions contained only 

a single mode (cohort), making it very difficult to obtain reliable estimates of K and L. 

Because of the inadequacy of the model, the parameter estimates derived from the LFDA 

were not used to compare growth performance. Instead growth performance comparisons 

were made by comparing the mean length of fish in length frequency distributions 

sampled in November (LNov). November samples were selected for the comparison 

because (i) for all the species, most of the year's growth is achieved by this month, after 

which growth virtually ceases during the dry season and (ii) two hydrological split years 

(95/96 and 96/97) could be compared for which flood index and abundance data are 

available to assist interpretation 2. 

This approach assumes that the length frequency distributions comprise fish of the same 

age. As we shall see, strong evidence exists to suggest that for most sampling months 

this assumption is met. In cases where there was evidence of a second (1+) cohort (eg 

2 No flood index data for inside the FCDI scheme are available for the 94/95 flood year. Some 

abundance data are available for this flood year, but are generally very sparse compared to the 

other flood years. 
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Figure A3.7b, Nov 96, inside) coinciding with the fitted growth curves, the corresponding 

length frequencies were omitted from the distribution. Given the uncertainties 

surrounding the fitted growth curves, this required considerable subjectivity, particularly 

for W. attu Nov 96 outside (Figure A3.7f). Data above 44cm were omitted from this 

distribution based upon the progression of the main mode in the previous months and 

approximate variation around the mean length. The very small group of fish to the left 

of the main mode was also omitted, presumed to be a late recruitment pulse. 

The estimates ofLNov for the two sampling locations and for the two hydrological years 

were compared using two-way ANOVA. Unlike one-way ANOVA, this test allows 

valid comparisons of LNov between the two factors: sampling location (inside or outside 

the PIRDP scheme) and time ( hydrological years) simultaneously, based upon the ideas 

of `main effects' and `interaction'. The main effects measure differences between levels 

of a factor, having been averaged over the levels of the other factor. The interaction 

terms measure how differences between the levels of a factor vary with the levels of the 

other factor (Brown and Rothery, 1993). 

Because of the degree of subjectivity required to estimate LV 
,, 

the overall approach 

should be regarded as semi-qualitative and therefore the results treated with caution. To 

further assist the comparison, the original length frequency distributions for each month 

and sampling location have been overlaid on the same plot (Figure A3.9a-f). 

Comparison of condition 

The growth performance of the key species was also compared based upon the ideas of 

fish condition (Tesch, 1971), which reflects the state of well-being of a fish or population 

(Wootton, 1990). Fish condition is often expressed in terms of the length (L) and weight 

(W) by the condition factor index, K where K= W/L3. Intra-annual variations in K are 

common in most species and are associated with gonadal maturation, spawning or 

changes in feeding intensity (Welcomme, 1985; Wootton, 1990). Providing that an equal 

numbers of samples are taken at regular intervals throughout the year, the overall annual 

condition of populations of the same species can also be compared. 
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Comparing the parameters of the length-weight model (Equation 3.2) provides an 

alternative method for comparing condition. This approach is regarded by Wootton 

(1990) as `preferable' to comparing condition factor indices because the model 

parameters (intercept and slopes) can be compared statistically. 

W =aL b (3.2) 

The parameters of the model for each species and sampling location were estimated using 

simple linear regression from loge transformed pairs of length and weight data collected 

as part of the biological sampling programme (Section 1.8). Data were pooled across the 

24 month sampling period since there was no reason to believe that factors that might 

influence the condition of the species at the two sampling locations should change 

between years. For each species, the model parameter estimates for the two sampling 

locations were compared using analysis of covariance, ANCOVA (Zar, 1984; Brown and 

Rothery, 1993). 

Interpretation 

In order to help interpret differences in growth performance, the following explanatory 

variables that might influence growth (Section 3.1.1) were also compared between 

populations sampled from inside and outside the PIRDP. 

Competition (density) 

Fish density may influence growth rates by mediating intra-specific competition for food 

resources. Because it is continually changing throughout the flood cycle, the density of 

floodplain fish populations is very difficult to estimate. 

Abundance indices such as catch or catch per unit effort (CPUE) can provide 

approximate estimates of fish density. Dudley (1974) used total annual catch as an 

approximate measure of population density in the Kafue Floodplain. However, if it can 

be assumed that catchability remains constant for a given period of time, CPUE provides 

a more accurate estimate of abundance (or density) than total catch because it takes 
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account of changes in fishing effort. 

Catch per unit effort data, calculated for the key species at the project site by MRAG 

(1997), was used as a proxy of population density to help interpret differences in growth. 

Because catchability is expected to vary among gear type and during the flood cycle, the 

relative abundance (density) of each key species, inside and outside the PIRDP scheme 

was compared using the ratio of CPUE for each gear type, g and month, m in each 

location (CPUE 
g, n differential): 

CP UE = 
CPUE 

g, m, inside 
g, m, differential CPÜE 

g, m, outside 

(3.3) 

Values for CPUE 
<< ffe1. P�r; o, greater than 1 imply that the abundance (density) is greater 

inside compared to outside, and vice versa when the value is less than 1. After loge 

transformation to ensure normality, the CPUE 
(/ fý...... jeJ/, were pooled over each 

hydrological year to give a mean value. Approximate 95% confidence intervals around 

the mean value were estimated as the mean value + 2. S. E. 

Diet 

Because the quality (nutritional and energy value) of different food types has the potential 

to affect growth rates, the diet composition of the key species was compared between the 

two sampling locations. 

Methods for describing diet composition have been reviewed by Bagenal (1978), Hyslop 

(1980), Hoggarth (1985) and Wootton (1990). They can be broadly categorised as 

numerical, volumetric or gravimetric. Numerical methods are the simplest and measure 

either `frequency of occurrence' or `percentage composition by number' (Bagenal, 1978). 

Frequency of occurrence, defined as the number of stomach samples in which a given 

food item is found, has been criticised for only providing presence and absence 

information and not the relative number or bulk of individual food items (Wootton, 
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1990). Percentage composition by number defined by Bagenal (1978) as "the number 

of food items of a given type that are found in all specimens examined ... expressed as a 

percentage of all food items" has also been criticised for overemphasising the importance 

of small and numerous items (eg zooplankton) and underemphasises the importance of 

large less common items (eg fish) (Hoggarth, 1985; Wootton, 1990). Moreover, it is also 

only applicable when the diet comprises discrete food items and therefore not suitable for 

those which contain significant proportions of detritus or plant material (Bagenal, 1978; 

Wootton, 1990). 

Volumetric and gravimetric methods emphasise the relative bulk of the food items, 

expressed as the percentage of total volume or weight of all items present in the samples 

respectively, Wootton (1990), but are generally labour intensive and time consuming. 

The `points' method, used here, is a semi-quantitative approach based upon the 

volumetric method. Because of its greater simplicity and speed, this method has been 

recommended by Hyslop (1980); Hoggarth (1985) and Wootton (1990). The method is 

based upon subjective allocation of points to each food category in proportion to its 

visually estimated contribution to stomach volume. 

Here, the proportion of each food category was expressed as a percentage scale as 

described in Section 1.8.1. The mean percentage contribution of each food category over 

the 24 month sampling period was calculated for each species and sampling location, and 

compared using pie charts. 

Feeding intensity 

In addition to the nutritional value of ingested food, the quantity of food consumed will 

largely determine growth rates until the `maximum ration' is reached. Stomach fullness 

index (SFI) data, recorded as part of the biological sampling programme (Section 1.8.1), 

was used to compare the average quantity of food consumed by each species in the two 

sampling locations. By definition, stomach fullness is not a measure of the total amount 

of food consumed over some period of time. Nevertheless, significant or consistent 
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differences in the mean value between populations imply that, on average, the 

populations are consuming different amounts of food. 

For each species, the mean SFI (and SE) were calculated for each sampling month and 

graphically compared between the two sampling locations to reveal any consistent or 

significant differences. This approach also provided information on seasonal patterns of 

feeding. 

Spawning time 

Despite the potential influence of spawning time on growth performance, this factor was 

not considered because the spawning time of each of the key species could only be 

identified to within a 1-3 month period with any confidence due to small sample sizes 

and variability of the gonadosomatic index within each sampling month (Section 4.1.3). 

This precision was deemed inadequate for the objectives of this section. 
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3.1.3 Results 

Combining the length frequency data sampled from the different non-selective gear types 

(Figures A3. la-3.6c) provided an adequate series of length frequency distributions to 

reveal the pattern of growth for each species in the two sampling locations (Figures 

A3.7a-f). However, for some months distributions comprised few samples or were absent 

reflecting the seasonal availability of fish during these periods of the year. For 

A. testudineus (Figure A3.7a), few samples were available for the outside sampling 

location between July 1995 and November 1996. No samples were available for 

September 1995 (outside) and only three were recorded inside for the same month. 

Distributions for C. catla (Figure A3.7b) contained few samples in March and May, 

though reasonable sample sizes were available for the rest of the year. Sample sizes for 

C. striatus (Figure A3.7c) were also small for May. For G. giuris, no samples were 

available from either sampling location for January and March 1995, though sample sizes 

for the remaining months were large (Figure A3.7d). Sample sizes for P. sophore (Figure 

A3.7e) were large for both sampling locations in each month. For W. attu (Figure A3.7f), 

sample sizes were consistently larger for the outside location compared to the inside. 

Sample sizes were small during May 1995 (inside and outside), May 1996 (inside), 

January 1995 - May 1996 (inside) and July - September 1996 (inside). 

The bi-monthly length frequency distributions of all the key species are dominated by a 

single mode (cohort) for most of the year with increasing mean length (Figures A3.7a-f), 

typical of intensely exploited short lived species (Gulland and Rosenberg, 1992). The 

next cohort appears in July (or May in the case of P. sophore, 1996, inside) corresponding 

to the time of floodplain inundation, before, or just after, the previous one disappears. 

This pattern is consistent with the growth of a single cohort. 

A number of the distributions for C. striatus (Figure A3.7c) do, however, show some 

evidence of bi-modality, particularly towards the end of the dry season (January-March 

1995) just prior to the time of spawning (see Section 4.1), implying that the populations 

contain two cohorts. However, this bimodality is likely to reflect sexual dimorphism 
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because the distributions in July each year are dominated by a single mode. This is 

discussed further in Section 3.1.4. 

The pattern shown in the distributions for G. giuris is less clear. A single mode dominates 

the distributions for most of the year with the new cohort appearing between July and 

September which is largely consistent with the other key species. However, much larger 

fish appear in the distributions between May and September. It is unlikely that these fish 

are the previous cohort because they are often at least twice as large as the new cohort. 

This runs counter to the knowledge of fish growth rates which decline with increasing 

fish size (Section 3.1.1). For this reason, the growth of G. giuris will not be adequately 

described by the VBGF. Explanations for the patterns shown in these distributions are 

explored further in Section 3.1.4. 

In general, growth is highly seasonal with the majority of the year's growth achieved 

between July and November, corresponding with the period of floodplain inundation. 

Very little growth occurs during, the dry season (November-April). 

The von Bertalanffy growth parameter estimates for each key species and sampling 

location are given in Table 3.1 with the fitted growth curves plotted in Figures A3.8. I a- 

3.8.6e. Thorough attempts were made to fit the model to the data, but were only partially 

successful. Two or three alternative sets of parameter estimates and fitted growth curves 

are presented for each species to highlight the uncertainties. In the majority of cases, the 

model only adequately described the pattern of growth during one of the three 

hydrological years represented in the distributions because of interannual variations in 

growth (Figures A3.8. la, A3.8.1c, A3.8.2c, A3.8.3a, A3.8.5a & b, A3.8.6b, A3.8.6c) and 

time of recruitment (A3.8.5a, A3.8.4a ). In other cases, the highest score function 

corresponded to fits that clearly failed to describe the pattern of growth (Figures A3.8. lb, 

A3.8.3b, A3.8.5b, A3.8.6d) highlighting the importance of subjectivity when using these 

fitting procedures. 
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Because the distributions were largely dominated by a single mode for the majority of 

the year, different combinations of K and L. fitted the data equally well (eg Figures 

A3.8.2a & A3.8.2b, A3.8.4a and A3.8.6b & A3.8.6c) because the two parameters are 

highly (negatively) correlated. Adequate fits were obtained only for the following 

species and sampling locations: (i) C. catla IN (Figure A3.8.2a&b); C. striatus OUT 

(Figure A3.8.3c); P. sophore OUT (Figure A3.8.5c&d) and W. attu IN (Figure A3.8.6a). 

Because of the general inadequacy of the model, no attempt was made to compare the 

parameter estimates between the two sampling locations. However, some general 

patterns emerge from Table 3.1 regarding the growth of the key species in both sampling 

locations. Growth is strongly seasonal with a mean value for C of 0.75 for all the model 

fits. Growth rates are high with a mean value for K of approximately 1.0 equivalent to 

63% of their Lm during their first year. For P. sophore, growth rates during their first year 

may be closer to 90% of the Lm 
. 

Because fish do not grow in exactly the same way 

throughout life, especially during the early stages, it is not recommended to interpret to 

as the time of spawning (hatching) (Gulland and Rosenberg, 1992; Holden et al, 1995). 

Notwithstanding this, the mean value for all fits is -0.62, equivalent to the third week of 

May. This approximate spawning time is consistent with estimates made from changes 

in the gonadosomatic index (Section 4.1). Growth rates were, on average, maximum at 

the start of July (mean t, = 0.48) corresponding to the time of floodplain inundation at the 

project site. 

Comparison of mean length 

The results of the two-way ANOVA (Table A3.1) test for difference in the mean length 

of the 0+ cohort in November (LNp, ) are summarised in Table 3.2 below. For each 

species, the table gives the mean length for each level and factor combination, the overall 

means for each level, the difference in the means of the levels for each factor and the 

significance level of each effect, including interaction. Both main effects were significant 

for all the species except A. testudineus and G. giuris for which the location and year 

effects were not significant (P > 0.05) respectively. Interaction between the location and 

year factors was significant (P < 0.05) for all the species examined except A. testudineus. 
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Table 3.2 Results of the two-way ANOVA test for differences in mean fork length of the 
0+ cohort (LNov) inside and outside the PIRDP and between flood years. 

Location 

Mean length(LNov) 

95/96 96/97 Mean Differ. (cm) Result P 

A. testudineus IN 11.9 10.6 11.3 0.1 I>O 0.687 

OUT 12.4 10.1 11.2 

Mean 12.1 10.3 

Difference 1.8 

Result 95/96 > 96/97 

P < 0.0001 

C. catla IN 26.0 27.0 26.5 1.7 O>I < 0.0001 

OUT 31.5 24.9 28.2 

Mean 28.8 25.9 

Difference 2.8 

Result 95/96 > 96/97 

P < 0.0001 

C. striatus IN 30.3 25.8 28.1 2.3 I>0 < 0.0001 

OUT 25.7 25.8 25.8 

Mean 28.0 25.8 

Difference 2.2 

Result 95/96 > 96/97 

P < 0.0001 

G. giuris IN 5.6 5.9 5.8 0.8 I >0 < 0.0001 

OUT 5.0 4.9 4.9 

Mean 5.3 5.4 

Difference 0.1 

Result 96/97 > 95/96 

P 0.427 

P. sophore IN 6.0 5.3 5.6 0.4 I >0 < 0.0001 

OUT 5.1 5.4 5.3 

Mean 5.5 5.3 

Difference 0.2 

Result 95/96 > 96/97 

P < 0.0001 

W. attu IN 47.2 42.5 44.8 7.7 1>O<0.0001 

OUT 43.2 31.1 37.1 

Mean 45.2 36.8 

Difference 8.4 

Result 95/96 > 96/97 

P < 0.0001 
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With the exception of G. giuris, LNov for all the key species was significantly (P < 0.0001) 

larger in the 95/96 hydrological year compared to 96/97. Differences in LNov ranged 

from 0.2cm (4%) for P. sophore to 8.4cm (23%) for W. attu. The LN 
v was also 

significantly (P < 0.0001) larger inside the PIRDP than outside for C. striatus, G. giuris, 

P. sophore and W. attu, though theses differences were marginally smaller than the 

between year differences, ranging from 0.4cm (7%) for P. sophore to 7.7cm (18%) for 

W. attu. Anabas testudineus showed no significant (P = 0.687) difference in 1ý1 
, 

between the two sampling locations and for C. catla, LNov was significantly (P < 0.0001) 

larger outside the PIRDP than inside. 

Comparison of condition 

The length-weight regression models for each species and sampling location were found 

to be highly significant (P <0.0001) with coefficient of determination (r2) values ranging 

from 0.96- 0.99. The parameter estimates for each species including details of sample 

sizes (n), which range from 195 - 618, are given in Tables A3.2a-k. 

The results of the ANCOVA tests for equality of slopes and elevations of each regression 

model are given in Tables A3.3a-f. These are illustrated in Figure 3.1 which shows the 

length and weight data for each species and sampling location together with the fitted 

regression models. Where no differences in slopes and elevations exist, the data are 

described by a single unbroken line denoting a common regression model for both 

sampling locations. Where two lines are fitted, either the slopes and elevations, or 

elevations of the regression models are significantly different inside and outside the FCDI 

scheme according to Table A3.3a-f. 

The condition of A. testudineus and C. striatus was found to be not significantly (P > 0.05) 

different inside and outside the PIRDP. For the remaining species, condition was 

significantly greater inside the PIRDP than outside, though only marginally so in the case 

of P. sophore. Wallago attu and G. giuris exhibited the largest differences in condition, 

followed by C. catla. 
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For G. giuris and Ccatla, these differences result from higher slope values and for 

P. sophore and W. attu, from higher intercept values. The parameters of the length weight 

relationship for each species and sampling location(s) are given in Table 3.3 below. 

Table 3.3 Parameters of the length-weight relationship (Equation 3.2) for populations 
of key species sampled from inside and outside the PIRDP. 

Species Population a b 

A. testudineus Inside & Outside 1.78E-0.5 2.99 

C. catla Inside 5.34E-06 3.26 

Outside 9.70E-06 3.15 

C. striatus Inside & Outside 4.28E-06 3.11 

G. giuris Inside 6.31 E-06 3.05 

Outside 1.05E-05 2.94 

P. sophore Inside 8.14E-06 3.21 

Outside 7.90E-06 3.21 

W. attu Inside 2.37E-06 3.17 

Outside 1.88E-06 3.17 

Flood indices 

Details of flood indices calculated from daily water height inside and outside the PIRDP 

for the two hydrological split years are given in Section 1.6. The flood index was greater 

outside the PIRDP than inside in both hydrological years and greater, both inside and 

outside, during 95/96 than 96/97. 

Competition (density) 

The mean CPUE 
, Iiff.. e,,,; ors with 95% confidence intervals for each species and 

hydrological year are presented in Table 3.4 below. The table also indicates whether the 

abundance (density) is higher outside (0) or inside (I) the PIRDP. For the 95/96 
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hydrological year, the CPUE d ffc,. c�tia/s. ranged from 0.27 for C. catla to 3.86 for 

A. testudineus. Four of the key species (C. catla, G. giuris, P. sophore and W. attu) had 

CPUE differentials less than 1, implying that their densities were greater outside the PIRDP. 

The CPUE differentials for A. testudineus and C. striatus had values greater than 1 implying 

that their densities were higher inside the PIRDP. However, the confidence intervals 

around the estimates for these two species were very large and hence should be regarded 

as not significant. 

Table 3.4 Mean CPUE differentials with 95% confidence intervals for each species and 
hydrological split years 95/96 and 96/97. 

Hydrological Year 

95/96 96/97 

Species Mean Lower Upper Result Mean Lower Upper Result 

ratio CI Cl ratio Cl Cl 

A. testudineus 3.86 0.77 19.40 I>O 9.72 4.10 23.03 1>O 

C. catla 0.27 0.07 1.04 I<O 0.73 0.09 5.79 1<O 

C. striatus 1.75 0.32 9.49 I>O 1.20 0.30 4.80 1>O 

C. giuris 0.40 0.18 0.87 I<O 1.29 0.50 3.30 I>O 

P. sophore 0.41 0.13 1.33 I<O 1.81 0.58 5.61 I>O 

Wattu 0.36 0.11 1.18 1 <O 0.19 0.01 4.18 1 <O 

For the 96/97 hydrological split year, the CPUE differentials imply that for four of the key 

species (A. testudineus, C. striatus, G. giuris, and P. sophore), density is greater inside the 

PIRDP. For the other two species (C. catla and W. attu), densities were higher outside the 

scheme. Given the large confidence intervals around each of the estimates, for this 

hydrological year, these differences were also considered not significant. 
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Diet 

The diet compositions of each key species sampled from inside and outside the PIRDP 

are presented in Table 3.5 and illustrated in Figure 3.2a&b. These indicate that diet 

composition is strikingly similar inside and outside the PIRDP. 

A. testudineus 

Insects form the bulk of the diet of A. testudineus, both inside (45%) and outside (46%) 

the scheme. Mud is also important, forming 31% and 25% of the diet for the inside and 

outside locations, respectively. Crustacea (shrimps), fish (including Puntius species), 

algae, higher plants, molluscs and phytoplankton are also present, each forming less than 

4% of the diet in both sampling locations. Mud forms a marginally higher proportion of 

the diet inside the PIRDP, replacing seeds and phytoplankton which are more prevalent 

in the diet outside the scheme. Other than this small difference, diet composition is very 

similar in both sampling locations. 

C. catla 

In descending order of mean percentage contribution to stomach volume, the diet of 

C. catla comprise zooplankton, algae, mud and phytoplankton. The relative contributions 

of each of these items is very similar in both sampling locations except for algae which 

forms approximately 18% of the diet inside compared to 11% outside. This difference 

is balanced by a 7% larger unidentified proportion of the diet. 

C. striatus 

The diet in both sampling locations is dominated by fish (73% inside and 72% outside) 

which include Chanda ranga, Chanda nama, Chanda baculis, Channa punctatus, Colisa 

fasciatus, G. giuris, Puntius species, Mastacembelus pancalus, Mystus species and 

Xenentodon cancila. Insects, crustacea (shrimps and crabs), amphibians (frogs) and 

algae form less than 6% of the diet in both sampling locations. 
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Figure 3.2a Diet composition of A. tcstudincus, C. catla and C. striatus inside (IN) and 

outside (OUT) the PIRDP expressed as the mean percentage of stomach volume. 
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Mud, water and higher plants are also present, perhaps ingested unintentionally with 

target food items. Insects comprise a marginally greater proportion (6%) of the diet 

inside than outside (3%) and crustacea form 4% of the diet outside compared to 3% 

inside. Other than these very small differences, the diet composition is very similar in 

the two sampling locations. 

G. giuris 

Glossogobius giuris is also largely piscivorous in both sampling locations. Fish species 

form 82% of the diet inside compared with 80% outside the PIRDP. In addition to being 

cannibalistic, G. guiris consumes a highly diverse range of species including 

Amblypharyngodon mola, Brachygobius nunus, juvenile C. catla, Chanda ranga, Chanda 

nama, Channa punctatus, juvenile Labeo bata and Labeo rohita, Mystus cavasius, 

Mystus tengra, Mystus vittatus, Puntius conchonius, Puntius gelius, P. sophore and 

Puntius ticto. The remaining components of the diet comprise mainly crustacea 

(shrimps) in very similar proportions inside (15%) and outside (14%) the PIRDP. 

P. sophore 

Algae, zooplankton, phytoplankton and mud are the most important components of the 

diet of P. sophore and overall their proportions are very similar in the two sampling 

locations. However, phytoplankton comprise marginally more of the diet inside (16%) 

than outside (10%) replacing a proportion of the unidentified component. 

W. attu 

Wallago attu is piscivorous, but outside the PIRDP, it also consumes amphibians (frogs) 

in small quantities. Fish form a larger component of the diet inside (67%) than outside 

(61 %) as do crustacea (shrimps); 4% inside compared with 2% outside. Prey species of 

fish include Ailia coila, Chanda nama, Chanda ranga, Clupisoma garua, Corica 

sorborna, Cyprinus carpio, G. giuris, Labeo rohita, Labeo bata and Labeo guntea, 

Mastacembelus pancalus, Mystus cavasius, Mystus tengra, Mystus vittatus, Ompok 

pabda, Puntius conchonius, Ptuitius gelius, P. sophore, Tetradon cutcutia, and juvenile 

W attn. Assuming that the other main components (water, inud and higher plants) are 
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non target food items, consumed whilst taking prey items, then prey items comprise a 

slightly larger proportion of the diet inside (71%) than outside (68%). 

Feeding Intensity 

The number of stomach fullness samples recorded in each month (n) and mean stomach 

fullness index (SFI) with standard error (SE) for each species and sampling location for 

the 24 month sampling period are given in Table 3.6a&b. These data are also plotted in 

Figure 3.3 in relation to the mean monthly water levels recorded at Talimnagar sluice 

gate (shown at the top of each figure) to aid interpretation of seasonal changes in SFI. 

Sample sizes in each month were variable among both species and sampling location. 

In some months, no samples were available for Ccatla and G. giuris. In other months, 

the target sample size (n =24) in each sampling location was exceeded by nearly three 

times. Mean monthly SFI's comprising less than two samples have not been included 

in Figures 3.3a&b. The vertical bars around each monthly SFI give the approximate 95% 

confidence interval around the estimates, calculated as 2 times the standard error (SE) of 

the mean. Overlapping confidence intervals in any month imply no significant (P > 0.05) 

difference in the SFI. 

A. testudineus 

Anabas testudineus shows a consistent seasonal pattern of feeding within both sampling 

locations (Figure 3.3a). Feeding intensity increases with the rising water height, reaching 

a peak coinciding with floodplain inundation. Feeding intensity declines as water height 

falls reaching lowest intensity by the end of the dry season. However, feeding intensity 

increases mid-way through the dry season (month 2 and 14) for a short period. The mean 

SFI is significantly higher outside the PIRDP than inside during March 1995 and June 

1996, though for the remaining sampling period, it is not significantly different in the two 

sampling locations. Overall, the mean SFI is generally higher during the 95/96 flood year 

compared to the 96/97 year. 
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Figure 3.3a (Upper) Mean monthly water height inside (solid line) and outside (broken 
line) the PIRDP. (Lower) Mean monthly stomach fullness index (SFI) with approximate 
95% confidence intervals for A. testudineus, C. catla and C. striatus inside (solid lines) and 
outside (broken lines) the PIRDP. 
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Figure 3.3b (Upper) Mean monthly water height inside (solid line) and outside (broken 

line) the PIRDP. (Lower) Mean monthly stomach fullness index (SFI) with approximate 
95% confidence intervals for G. giuris, P. soplzore and W. attu inside (solid lines) and 

outside (broken lines) the PIRDP. 
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C. catla 

The seasonal pattern of feeding described above is also evident for C. catla but less 

pronounced outside the PIRDP during 1995 when the SFI remains relatively constant 

during the dry season period (months 1-5). Mean SFI's are consistently higher outside 

the PIRDP between months 2-7, but this difference may not be significant given the lack 

of samples inside the scheme. On average, stomach fullness is greater during 95/96 

compared to 96/97, particularly outside PIRDP. 

C. striatus 

The SFI indicate a more complex seasonal pattern with feeding intensity apparently 

peaking twice each year. The first corresponds with the rising water period (months 5-9 

and 19-20), which is followed by a decline in the SFI during the beginning of the 

drawdown (months 9-12 and 21-23) The second occurs during the latter stages of the 

drawdown (months 12-13 and 24). This second peak is succeeded by a progressive 

decline in the SFI for the remainder of the dry season (months 14-17), presumably as 

prey become increasingly depleted. Although there is no indication of any significant 

differences in mean SFI between the two sampling locations in any of the sampling 

months, the mean SFI's are, on average, greater during the 95/96 compared to 96/97, 

particularly outside the PIRDP. 

G. giuris 

Glossogobius giuris shows a similar pattern of feeding to Gstriatus, characterised by two 

intense periods of feeding during each flood cycle (Figure 3.3b) corresponding to rising 

and falling water levels. This pattern is most pronounced inside the PIRDP during the 

first sampling split year. The SFI first peaks around month 6 (June) and then rises 

continually during the drawdown to peak again during month 13 (January). Overall mean 

SFI is marginally higher during 95/96 than 96/97, although there is no evidence that 

mean SFI is significantly different inside and outside the PIRDP. 
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P. sophore 

Seasonal feeding is less pronounced in P. sophore, although feeding intensity appears to 

increase during the flood period and is lowest towards the end of the drawdown and at 

the end of the dry season. However, in common with A. testudineus, feeding does not 

cease during the dry season, but often intensifies for a short period between December 

and March. Indeed, the highest SFI's were recorded during the latter half of the 94/95 

flood year dry season. Overlapping confidence intervals in every month, except month 

6, imply that there are no significant differences in feeding intensity inside and outside 

the PIRDP. Furthermore, there are no obvious differences in feeding intensity between 

95/96 and 96/97. 

W. attu 

Feeding intensity is greater during the flood than the dry season. This seasonal pattern 

is most evident during 96/97. Feeding intensity is consistently, but not significantly (P 

> 0.05), higher outside the PIRDP between month 6 and month 17. Feeding intensity is 

greater during 96/97 than 95/96. 
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3.1.4 Discussion 

The strongly unimodal pattern in the majority of length frequency data collected over the 

24 month sampling period (Figures A3.7a-f) provides strong evidence to suggest that the 

populations of each key species, both inside and outside the FCDI scheme comprise a 

single, 0+ cohort with only a few fish surviving beyond their first year. Annual 

recruitment occurs in July before, or just after, the majority of the previous cohort 

disappears. This pattern of growth implies that all the key species must reach sexual 

maturity within their first year. 

Some of the distributions for C. striatus (Figure A3.7c) did show evidence of bi-modality, 

particularly towards the end of the dry season. This is likely to reflect sexual dimorphism 

rather than the existence of two cohorts because (i) at the start of each flood year (July) 

there is only ever one cohort (mode) present in the length frequency distributions (ii) 

males do not reach sexual maturity until 38 - 40cm whereas females reach maturity at 

between 29 - 30cm (Section 4.1.3). Males therefore must growth faster than females if 

they are to spawn in synchrony by the end of their first year. 

Sexual dimorphism might also explain the bimodality in the distributions for G. giuris. 

Evidence presented in Section 4.1, suggests that males also mature at a significantly 

larger size (Lm50 = 19-22cm) compared to females (Lm50 = 9-10cm), though data for the 

females exhibited a large amount of scatter implying that the estimate of Lm50 estimate 

is not precise. 

An alternative explanation may lie in the existence of two behavioural phases which 

correspond to sub-populations (Welcomme, 1985). Some species of gobies are 

amphidromous, capable of tolerating or spending part of their life-cycle in the sea (Lagler 

et at, 1977). G. giuris may utilize the floodplain-river system as a spawning and 

`nursery' ground, returning to the sea or estuaries, having attained some minimum size, 

to feed and grow under more favourable conditions. Regardless of which explanation is 

more likely, this pattern of growth cannot be adequately described by the VBGF. 
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The VBGF failed to adequately describe growth for 8 of the 12 species and sampling 

location combinations. Unfortunately, the four combinations that were adequately 

described did not include both sampling locations for any of the key species. Therefore, 

no attempt was made to use the parameter estimates to compare growth performance 

inside and outside the PIRDP. 

The failure of the model was due largely to significant interannual variations in growth 

during the three hydrological years represented in the data. Welcomme (1985) recognises 

the inherent inadequacy of growth models that assume age-dependent growth rates 

remain fixed from year to year for describing the growth of floodplain fish. Inter-annual 

variations in growth demand a more flexible model that can take account of these 

variations such as the logarithmic model adopted by Welcomme and Hagborg (1977): 

L,,, =L 52, i-I + G,. ln(t) (3.4) 

where 

L the length at week t, for age group i and, 
G; = growth coefficient of age group i 

The model predicts rapid initial growth at the start of each year followed by a period of 

slower growth. Successive years of growth approximate the non-seasonal VBGF (Figure 

3.4). The model has the advantage that the age-specific growth coefficient (G) can be 

adjusted to take account of inter-annual variations in growth according to empirical 

relationships with factors such as Fl. Despite its flexibility, the model predicts very 

abrupt changes in growth rate from one year to the next which is not supported 

empirically. 

It is argued that the more conventional models such as the seasonal VBGF could provide 

a better description of the seasonal pattern of growth and be easily modified to account 

for inter-annual variability in growth rates simply by changing either K or L. in the same 

way as equation 3.4. This approach has been adopted in the following Section 3.2 to 

model the influence of density (competition) on the growth of P. sophore. 
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-ý4 

Figure 3.4 The logarithmic growth model of Welcomme and Hagborg (1977) describing 

changes in length, L, over time, t (weeks) for three cohorts with declining growth 
coefficient (G). 

Some might argue that a growth comparison could be achieved by fitting the VBGF to 

the growth pattern of the dominant 0+ mode (cohort) in each hydrological year. Two 

factors make this approach unsuitable (i) a priori growth rates must be assumed in order 

to separate modes (cohorts) in bimodal distributions since the growth of the second mode 

will have been largely determined from the previous year's growth and (ii) the correlation 

between K and L, requires that two cohorts should be present in at least one of the 

distributions to obtain reliable growth parameter estimates. Trials performed here indicate 

that, without a second cohort, the R,, score improves monotonically with increasing L- 

and decreasing K. 

In spite of this, an attempt was made to fit the seasonal VBGF to the 0+ cohort of 

P. sophore sampled from inside the PIRDP during 1995 (Figure A3.8.5e) after having 

subjectively removed the second mode (cohort) from the data set. This exercise was 

deemed necessary because (i) attempts to fit the model to the full data set were largely 

unsuccessful (Figures A3.8.5a&b), and (ii) the growth of this species inside the PIRDP 

forms an important component of detailed population modelling studies in Chapter 6. 
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In spite of the problems encountered in fitting the VBGF to the data, the parameter 

estimates yielded important information on the growth of the key species. Growth was 

found to be strongly seasonal with a mean value for C of 0.75. Growth is most rapid at 

the start of July, which corresponds with the time of floodplain inundation at the study 

site, and slowest towards the end of December during the dry season. This pattern of 

growth in relation to the hydrological regime is consistent with the existing knowledge 

of floodplain fish growth. Growth rates are high among all the key species and estimates 

of to correspond closely with spawning times estimated from changes in the 

gonadosomatic index in Section 4.1. 

Comparable published estimates of VBGF parameters for the key species are given in 

Table 3.7. Estimates made of L. for C. catla are very similar to those reported in the 

literature. Estimates for K correspond less well, being twice as high as the published 

estimates. Similarly, estimates of Lm for C. striatus also correspond closely with other 

studies though estimates for K are more comparable with MRAG (1994a) than those 

derived from scale reading methods. For /1. testudineus, the estimates for K and L- 

presented here are higher and lower respectively compared to MRAG (1994a). For 

G. giuris, K corresponds well with Piet et al (1996). The higher L- estimated by these 

workers may reflect real differences in productivity, fish density or exploitation rates in 

reservoirs compared to the floodplain environment. The range of estimates of K for 

P. sophore made here is wide (0.38-2.6), though two of the model fits are in close 

agreement with MRAG (1994a). The highest R� values correspond to higher values for 

K and lower values for L. No comparable growth parameter estimates were found for 

W. attu. 

The estimates of K for C. catla and C. striatus calculated from scale reading methods are 

consistently lower than those derived here and by other workers employing LFDA 

techniques, though estimates for L. are generally in close agreement regardless of which 

method is used. The value of L. will be closely dictated by the maximum size of fish in 

the population. Providing that feeding opportunities and exploitation rates are not 

significantly different, then estimates of L- for a given species are unlikely to be greatly 
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dissimilar. The value of K, on the other hand, is harder to estimate and will be largely 

dictated by the number of age groups in the population. The more age groups for a given 
L_ , the slower the rate of growth, and the lower the value of K. It is often difficult to 

determine growth rates of floodplain fish using osteochronology because often more than 

one check is laid down each year. These additional checks have been related to changes 
in temperature, food availability or associated with spawning activity (Bagenal, 1978; 

Welcomme, 1985; Lowe-McConnell, 1987). 

If these additional checks are interpreted as annuli, then estimates of K will be 

downwardly biased. This might explain why the values of K from scale readings are low 

compared to those derived from length-based methods. 

Growth performance, measured as the mean length of the 0+ cohort in November (LNov 

was, with the exception of G. giuris, found to be significantly (P < 0.05) greater during 

the 95/96 flood year than 96/97. Differences in performance ranged from 4% for 

P. sophore to 23% for W. attu. On average, growth performance of four of the six species 

was significantly (P < 0.05) higher inside the PIRDP than outside. These differences in 

performance were comparable with those between the two flood years ranging from 7% 

for P. sophore to 18% for W. attu. Catla catla grew 6% larger outside the scheme 

compared to inside and A. testudineus showed no significant difference in growth in the 

two locations. 

Interaction between the location and year factors was significant (P < 0.05) for each key 

species except A. testudineus (Table A3.1). This interaction implies that differences in LNov 

inside and outside the PIRDP also depend upon the sampling year. 

The pattern of interaction for each species was examined by plotting the mean response 

of the factor combinations. As expected, all plotted lines were non-parallel indicating 

interaction. However, no consistent patterns were found among the plots; lines were 

convergent, divergent or crossed. The absence of any consistent pattern of interaction 

casts doubt over the significance of the main effects. However, given that the analysis 
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is based upon length frequency samples aggregated across different gear types, from 

different habitats and collected over a two week period where the weighted mean 

sampling time varied slightly for each level of the factors, it may be optimistic to expect 

a consistent interaction effect. With this is mind, the main effects might be regarded as 

significant, at least to help interpret the growth patterns on a semi-quantitative level. 

Because fish condition will vary inter-annually in response to changing feeding 

opportunities and spawning, unbiased comparisons between the sampling locations 

should be made from equal numbers of length and weight samples in each month. The 

biological sampling programme (Section 1.8) was stratified by month, location and fish 

length to avoid such bias, though invariably, sampling was largely dictated by the 

availability of fish. The extent to which this may have biased the results is uncertain. 

The condition of C. catla, G. giuris, P. sophore and W. attu was found to be significantly 

(P < 0.05) higher inside the scheme than outside for the 24 month sampling period. No 

significant differences in condition were found for A. testudineus and C. striatus. 

Assuming the results are unbiased, the higher condition of the four species is likely to 

reflect better feeding opportunities inside the PIRDP. 

None of the key species showed significant differences in diet composition in the two 

sampling locations. Anabas testudineus was found to be predominantly insectivorous 

(45%), though mud and to a lesser extent crustacea, fish, algae, higher plants and 

molluscs are also consumed. This is largely consistent with Singh and Samuel (1984) 

who identified the insect component to be Anisops, Corixa and Dipteran fly larvae. 

Juveniles were found to feed upon micro-crustaceans and insects. 

Akhtar (1979) concluded that C. catla is a surface feeder of plankton and detritus 

particularly decayed macro-vegetation, myxophyceae, chlorophyceae, bacillariophyceae 

(diatoms), protozoa, rotifers, crustaceans and molluscs. Larvae and young fry feed on 

unicellular algae until approximately 2cm in length and thereafter feed on zooplankton 

(protozoa and crustaceans) until the adult stage. The diet composition found here seems 
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more comparable with Datta Munshi et al (1990). These workers examined the stomach 

contents of Ccatla, W. attu, and G. giuris. The study indicated that Ccatla is omnivorous; 

the main food items being zooplankton, phytoplankton and filamentous algae. The 

zooplankton comprised; cladocerans (39.8%), rotifers (6.2%) and copepods (6.5%) and 

the phytoplankton; diatoms (18.8%) and chlorophyceae (14.5%). Macrophytes (8.5%) 

and unidentified matter (4.2%) formed the remaining proportion of the diet. 

Their results for Wattu also correspond closely with those obtained here, though insects 

were also found forming a significant (18.5%) proportion of the diet. Less comparable 

are the results obtained for G. giuris. Datta Munshi et al (1990) found that fish formed 

a much smaller proportion of the diet (36%) and crustacea (32%), molluscs (16.2%) and 

insects (11.8%) were all relatively more important. 

No published diet studies were found for either C. striatzus or P. sophore. However, Vaas 

(1953) as cited by Welcomme (1985), identified fish and crustacea (shrimp, prawns and 

crabs) in the stomachs of C. striatius in the Kapuas river, West Borneo and Butt and Khan 

(1987) report that P. sophore utilises a mixture of plant and animal matter. 

Feeding intensity, measured as the mean monthly stomach fullness index (SFI), was 

found to be not significantly different inside and outside the PIRDP for any of the key 

species. However, there is some qualitative evidence that suggests that feeding intensity 

was greater during the 95/96 flood year than 96/97 for four of the key species. Seasonal 

patterns of feeding were evident for all the species, though most pronounced for 

A. testudineus. 

The growth performance measures of the key species and the explanatory variables that 

were found to be significantly different in relation to the sampling location and 

hydrological split year are summarised in Table 3.8 below. For five of the six key 

species, larger mean lengths ( LNO, ) correspond to the sampling split year (95/96) when 

flood duration and extent or flood index (FI), was greatest. The SFI for three of these 

five species was also higher during this year implying that feeding opportunities may in 
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some way be related to flood strength. Paradoxically, mean lengths for a different 

combination of five key species, and condition for four others were, on average, greater 

inside the PIRDP than out, in spite the fact that the FI was consistently lower in this 

location. This higher growth performance inside the scheme appears to correspond more 

closely with lower species CPUE estimates, the proxy of density. 

Table 3.8 Summary table indicating where the growth performance measures and 
explanatory variables were found to be significantly greater in relation to the sampling 
location and hydrological split year. NS - no significant difference. 

Species 

Growth performance variables 

LNov Condition 

Year Location IN/OUT 

Explanatory variables* 

CPUE SFI 

95/96 96/97 Year 

A. testudineus 95/96 NS NS NS NS 95/96 

C. catla 95/96 OUT IN OUT NS 95/96 

C. striatus 95/96 IN NS NS NS 95/96 

G. giuri. s NS IN IN OUT NS 95/96 

P. sophore 95/96 IN IN OUT NS NS 

W.. attu 95/96 IN IN OUT NS 96/97 

* Flood index (FI) : 95/96 > 96/97 
IN < OUT in both years 

Correlations between growth and flooding intensity in floodplain systems are well 

documented (see Welcomme, 1985 for reviews) though the underlying mechanisms 

responsible for the response are largely uncertain. More extensive flooding is likely to 

promote greater primary and secondary production upon the floodplain, Junk et al 

(1989), and bring greater quantities of allocthonous food inputs into the system thereby 

improving feeding opportunities. Concomitantly, fish density and therefore inter and 

intra-specific competition for resources are likely to decline making it difficult to separate 

the effects of the two factors. The little direct evidence of density-dependent growth in 
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floodplain populations is examined in Section 3.2 

The results presented here appear synonymous with a number of other studies of this 

type. For example, Crisp et al (1990) examined the effects of impoundment on the 

population dynamics of brown trout, Salmo trutta in Cow Green Reservoir, Upper 

Teesdale which is also subject to annual drawdown reducing its area by up to 85%. 

Growth rates increased significantly following impoundment which increased the eggs 

per spawner from 220 to 600-900. The condition of the fish also improved significantly. 

However, the initial increases in growth performance were not sustained. Growth 

performance gradually declined, varying inter-annually, during the 12 year study, but 

remained higher than pre-impoundment rates. The initial increase in growth performance 

following impoundment was explained in terms of a twenty-fold increase in the area of 

water in the Cow Green Basin which improved feeding opportunities and lowered 

competition. The post impoundment decline in growth performance was negatively 

correlated with increasing biomass density and presumably, the inter-annual variations 

were closely linked with the extent of the drawdown each year. 

Crisp and Mann (1991) also studied the effects of this impoundment scheme on the 

dynamics of the bullhead, Cottus gobio and the minnow, Phoxinus phoxinus. Growth 

performance of the bullhead also increased significantly following impoundment which 

was interpreted as the result of improved feeding conditions. The growth performance 

of the minnow, however, declined due to delayed spawning caused by a lag in the spring 

rise in temperature of 20-50 days. 

Beamesderfer et al (1995) also found a similar response to density in impounded 

populations of white sturgeon, Acipenser transmontanus, in the Lower Columbia River. 

Growth rates and condition were negatively correlated with fish density, implying a 

compensatory response to intra-specific competition. 

More favourable hydrological conditions and large changes in density do not always 

manifest themselves in growth performance variation. Martin et al (1981) examined the 
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effects of inter-annual variation in water levels on the dynamics of fish populations in a 
Missouri River reservoir. Differences in water levels between the two years examined 
(1974 and 1975) were approximately 2m (6ft) and therefore comparable with differences 

found inside and outside the PIRDP. The majority of species aged 0+ were significantly 

more abundant during the high flood year (1975); up to 80 times in the case of yellow 

perch. Despite these large differences in abundance, no differences in growth were found 

between the two years. It was concluded that the quantity and quality of food in the 

reservoir was sufficient to compensate for increased demand. 

Contrary to what might be expected as the result of lessened flooding levels and period 

of floodplain inundation inside the PIRDP, growth performance for the majority of the 

key species was found to be significantly (P < 0.05) greater in this location. This greater 

growth performance largely corresponds to lower fish densities implying that intra 

specific competition may be an important component of floodplain fish growth. 

Higher growth performance has important implications for determining the dynamics of 

fish populations, beyond merely a higher weight at age. Faster growth rates imply that 

fish may mature at a younger age and therefore earlier in the year, extending the potential 

growth season of progeny. Changes in the age of maturity in response to improved 

growth performance have been observed in the Grand Banks population of American 

plaice, Hippoglossoides platessoides. The age at maturity declined from 14y to l ly after 

the population had been significantly depleted by intense exploitation, but the length at 

maturity remained the same (Wootton 1990). 

Fecundity at age may also be higher thereby improving the reproductive potential of the 

spawning stock. The condition (fatness) of fish during oogenesis can affect egg quality, 

measured by the amount of fat and yolk it contains, and therefore the survival rates of the 

progeny (see Bagenal, 1978 for review). Fish of higher condition are also less likely to 

re-absorb yolked oocytes during the spawning season by atresia. In batch spawners, the 

number of spawnings made during a breeding season is strongly correlated with fish 

condition (Wootton, 1990). Improved growth rates may also favour survival rates as fish 
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can outgrow the gape of potential predators more rapidly. From an economic 

perspective, the lower value of the fish assemblage inside the PIRDP (Section 2.5) may 

be redressed to some extent if a premium is paid for larger fish. 

The crucial question is whether the direct and indirect consequences of improved growth 

performance can compensate for potentially lower production arising from lower fish 

densities. The answer to this question is pursued in Chapter 6. 

ob 
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3.2. Density-dependent growth 

The analysis presented in the Section 3.1 suggests that intraspecific competition may be 

an important process influencing the growth performance of floodplain fish. This section 

seeks further evidence of competition mediated density-dependent growth in 

experimental populations of P. sophore in order to develop a more flexible model of 
floodplain fish growth that can take account of the effects of intra- and inter-annual 

variations in fish density or resource abundance. 

3.2.1. Introduction 

The dependence of growth on population density is well documented in marine and 

freshwater fish populations (eg Beverton and Holt, 1957; Le Cren, 1958; Backiel and Le 

Cren, 1978; Edwards and Brooker, 1982; Hanson and Legget, 1985; Ross and Almeida, 

1986; Le Cren, 1987; Overholtz, 1989; Wootton, 1990; Mann, 1991, McDowall, 1994) 

and is mainly the result of intra specific competition for food (Weatherley and Gill, 1985; 

Walters and Post, 1993; Lorenzen, 1996). In the floodplain environment, where fish 

densities are in a state of flux driven by the dynamic hydrological regime, or artificially 

manipulated by FCDI schemes, density-dependent process have potentially important 

implications for determining the pattern of fish growth both intra- and inter-annually. 

Examples of density-dependent growth in the floodplain environment are scarce, possibly 

reflecting the difficulty of studies of this type where the population density is continually 

changing. Dudley (1972) found a significant (P < 0.1) negative correlation between 

annual fish yield (an index of density) and mean annual growth increment of age 3+ 

Tilapia macrochir in the Kafue floodplain. Several quite strong, but not significant (P 

= 0.2), correlations for other age classes of Tilapia species were also established. On the 

same floodplain, Dudley (1972) and Kapetsky (1974) also found significant correlations 

between the mean annual growth increment of several cichlid species and flood index 

(FI). Welcomme (1985) cites several other examples of this correlation. 
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If differences in population biomass between the years examined were small relative to 

the differences in Fl, these observations would be indicative of density-dependent 

growth. Indeed, Dudley (1972) states that "the apparent decrease in growth at higher fish 

densities agrees with the correlation of growth with high water levels". He speculates 

that improved growth performance during high floods arises from more abundant food 

resources and reduced intra- and interspecific competition for them. These results may 

be synonymous with those obtained from other aquatic environments by Le Cren (1958); 

Kennedy and Fitzmaurice (1969); Le Cren, (1987), Ross and Almeida (1986); Overholtz, 

(1989) who, among others, found increases in the width of growth checks in scales and 

bones from fish following reductions in their abundance and biomass density (see Backiel 

and Le Cren, 1978; Weatherley and Gill, 1987 and Mann, 1991 for reviews). The 

correlations found in the floodplain environment are, however, complicated by the fact 

that other growth-influencing factors, such as primary production, temperature and 

dissolved oxygen, may also be linked with the flooding intensity and duration (Junk et 

al, 1989) 

Bayley (1988) found only weak evidence for interspecific competition mediated density- 

dependent growth among 12 species of fish inhabiting the central Amazon floodplain. 

Species were divided into guilds, detritivores, piscivores and omnivores, based upon 

their diet overlap. Density-dependent growth of each species was tested with respect to 

guild biomass. Piscivorous species could not be tested due to insufficient data. None of 

the detritivores and only two of the four species of omnivore showed evidence of density- 

dependent growth during the falling water period. Because this period lasts for only 3-4 

months, the effect on production was predicted to be small. No evidence of density- 

dependent growth was found in any of the twelve species during the rising water period. 

The apparent absence of inter-specific competition found by Bayley implies that food 

resources were either not limited or that the species could mitigate the effects of 

competition by shifting to less intensively exploited food resources (Weatherly and Gill, 

1987). Omnivores are wide spectrum feeders and have considerable scope for varying 

their diet in an opportunistic manner. Detritivores have less scope for dietary shift, 
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although as Bayley (1988) states, "... the lack of density-dependent effects on the growth 

of young detritivores is not surprising when one considers the abundance of detrital 

matter in the floodplain". Piscivorous and planktivorous species guilds, not examined 

by Bayley, often possess specialised feeding structures and dentition which restrict their 

scope for diet change and are therefore more likely to show evidence of inter-specific 

density dependent growth. 

Density-dependent growth has been modelled empirically in terms of growth increment 

(Le Cren, 1958; Dudley, 1974), percentage change in body weight (Hanson and Legget, 

1985), specific growth rate (Le Cren, 1965), weight at age (Ross and Almeida, 1986; 

Overholtz, 1989) and length at age (Salojarvi and Mutenia, 1994) expressed as a function 

of (log) population density or abundance indices eg CPUE. 

An alternative density-dependent growth model has been forn-lulated by Lorenzen (1996) 

based upon the work of Beverton and Holt (1957). The foundations of the model descend 

from the von Bertalanffy growth function, which, in its differential equation form is 

expressed as: 

dL 
_ -K(L -Lm) dt 

(3.5) 

where L. is the maximum size the fish would grow to in the absence of predation or 

disease and is a measure of anabolic activity - the renewal of body materials by metabolic 

processes. The parameter K is a measure of catabolic activity, the breakdown of existing 

body materials and describes the rate at which Lm is reached. Catabolism is independent 

of food consumption, though anabolism and hence L. is dependent upon the rate at which 

nutrients are brought into contact with absorbing surfaces. Competition for food through 

increased population density is therefore expected to influence Lm but not K (Beverton 

and Holt, 1957; Le Cren 1965; Walters and Post, 1993; Lorenzen, 1996). The 

asymptotic length is therefore expressed as a linear function of population density, B by: 

177 



(3.6) 
L_B =L _L -gB 

where L, B is the asymptotic length at biomass B, L-L the limiting asymptotic length of 

the growth curve in the absence of competition (Gulland, 1983; Lorenzen, 1996). 

Because, in the absence of competition, anabolism is still dependent on the available food 

resources, the limiting asymptotic length L-L is dependent only upon the productivity of 

the water in which the population lives. The parameter g is termed the `competition 

coefficient' and describes the amount by which L�B decreases per unit of biomass density. 

The value of g reflects the degree of dietary overlap (competition) among individuals in 

the population. Gape-limited predators, omnivorous bottom feeders and planktivorous 

species are likely to exhibit increasing overlap and therefore stability in the value of g 

respectively (Weatherley and Gill, 1987; Lorenzen 1994). 

For mixed age populations characterised by approximately constant biomass, growth may 

be described by the standard or seasonal integrated (Equation 3.7) form of the VBGF 

where Lm is replaced by L-B 

Krr). 
Csin(2ý(t-rr)) 

ý( o 
Lt L_B 

11-e 

2n (3.7) 

Lorenzen (1996) found that this density-dependent VBGF model provided an excellent 

description of the growth of carp (Cyprinus carpio) stocked at a broad range of densities 

in ponds with different productivities. He also found that the competition coefficient g 

to be very similar among populations stocked in ponds of different productivities. 

These concepts are applied to investigate and model the growth of P. sophore subject to 

a range of biomass densities, under controlled environmental conditions. Puntius 

sophore is predominantly planktivorous (Section 3.1.3) and therefore likely to exhibit a 

relatively constant competition coefficient, g, invariant of plankton concentrations, or 
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levels of productivity. Because K is also constant, it is argued that if the relationship 

between the limiting asymptotic length, L, L and productivity can also be described, then 

the density-dependent VBGF can be used to predict the growth of P. sophore subject to 

changing biomass density and water productivity, typically experienced by wild 

populations in the floodplain environment. 
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3.2.2 Materials and methods 

The experiment was conducted at the Bangladesh Agricultural University (BAU), 

Mymensingh, Bangladesh between July and September 1996 in collaboration with the 

Faculty of Fisheries. Sixteen recently dug earth ponds were used for the experiment each 

measuring approximately 10m x 7.5m x lm (75m2 or 0.0075ha). Ponds 1- 8 were used 

to investigate the influence of biomass density, B on the density-dependent asymptotic 

length, L-B. Ponds 9-16 were used to investigate the influence of productivity on limiting 

asymptotic length, L�L in the absence of competition. 

Prior to the start of the monsoon rains in June, each pond had dried and was thus devoid 

of any fish. Rainwater, which had collected in each pond was removed from ponds 1- 

8 and replaced with water pumped from an adjacent natural lake using a diesel pump and 

a series of flexible pipes. This ensured that the initial productivity of these ponds was 

similar. No fertilization or feed was subsequently applied to these ponds. Ponds 9-16 

were fertilized each week with a combination of cowdung, urea and TSP (Table 3.9) to 

promote a range of different productivities among these ponds. 

Table 3.9 Weekly fertilization programme applied to Ponds 9- 16 

Pond No. Cowdung kg w-' Urea g w-' TSP g w-' 

9 22 375 375 

10 0 0 0 

11 37.5 675 675 

12 52.5 975 975 

13 60 1125 1125 

14 30 525 525 

15 15 225 225 

16 45 825 825 
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After being allowed to stabilize for one week, each pond was stocked with P. sophore 

purchased from fishermen in the Netrakona District. Fishermen and traders were paid 
TK2 per fish and TK 200/Kg for large and small individuals respectively. Fish were 

transported from the landing sites to the experimental ponds in 40 litre sealed plastic sacs, 

one third filled with water and the remaining volume filled with oxygen. 

Large fish were held in a purpose built plastic cage suspended in the natural lake and the 

small fish were held in a large circular tank until sufficient numbers had been gathered 

to warrant stocking into the ponds. Randomly selected samples of fish were removed 
from the temporary holding facilities using a scoop net and stocked in proportion to the 

target stocking densities for each pond. This procedure was designed to prevent any 

potential bias associated with stocking fish collected from different locations and time 

periods. 

Before stocking, the fork length of each fish was measured to the nearest mm and a 
length-weight relationship calculated from 300 randomly selected fish. Ponds 1-8 were 

stocked at a range of densities between 160 kg ha-' to 2260 kg ha'. This covered the full 

range of densities found in dry season water bodies at the project site (Section 5.2). 

Ponds 9-16 were stocked at approximately the same density with 30 small and 20 large 

individuals in each equivalent to approximately 17 kg ha'. The numbers of fish stocked 
into these ponds were a priori regarded as low enough to prevent competition for the 

available food resources, though sufficient to create identifiable modes in a length 

frequency distribution at the end of the experiment. 

The ponds were monitored on a daily basis and the fork length of any dead fish recorded. 
Temperature and dissolved oxygen, nitrate, phosphate, and chlorophyll concentrations 

were recorded each week at 0800 hours by the Faculty of Fisheries. After approximately 
11 weeks, all sixteen ponds were dewatered and the fork length of each fish was recorded 

to the nearest mm. 

Fork length data recorded at the time of stocking and after recovering the fish at the end 
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of the experiment were used to construct length frequency distributions for each pond. 

The mean length and number of fish in each mode present in the distributions at the two 

time periods were estimated using the NORMSEP (Hasselblad & Tomlinson, 1971) 

routine of FiSAT (Gayanilo et al, 1996). Details of this method are described by Sparre 

et al, (1989). Briefly, the program resolves the length frequency distribution into 

normally distributed components representing the modes. The theoretical numbers of 

observations in each component, N, the mean length, L. and the standard deviation, a, 

are selected so as to minimise the difference between the sum of the two components and 

the observed length frequency using the chi-squared statistic, xz as a measure of 

goodness of fit. The program works by an iterative process and therefore requires an 

initial estimate of the approximate mean length of each mode. This requires a degree of 

subjectivity though initial solutions can be obtained from Bhattacharya (1967) analysis. 

The separation index (S. I. ) (Equation 3.8) determines whether it is possible to separate 

the components, synonymous with the student t test. If the SI is less than 2.0, the two 

components cannot be separated. 

i+i , S. I. = 
LL 

(6.1-o)/2 
(3.8) 

Differences in the mean lengths of corresponding size groups were used to calculate the 

growth increment for the size group during the experiment. 

In order to ensure that modes within the length frequency distributions could be separated 

at the end of the experiment, one of the ponds (Pond 7) was seined on two occasions: 

14/08/96 and 26/08/96 during the experiment to monitor the progression of modes. Data 

from this pond were not included in the analysis. 

The VBGF parameters K and L. for each pond population were estimated using mark- 

recapture theory after Appledoorn (1987) and Soriano and Pauly (1989) where the best 

estimates of K and Lm for the seasonal von Bertalanffy growth function are those which 

minimise the following function: 
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ssr =E (L12 -LO)2 
1 (3.9) 

Where ssr is the sum of squares of the residuals, Lrz is the observed length upon recovery, 

and Z0 is the predicted length upon recovery given by 

Lr2 exp -K(t2 -tl) +2K (sin(21z(tl -t)) -sin(21E(t2 -ts)) (3.10) 
7c 

11 

where Lt, is the observed length at the time of stocking. The remaining parameters have 

been described in Section 3.1.2. 

Equation 3.9 was minimised using the `Optimizer' iterative search routine in Quattro Pro 

v 6.1 software. For each pond, the parameters C and is were fixed (C=1, is=0.5) 

corresponding to the estimates obtained in Section 3.1.3 for wild populations. 

Ordinary linear regression was used to estimate the parameters of the density-dependent 

von Bertalanffy growth model of Lorenzen (1996) from the estimates of L-B and the 

mean biomass density B. 

The effect of water temperature, dissolved oxygen and pH; abiotic variables which may 

influence growth in fish populations (Wootton, 1990; Mann, 1991) and biolimiting 

nutrient (phosphate and nitrate) concentrations upon L-B was also examined using 

correlation and regression analyses. Food ration, measured as the mean weekly 

chlorophyll abundance per unit weight of fish, was used to interpret the results. 
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3.2.3 Results 

Ponds 1-8 

Numbers of fish in each size category and the biomass density stocked into each pond are 

given in Table A3.4a. Corresponding recovery details are given in Table A3.4b. Ninety- 

five percent of all observed mortalities were recorded within the first 12 days of the 

experiment. These, labelled M12 in Table A3.4a, were deducted from the original length 

frequency data and the initial biomass densities were recalculated. Mean biomass 

densities were calculated from the mortality adjusted initial biomass and the final 

biomass. The mortality data derived from this experiment are examined in Section 5.3. 

Figure 3.5 shows the length frequency distributions for the populations stocked (upper 

row) and recovered from (lower row) ponds 1-8. Each stocked population contained two 

distinct modes or size groups. The age of each size group is uncertain, though based 

upon the analysis presented in Section 3.1, the smaller, henceforth referred to as `Group 

A', is likely to represent early recruits. The larger, henceforth referred to as `Group B' 

is likely to be the mature spawning stock (see Section 4.1). Careful examination of the 

recovered populations shows three distinct modes. In each case the smallest, henceforth 

referred to as `Group C', is smaller than Group A at the time of stocking, and therefore 

must represent new recruits. Groups A and B can still be identified in the recovered 

populations, though Group A has grown more rapidly than Group B with which it is 

beginning to merge in some cases. 

The mean sizes of these groups in each of the stocked and recovered populations, 

estimated from the NORMSEP analysis, are presented in Table 3.10. The table includes 

the growth increment for each size group. It was assumed that Group C fish hatched at 

the same time in each pond shortly after stocking. 

The growth increments for group A ranged from 4mm (pond 2) to 17mm (pond 8). 

Group B generally grew little or failed to grow, and in ponds 1,4 and 5 the increment was 

negative. These negative increments are likely to reflect random error and fish mortalities 

rather than shrinkage in length. 
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The growth of Group C fish was most pronounced and similar to Group A, was lowest 

in Pond 2 and highest in Pond 8. Figure 3.6 illustrates these growth increments plotted 

as a function of biomass density. For each size group, there is clear evidence of a decline 

in growth increment with increasing biomass density. 

The growth parameter estimation results from the spreadsheet model are shown in Table 

3.11 a. For each pond, the table gives the length at time of stocking, L,, for each size 

group, the corresponding observed length at recovery, L12 and the predicted length upon 

recovery, L12 based upon the estimates of L� and K. Note how closely the predicted 

lengths upon recovery correspond to the observed lengths, implying that the growth in 

each pond is well described by the parameter estimates. It is also apparent that the 

estimates of Lm are higher in the low density ponds (6 and 8) than the remaining higher 

density ponds. For the majority of ponds, estimates for K were close to 2 (Mean=2.15, 

SD= 0.31), thereby supporting the assumption of constant K. The value of K for Ponds 

2 and 8 might also be closer to this mean than the table suggests because the parameters 

K and Lm are strongly correlated (Gutland and Rosenberg, 1992). For example, in Pond 

8, an equally good fit may have been achieved with a higher K and a lower L_ For this 

reason, Lm was recalculated for each pond (Table 3.1 lb) by fixing the value of K in 

Equation 3.10 to the mean value (K = 2.15). For each pond, the predicted lengths upon 

recovery still correspond very closely to the observed lengths. 

Figure 3.7a shows L, B plotted as a function of mean biomass density, B with fitted 

regression model, and (b) expressed as a function of loge transformed mean biomass 

density. The figures labelled (c) and (d) below show the corresponding residuals for the 

estimates for each regression model which are summarised in Tables 3.14 a&b. The 

slopes (coefficients) of both the linear and the logarithmic model are significantly 

different from zero; P=0.047 and P=0.011 respectively. Examination of the residuals 

suggests that both models fit the data well. For the untransformed data, there is a 

tendency for negative residuals at intermediate values of the estimates, indicating an 

underlying curvilinear relationship. 
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Table 3.11 a Spreadsheet model estimates 
increment data (Table 3.10) usi 

Pond I ti Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.731 26 26 

0.528 36 0.731 45 46 

0.528 63 0.731 61 61 

for K and L� based upon the growth 
ng Equations 3.9 & 3.10. C=1, is = 0.5. 

0.0805 Linf 57.67 
0.4385 K 1.77 

0.1432 C 1.00 

0.6622 is 0.50 

Pond 2 ti Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.728 24 22 2.8959 Linf 56.45 

0.528 38 0.728 41 45 18.3898 K 1.52 

0.528 63 0.728 63 60 6.6906 C 1.00 

27.9763 is 0.50 

Pond 3 ti Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.728 31 29 2.7019 Linf 58.06 

0.528 38 0.728 44 48 17.1584 K 2.14 

0.528 63 0.728 63 61 6.2425 C 1.00 

26.1028 is 0.50 

Pond 4 tl Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.726 28 27 1.4238 Linf 55.36 

0.528 37 0.726 43 46 8.3593 K 2.02 

0.528 63 0.726 6l 59 2.8834 C 1.00 

12.6664 is 0.50 

Pond 5 ti Lt1 t2 Lt2 Lt2^ ssr 
0.512 0 0.726 31 30 0.6152 Linf 55.85 

0.512 39 0.726 46 48 4.4704 K 2.17 

0.512 62 0.726 60 59 1.7689 C 1.00 

6.8546 is 0.50 

Pond 6 ti Ltl t2 Lt2 Lt2^ ssr 
0.517 0 0.723 31 31 0.0332 Linf 63.56 

0.517 38 0.723 51 51 0.2108 K 1.95 

0.517 63 0.723 63 63 0.0767 C 1.00 

0.3206 is 0.50 

Pond 8 ti Ltl t2 Lt2 Lt2^ ssr 
0.515 0 0.723 33 33 0.2195 Linf 85.98 

0.515 38 0.723 55 56 1.3297 K 1.36 

0.515 64 0.723 73 72 0.4688 C 1.00 

2.0180 is 0.50 
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Table 3.1 lb Spreadsheet model estimates for K and Lm based upon the growth 
increment data (Table 3.10) using Equations 3.9 & 3.10. K=2.15, C=1, 
is = 0.5. 

Pondl ti Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.731 26 28 3.5346 Linf 54.50 

0.528 36 0.731 45 45 0.2166 K 2.15 

0.528 63 0.731 61 59 5.5014 C 1.00 

9.2526 is 0.50 

Pond2 ti Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.728 24 26 4.4135 Linf 51.39 

0.528 38 0.728 41 45 14.4317 K 2.15 

0.528 63 0.728 63 57 34.8070 C 1.00 

53.6522 is 0.50 

Pond3 ti Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.728 31 29 2.4518 Linf 57.95 

0.528 38 0.728 44 48 17.0754 K 2.15 

0.528 63 0.728 63 60 6.5865 C 1.00 

26.1136 is 0.50 

Pond4 tl Ltl t2 Lt2 Lt2^ ssr 
0.528 0 0.726 28 28 0.2330 Linf 54.43 

0.528 37 0.726 43 46 7.9135 K 2.15 

0.528 63 0.726 61 59 5.4306 C 1.00 

13.5772 is 0.50 

Ponds tl Ltl t2 Lt2 Lt2^ ssr 
0.512 0 0.726 31 30 0.7718 Linf 55.96 

0.512 39 0.726 46 48 4.5338 K 2.15 

0.512 62 0.726 60 59 1.5644 C 1.00 

6.8700 is 0.50 

Pond6 ti Ltl t2 Lt2 Lt2^ ssr 
0.517 0 0.723 31 32 1.7735 Linf 61.62 

0.517 38 0.723 51 50 0.3685 K 2.15 

0.517 63 0.723 63 62 0.5252 C 1.00 

2.6672 is 0.50 

Pond8 ti Ltl t2 Lt2 Lt2^ ssr 
0.515 0 0.723 33 38 21.5730 Linf 71.19 

0.515 38 0.723 55 56 0.3043 K 2.15 

0.515 64 0.723 73 68 27.0014 C 1.00 

48.8787 is 0.50 
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Figure 3.7 (a) Estimates of asymptotic length at mean biomass density L, B plotted as a 
function of untransformed mean biomass density, B and (b) as a function of log 
transformed B, both with fitted regression lines. (c) and (d) show the respective residuals 
plotted against fitted (estimated) values for untransformed mean biomass density. 
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Fable 3.12a Parameters of the linear model for predicting the asymptotic length at 
biorI1 ss density, L-,, as, a function of biomass density B. 

Multiple P 0.761 
li= 0.579 
A, J-osLeci R'- 0.494 
Standard of estimate 4.679 

Variable Coefficient SE ±P 

Constant - -- 67.338 3.928 17.144 0.000 
i; -0.016 0.006 -2.620 0.047 

Analysis of Variance 

Source 

Regression -- - 

Residual 

Sum of Squares DF 

----- 150.308 ----i 

109.469 5 

Mean Square 

150.308 
21.894 

Fp 

6.365 0.0^% 

lt a'? l e. c-cof the 1110. ý; 
'i 

for predicti, i the asynip -* 

of T31c natural logarithm, ofhiioniass 

; 
_. 

hipi. R 0.868 
0.754 

R= 0.704 
Standard error of estiniat, - 3.578 

Variable 

Constant 
In B 

Analysis of Variance 

Source; 

Coefficient SE 

111.047 

-8.538 

13.597 
2.184 

r 
8.167 

-3.910 

Mean Square 

195,753 
12.80-5 

P 

0.000 
0.011 

Regression 

Residual 

Sum of Squares DF 

----- 195.75; ----I 

64.024 5 
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However, the effect is still apparent in the plot based upon log, transformed values. The 

log transformed model explains more of the variation (75%) than the linear (58%). The 

linear model is described by 

Lm8 =67.3 -0.016B (3.11} 

and the logarithmic model by 

L_8=111 -8.54m B (;. 12) 

Mean and standard errors (SE) of the water quality parameter estimates for ponds 1-8 are 

given in Table 3.13 below. Overall there is little variation in the estimates among ponds 

with the exception of D. O. concentrations in Ponds 5 and 6 which are relatively low, 

phosphate concentrations in Ponds 1 and 6 which are relatively hiý, h, and n. ihrate 

concentrations in ponds 5 and 8 which are relatively low and high, respectively. 

A swnniaýy of the results of the regressions of the estimwres of each eater quaii y 

parameter and the estimates of L-3 is given in Table 3.14. No significant (P % 1, ',. O5) 

relationships were found. 
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Table 3.13 Mean estimates of the water quality parameters, ponds 1-8. Standard error 
in parentheses, n=1 I for all ponds. 

Pond Temperature 

(°C) 

Dissolved 

Oxygen (mgl-') 

pH Phosphate 

(mgl-') 

Nitrate 

(mg l-') 

1 30.44 (0.01) 5.40 (0.18) 7.00 (0.12) 0.16 (0.01) 0.81 (0.12) 

2 30.43 (0.46) 5.30 (0.16) 7.04 (0.01) 0.11 (0.01) 0.72 (0.06) 

3 30.49 (0.46) 5.68 (0.16) 7.11 (0.16) 0.13 (0.01) 0.71 (0.06) 

4 30.49 (0.44) 5.63 (0.17) 7.12 (0.12) 0.13 (0.02) 0.80 (0.10) 

5 30.47 (0.44) 4.12 (0.16) 7.00 (0.10) 0.12 (0.01) 0.51 (0.06) 

6 30.37 (0.40) 4.00 (0.17) 7.00 (0.13) 0.15 (0.03) 0.66 (0.05) 

8 30.38 (0.40) 5.19 (0.18) 7.23 (0.13) 0.12 (0.01) 0.96 (0.13) 

Table 3.14 Statistics from regressions of mean estimates of the water quaýity 
parameters and estimates of Lro, 3 . 

Parameter ii ýý Fp 

Temperature 7 -0.560 0.313 2.283 0.191 

Dissolved oxygen 7 -0.172 0.030 0.152 0.712 

pH 7 0.714 0.509 5.187 0.072 

Phosphate 7 -0.011 <0.001 0.001 0.981 

Nitrate 7 0.499 0.249 1.659 0.254 
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Ponds 9-16 

The number of fish in each size category and biomass density stocked into ponds 9-16 

are given in Tables A3.5a. Corresponding recovery details are given in Table A3.5b. 

Figure 3.8 shows the length frequency distributions for the populations stocked (upper 

row) and recovered from (lower row) ponds 9-16. As with ponds 1-8, two distinct modes 

or size groups are clearly distinguishable in each of the stocked populations with meaii 

lengths at approximately 35mm and 65mm. However, unlike ponds 1-8, the 

corresponding modes could not be identified and separated from the recovered 

populations, either visually or with the NORMSEP programme. The figure shows that 

the recovered populations are dominated by new recruits, particularly in ponds 11-14. 

This recruitment gave rise to an 8-50 fold increase in the original biomass stocked 

(Tables A3.5a&b). Because of these large and variable increases in biomass density 

among the ponds and because the growth increments of the stocked cohorts could not be 

identified, no attempt was made to model L, 
o1 as a function of pond productivity. 

Notwithstanding this, Figure IS contains a number of interesting features. Assuming that 

spawning took place at approximately the same time in each pond, the growth of the 

main recruitment pulse appears dependent upon both changes in the biomass density, 

which is largely a function of the number of recruits, and the degree of pond fertilization. 

For example, fertilized ponds which experienced relatively small or moderate changes 

in biomass density, corresponding to low to moderate levels of recruitment (ponds 9,15 

& 16), contain relatively large recruits. Pond 10 experienced small changes in biomass 

density and contained relatively small recruits, but was unfertilized. Conversely, in ponds 

where large changes in biomass occurred (Ponds 11-14) corresponding to high levels of 

recruitment, the mean length of the main recruitment pulse is significantly smaller. This 

pattern suggests that recruitment is also dependent upon the degree of pond fertilization 

and therefore productivity. 
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The influence of spawning stock abundance and productivity on recruitment is explored 

in detail in Section 4.2. Ponds 9 and 16 show evidence of a second pulse of recruits. 

These may have been spawned by the first pulse which grew to sexual maturity (Section 

4.1). 
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3.2.4 Discussion 

The growth of P. sophore has been shown to be dependent upon biomass density under 

experimental conditions. This response has been illustrated in the form of negative 

correlations between growth increments for different size groups of fish and biomass 

density, and modelled more formally in terms of asymptotic length expressed as a linear 

decreasing function of population biomass according to the model of Lorenzen (1996). 

An alternative model, which expresses the asymptotic length as linear function of the 

logarithm of population biomass, has also been described. The logarithmic model 

predicts a significantly higher L-L at unit biomass density (1 kg hä') than the linear 

model but implies that competition for available food resources decreases exponentially 

with biomass density, unlike the linear model where competition remains constant. Both 

models adequately fit the observations, though the linear model should be preferred on 

the ground that it conforms with the results of previous work (Barlow, 1992; Salojarvi 

and Mutenia, 1994; Lorenzen, 1996). 

The results of the regression analyses (Table 3.14) confirm that the relationship described 

by the density-dependent growth model is not spurious and simply an artefact of small 

variations in the physico-chemical water parameters among the ponds. Rather, it is 

hypothesised that the observed dependence of growth upon biomass density is indeed the 

linked to intra-specific competition for food resources. 

This hypothesis was tested by examining the correlation between the estimates of L-B 

and mean ration, measured as the mean weekly chlorophyll abundance per unit weight 

of fish in each pond (grams of chlorophyll / kg of fish). The correlation analysis revealed 

a strong (r = 0.92) significant (P = 0.004) correlation between the estimates of L-B and 

ration (Figure 3.9) thereby supporting the hypothesis and consistent with the theoretical 

framework of the density-dependent growth model. 
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Figure 3.9 Correlation between LmB and mean ration measured by grams of chlorophyll 
per kilogram of P. sophore, r=0.92, P=0.004. 

The theoretical basis of the density-dependent VBGF requires that the value of K be 

constant, independent of population density. The results of the spreadsheet model (Table 

3.11 a) revealed that in the majority of cases, K was indeed relatively constant having a 

value close to 2. Deviations from this value, particularly in the cases of Ponds 2 and 8, 

are very likely to reflect the problem of parameter correlation described above. This 

problem was alleviated by fixing the value of K to the mean estimated value for all the 

eight ponds. The sensitivity of the linear model parameter estimates to a range of fixed 

values of K is explored in Table 3.15 below. 
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Table 3.15 Sensitivity of the model parameter estimates to different values of K. 

K y- ±% L-L (n, m) g rz L 

1.72 -20% 72.9 -0.018 0.57 0.049 

1.93 -10% 69.9 -0.017 0.57 0.048 

2.15 0% 67.4 -0.016 0.58 0.047 

2.36 +10% 65.2 -0.015 0.57 0.049 

2.58 +20% 63.7 -0.014 0.58 0.045 

The parameter estimates of the model are relatively insensitive to the value of K (Table 

3.15). For example, a 10% increase in K from 2.15 to 2.36 gives rise to only a 3% 

decrease in L-L and a 6% decrease in g. A 20% increase (K=2.58) gives rise to a 5% 

decrease in L-, and 12% decrease in g. Decreases in K give rise to proportional 

decreases in g but not K. That is, values of L-1 appear asymmetrically sensitive to 

estimates of K, being more sensitive to higher K values. For example, a 10% decrease in 

K leads to a 4% increase in Lm, and a 6% increase in g. A 20% decrease in K gives rise 

to a 8% increase in Lmr and a 12% increase in g. The competition coefficient g is more 

sensitive to the value of K than L-,, but overall the model appears robust to uncertainty 

surrounding the value of K. Moreover, the explanatory power of the model (measured 

by the r2 value) remains virtually unchanged for the full range of K values examined 

which further illustrates the strong correlation between the VBGF parameters. 

Tables A3.4a&b show that biomass density decreased in the ponds 1-5, and increased 

slightly in Pond 6 by 5%, and pond 8 by 13%. Decreases in biomass density were more 

significant, up to 70% in Pond 1. Decreases in biomass density were attributed to strong 

density-dependent natural mortality (Section 5.3). 

Changes in biomass density have important implications for modelling density-dependent 
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growth using equation 3.7. Firstly, L-B will respond to changes to biomass density and 

therefore growth may not conform to the conventional VBGF. Secondly, estimates of 

L-B will no longer relate to the initial biomass density, leading to potential departures 

from the model. Lorenzen (1996) found that growth of Cyprinus carpio did confon-n to 

the conventional VBGF despite average increases in biomass density of 170%. It is 

assumed that the same result can be expected for P. sophore, for significantly smaller, but 

decreasing biomass density. Estimates of L-a were related to average rather than initial 

biomass density in order to meet the theoretical basis of the model. The unexplained 

variation in the regression model, and the apparent curvilinear response may be 

associated with the changes in biomass density which were not accounted for by average 

biomass. 

The parameters of the model have been calculated from growth increments of both 

stocked and subsequently recruited size groups. The inclusion of the latter implicitly 

assumes that spawning occurred at approximately the same time. It is argued that this 

assumption is not unreasonable given that members of each of the stocked populations 

were randomly selected from the same wild population and stocked at approximately the 

same time, and that the ponds were, as far as possible, uniform in terms of their physical 

and chemical properties. 

The density-dependent growth model of Lorenzen (1996) provides a good description of 

the growth of P. sophore stocked in experimental ponds at different biomass densities. 

The crucial question is whether the model is applicable to describing growth in the 

floodplain environment. The theoretical and biological interpretation of the model 

parameters described by Lorenzen (1996) suggest that the values of K and g estimated 

here are likely to be very similar to those expected in wild populations. Indeed, the mean 

value of K is well within the range of estimates from wild populations for the 95/96 flood 

year (Section 3.1.3). The value of g is also likely to be similar because the population 

structure stocked into the ponds reflected the structure present in the wild, so any age or 

size related dietary shift effects were accounted for. 
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Similar values for Lm, are less likely since this parameter is dependent upon the available 

food resources or productivity of the water, which may be different in the floodplain 

environment and vary both temporally and spatially (Welcomme, 1985). Attempts to 

curtail this complexity by examining the relationship between productivity and L-,, were 

unsuccessful. Small modifications to the experimental design would overcome this 

problem in future studies of this type (see below ). 

A larger spectrum of food resources may be available in the floodplain environment 

which might allow P. sophore to escape the consequences of competition altogether, 

assuming it has the capacity for dietary shift. However, this is believed unlikely given the 

additional empirical evidence of density-dependent growth in Sections 3.1.3 and 5.2.4. 

Growth increments estimated for Group B fish were mostly zero or negative implying 

that their length at stocking equalled or exceeded L-ß. The extent to which L-,, may have 

been exceeded was impossible to determine because generally fish do not shrink in 

length, though reductions in weight would be expected. This problem may be avoided 

in future experiments of this type by estimating the parameters of the growth model in 

terms of weight as opposed to length. 

Tagging offers an alternative approach for estimating the growth model parameters when 

ageing techniques are not appropriate. This approach is particularly recommended for 

experiments designed to investigate the influence of productivity of LmL where only few 

fish can be stocked to prevent competition. However, tagging small species such as 

P. sophore is notoriously difficult (see annexed publication: Halls and Azim, 1997) and 

therefore a simple batch mark such as a fin clip may be more appropriate. 
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3.3 Chapter summary 

0 Growth is an important component of biological production. In addition to its 

direct contribution to production, growth can influence natural mortality rates, the 

reproductive potential of the population and the survival of progeny. 

0 Populations of key species, both inside and outside the PIRDP, are dominated by 

a single cohort for most of the year. Recruitment occurs in July corresponding 

to the time of floodplain inundation when growth is most rapid, before or just 

after the previous cohort disappears. This pattern of growth implies that the key 

species must reach sexual maturity within their first year. 

0 The diet composition of the key species is not significantly different inside and 

outside the PIRDP. 

" The growth performance of five of the six key species was greater during the 

longer, deeper flood of 95/96 than 96/97. Mean stomach fullness for three of 

these five species was also greater during this year implying that feeding 

opportunities may in some way be linked to flooding intensity and duration 

(flood index). Paradoxically, mean lengths and condition for a different 

combination of four of the key species, were, on average, greater inside the 

PIRDP than out, despite the fact that the flood index was consistently lower in 

this location. This higher growth performance appeared to correspond with lower 

species CPUE estimates, the proxy of density. 

" These results suggest that floodplain fish growth is influenced by both the 

hydrological regime and intraspecific competition, though the two may be 

inherently linked. 

0 The growth of P. sophore has also been shown to be dependent upon biomass 

density under experimental conditions. The response has been described by the 
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density-dependent growth model described by Lorenzen (1996). 

0 The theoretical basis of the model implies that the parameters derived under 

experimental conditions may be applicable for modelling the influence density 

on the growth of wild populations, at least in relative terms. 

0 The growth of P. sophore has been shown to be highly plastic, presumably an 

adaptive response to the unpredictable conditions which prevail in floodplain 

environment. Under favourable conditions (low biomass density and high water 

body fertility), this species can grow to reach sexual maturity and spawn within 

12 weeks of hatching. 
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Chapter 4 
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4. Reproduction and recruitment dynamics 

This chapter contains two main sections. The first (Section 4.1) examines the impact of 

the PIRDP on reproduction dynamics by comparing statistically estimates of important 

parameters of the reproductive strategy of each key species sampled inside and outside 

the scheme. The second (Section 4.2) explores the relationship between stock size and 

subsequent recruitment of P. sophore by examining the effect of spawning stock size and 

environmental variables on egg survival. The main findings are summarised in Section 

4.3. 

4.1 Comparison of reproduction dynamics 

4.1.1 Introduction 

The perpetuation and evolution of species is dependent upon the process of reproduction, 

the success of which depends upon resource allocation and the location and the timing 

of reproduction defined by the reproductive strategy of the species (Lagler et al, 1977). 

Reproductive strategies are shaped largely by the abiotic environment, food availability, 

presence of predators and the habitat of parental fish (Wootton, 1990). In the floodplain 

environment, reproductive strategies are geared to take advantage of seasonal 

opportunities for feeding and shelter from predators. From a fisheries perspective, 

particular elements of the reproductive strategy are of interest since they, coupled with 

mortality rates, determine how many fish survive to recruit to the fishery and ultimately 

reproduce further cohorts and therefore have a direct bearing on production potential. 

These elements include (i) length (age) at maturity, (ii) seasonal timing of reproduction, 

and (iii) fecundity. 

The length at maturity may be defined as the length at which 50% of all individuals 

within a population are sexually mature (Lrn50), where mature individuals are 

characterised by the presence of spermatophores or ova in the gonads (Bagenal, 1978; 
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Hoggarth, 1991; King, 1995). Fishes exhibit significant inter and intra-specific variation 

in age or length at maturity. Small tropical cyprinodonts can reach maturity at the age 

of a few weeks (Wootton, 1990). Indeed, Section 3.2 demonstrated that under favourable 

conditions, P. sophore could reach sexual maturity and spawn within less than 12 weeks 

of hatching. Longer lived species such as white sturgeon (Acipenser transmontanus) may 

not reach sexual maturity until 25 years of age (Beamesderfer et al, 1995). In the 

floodplain environment, maturation is generally very rapid which is believed to be an 

adaptive response to the ephemeral conditions (Lowe-McConnell, 1987). Most small 

species reach sexual maturity within their first year of life, ready to spawn at the onset 

of the next rainy season. Larger, migratory species such as the Indian Major carps and 

the clupeid Hilsa ilisha are thought to mature between 2-4 years (Welcomme, 1985; 

MRAG, 1994a). Intraspecific variation in age at maturity may be induced by 

environmental change. Typically, under favourable conditions, when food resources are 

abundant, age at maturity declines, but length at maturity remains unchanged (Wootton, 

1990). Length at maturity may decline in response to intensive fishing (various authors 

in Lowe-McConnell, 1987). A number of studies, including Aass et al (1989); Crisp et 

al (1990); Crisp & Mann (1991) and Beamesderfer et al (1995) have demonstrated 

changes in age at maturity associated with hydraulic engineering. 

Intra-annual variations in the suitability of environmental conditions for developing 

progeny largely dictate the time of year at which fish reproduce. Reproduction is 

generally timed to coincide with a seasonal abundance of food resources, shelter from 

predators and benign abiotic conditions (Wootton, 1990). In temperate latitudes, these 

periods are correlated with changes in temperature and day length. In tropical latitudes, 

where seasonal changes in temperature and day length are less pronounced, suitable 

environmental conditions are governed more by changes in water level with the sequence 

of wet and dry seasons. Species inhabiting floodplain-river systems often spawn just 

prior to, or during, the period of flooding, but rarely during falling floods, enabling 

developing progeny to take advantage of abundant food resources and shelter from 

predators upon recently flooded plains. (Welcomme, 1985; Wootton, 1990). However, 

Oreochromis species and several other families are known to spawn throughout the year, 
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and many annual cyprinodonts spawn towards the end of the flood (see Welcomme, 1985 

for review). In areas where there are two floods each year, fish are known to spawn 

during each flood phase, but it is uncertain whether individual fish spawn twice each year 

(Lowe-McConnell, 1987). Maturation and spawning stimuli are less well understood in 

species inhabiting tropical compared with temperate latitudes. Important cues may 

include changes in food abundance, water chemistry (conductivity), rainfall, flow, water 

depth, small changes in temperature and photoperiod or combinations thereof 

(Welcomme, 1985; Lowe-McConnell, 1987; Wootton, 1990). In total spawners in 

particular, hydrological conditions are seen as particularly important stimuli. 

Reproduction may be deferred or fail altogether if floods are delayed or inadequate to 

trigger maturation (see Welcomme, 1985: Lowe-McConnell, 1987 for review). Partial 

or batch spawners are capable or breeding throughout the year or whenever conditions 

are suitable. Harris (1988), Cambray (1991) and Liu and Yu (1992), among others, have 

shown that spawning behaviour can be significantly disrupted by the effects of hydraulic 

engineering structures on the hydrological regime. The influence of hydrological 

conditions on spawning success and recruitment is considered further in the following 

Section 4.2. 

Fecundity, defined as the number of vitellogenic oocytes (yolked eggs) in the female 

prior to the next spawning varies intra- and inter specifically, but in general, is a function 

of somatic weight (or body length) (Bagenal, 1978; Lowe-McConnell, 1987; Wootton, 

1990). Floodplain species are typically total spawners, producing large numbers of small 

eggs which are deposited over a short period of time. This reproductive strategy is 

geared towards producing large numbers of eggs, and therefore females are generally 

larger than males. Migratory whitefish are conspicuous members of this category. On 

the other hand, batch or multiple spawners usually produce small numbers of much larger 

eggs and often provide parental care to the offspring. They have a more protracted 

breeding period sometimes throughout the year with only a proportion of eggs within the 

gonad becoming ripe at any one spawning (Welcomme, 1985; Lowe-McConnell, 1987). 

Males are often larger than females reflecting lower bioenergetic cost of spermatozoa 

compared with the massive cytoplasmic investment associated with ova production 
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(Wootton, 1990). Where eggs or progeny are guarded by one sex, often the male, the 

guarding sex is the larger (Lowe-McConnell, 1987). Welcomme (1985) and Lowe- 

McConnell (1987) suggests that multiple spawning behaviour is an adaptive response to 

fluctuations in water level. In multiple spawners, batch fecundity can vary inter annually 

or differ between populations of the same species. Batch fecundity and the number of 

spawnings during a breeding season have been shown to be positively correlated with 

fish size, food availability and temperature. Fecundity of both types of spawners may also 

be reduced by acidic water, abrupt changes in water level and pollutants (Wootton, 1990). 

Flood control, drainage and irrigation schemes therefore have the potential to affect 

fecundity at length because (i) they can significantly modify the hydrological regime 

which may in turn may affect water temperatures and (ii) pollution effects may be more 

significant inside FCDI schemes brought about by higher population densities and more 

intensive agricultural practices. Clayton (1994) reports that agronomic surveys carried 

out in Bangladesh indicate that irrigating farmers inside the PIRDP are likely to apply 

twice as much fertilizer and pesticide, mainly insecticide, as non-irrigating farmers 

outside flood control schemes. Changes in fecundity following the construction of 

hydraulic engineering structures have been reported by Veschev and Novikova (1986), 

Tsygir & Ivankov (1987) and Crisp et al (1990). 

Spawning sites, reproductive behaviour and adaptations, and classifications of 

reproductive guilds of floodplain fish are reviewed by Welcomme (1985) and Lowe- 

McConnell (1987). 
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4.1.2 Materials and methods 

Length (age at maturity) 

Length at maturity (Lm50) for each key species, sex and sampling location (inside and 

outside the PIRDP) was estimated as the length at which half the sampled individuals 

were sexually mature. It was assumed that the size at maturation follows a normal 

distribution, and therefore a plot of the percentage (or fraction) mature at length, M(L) 

will follow a cumulative normal distribution (King, 1995). The logistic function 

(Equation 4.1), which approximates the cumulative normal distribution function, was 

fitted to each data set using non-linear least squares (NONLIN) programme of SYSTAT 

to provide the parameter estimates with 95% confidence intervals. 

M(L) = 
(4.1) 

1e 
a(rm5p-L)) 

where a= constant 
L= length or size class 

In order to achieve a reasonable ̀ spread' of data across the range of sampled lengths of 

each species, the following size classes were used: 

Species Size class (mm) 
A. testudineus 10 
C. eatla 20 
C. striatus 20 
G. giuris 20 
P. sophore 5 
W. attu 50 

Three stages of maturity were recognised; mature, ripe and spent, classified according to 

Section 1.8.1. Data were pooled across the three hydrological years to maximise the 

sample sizes. Pooling data in this way assumes that all mature individuals are in 

reproductive condition at the same time (King, 1995). Sample sizes for each species, 
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month and sampling location are given in Table Al. 1. Comparisons of Lm50 were based 

upon the 95% confidence intervals around the estimates. Overlapping confidence 

intervals indicated no significant (P < 0.05) difference in Lm50. Insufficient data were 

available to estimate Lmso for C. catla. 

Seasonal timing of reproduction (spawning period) 

The seasonal timing of reproduction (spawning time) was identified from changes in the 

gonadosomatic index (GSI) (Equation 4.2) which is a measure of the relative size of the 

gonad with respect to total or somatic weight (Welcomme, 1985; Wootton, 1990; King 

1995). 

GSI(%) = 
weight of gonad 100 

total body weight 
(4.2) 

Increases in the GSI during the reproductive cycle reflect the growth of developing 

oocytes during vitellogenesis. In total spawners, the GSI is highest just prior to 

spawning, after which the GSI declines as increasingly more of the population contain 

spent females. In batch spawners, several peaks may be present during the breeding 

season. Peak GSI values vary among species from less than 5% up to 30%. These 

differences are governed largely by the temporal pattern of egg development and 

spawning. Total spawners often have higher GSI than batch spawners, since the latter 

may produce several batches of egg in a season. The GSI may be as high as 30% for total 

spawners but much lower (4%) for multiple (batch) spawners (Wootton, 1990). 

Mean monthly GSI were calculated from ovary and somatic weight data collected as part 

of the routine biological sampling programme (Section 1.8). Time series of mean 

monthly GSI with 95% confidence intervals were plotted to elicit the pattern of breeding 

of the key species and to compare the timing of spawning in relation to sampling location 

(inside and outside the PIRDP) and water height during the 24 month sampling period. 

Details of sample sizes for each species, month and sampling location are given in Table 

Al. l. 
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Fecundity 

Fecundity was estimated from ovary samples obtained during the first two weeks of April 

1995 just prior to the 95/96 spawning season. Sampling over this short period of time 

was designed to ensure that all the specimens were near the same stage of development 

and condition (Bagenal, 1978). Sample sizes for each key species and sampling location 

are given in Table 4.1 below. Despite extensive searches at markets and landing centres, 

no ovary samples were obtained for Ccatla, and W. attu and few for Cstriatus. 

Table 4.1 Numbers of ovary samples collected for the key species inside and 
outside the PIRDP. 

Number of ovaries sampled 

Species Inside Outside 

A. testudineus 37 41 

C. cutler -- 

C. striatus 14 15 

G. giuris 24 24 

P. sophore 37 41 

W. attu -- 

One gramme sub-samples, measured to the nearest 0.01 g using a top pan balance, were 

removed from each ovary and placed in labelled 2 ml screw-cap plastic microtubes 

containing Gilson's fluid (Bagenal, 1978); a preservative and fixative solution 

comprising: 

100 ml 60% ethanol 
880 ml distilled water 
15 ml 80% nitric acid 
18 ml ethonoic acid 
20 g mercury chloride 

In addition to acting as a preservative, this solution also hardens the eggs and liberates 

them by breaking down the ovarian tissue (Bagenal, 1978). After approximately 2 
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months, the eggs were counted. 

Sub-sampling ovaries to estimate fecundity assumes that eggs are evenly distributed 

within the ovary. Ripening eggs within 0.2 g sub-samples were removed and counted 

from the middle and the extremities of both the left and right longitudinal structure of the 

ovary, from five individuals of each species. The multiple comparison Tukey test (Zar, 

1984) revealed no significant (P <0.05) differences in the numbers of ova within the six 

locations. 

The fecundity of C. striatus was sufficiently low to allow all the eggs in the sub-sample 

to be counted. This figure was raised by the gonad weight/sub-sample weight to give the 

fecundity of each fish. The number of eggs in ovary sub-samples from A. testudineus and 

P. sophore was estimated volumetrically (Bagenal, 1978). Each sub-sample was diluted 

in 500 ml of water and stirred with a glass rod to ensure that the eggs and water were well 

mixed. Four sub-samples were quickly taken before the eggs began to settle and placed 

in separate glass petri dishes using a 10 ml glass pipette. Fecundity was estimated from 

the numbers of eggs in each petri dish, C, from Equation 4.3: 

EC 
Gonad wt Fecundity =. 50 (4.3) 

4 Subsample wt 

The eggs of G. giuris were judged too small to count with the naked eye and too 

numerous to estimate using traditional techniques. Total gonad weight was used as a 

proxy of fecundity. Fecundity, F (and gonad weight) was described as a function of fork 

length, L by 

F=aLb (4.4) 

The parameters of the model were estimated using simple linear regression after loge 

transforming the length data and the corresponding fecundity estimates. Significant 

213 



differences in the parameter estimates for the two sampling locations were tested for 

using ANCOVA. 

214 



4.1.3 Results 

Length at maturity 

The parameter estimates of Equation 4.1 for each species, sex and sampling location are 

presented in Table A4.1. A summary of the estimates of Lm50 with 95% confidence 

intervals is given in Table 4.2. The corresponding data and model fits are illustrated in 

Figure 4.1. 

Sexual dimorphism is evident in C. striatus and G. giuris. For these species, the average 

size of mature males is approximately 30% and 100% larger than females respectively. 

Overlapping confidence intervals for all five species indicate no significant difference in 

the length at maturity of each sex inside and outside the PIRDP. Combining the 

information in Table 4.2 with the observed patterns of growth shown in the length 

frequency distributions (Figures A3.7a-t) imply that, with the exception of C. catla, all 

the key species reach sexual maturity by the end of their first year. 

Spawning period 

Changes in mean monthly GSI, with 9S% confidence intervals, for each key species and 

sampling location are illustrated in Figure 4.2a&b. Where no confidence intervals are 

shown for the monthly GSI estimate, only one fish was sampled. The upper plot in each 

figure shows the mean monthly water height inside and outside the PIRDP recorded at 

Talimnagar Sluice gate. A. testudineus, C. striatus, P. sophore and W attu all have 

discrete, relatively short breeding seasons (May - June) coinciding with rising water 

levels. In a number of cases; A. testudineus (outside, 95/96); Cstriatus (outside, 95/96); 

P. sophore (outside 95/96 and inside 96/97); and Wattu (outside 95/96); spawning 

coincides with the time of floodplain inundation when flood levels reach bankfull height. 

Spawning seasonality is less pronounced in G. giuris (Figure 4.2b) though the trend in the 

data suggests that spawning activity is concentrated during the higher water periods 

between July and August, rather than during the rising water period. Insufficient GSI data 

were available to draw any conclusions regarding the breeding patterns of Ccatla (Figure 

4.2a). 
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Figure 4.1 Fraction of mature male and female key species in the size classes. Solid 

circles and solid lines, and open circles and broken lines denote data and corresponding 
logistic model fits for populations sampled from inside and outside the PIRDP, 

respectively. 
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Overlapping confidence intervals around the probable time of spawning and absence of 

samples in some months preclude reliable estimates and inside/outside comparisons of 

the actual month of spawning for any of the key species. There is however, no evidence 

in the GSI data to suggest that spawning time is significantly different inside and outside 

the PIRDP for any of the key species (Figures 4.2a&b), nor is there any evidence of inter 

annual differences (Table 4.3). 

Inter-specific differences in the maximum value of the GSI are apparent in the data. 

Anabas testudineus, P. sophore and Wattu have relatively high GSI's ranging from 15%- 

20% compared with C. striatus and G. giuris (5%-8%). 

Table 4.3 Approximate spawning time of each key species, inside and outside the PIRDP 
during 95/96 and 96/97 hydrological split years. Estimates are based upon changes in 
GSI shown in Figures 4.2a&b, taking account of confidence intervals around the peak 
spawning period and absence of samples in some months. 

Species Inside 

Estimated spawning month or 

95/96 

Outside Inside 

period 

96/97 

Outside 

A. testudineus May' May-June' May-June May3 

C. catla - - - - 

C. striatus April4 May-June' June April-May' 

G. giuris May-Nov May-Nov May-Nov May-Nov 

P. sophore May-July May-July May-July May-July 

W. attu May-Junes May-July May-July' May-July 

Samples absent 
June-August 4 May-August 

2 July-August s July-September 
3 June 6 August 
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Figure 4.2a Changes in the mean monthly GSI with 95% confidence intervals for 

populations of A. testudineus, C. catla and Cstriatus sampled from inside (solid line) and 
outside (broken line) the PIRDP during the 24 month sampling period. Uppermost plot 
shows changes in mean monthly water height (ft) inside (solid line) and outside (broken 
line) the scheme. 
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Figure 4.2b Changes in the mean monthly GSI with 95% confidence intervals for 
populations of G. iuris, P. sopliore and lV attu sampled from inside (solid line) and 
outside (broken line) the PIRDP during the 24 month sampling period. Uppermost plot 
shows changes in mean monthly water height (ft) inside (solid line) and outside (broken 
line) the scheme. 
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Two spawning peaks are apparent in the GSI time series plots for P. sophore outside the 

PIRDP during 95/96 and inside the scheme during 96/97. The effect of the latter 

spawning is clearly reflected in the corresponding length frequency distribution (Figure 

A3.7e) which shows two recruitment pulses; the first appearing in May and the second 

in September. 

Fecundity 

The coefficient (slope) of length-fecundity regression models for each species and 

sampling location were found to be significantly different from zero (P < 0.01) except for 

Cstriatus, inside (P = 0.08) (Table A4.1 a-h). Because the latter was only marginally non- 

significant, it was still included in the comparison described below. Fork length 

explained 23-80% of the variation in fecundity. 

The results of the ANCOVA tests for equality of slopes and elevation of each regression 

model for the two sampling locations for each species are given in Table A4.2a-d. These 

results have been summarised in Figure 4.3 which shows the length and fecundity data 

for each species with the fitted regression models. Where no differences in slopes and 

elevations exist, the data are described by a single unbroken line denoting a common 

regression model for both sampling locations. Where two lines are fitted, either the 

slopes and elevations or elevations of the regression models are significantly (P < 0.05) 

different inside and outside the PIRDP. 

The parameters of the length-fecundity model for P. sophore, C. striatus and G. giuris were 

not significantly different in the two sampling locations. For A. testudineus, the parameter 

b (slope) and therefore the a (intercept) were significantly (P < 0.05) different, implying 

that individuals are more fecund at length inside the PIRDP. 

The parameters of the length-fecundity relationships for each species inside and outside 

the PIRDP are given in Table 4.4 below. Details of the method for calculating the 

'common' parameters are given by Zar (1984 p298). 
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Table 4.4 Parameters of the `common regressions' describing the relationship 
between fecundity and fork length based upon the results of the 
ANCOVA. 

Species Location a, b, 

A. testudineus IN 4.53E-08 5.37 

A. testudineus OUT 1.26E-07 5.05 

G. giuris IN & OUT 1.51E-07 3.30 

C. striatus IN & OUT 9.89E-08 4.10 

P. sophore IN & OUT 4.50E-09 6.195 
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4.1.4 Discussion 

Mature males of Cstriatus and G. giuris were approximately 30% and 100% larger than 

females, respectively. Sexual dimorphism in the form of size difference is common 

among species which provide parental care. Both of these species belong to families 

(Channidae and Gobiidae) which often provide parental care to their offspring. 

Generally, when guarding is performed by one sex, often the male, the guarding sex is 

the larger (Lowe-McConnell, 1987). 

Sexual dimorphism exhibited by G. giuris might also reflect the effect of a combination 

of a multiple spawning behaviour and the massive bioenergetic demands of ova 

production compared to sperm (Section 4.1.1). The plot of GSI for this species (Figure 

4.2b) indicated that it has a protracted spawning period which could retard the growth of 

the female compared the male (Lowe-McConnell, 1987). 

No significant differences in the length at maturity for either sex were observed inside 

and outside the PIRDP for any of the key species. However, because estimated growth 

rates for four of the species were found to be higher inside the scheme (Section 3.1), their 

age at maturity may be lower inside the PIRDP. 

Estimates of length at maturity for female C. striatus (Table 4.2) are consistent with those 

of Kilambi (1986) who found that mature females ranged from approximately 230 mm - 

390 mm total length. However, the corresponding estimates of age of maturity (2-5 

years) are not consistent with those found here (1 year) . 
The inclusion of false annuli 

in length-at-age analysis (Section 3.1.4) performed by Kilambi is likely to be responsible 

for this discrepancy. Indeed, the modal progression analysis used by Kilambi to validate 

the scale annuli, indicated a near constant growth rate with increasing age, which does 

not conform to the von Bertalanffy model used to describe the pattern of growth. 

Elsewhere, C. striatus has been reported to mature between one and two years of age 

(various authors in Kilambi, 1986). 
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Anabas testudineus has been reported to reach sexual maturity by the end of the first year 

corresponding to approximately 8cm in length in both sexes (Chanchal et al, 1978; 

Thakur and Das, 1986). Ramaseshaiah (1985) found that females do not reach sexual 

maturity until 100 mm total length. These estimates are in close agreement with the 

results presented here. No published estimates of length or age at maturity were found 

for C. catla, G. giuris, P. sophore or Wattu. 

Insufficient data were available to determine the age of maturity of Ccatla. However, 

the results presented in Section 3.1 suggest that the majority of Ccatla sampled belonged 

to the 0+ cohort. Given that few of these fish were mature, it is likely that this species 

does not reach sexual maturity until after its first year. This also implies that Ccatla do 

not spawn in the floodplain regions, but instead use them as nursery grounds. Shrivastava 

(1982) found vittelogenic eggs in female C. catla greater than 40cm in length. Based 

upon mean values of the published estimates of the VBGF growth parameters for this 

species (Table 3.7), this length corresponds to approximately 2 years of age. 

The GSI data indicated that Anabas testudineus, C. striatus, P. sophore and W. attu all 

have discrete, relatively short breeding seasons (May - June) coinciding with rising water 

levels and floodplain inundation. Spawning seasonality was less pronounced in G. giuris 

though the trend in the data suggests that spawning activity is concentrated during the 

high water periods between July and August, rather than during the rising water period. 

Insufficient GSI data were available to draw any conclusions regarding the breeding 

patterns of C. catla (Figure 4.2a). However, the fly of C. catla are caught in the main river 

with small meshed savar nets. A savar catch sampling programme, carried out by MRAG 

(1997) showed that C. catla fry are present in the main rivers during May and June and 

thus spawning is likely to occur just prior to this period. 

These results are largely consistent with those of other workers. Ramaseshaiah (1985) 

reports a spawning season from May to July for A. testudineus. Catla catla has been found 

to spawn between June-September (Lowe-McConnell, 1987) and April to June (Tsai et 

at, 1981). In Sri Lanka, Cstriatus is reported to spawn mainly during the south-west 
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monsoon season (May-September) though partially spent females have been sampled 

between October-December (Kilambi, 1986). In India, the spawning period appears 

variable though mainly coinciding with the flood season (various authors in Kilambi, 

1986). In the Philippines, C. striatus has been reported to breed in every month and 

individuals may breed twice a year (Lowe-McConnell, 1987). Doha (1974) sampled ripe 

G. giuris between March and November. 

Despite marked differences in the pattern of flooding during both sampling years, no 

significant differences in spawning month or period were detected inside and outside the 

PIRDP for any of the key species. However, few samples were obtained after June or 

July (Table 4.3) reflecting very high mortality rates (Section 5.1) and spatial distribution 

of cohorts in the case of C. catla, which may have introduced bias. 

Despite extensive searches at markets and landing centres, no ovary samples were 

obtained for C. cutla, and W. attn. Mature individuals of these species may have been 

confined to spawning locations outside the sampling region such as upstream sites in the 

main rivers at the time of sampling. 

With the exception of A. testudineus, fecundity or gonad weight as a function of fork 

length was not significantly different inside and outside the PIRDP. It is uncertain why 

A. testudineus was more fecund inside the PIRDP given that its condition, growth rate, 

diet and feeding intensity, factors that are likely to affect fecundity, were not significantly 

different within the two sampling locations (Section 3.1.3). 

Parameter estimates of length-fecundity relationships and ranges of fecundity for the key 

species found in the literature are given in Table 4.5. Where possible these have been 

compared with the estimates presented here on the basis of predicted fecundity, F for a 

medium size mature fish length L. 
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The range of fecundity for A. testudineus observed here is consistent with Chanchal et al 

(1978) and various authors cited by MRAG (1994a). The predicted fecundity, both 

inside and outside the scheme, is significantly lower than Ramaseshaiah (1985), but this 

species exhibited large variability (5000 - 45000 eggs at 130mm) in fecundity at length 

(Figure 4.3). 

The range and predicted fecundity for Cstriatus is also largely consistent with the 

published estimates except for Lowe-McConnell (1987) which appear very low. The 

range of estimates for P. sophore cited by MRAG (1994a) are also well within the range 

of observations found here for the same size fish (Figure 4.3). 

The results presented in this section suggest that, with the exception of the fecundity of 

A. testudineus, the reproductive dynamics of populations of the key species are not 

significantly different inside and outside the PIRDP. 

Previous assessments that have demonstrated significant impacts of hydraulic 

engineering on the reproduction dynamics of fish populations concern dams or 

impoundments. This type of modification has an overwhelming influence upon the 

hydrology of the whole river system, often bringing about significant temporal changes 

in river flow, water levels and temperature, and isolating fish populations behind dams 

or within impoundments inducing changes to population density or feeding opportunities. 

The effects of these modifications are well documented. For example, Crisp and Mann 

(1991) examined the effects of impoundment on populations of bullhead, Cottus gobio 

and minnow Phoxinusphoxinus in the basin of Cow Green Reservoir. They found that 

female bullheads became sexually mature at an earlier age after impoundment, but 

fecundity and GSI remained unchanged. Improved growth rates arising from changes in 

temperature and food supply were believed responsible for the reduction in age at 

maturity. The fecundity of the minnow also remained unchanged though spawning was 

delayed by approximately one month after impoundment as the result of a delayed rise 

in spring water temperature. Crisp et al (1990) also examined the impacts of the same 
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impoundment on the dynamics of brown trout Salmo trutta. They found that the average 

size of females spawners increased in the initial years of impoundment and this resulted 

in an increase in population fecundity and mean egg size. However, approximately 10 

years after impoundment egg size and individual fecundity returned to pre-impoundment 

values as population density increased towards equilibrium. 

Data presented by Veschev and Novikova (1986) suggest that regulation of the Volga has 

caused a decline in the spawning size and hence mean fecundity of Acipenser stellatus. 

The same effects have been reported for an isolated population of the anadromous Masu 

Oncorhynchus mason in Artemovsk River reservoir by Tsygir and Ivankov (1987). 

Stabilised water levels in the Hanjiang River due to the construction of the Danjiangkou 

hydroelectric project have prevented rheophilous fish from spawning and lower water 

temperatures have delayed the onset of the spawning season of other species (Liu and Yu, 

1992). 

Aass et al (1989) report that the regulation of the Gudbrandsdalslagen River, Norway due 

to hydroelectric power development has led to an increase in the growth of the 

downstream dwelling population of brown trout, Sabno trutta and a subsequent reduction 

in age at maturity. Reduced water velocity, and higher water temperature and nutrient 

input are believed to be responsible. 

Beamesderfer et al (1995) found that the length of maturity of populations of 

unimpounded white sturgeon Acipenser transmontanus in the Lower Columbia River was 

lower than impounded populations though no differences in fecundity were detected. The 

lower length at maturity was thought to represent a compensatory response to 

intraspecific competition. 

Spawning success of bass, Macquaria niovemaculeata in the Hawkesbury River, Australia 

is positively correlated with flood strength during the spawning season. Impoundments 

along the river system have suppressed the frequency and amplitude of flooding and 

229 



hence the reproductive success of bass (Harris, 1988). 

Thus it would appear that modifications to the hydrological regime inside the PIRDP are 

currently not significant enough to bring about detectable changes to the reproductive 

dynamics of the fish within the scheme. 
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4.2 Recruitment dynamics of P. sonhore 

4.2.1. Introduction 

The stock-recruitment process is the main mechanism controlling and maintaining fish 

populations and therefore one of the most basic issues in fishery science and management 

(Gulland, 1983; Salojarvi and Mutenia, 1994). It is a response which has developed over 

evolutionary time to buffer the effects of varying food and space resources brought about 

by changes in stock density (biotic or density-dependent factors) and environmental 

perturbation (abiotic or density-independent factors) (Pitcher and Hart, 1982; Beyer and 

Sparre, 1982; Gulland, 1983; ). Since recruitment ensures the continuity of the stock and 

the fishery, knowledge of the process is crucial, particularly in heavily exploited 

populations were a significant proportion of the stocks natural `buffer' may have been 

removed (Pitcher and Hart, 1982). The simulation model of Welcomme and Hagborg 

(1977) identified recruitment to be the most important factor affecting the dynamics of 

a floodplain fish community. Failure to recognise the relationship has in the past, led to 

recruitment overfishing and eventual collapse of several stocks including blue whales 

(Balaenoptera inusculus), California sardines (Sardinops sagax), and Peruvian anchoveta 

(Engraulis ringers). However, quantifying the relationship between stock size and 

recruitment is the most difficult problem in biological assessment of fisheries (Cushing, 

1988; Hilborn and Walters, 1992). Indeed, the problem has been described as the `Holy 

Grail' of fisheries science (Beddington, pers. comms. ). 

This section explores the relationship between stock size and subsequent recruitment of 

populations of P. sophore under experimental conditions as a means of providing some 

insight as to how recruitment is likely to vary under different stock sizes under naturally 

occurring conditions within the floodplain environment. 

The relationship between stock and recruitment is most often explored by examining the 

empirical relationship between spawning stock size and subsequent recruitment, the latter 

resulting from a complex chain of events through spawning, egg deposition, hatching, 
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larval growth, metamorphosis, growth and survival and often migration to adult feeding 

grounds. Many stock recruitment relationships show a great deal of scatter, though 

commonly recruitment is generally higher at higher stock sizes though it often stops 

increasing and may start decreasing above some stock size (Pitcher and Hart, 1982; 

Hilbom and Walters, 1992). The scatter shown in many stock-recruitment relationships 

may be an artefact of environmental perturbations affecting one of the many stages in the 

recruitment process, bad data or simply that the stock and recruitment are not closely 

related (Hilborn and Walters, 1992; King, 1995). 

The mechanisms determining the relationship between stock and subsequent recruitment 

may be categorised as density-independent or density-dependent. Density-independent 

mechanisms imply that egg survival and therefore recruitment, is independent of stock 

size or the number of eggs deposited, giving rise to some form of linear stock-recruitment 

relationship across all stock sizes. This model must have limits since no population can 

increase indefinitely given that resources (food and space) are finite. Density-dependent 

models describe compensatory mechanisms which ultimately limit population size by 

maintaining some ceiling on the level of recruitment, independent of stock size, or act to 

reduce recruitment at high stock sizes. This process, coupled with the scatter inherent in 

many data sets, often leads to the erroneous conclusion that `there is no relationship 

between stock and recruitment' (Pitcher and Hart, 1982; Hilborn and Walters, 1992; 

King, 1995). 

Density-dependent mortality of the egg or pre-recruit stages and reduction in the 

fecundity of, and egg quality produced by, individual spawners are the main 

compensatory mechanisms. 

Density-dependent mortality at the pre-recruit stage may arise from (i) starvation (ii) a 

numerical or functional response of predator populations (iii) extended period of 

vulnerability to predation arising from density-dependent growth due to inter or intra 

cohort competition, and (iv) cannibalism (Jones, 1973; Cushing, 1974; Pitcher and Hart, 

1982; Gulland, 1983; Mann and Mills, 1985; Hilborn and Walters, 1992). 
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Density-dependent egg mortality may also arise from a numerical or functional response 

of predator populations (Jones, 1973), although oxygen limitation and disease 

transmission may also be important factors if egg deposition is very heavy or 

concentrated, as is often observed in salmonid populations (Pitcher and Hart, 1982; 

Wootton, 1990; Hilborn and Walter, 1995). 

Density-independent egg mortality may arise from abiotic conditions for example, 

extreme temperature, turbulence and desiccation. Estimates of egg mortality for marine 

pelagic and demersal eggs range from 4%- 63% per day, Wootton (1990), though Pitcher 

and Hart (1982) quote a range of 2-5% for most species. Under favourable conditions, 

the mortality of salmonid eggs (3%) is well within this range (Le Cren, 1965). 

Compensation, arising from a reduction in egg quality (and therefore probability of 

survival) or fecundity of individual spawners, may also occur, as a consequence of 

density-dependent growth, as length at age, and condition, decline with increasing stock 

size (Le Cren, 1965; Wootton, 1990 for review). 

Depensation, an increase in recruits-per-spawner (egg survival) with increasing stock 

size, is also a feature of density-dependent models. This process arises when the 

numerical or functional response of predators is limited beyond some prey stock size or 

results from the Allee effect (reduced probability of finding a mate, or fertilization 

success at low densities) Hilborn and Walters (1992). 

Several models have been used to describe the relationship between stock and 

recruitment (Hilborn & Walters, 1992) though two models, described below are most 

commonly used; both assume that compensatory mechanisms are operating, though in 

different ways. 

The Beverton and Holt (1957) model (Equation 4.5) describes a family of asymptotic 

curves with constant recruitment above some stock size where R is the recruitment, a is 

the maximum number of recruits and (3 is the spawning stock size, S required to produce 
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recruitment equal to a /2 (Hilborn and Walters, 1992). 

us R= 
13 +S 

(4.5) 

The Ricker (1954) model (Equation 4.6) describes a family of humped curves with 

declining recruitment above some maximum level of recruitment, where a is a constant 

and (3 is the coefficient describing the magnitude of the effect of stock size on subsequent 

recruitment. 

R =aSe -Rs (4.6) 

Both models are derived from the logistic growth model (Gulland, 1983; Hilborn and 

Walters, 1992), incorporating density-dependent mortality at the pre-recruit stage. The 

Bever-ton and Holt model assumes that mortality is dependent upon the density of the pre- 

recruits, whereas the Ricker model assumes that mortality is a function of the spawning 

stock, S. 

The Beverton and Holt model is applicable when a `ceiling' of recruitment is imposed 

by available food or habitat resources or when the numerical or functional response of 

predators continually changes in response to prey (pre-recruit) abundance. The Ricker 

model is more applicable to situations of cannibalism, when adults prey on pre-recruits 

of the same species or when adults can compete more successfully for the same resources 

as the pre-recruits. The latter may lead to mortalities directly due to starvation or 

indirectly through density-dependent growth when pre-recruits remain vulnerable to 

predation for an extended period of time. `Scramble competition' for limited resources 

such as food and space may also give rise to this response. In this situation, each 

individual's share is reduced to the extent that mortality is very high. This response is 

also expected when a time lag exists between a functional or numerical response of 

predators to prey (pre-recruit) abundance (Pitcher and Hart, 1982; Jones, 1984; Hilborn 
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and Walters, 1992; King, 1995). 
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4.2.2 Materials and methods 

The experiment undertaken to examine the effect of density (intra specific competition) 

on the growth of P. sophore, described in Section 3.2, also yielded important information 

on the recruitment dynamics of this species under different stock sizes (Table 4.6). 

Spawning stock size was measured as the total number of eggs, E (Equation 4.7 and 

Table A4.3), which is regarded as the most reliable measure of spawning stock size 

(Hilborn and Walters, 1992). 

Lmax 

E NJ. eL 
Lmin 

(4.7) 

where N1. = the number of fish of length L 
e,, = the length-specific fecundity estimated from Equation 4.4 and the 

parameters given in Table 4.4. 

Recruitment in ponds 1-8 was measured as the number of individuals in size group A 

(Table 3.10, Section 3.2) estimated from the NORMSEP analysis. For the fertilized 

ponds (9-16), recruitment was measured as the total number of fish recovered because 

the rapid growth of recruits in these ponds made it impossible to distinguish them from 

the stocked populations. The inclusion of the stocked individuals, representing less than 

50 fish assuming zero mortality, is unlikely to have any significant affect on the results. 

The relationship between the spawning stock size (numbers of eggs) and subsequent 

recruitment in the unfertilized ponds (1-8) was explored initially. An examination of the 

data for these ponds indicated that after some maximum value, recruitment declined with 

increasing stock size. This pattern suggested that a Ricker stock-recruitment model 
(Equation 4.6) would best describe the data. 

The parameters of the model were estimated using simple linear regression after log. 
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transforming Equation 4.6 to give: 

In 
R 

=Ina-PS 
S 

(4.8) 

where In (R/S) is the dependent variable, Ina is a constant (intercept), S is the explanatory 

variable and (3 is the coefficient (slope) expressing the magnitude of its effect. 

Data for the fertilized ponds (9-16) were then combined with the data from ponds 1-8, 

and the model refitted. However, most of the data for ponds 9-16 were clear outliers to 

the linear relationship observed for ponds 1-8 because recruitment was significantly 

higher in these ponds, despite lower spawning stock abundance (egg numbers). This 

implied that egg survival was also dependent upon some environmental factor(s). The 

technique of `exploratory correlation' (Stocker et al, 1985) was used to select significant 

(P < 0.05) environmental factors for inclusion in an environmental-dependent Ricker 

stock-recruitment model. Residuals from the standard Ricker model (Equation 4.7) 

estimated from the full data set (ponds 1-16) were correlated with the mean weekly 

values of the water quality parameters recorded for each pond (Section 3.2.3). Significant 

environmental variables (water quality parameters) identified through these exploratory 

correlations were then included in the extended Ricker model: 

R =aSe 
ßS ,E Cr(E1. ) (4.9) 

where E; is some environmental factor such as temperature or dissolved oxygen and c; is 

the coefficient expressing the magnitude of its effect (Hilborn and Walters, 1992). 

Backward, stepwise multiple linear regression was used to identify statistically 

significant environmental variables after the log, transforming equation 4.9 to give: 

In 
R 

=Ina-13S+E c. (E. ) 
S 

(4.10) 
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This method begins by including all the explanatory variables in the model, removes the 

least significant predictor at the first step and continues the stepping process until no 

further insignificant variables remain. 
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4.2.3 Results 

Spawning stock size (numbers of eggs), subsequent recruitment and mean weekly water 

quality parameters for each pond are presented in Table 4.6. Estimated numbers of eggs 

in each pond ranged from 2.3 million in pond 1 to 16,000 in pond 16 and recruitment 

ranged from 175 fish in pond 1 to 7,500 in pond 13. Water quality parameter values were 

very similar among ponds 1-8. In the fertilized ponds (9-16), phosphate, nitrate 

chlorophyll and pH values were significantly higher than in the unfertilized ponds (1-8). 

Temperature and dissolved oxygen values were similar among all sixteen ponds. 

Table 4.6 Estimated numbers of eggs, subsequent recruitment, and mean weekly water 
quality parameters in ponds 1-16. 

Mean weekly water quality parameter values 
Pond Eggs Recruits Chlorophyll Temp Dissolved pH Phosphate Nitrate 

mg-' °C Oxygen mg-' mg-' 
mg-' x 100 

1 2354675 175 8.9 30.4 5.4 7.0 0.16 81 
2 1408602 363 13.7 30.4 5.3 7.0 0.11 72 
3 1340180 468 3.9 30.5 5.7 7.1 0.12 71 
4 1462574 219 5.9 30.5 5.6 7.1 0.13 80 
5 770719 403 5.0 30.5 4.1 7.0 0.12 51 
6 274711 659 7.4 30.4 4.0 7.0 0.15 66 
8 199425 429 14.0 30.4 5.2 7.2 0.12 96 

9 20807 199 138.9 30.3 5.3 7.9 0.32 135 
10 24378 2091 17.5 30.4 5.9 7.4 0.14 90 
11 21332 5665 119.2 30.4 4.7 7.6 0.38 145 
12 17941 3461 125.3 30.4 6.1 8.0 0.38 193 
13 21053 7501 123.8 30.3 5.0 7.8 0.57 218 
14 18094 2696 130.2 30.3 5.3 7.9 0.32 123 
15 17756 118 61.4 30.4 6.1 7.9 0.23 92 
16 16101 1365 80.1 30.4 5.6 7.7 0.50 37 

239 



The parameters of the standard Ricker model (Equation 4.8) for the unfertilized ponds 

1-8 are given in Table A4.4a. The model is highly significant (P < 0.001) and describes 

94% (r2 = 0.94) of the variation in the data (Figure 4.4a). The untransformed model 

(Equation 4.11), fitted to the stock and recruitment data, is illustrated in Figure 4.4b. 

R =0.0027Se -1.7E-06(S) (4.11) 

The model remains highly significant (P < 0.001) when the data from the fertilized ponds 

(9-16) are included in the data set (Table A4.4b), though less (72%) of the variation in 

recruitment is explained by spawning stock abundance (numbers of eggs) alone. The 

data for ponds 9-16 are clear outliers to the linear relationship obtained for ponds 1-8 

(Figure 4.5 a) because egg survival is higher in these ponds. 

Of the six environmental parameters examined, chlorophyll, pH, phosphate and nitrate, 

gave rise to significant (P < 0.05), positive correlations with the model residuals. 

Temperature and dissolved oxygen were not significant (Table 4.7). 

Table 4.7 Results of the correlation analysis between the standard Ricker model residuals 
and the mean weekly values of the environmental variables for ponds 1-16. CHLOR, 
chlorophyll concentration; TEMP, water temperature; DO, dissolved oxygen 
concentration; PH, pH value, PHOS- phosphate concentration, NITRATE - nitrate 
concentration. 

Variable N r F P 

CHLOR 15 0.66 10.25 0.007 

TEMP 15 0.40 2.46 0.141 

DO 15 0.22 0.65 0.218 

PH 15 0.58 6.45 0.025 

PHOS 15 0.74 15.85 0.001 

NITRATE 15 0.78 20.39 <0.0001 
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Figure 4.4a (upper)The relationship between In (R/E) and number of eggs (E) for 
unfertilized ponds 1-8 with fitted regression model (r2 = 0.94, P<0.001). Figure 4.4b (lower) standard Ricker model (Equation 4.6; 4.10) fitted to the untransformed data using the parameter estimates derived from the regression model (a = 0.0027 

, 
(3 = -1.7E-06 ). 
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The results of the stepwise multiple linear regression analysis using the extended Ricker 

model are given in Table A4.4c. Multicollinearity existed among the four water quality 

parameter variables which were found to significant during the exploratory correlation 

analysis. Three of the variables, CHLOR, PH and PHOS were therefore dropped from the 

model during successive fitting steps. The final model (Equation 4.12) included only two 

highly significant (P = 0.002; P=0.0019) explanatory variables; numbers of eggs, E and 

nitrate concentration (NITRATE), N. " 

R =0.000976Se -2_4E-06(S)+0.0292(N) (4.12) 

Including both egg number and nitrate concentration in an extended recruitment model 

significantly improved the amount of variation in egg survival explained from 72% to 

88% (r2 = 0.88, P=0.0000029). The behaviour of the model for three nitrate (N) 

concentrations (N= 10 mg/100 1; N= 50 mg/ 100 1; N= 100 mg/100 1) is illustrated in 

Figure 4.5b. 
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Figure 4.5a (upper) The relationship between In (R/E) and number of eggs (E) for ponds 
1-16 (r2 = 0.72, P<0.001). Figure 4.5b (lower) The extended Ricker model for three 
levels of nitrate concentrations (mg/100 1). Parameter estimates: a=0.000976, (3 =- 
2.4E-06, c=0.0292 (r2 = 0.88, P<0.001). 
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4.2.4 Discussion 

The majority of stock-recruitment relationships that have been documented for freshwater 

fish populations have been derived for lake dwelling coregonid populations (eg 

Henderson et al, 1983; Salojarvi, 1991; Salojarvi and Mutenia, 1994) and salmonids (eg 

Le Cren 1973; Chadwick, 1982; Elliott, 1985; Crozier and Kennedy, 1995). Stock- 

recruitment relationships have been fitted to populations of Pike (Exos lucius), Perch 

(Perca fluviatilis) and roach (Rutilus rutilus) (eg Craig and Kipling, 1983; Pivnicka and 

Svatora, 1988), and vimba (Vimba vimba), a migratory cyprinid (Backiel and Le Cren, 

1978), though no relationships have been published for tropical floodplain species. 

However, studies of floodplain populations (Welcomme, 1985; Fremling et al, 1989; 

Harris, 1988; Underwood and Bennett, 1992; Merron and La Hausse de Lalouviere, 

1993), have shown that spawning success is dependent upon the hydrological regime in 

the same year. Moreover, because the majority of floodplain fisheries are based almost 

entirely upon the exploitation of 0+ and 1+ fish, variations in year class strength (YCS) 

have a very strong influence upon yield and therefore have been the subject of many 

studies. Typically, these studies employ linear models of the form of Equation 4.13 to 

relate yield in year y to some flood index FI in previous years, where i=0,1,2... n. 

Yield =a+E ß, (FI 
_1) (4.13) 

Significant positive correlations have been demonstrated for several floodplain 

populations where values of i appear closely related to the age of recruitment or the age 

of recruitment +1 and the age composition of the exploitable stock, implying that 

hydrological conditions during the year of spawning or during the year prior to spawning 

has a strong influence upon recruitment (de Merona and Gascuel, 1993). 

It is uncertain which component of the hydrological regime is most influential since 

flooding intensity is often highly correlated with dry season water levels. However, 

Welcomme (1985) proposes that the more stringent the drawdown, measured as the 
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proportion of residual water remaining during the dry season, the greater the influence 

of the low water regime on catch (recruitment) in the following year. 

Although the causal mechanisms behind these empirical relationships remain poorly 

understood, it is clear, nonetheless, that during extreme dry seasons, both fishing and 

natural mortality are likely to be higher because fish will be more vulnerable to capture 

by both fishermen and other predators. Natural mortalities arising from stranding and 

severe abiotic factors (Section 5.1.1) will also be greater and therefore the number of fish 

surviving to form the spawning stock in the next spawning season will be lower. Egg 

survival and pre-recruit growth is also likely to be less favourable in drier years because 

fish density and thus competition for limited resources, including food, shelter from 

predators and suitable spawning substrate, will be more intense. Total biolimiting 

nutrient input (nitrate and phosphate), is also likely to be lower during shorter, shallower 

floods, leading to lower primary and secondary production, thereby reducing feeding 

opportunities for recently hatched larvae (Junk et al, 1989; Gehrke, 1992; Kolding, 

1993). 

One major draw back with these empirical models is that they assume that spawning 

stock biomass is independent of fishing effort and that any changes in fishing mortality 

depend solely on the hydrological regime through its effect on catchability. 

In this section, the relationship between spawning stock size (numbers of eggs) and 

subsequent recruitment of populations of P. sophore held under similar experimental 

conditions in unfertilized earth ponds has been described by a standard Ricker type stock- 

recruitment model. Under these conditions, 94% of the variation in egg survival 

(recruits/egg) was explained by spawning stock abundance (Figure 4.4a) giving rise to 

a domed Ricker curve (Figure 4.4b). This type of response implies that egg survival is 

strongly dependent upon the density of the spawning stock abundance. The actual 

mechanisms responsible for this response are uncertain though several possibilities exist. 

Cannibalism by the adults on the pre-recruit stages is common among teleosts and the 
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most widely cited mechanism giving rise to the strong compensatory response described 

by the Ricker model (Jones, 1984; Stocker et al, 1985; Le Cren, 1987; Salojarvi, 1991). 

Results presented in Section 3.1.3 suggest that P. sophore is planktivorous and therefore 

under extreme densities, and/or when there is no spatial separation between adults and 

pre-recruits, it may ingest its own recently hatched larvae unintentionally, or intentionally 

if competition for food resources is intense. 

Fish predators were absent from the ponds, though various amphibians and reptiles, seen 

in and around the ponds during the experiment, together with other potential predators 

which may have been present in the ponds, such as insects and their larvae (Mills and 

Mann, 1985), may have responded numerically to egg or pre-recruit density. 

The availability of planktonic food resources at the time fish larvae have exhausted their 

yolk sac and switch from endogenous to exogenous feeding is a crucial factor 

determining larval survival (Jones, 1973; Pitcher and Hart, 1982; Mills and Mann, 1985 

Cushing 1988; Wootton, 1990; Salojarvi and Mutenia 1994; Salojarvi, 1991). In Section 

3.2, competition for food resources was shown to be intense among individuals stocked 

at high densities giving rise to competition-mediated density-dependent growth. Adult 

P. sophore may be able to compete more successfully for the planktonic food resources 

than pre-recruits leading to mortalities directly due to starvation or indirectly through 

density-dependent growth extending the period of high vulnerability to predation. 

Alternatively, adult P. sophore may have displaced pre-recruits into marginal, less 

favourable feeding areas, or into areas providing less shelter from predators (Martin et 

al, 1981). 

Scramble competition for food resources or shelter from predators would also produce 

the same response because each individual's share would be reduced to the extent that 

natural mortality is very high. Oxygen limitation and disease transmission among egg 

deposits is also possible, though these mechanisms appear largely confined to salmonid 

and clupeid populations. 
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The importance of stochastic environmental factors on recruitment success is widely 

recognised (Pitcher and Hart 1982; Welcomme, 1985; Le Cren, 1987; Cushing, 1988; 

Eckmann et al, 1988) and has been attributed to obscuring density-dependent affects 

(King, 1995). Mills and Mann (1985) used environmental variables alone to explain 

variation in year class strength. However, recruitment cannot be entirely independent 

of spawning stock biomass (Salojarvi, 1991; Hilborn and Walters, 1992) and therefore 

several workers (including Craig and Kipling, 1983; Penn and Caputi, 1985; Stocker et 

al, 1985; Lorda and Creeco, 1987) have incorporated environmental factors into extended 

stock recruitment models. 

In this experiment, egg survival in the fertilized ponds did not follow the same linear 

relationship with stock abundance as was observed in the unfertilized ponds when data 

from both sets of ponds were combined (Figure 4.5a). It was hypothesised that some 

environmental variable(s) associated with the fertilization programme was responsible 

for the higher survival rates of spawned eggs in the fertilized ponds. The approach of 

Stocker et at (1985) was used to explore the importance of measured environmental 

(water quality) parameters on egg survival. 

Mean weekly chlorophyll, phosphate and nitrate concentrations and pH values produced 

significant correlations with the model residuals and were thus included in an extended 

form of the Ricker model (Equation 4.9). Multicollinearity among these explanatory 

variables was significant and therefore only the most significant variable; nitrate, was 

included in the final model fit. This extended model (Equation 4.12) was highly 

significant (P < 0.001) and explained 88% of the variation in egg survival. 

Nitrates and phosphates explained almost the same amount of variation in egg survival 

and both were highly significant (Table 4.7). These biolimiting nutrients ultimately 

determine planktonic food resource abundance, which is reflected by their strong 

correlations with chlorophyll concentration. The correlation between phosphate and 

nitrate concentration is unsurprising given that they were added to the fertilized ponds 

in the same ratio. pH explained significantly less of the variation in egg survival 
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compared to the other variables and was probably determined by, and therefore correlated 

with, the nitrate and phosphate inputs. Studies including Hulsman et al (1983) and Rask 

(1983) have shown that egg mortality generally increases with decreasing pH values 

below 6, though the effects of high pH values above 7 have not been documented. These 

results suggest that egg survival is also dependent upon biolimiting nutrient concentration 

assumedly because they determine planktonic food resource abundance. 

Temperature and dissolved oxygen did not to correlate with the model residuals though 

other workers (Craig and Kipling, 1983; Stocker et al, 1985; Mann and Mills, 1985; Le 

Cren, 1987) have shown temperature to be an important factor effecting recruitment and 

year class strength. Temperature has a direct physiological influence on egg and pre- 

recruit development and can influence food production. 

The recruitment of P. sophore under experimental conditions has been described by an 

extended Ricker model incorporating stock abundance (numbers of eggs) and nutrient 

(nitrate) concentration as predictors. Arguably, this model is consistent with the 

theoretical interpretation of the empirical relationships found between yield (and YCS) 

and hydrology for several floodplain species described earlier. That is, the model predicts 

that recruitment will be determined by spawning stock abundance and therefore by the 

survival of fish from the previous year which in turn will be influenced by the amount 

of water remaining during the dry season. If the spawning stock size coincides with the 

left hand limb of the S-R curve, typical of heavily exploited stocks, then the more water 

remaining during the dry season, the greater recruitment and hence YCS would be. If 

the spawning stock size coincides with the right hand limb of the curve, then recruitment 

may be reduced following favourable dry seasons. Poor recruitment following high dry 

season water levels has been observed for Oreochromis andersoni and Oreochromis 

macrochir (Welcomme, 1985). Long, deep flooding during the subsequent recruitment 

phase at the beginning of the next hydrological year would favour egg survival by 

effectively reducing spawning stock density (but not biomass or numbers of eggs) and 

increasing nutrient input. Reducing spawning stock density would reduce competition 

for food resources and shelter from predators, and reduce density-dependent mortality of 
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pre-recruits and eggs arising from a functional or numerical response of predators. 

Increased nutrient input would favour primary and secondary production (Welcomme, 

1985; Junk et al, 1989), thereby providing more planktonic food resources for developing 

larvae at the critical period between yolk exhaustion and exogenous feeding. Recruitment 

would therefore be further augmented in populations coinciding with the left hand limb 

of the curve and the affects of a large spawning stock biomass would be diminished in 

populations coinciding with the right hand limb. Therefore spawning stock abundance 

would be determined by the hydrological conditions during the dry season, and egg 

survival would be determined by the spawning stock biomass and the hydrological 

regime in the subsequent year. 

As with the results for the density-dependent growth (Section 3.2) and mortality (Section 

5.3) studies derived from this data set, the crucial question is whether the stock- 

recruitment relationship described here is applicable to wild populations. This is 

uncertain without knowing which mechanisms were actually responsible for the observed 

responses. However, a number of factors should be borne in mind. The experimental 

ponds were devoid of fish predators which would be present on the floodplain. If a 

numeric or functional response of predators was partially responsible for the density- 

dependent survival of pre-recruits, then fish predators may replace or augment the effects 

of the potential predators identified in the experiment. The latter may give rise to a larger 

ß value which would decrease the height of the curve and make it more peaked. 

However, predation of pre-recruits may be lower on the floodplain if shelter from 

predators is abundant in the floodplain. Martin et al (1981) found that year class strength 

of yellow perch (Perca flavescens), white bass (Morone chrysops), buffaloes (Ictiobus 

species) and centrarchids in a Missouri River reservoir was significantly greater when 

spring water levels are greater. Year class strength was found not to be related to food 

abundance but to a greater availability of shoreline vegetation which enhances spawning 

success by providing more suitable substrate and protective cover for early life stages. 

Phosphate concentration may be as equally important as nitrate in determining primary 

production upon the floodplain, but was dropped from the model due to its strong 
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correlation with nitrate. 

Temperature and dissolved oxygen did not correlate with the model residuals. These 

factors may have a significant influence on recruitment in the floodplain environment 

where interannual variations in their values may be more significant than were observed 

among the experimental ponds. 

A compensatory response may be absent altogether if greater spatial separation between 

adults and pre-recruits exists in the floodplain, thereby preventing cannibalism, or if 

abundant planktonic food resources are available for recently hatched larvae. However, 

this is believed unlikely given that from a theoretical perspective a strong compensatory 

response would be expected among floodplain species where the environment is highly 

unpredictable from year to year. The reason for this lies beneath the concepts of r and 

K-selection (Begon and Mortimer, 1986). In Section 2.1 it was argued that floodplain 

species are likely to be r-selected rather than K-selected. Eberhardt (1977) has shown 

that both the Ricker (Equation 4.6) and the Beverton and Holt (Equation 4.5) models can 

be expressed in terms of the parameters of the logistic growth model, numbers of 

individuals N, intrinsic population growth rate r and the asymptotic population size or 

environmental carrying capacity, K. The Ricker model represents situations where the 

population can `overshoot' the environmental carrying capacity, K and oscillate about 

that level where the magnitude of the oscillations depends upon the extent of the `hump' 

in the curve and the steepness of the descending right hand limb. The Beverton and Holt 

model, on the other hand, is not capable of `overshooting' and is almost identical to the 

Ricker model if the value of r is sufficiently small. Eberhardt therefore suggests that the 

Ricker model is appropriate for describing r-selected species where rapid changes in 

population size are advantageous in a fluctuating environment, whilst the Beverton and 

Holt curve describes K-selected species in stable habitats where the population remains 

close to carrying capacity of the environment. Lowe-McConnell (1987) makes a similar 

distinction: "In fishes living under conditions where the nutrient supplies fluctuate 

less... species generally have longer life cycles, deferred maturity... " and other population 

dynamics typical of K-selected species. 
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In spite of the uncertainties surrounding the applicability of the model to wild populations 

this work has provided some insight into the mechanisms responsible for population 

regulation in this species. Indeed some of the first work undertaken to explore the 

relationship between stock size and subsequent recruitment in freshwater populations was 

based upon experimental populations. Le Cren (1973) in discussing the population 

dynamics of young trout (Salmo trutta) emphasises the value of experiments in both field 

and laboratory for "... solving practical fishery problems". 

The parameters of the extended Ricker model have been estimated from small 

experimental populations. In order for the model to be applicable to wild populations, 

the parameters must be re-scaled appropriately. To achieve this, the model parameters 

were re-estimated after expressing spawning stock abundance in terms of eggs in-' . 
The 

re-estimated parameters are given in Table A4.4e and the revised model is described by 

Equation 4.14 and illustrated in Figure 4.6. 

R =0.000976Se 
1.792E-04(S)+0.0292(N) (4.14) 
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Figure 4.6 The extended Ricker model expressing recruitment in terms of numbers of 
eggs m2 for three levels of nitrate concentrations (mg/1001). Parameters estimates: a= 
0.000976, (3 = -1.792E-04, c=0.0292 (r2 = 0.88, P<0.001). 
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4.3 Chapter Summary 

0 Important parameters of the reproductive strategy of each key species were 

estimated and compared statistically for populations sampled from inside and 

outside the PIRDP. 

" With the exception of C. catla, all the key species reached sexual maturity by the 

end of the first year and there were no significant differences in the length of 

maturity inside and outside the PIRDP. 

" Anabas testudineus, C. striatus, P. sophore and W. attu were shown to have, 

relatively short breeding seasons (May - June) coinciding with rising water levels 

and in some cases the time of floodplain inundation. Glossogobius giuris 

exhibited a protracted spawning period though spawning activity was most 

pronounced during the higher water periods between July and August, rather than 

during the rising water period. Insufficient GSI data were available to draw any 

conclusions regarding the breeding patterns of C. catla. 

" Despite earlier rising water levels outside the PIRDP, there was no evidence that 

the spawning period of any of the key species was significantly different inside 

and outside the PIRDP, nor was there any evidence of inter-annual differences. 

0 Despite extensive sampling effort, no ovary samples were obtained for C. catla, 

and W. attu. Mature individuals of these species may have been confined to 

spawning locations outside the sampling region such as upstream sites in the 

main rivers at the time of sampling. 

" With the exception ofA. testudineus, fecundity or gonad weight as a function of 

fork length was not significantly different inside and outside the PIRDP. 
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It was concluded that the reproductive dynamics of the key species inside and 

outside the PIRDP are not significantly different. 

It is postulated that modifications to the hydrological regime inside the PIRDP 

are currently not significant enough to bring about detectable changes to the 

reproductive dynamics of populations inhabiting them. 

The recruitment of P. sophore under experimental conditions has been described 

by an extended Ricker model incorporating stock abundance (numbers of eggs) 

and nutrient (nitrate) concentration as predictors. Possible mechanisms giving rise 

to the strong compensatory response are discussed. 

It has been argued that this model is consistent with the theoretical interpretation 

of the empirical relationships found between yield (and YCS) and hydrology by 

several authors. 
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Chapter 5 
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5. Mortality 

"Knowledge of the mortality rates is of prime importance in expressing the dynamics offish populations " 

Bagenal (1978) 

In common with Chapters 3 and 4, this chapter contains two main sections. The first 

(Section 5.1) examines the impact of the PIRDP on the mortality rates of the key species 

by comparing total annual mortality (and survival) rates inside and outside the scheme. 

The second (Section 5.2) examines the influence of density on the natural mortality rate 

of P. sophore. Because of difficulties encountered during work described in Section 5.2, 

density-dependent mortality is re-examined in a Section 5.3 based upon a different data 

set. The main findings of the chapter are presented in Section 5.4 

5.1 Comparison of mortality rates 

5.1.1 Introduction 

Mortality in exploited fish populations is the combination of fishing and natural 

mortality. Causes of natural mortality in floodplain fish populations are discussed by 

Welcomme (1985; 1989). These causes, along with their probable interactions, have 

been summarised in Figure 5.1. Stranding in isolated pools is a major cause of mortality 

in some systems. Direct losses arising from stranding may be as much as four times the 

fish actually caught, (MRAG, 1994a) though this is unknown at the project site, possibly 

due to the very high exploitation rates (see below). However, stranding is likely to make 

fish more vulnerable to fishing gear, other predators and starvation. Moreover, extreme 

abiotic conditions (temperature and dissolved oxygen concentrations) within small pools 

or discrete water bodies may eventually become intolerable causing mortalities directly, 

or indirectly as the result of increased vulnerability to disease and parasitism arising from 

physiological stress. 
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Sudden `fish kills' have also been linked to rapid changes in abiotic conditions, 

particularly dissolved oxygen, following a breakdown in the stratification of the water 

column causing sudden overturn (Das & Pande, 1980; Welcomme, 1985). Sudden fish 

kills are also unknown at the project site. 

Starvation -- ---- -TI Predation 

Fishing Morteli sY 
- ýý-- 

Mortality 

stranding /isolation j'" 

/I 

^ A6iotic 

\ 

factors cg Temp, 

'_ 
____ 

Dioease/ 

yuuitiým 

ýý! 

--Spawning stress 

Senescence 

Figure 5.1 Diagrammatic representation of the main direct (unbroken arrows) and 
indirect causes (broken arrows) of mortality in floodplain systems. 

Predation is also believed to be a major case of natural mortality in floodplain fish 

populations (Welcomme, 1985; 1989). Based upon personal observations, predators at the 

project site include fish, birds, aquatic insects and amphibians. 

The plasticity of fish growth means that fish are unlikely to die from starvation, though 

fish in poor condition are likely to be more susceptible to predation and disease. The 

importance of disease as a cause of mortality is uncertain. Epizootic Ulcerative 

Syndrome (EUS) has been observed at the project site. The highest prevalence has been 

observed during the dry season, and with respect to the key species, confined largely to 
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C. striatus, G. giuris, both bottom dwelling species. 

The major factors influencing mortality rates; fishing, stranding, abiotic factors and 

predation, are assumed to vary with the flood cycle, intensifying during the drawdown 

and with the progression of the dry season. (Welcomme, 1985; 1989). During this time 

fish become concentrated in channels or pools as water recedes from the floodplain. 

These periods of high concentrations or densities of fish, with high catchability (q), are 

exploited by both fishermen and other predators (see Welcomme, 1985; MRAG 1994a). 

Abiotic conditions are also likely to reach extremes during this period leading directly, 

or indirectly, through greater vulnerability to disease (and thereby predation), to increased 

mortality rates. Conversely, during the high water period, the floodplain offers abundant 

food resources, shelter from predators, tolerable abiotic conditions and low fish densities. 

Mortality rates during this period are therefore assumed to be low. Mortality rates of 

floodplain fish are therefore anticipated to be density-dependent. 

Density-dependent mortality processes may be categorised as either competition- or 

predation-mediated (MRAG, 1994b). Competition-mediated density-dependent mortality 

results from inter and intra-specific competition for limited resources and would 

encompass those mortalities arising from stranding or isolation within temporary or 

permanent water bodies 
. Predation-mediated density-dependent mortality occurs when 

the mortality rate changes in response to prey density. This is brought about by a 

functional or numerical response of the predator population; that is, a change in predator 

fishing/feeding activity or abundance respectively (Begon and Mortimer 1986; Wootton, 

1990). 

Evidence of competition-mediated density-dependent mortality in the form of stranding 

and isolation is well documented (see Welcomme 1985). Evidence supporting predation 

mediated density-dependent mortality is scarce. Welcomme (1979) observed predation- 

mediated density-dependent mortality on the Oueme and Niger Rivers as a functional 

response to large numbers of small and juvenile fish present during the drawdown when 

their densities are at their highest. Predation during the dry season is known to occur as 
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predators generally gain condition during this period and therefore must be feeding 

(Welcomme 1985). However, the intensity of predation is believed to be lower during 

this period than during the drawdown, perhaps because prey fish have grown beyond the 

narrow size range at which they are vulnerable to predation by this time. Reduced 

feeding intensity by predators towards the end of the dry season has been demonstrated 

in Section 3.1. 

Observations supporting the process of predation-mediated density-dependent mortality 

based upon numerical responses of predator populations have been made by Lowe- 

McConnell (1964) and Williams (1971) as cited by Welcomme (1985). They, among 

others, have noted the presence of large numbers of water birds preying on fish stranded 

in pools and leaving the floodplain through channels. However, there is no published 

evidence of a numerical response to prey density by predatory fish. 

Because fish densities in floodplain river systems are in a state of flux, driven by the 

dynamic hydrological conditions, mortality rates are likely to change throughout the year. 

Simple exponential models of mortality are therefore inadequate for modelling floodplain 

populations. More realistic models must take account of population density eg 

Welcomme and Hagborg (1977), so that intra-annual variations can be included. This 

problem forms the basis of the next section (Section 5.2). However, for describing and 

comparing annual rates of mortality, the simple exponential model is adequate, assuming 

that inter-annual variations in density are not significant. 
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5.1.2 Materials and Methods 

Total annual instantaneous mortality rate, Z, was estimated using the simple exponential 

mortality relationship (Gulland, 1983): 

N1=Noe -z (5.1) 

where No is the initial number and N, is the number after one unit of time. 

Estimates of Zwere made from the unaggregated (single gear type) length frequency data 

collected for each key species (Figure A3. la-A3.6e) from low selectivity gear types, for 

example dewatering, katha, kua, small mesh seines and traps. 

Gulland and Rosenberg (1992) review length based approaches for estimating mortality 

rates. They conclude that, for the pattern shown in the length frequencies by all of the 

key species, that is, a single mode for the majority of the year with a progressively 

increasing mean length (Type B distribution, based upon the classification of Shepard et 

al (1987)), Z is most reliably estimated using distributions which show two clear modes 

assumed to represent numbers of new recruits (N) and relative numbers of survivors from 

the previous years recruitment (N, +, ). By simply separating the two modes, Z is 

estimated as: 

Z=-1nNt+ý 
Nt (5.2) 

This method, along other commonly employed techniques such as length converted catch 

curves and the Beverton and Holt (1956) mean length method (see Sparre et al, 1989 or 

Gulland and Rosenberg, 1992 for details) all assume a `steady state', that is, that 

recruitment and mortality are constant in each year. This approach also assumes that the 

length frequency samples are representative of the true population size (age) structure. 

The latter assumption will be violated if the sampling gear is size selective or if the 

population exhibits spatial variation according to fish size. 
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In an attempt to meet the latter assumption, only samples which exhibited a clearly 

bimodal pattern coinciding with the fitted growth curves of Figures A3.8 were used. 

Where modes were overlapping, numbers in each mode (cohort) were estimated using the 

NORMSEP, Hasselblad (1966), normal distribution separator routine of the FISAT 

program (Gayanilo et al, 1996). 

For each species and sampling location, the estimates of Z derived from the different gear 

and month/ year combinations were pooled to give a mean value, Z. Significant (P < 

0.05) differences in Z inside and outside the PIRDP were tested with the Student t-test. 

If no significant differences existed, estimates for both sampling locations were pooled 

to give an overall Z for the species with 95% confidence intervals. Inter-annual 

differences in Z were not examined due to small sample sizes. 

No attempt was made to estimate Z for G. giuris due to the absence of a reliable growth 

interpretation (Section 3.1). Furthermore, because of the `steady state' assumptions 

underlying the estimation method, no attempt was made to relate differences in Z to fish 

density or environmental conditions. 
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5.1.3 Results 

A total of 64 estimates for Z (Table 5.1) were calculated from the 402 individual length 

frequency distributions examined. Thirty estimates were calculated for inside the PIRDP, 

and 34 for outside. For A. testudineus and W. attu, more estimates were made inside than 

outside the PIRDP respectively. Only one estimate was made for A. testudineus outside 

the scheme. The majority (41) of estimates were made for P. sophore and W. attu. Most 

of the estimates (45) were derived from length frequencies collected from dewatering, 

katha, kua, lift and seine net gears. The remainder were collected from dragnet, cast net, 

trap and longline catches. There were no obvious differences in the types of gear for 

which estimates were derived between the two sampling locations. The 64 estimates 

were divided approximately equally across each bimonthly sampling period and 

hydrological year. Those distributions for which no estimate could be made either 

contained too few fish to detect reliable modes or simply comprised a single mode. 

The estimates for Z for individual gear and month/year combinations ranged between 

approximately 2 y-' and 6 y-', with only 4 estimates below 2 y-' and only one estimate 

above 6 y- ' (Table 5.1). This range is equivalent to between only 14 and 0.4% survival 

per year. Individual estimates for each species were generally variable as measured by 

the coefficient of variation, (CV). The combined CV (CV = 0.32) for all species and 

sampling location combinations with more than one Z implied that the estimates were 

not very precise (MRAG, 1994a). The CV was highest for P. sophore, IN (CV = 0.58) 

and lowest for C. catla, OUT (CV = 0.1). 

Mean Z estimates, Z, for each species and sampling location were higher outside the 

PIRDP compared to inside (Table 5.2). However, because of the high degree of 

variability in the individual estimates, this difference is only significant (P < 0.05) for 

P. sophore. 
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However, this significant difference depends on one estimate for Z (seine net sample in 

May 95, Z=0.4 y') which is very low in comparison to the other estimates for this 

species. No significant (P > 0.05) differences between the populations exist if this 

estimate is omitted from the comparison. 

Because of the absence of significant differences in Z between the two sampling 

locations, estimates for Z from both sampling locations were pooled, to give an overall 

mean value for each species (column 5) with corresponding 95% confidence intervals 

(columns 6 and 7). Equivalent survival rates are given in columns 8-10. Total mortality 

rates are then highest for Ccatla (Z=4.7 y') implying a survival rate of just below 1 %. 

The remaining species show marginally lower mortality rates between 3.2 y' for 

P. sophore and 3.9 y' for C. striatus, equivalent to between 4 and 2% survival respectively 

(Table 5.2). 
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5.1.4 Discussion 

The method employed to estimate Z assumes that (i) recruitment and (ii) mortality are 

constant and (iii) the length frequency sample represents the true size (age) structure of 

the population (Section 5.1.2). The first assumption is unlikely to be valid given the 

considerable amount of variation in recruitment experienced by most exploited fish 

populations (Pitcher and Hart, 1982) which in a floodplain environment can be amplified 

by variations in the flood regime (Section 4.2). The second assumption is also unlikely 

to be true for much the same reason. That is, Z is likely to depend largely upon the 

hydrological regime and fish density (Section 5.1.1), both of which are likely to vary 

between years. However, given the available data, these assumptions must be regarded 

as having been met. The third assumption was satisfied, as far as possible, by using 

samples from low selectivity gear types (dewatering, kua, katha and small mesh gears). 

In spite of this precaution, this assumption may have been violated if spatial variation in 

the relative abundance of cohorts exists. These spatial variations may arise from age- 

dependent migrations, feeding preferences/areas, and social and spawning behaviour. 

Since gear type use is also often spatially heterogeneous, principally because certain gear 

designs may only be effective under certain hydrological conditions (water depth and 

flow regimes) catches, even from low selectivity types, may not comprise the actual size 

(age) structure of the entire population (MRAG, 1994a). 

The majority (338) of length frequency distributions examined either contained too few 

samples to give reliable results or comprised a single mode. The latter may reflect 

sampling error arising from the problem of spatial variation in the relative abundance of 

cohorts, merged modes or infinitely high annual mortality rates. If the last is true, the 

mean Z estimates will be downwardly biased, that is, mortality will have been 

underestimated. 

Estimates of Z were variable, particularly for P. sophore sampled from inside the PIRDP 

(CV = 0.58). These high CV values imply that the estimates may not be very precise. 

According to MRAG (1994a) this lack of precision is likely to reflect biases arising from 

268 



the problem of spatial variation of cohorts described above which is confounded by the 

use of samples from a range of different gear types. In spite of this lack of precision, 

estimates may still be accurate, given there is no reason to suggest that bias is 

consistently in any one direction. 

One estimate of Z for P. sophore (July 1995, passive trap, IN) was negative (Z = -0.03 y') 

implying that at least one of the assumptions behind the method had been violated. Here 

the gear may have been deployed in an area containing more 1+ fish than 0+ compared 

to the population as a whole. 

Estimates of Z for each key species examined were not significantly (P > 0.05) different 

inside and outside the PIRDP. Real differences in Z may have been detected with more 

precise estimates. 

Little is known of the effects of hydraulic engineering on fish mortality rates. Crisp and 

Mann (1991) examined the effects of impoundment on populations of bullhead (Cottus 

gobio) and minnow (Phoxinus phoxinus) inhabiting the upper Teesdale, northern 

England). They found that following impoundment, the total instantaneous mortality rate 

(Z) (with ± 95% confidence intervals) for bullhead increased from 0.85 ± 0.29 y -I to 0.96 

± 0.34 y'. However, the confidence intervals around these estimates imply no significant 

(P >0.05) difference in Z and no explanation for the apparent rise was given. No estimates 

were made for the minnow because catch curves were biased by spatial variation in 

cohorts. 

Underwood and Bennett (1992) found no evidence of uncommonly high mortality rates 

in Rainbow trout (Oncorhynchus mykiss) populations in a reach of the Spokane River, 

below the Post Falls Dam, Idaho, subject to fluctuating flows. 

Using empirical formulae after Pauly (1980), Beamesderfer et al (1995) predicted higher 

annual instantaneous natural mortality rates (M) for unimpounded populations of white 

sturgeon (Acipenser transmontanus) (M= 0.070 y') compared to reservoir (M= 0.046 
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y') in the Lower Columbia River, USA. Predicted M for the unimpounded population 

was higher than the impounded population because estimates of the growth parameters 

K and L. for the unimpounded population were higher and lower respectively than for the 

reservoir populations. 

The estimates of Z calculated in this section are largely consistent with those made by 

MRAG (1994a Table A3) for the same species, or species within the same families or 

genera inhabiting floodplain-river systems in Bangladesh, Thailand and Indonesia. Only 

one estimate made for Cstriatus (Z = 1.6 y') at the Thale Noi site, Thailand, compared 

with Z=3.9 y' made here, appears inconsistent. Estimates for Channa marulius (Z = 

2.2 - 3.8 y') at the Hail Haor site, Bangladesh are more comparable. For Labeo rohita, 

a member of the same subfamily (Cyprininae) as C. catla, the mean Z estimate made by 

MRAG (1994a) was 3.1 y' at the Bangladesh site, compared with 4.7 y' for C. catla 

calculated here. 

Survival rates of fish in dry season water bodies at the project site have been estimated 

by MRAG (1997). Survival rates were calculated from the weight of fish that escaped 

fishing by the end of the dry season and the initial population biomass estimated by the 

removal method (see MRAG, 1997 for further details). The approach assumed that 

growth during the dry season was negligible, and that the natural mortality rate was zero 

after the ending of fishing activity. Estimates of survival ranged from approximately 

0.5% - 2% per year equivalent to Z= 5.3 y-- 3.9 y'. These rates correspond well to the 

upper 95% confidence intervals for the estimates for Z presented here. In reality, this 

correspondence may be even closer because depletion estimates of population size are 

very often downwardly biased (Section 5.2). 

The few published estimates of Z for tropical river fish populations (see Welcomme, 

1985) relate almost exclusively to populations inhabiting river systems in Africa. Only 

one estimate (Z = 0.45) has made for systems outside Africa by Petrere, (1983) for 

Colisoma maropomum in the Amazon River. There are no published estimates of either 

instantaneous fishing or natural mortality rates (F or M) in any floodplain systems. 
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Estimates of Z are generally high, particularly for fish age 0+, ranging from Z=1.2 y'- 

4.61 y-' (mean Z=2.5 y') equivalent to survival rates of between 30% -1% (mean 

survival = 8%). Survival rates appear to improve with age (size), assumedly because fish 

become less susceptible to predation with increasing size (Welcomme, 1985). 

Estimates of Z for African river systems are generally lower than those for Asian systems 

made here and by MRAG (1994a). These differences may reflect greater exploitation 

intensity in Asian compared to African systems. 

Differences in the Z among the key species may reflect differences in their vulnerability 

to capture and value as a food resource. These ideas have been discussed in Section 

2.1.1. Highly mobile (migratory) and predator species are generally targeted as highly 

valuable food fish. These species tend to be particularly vulnerable to fishing gear. 

Predators are generally aggressive with high catchability to gears such as baited hooks 

and lines and large aggregations of migratory species become highly vulnerable to 

efficient barrier or interceptory type traps and nets as knowledge of their spawning sites 

and migration routes becomes progressively more understood (Regier, 1977; Regier et 

al, 1989). Estimates of Z for Ccatla (Z= 4.7 y') were among the highest of all the key 

species. This species is a prized food fish in Bangladesh and the most migratory of the 

key species (MRAG, 1997). Estimates of Z for Cstriatus and Wallago attu were also 

among the highest; Z=3.9 y' and 3.7 y-' respectively. These species are aggressive 

predators and have also been shown to exhibit strong migratory behaviour, particularly 

W. attu (MRAG, 1997). Estimates for Z were lowest for A. testudineus and P. sophore; Z 

= 3.5 y' and 3.2 y' respectively. They are small, relatively low value species and exhibit 

more limited migratory behaviour. 
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5.2 Density-dependent natural mortality of P. sophore 

5.2.1 Introduction 

Density-dependent mortality, the tendency for the natural mortality rate to increase with 

increasing population density (Begon and Mortimer, 1986), is anticipated in the 

floodplain environment where fish densities are in a state of flux driven by the dynamic 

hydrological conditions. This section seeks evidence of density-dependent natural 

mortality in P. sophore populations inhabiting dry-season water bodies at the project site. 

According to Wootton (1990), density-dependent effects, detected by plotting natural 

mortality rate against (log) density, may be obscured by variability in the data, 

insufficient data or by lack of contrast in the data. 

Methods for detecting density-dependent natural mortality must therefore place emphasis 

upon (i) generating large data sets with good contrast (ii) providing precise estimates of 

natural mortality and population density since the density-dependent effects may be weak 

(iii) maintaining realism and (iv) practicability. 

One of the major obstacles to quantifying density-dependent mortality in the floodplain 

environment is that both fish density and therefore natural mortality will vary almost 

continuously during the floodcycle in response to changes in water volume. Arguably, 

this could be accounted for by estimating natural mortality and density during the three 

main stages of the floodcycle: (i) floodplain inundation (ii) drawdown (iii) dry season. 

However, estimating natural mortality and density during floodplain inundation would 

be made difficult by fish movements and migrations, low fish catchability and 

recruitment. These problems could be alleviated to some extent by creating net 

enclosures upon the floodplain. By preventing fishing within the enclosure, natural 

mortality rates and density could be assessed from depletion estimates of population size 

at two points in time. However, depletion estimates are likely to suffer from the problem 
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of low catchability or biased by fish that cannot be caught (see below) due to the 

abundant shelter provided by abundant aquatic vegetation. Estimates of natural mortality 

may also be biased by fish escaping through breaches in the enclosure created by fish 

themselves, poor weather conditions or local fishermen. Moreover, poaching would also 

be difficult to prevent and enclosures would be costly to establish and monitor. 

Alternatively, fishing could be permitted within the enclosure after tagging a sub- 

population of P. sophore. Density at the time of release could be estimated by the 

Petersen method (Ricker, 1975) and natural mortality rates from the rate of decline of 

returned marked fish, after separating the effects of fishing mortality using the method 

of Gulland (1983). 

Tagging small species such as P. sophore is very difficult (Halls and Azim, 1997), and 

non-reporting must be adjusted for requiring further field experiments. The method also 

relies upon weighting returned marked fish by fishing effort ( Jones 1977). Fishing effort 

would be difficult to monitor and effort standardisation across gear types may be 

problematic due to the diversity of gears in operation. Any recruitment that occurred 

after initial tagging would also bias estimates of natural mortality and density. 

Because of the abundant shelter and favourable abiotic conditions, natural mortality rates 

are likely to be insignificant during this period compared to the other stages of the flood 

cycle. However, estimating natural mortality rates and fish density during the drawdown 

would be further complicated by the problem of rapid changes in fish density. 

It was concluded that evidence of density-dependent mortality could best be explored 

in flood inundated dry season water bodies (FIWB's). Flood inundated water bodies 

include beels, kuas, canals, rivers, lakes, ponds, roadside ditches and other small 

depressions upon the floodplain. By excluding fishing within them, natural mortality 

rates within these water bodies could be calculated from the numbers of fish present at 

the beginning and end of the dry season. 
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Flood inundated dry season water bodies are numerous at the project site and exhibit a 

wide range of biomass densities which would ensure plenty of contrast in the data set. 

The cost of conducting the experiment in FIWB's would also be comparatively low and 

surveillance, particularly of household ponds, would be more practicable. Furthermore, 

estimates of natural mortality rates and fish density could be estimated with high 

precision by selecting FIWB's of a small size. Given sufficient contrast in the data set, 

a density-dependent mortality relationship derived from data collected during the dry 

season could be used to predict natural mortality rates during other phases of the flood 

cycle. The applicability of this approach is uncertain given that factors which are likely 

to affect mortality rates, not directly related to fish density, may also vary during the 

flood cycle. These factors may include the spatial distribution of predators; some 

predator species may be present upon the floodplain and during the drawdown, but may 

return to the main river during the dry season. Vulnerability to predation may also vary 

in response to changes in the abundance of food resources and shelter. Abiotic 

conditions, which may affect mortality rates directly, or indirectly (Figure 5.1), may also 

exhibit extremes between the flood and dry seasons. In spite of this uncertainty, 

practicability favoured this approach. 

274 



5.2.2 Materials and methods 

The instantaneous natural mortality rate, M and numerical density of P. sophore were 

estimated in twenty FIWB's representing a broad range of habitat type, including 

secondary river, beel, household pond and roadside ditch/canal. Ten of the water bodies 

were located inside the PIRDP, and 10 outside. Water bodies were selected that satisfied 

the following criteria (i) a minimum water depth of 0.5m by the end of the dry season 

(March) to prevent fish dying from stranding (ii) not fished since becoming discrete 

within the floodplain (iii) not stocked with fish for culture (iv) symmetrical in shape so 

that water volumes can be accurately estimated (v) of a size and depth that can be fished 

effectively using a 33m x 3m seine net. This excluded water bodies with depths 

exceeding 2.5m, and widths exceeding 30m and (vi) accessible to allow regular 

monitoring visits by the field staff and preferably located close to the owner's residence 

to minimise the risk of poaching by outsiders. 

Survey data collected for small water bodies in the project area by Project R5953 (see 

MRAG, 1997) were used to help identify potentially suitable water bodies outside the 

PIRDP. Equivalent data for inside the PIRDP had not been collected prior to the start of 

the experiment so the general knowledge of the field staff was used as guidance. Details 

of the 20 water bodies selected for the experiment, including their type and location, and 

volume of water at the start (V, ) and end (V2) of the experiment are given in Table 5.3. 

Owners of selected waterbodies were paid TK 2000 (£33) compensation for agreeing not 

remove fish from their water bodies for the duration of the experiment. The payment was 

made in two equal installments; one at the start of the experiment, the other after the 

waterbody had been dewatered. It was made clear to the owner that the second 

instalment would only be made providing the water body had not been fished or stocked 

with culture species during the experiment. 
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The `removal' or `depletion' method (Hilborn and Walters, 1992) was used to estimate 

the initial abundance (No) of P. sophore in each water body at the start of the dry season 

(November 1995). Each waterbody was repeatedly fished with a fine mesh seine net 

(33m x 3m) by an eight man fishing team. A heavy chain was attached to the footrope of 

the seine to reduce the possibility of fish escaping beneath the net. After each haul, all 

P. sophore were carefully removed from the net and counted. The entire catch from each 

haul was then placed in a temporary net enclosure in an adjacent water body. Careful 

attention was directed at ensuring that, as far as possible, each haul was similar in terms 

of fishing effort (time), start and finish locations and general fishing operations. After 

the final haul, all the fish were returned to the water body. Any mortalities caused by the 

fishing operations or by handling were recorded. 

The number of successive hauls applied to each waterbody varied depending upon how 

the catch rate fell in response to the recorded cumulative catch. In cases where the 

decline was obviously linear, or where catch rates rapidly approached zero, it was 

assumed a priori that a small number of hauls would be sufficient to estimate No with 

confidence. In cases where the decline in catch rates was clearly not linear, successive 

hauls, up to a maximum of 11, were applied in an attempt to reduced the catch rate to 

zero (remove all individuals). Water body No. 8 showed no evidence of a decline in 

catch rate after five hauls and therefore no further hauls were made. In all cases, the 

depletion fishing took less than one day to complete. After the final haul, the dimensions 

of each waterbody were recorded to the nearest 0.1 m. Depth measurements were taken 

with a line and sinker along 5 evenly spaced, parallel transects at Im intervals. Length 

frequency data was also recorded for a sub-sample of the waterbodies. 

In March 1996, approximately three months after completing the depletion fishing 

operations, each water body was de-watered with a diesel powered water pump. Before 

dewatering, the dimensions of each waterbody were re-recorded in the same way. To 

prevent fish being ingested into the pump, the mouth of the inlet pipe was covered in 

small meshed netting and surrounded by a bamboo screen. As a precautionary measure, 

water pumped from the outlet pipe was filtered through a small mesh net to retain any 
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fish that passed through the inlet screens. As water levels fell, fish which had become 

concentrated in the deepest parts of the waterbodies were removed using small mesh 

seine nets. The remainder were caught by hand after all the water had been removed. 

The number of P. sophore and putative predator species (Wallago attu, Channa striatus, 

Channa marulias) were recorded. The numbers of the predator species were not 

estimated at the start of the experiment using the removal method because local 

fishermen regard the seine net as ineffective for catching these species which can burrow 

beneath the surface of mud substrates or fishing gears to avoid capture. 

Of the 20 water bodies originally selected, two were not dewatered. These were No. 18, 

which had been fished by the owner during the experiment, and No. 8 for which it was 

believed that no reliable estimate of No could be obtained given the absence of any 

decline in catch rates. 

The duration of the experiment (the period between the depletion fishing operations and 

dewatering) within each waterbody varied between 53-92 days. This was dictated largely 

by the needs of the owner and the rate of water loss. 

Estimation of the initial P. sophore population (No) within each waterbody 

The concept behind the removal method is to examine how successive removals of fish 

influence subsequent catches (or other measures of the relative abundance eg CPUE) of 

the fish remaining. For a closed population with no immigration, emigration, recruitment 

and mortality, the predicted total (cumulative) removal for a catch (or relative abundance) 

of zero is the estimate of the initial abundance (N) before removal began (Hilborn and 

Walters, 1992). 

There are a number of alternative models for estimating N based upon this approach (see 

Cowx, 1983; Hilborn and Walters, 1992). The maximum likelihood model of Schnute 

(1983) was used for this analysis. The basic idea behind this model is to find the value 

of N for which the observed catch data are most likely. However, unlike other models, 

the catchability (probability of capture) is not assumed constant among fishings (hauls). 
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Instead, catchability can be modelled in one of three ways: the classic case of constant 

catchability (model 1); a distinct initial catchability, followed by a different constant 

catchability thereafter (model 2); and thirdly, a steadily decreasing or increasing 

catchability (model 3). 

The Schnute model is based upon a binomial model of fish capture, where the probability 

that C; fish are caught on the ith catch and the remaining N- Tr fish escape is: 

_T; 
N-T, 

pr =(C. I N, T. 
_, q 

N( 
ýr1 ;ý-C1 -q; ý 9; (5.3) 

where Nis the initial population from which k observed catches C, 
,i=1,..., 

k, are taken 

and T. is the sum of the observed catches C.,... Ck defined by 

Tr=ý C., i=1,..., k (5.4) 
j=1 

and q; is the predicted proportion of remaining fish (capture fraction) on the ith catch 

defined by: 

C. 
q. = l, 1,..., k (5.5) 

(N-T; 
-i) 

where C; and T, are the predicted and sum of the predicted catches respectively on the ith 

catch respectively. The predicted proportion escaped, P. is therefore: 

p, =1 -q1, i=1,..., k (5.6) 
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The probability of seeing the complete set of k observed catches (the likelihood) is a 

product of these probabilities: 

N! 
k 

4rCl(1 -4; ) 
NT, 

L(C1,.., Ck, z) = II 

(N-Tk)! 1=1 CI ! 

If Z denotes the parameter vector describing each model then 

Z=(N, q1) for model 1 

Z=(N, q,, q) for model 2 

Z=(N, gi, q, a) for model 3 

(5.7) 

where N is the initial population size, q, is the initial capture fraction, q is the final 

capture fraction and a is a constant with 0<a<I which describes the rate of change 

between the initial and final capture fractions. When a=l, model 3 becomes model 1 and 

similarly, when a=0, model 3 reduces to model 2. 

The value of Z that maximises L is the maximum likelihood estimate and corresponds to 

the value that makes the data look most probable. However, for numerical reasons 

Equation 5.7 is not convenient to maximise, therefore Schnute (1983) recommends using 

the negative logarithm of L which he shows is equivalent to the following function: 

F(Z) = G(Z)+H(Z) (5.8) 

G describes the closeness between observed and predicted values of total catch calculated 

from 

G(Z)=N ln(N)-Tk ln(Tk)-(N-Tk) ln(N-Tk)-ln(N! )-In( Tk! )-ln([N-Tk]! ) (5.9) 
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and the predicted cumulative catch (T) by 

T. =E C, i=1,..., k 
j=l 

G=0 when N=Tk=Tk 

H describes the closeness between the observed and predicted catches given by 

H(Z)_ý In 
r-i 

H=O when C. =C. 

The predicted catch C; is calculated from 

1-1 

C; =4, Nyl (1 -4j), i=1,..., k 
j=1 

where for model 1, q; is defined as 

q, =q1, i=1,..., k 

and where q, is calculated from the observed catch data from: 

Tk 

q1ýý= 
k-I 

kN-> T. 
i=t 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 
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For model 2, q; is defined as 

q1, i=1 
q, 

q, i =2,..., k 

The values of q, and q for model 2 are calculated from 

11(N)=C1/N 

4(ý= 
(Tk cl) 

k-I 
[(k-1)(N-C1)-ý (Ti ' )I 

i=1 

And for model 3 q; is given by 

4; -91+(4-41)(1 -a'-') i=1,..., k 

(5.15) 

(5.16) 

(5.17) 

(5.18) 

The maximum likelihood estimate of the parameter set Z is the value of Z that minimises 

the function F. 

One of the properties of Equation 5.8 is that if F" is defined as the minimum F calculated 

for one model and F" is the minimum value of F obtained for an extended model with 

n additional parameters, then 2(F'-F") is approximately x2 distributed with n dfwhen the 

first model is true. Therefore, if the calculated x2 value exceeds 3.84, then the first model 

should be rejected in favour of the extended model (Schnute, 1983). 
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This property is also used to provide the 95% confidence interval for N. If F represents 

the minimum F obtained using one of the models then the statistic 2[F(N)-F'] is x2 with 

1 df or 

F(N) =F'+1.92 

Parameter estimation 

(5.19) 

The task of finding the parameter set Z that minimizes F(Z) for each set of catch data was 

accomplished using three separate Quattro Pro v 6.1 spreadsheets; one for each model. 

Optimal parameter sets for each model were found using the software's `Optimizer' 

iterative search routine. For models 1&2, N is the only variable since for both models 

q; is estimated from the recorded catches and the best estimate for N. Therefore, the 

minimisation problem for these two models has only one constraint 

N> Tk (5.20) 

For model 3, the entire parameter set are variables and the minimisation problem has 

three constraints: 

N>_Tk, 0<q, <1, O<a<1 (5.21) 

The analysis began by first calculating the model parameters and minimum F values for 

models 1&2. If the x2 statistic exceeded 3.84 then model I was rejected in favour of 

model 2 and model 3 was estimated. The same statistical criterion was then applied to 

model 2 &3 to decide which was the most appropriate model. Having identified the most 

appropriate model, the 95% confidence limits for N were located by constraining F to 

values less than the 95% confidence interval above the minimum F (see Schnute, 1983; 

Figure 2). 
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Equation 5.9 involves computing In (x! ) which is difficult to handle with a spreadsheet 

for large values of x. An alternative algorithm offered by Schnute (1983) based upon 

Stirling's approximation was used. Define 

5 

S(y) =y In (y) -y+0.5 In (21t/y) +y: g; y i -2r 
i=1 

(5.22) 

where the constants g,,..., g5 are 1/12, -1/360,1/1260, -1/1680 and 1/990, respectively. 

Then 

l 
5.23 ln(x! )=i 

g(x+4)- 
1n[(x+1)(x+2)(x+3)], 0_xs3 ) 

Mortality rates 

The annual instantaneous natural mortality rate, M for the P. sophore populations in each 

waterbody was estimated from the initial population number No adl 
(adjusted for handling 

mortalities) and the number of fish remaining upon dewatering (N1) from 

M=-ln 
N' 365 

Noadj At 

where 

At = duration of the experiment in days 

The weekly instantaneous rate, Mti� is simply M/52. 

Population density 

(5.24) 

The numerical density of P. sophore in each waterbody, p was calculated from the 

estimate of Noadj and the estimated average volume of water present for the duration of 

the experiment: 
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V 
N0adj 

p 
(Vo +V1)/2 (5.25) 

where V. and V, are the initial and final water body volumes respectively, calculated from 

the pond dimensions and average depth at these times. 

Backward, stepwise multiple linear regression analysis was used to model the 

relationship between P. sophore density (p) and predator density (pp), and the weekly 

instantaneous natural mortality rate M. Both independent variables (p and p', ) were 

positively skewed and were thus normalised by loge transformation. Significant (P < 

0.05) differences in the coefficient of the density-dependent model, based upon the data 

collected inside and outside the PIRDP, were tested with analysis of covariance 

(ANCOVA). 
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5.2.3 Results 

The results of the depletion fishing operations are summarised in Table 5.4. The catches 

from each haul (C) are plotted against cumulative catch (n; ) to illustrate how successive 

removals of fish influenced subsequent catches (Figure 5.2). With the exception of 

waterbody No. 2 and No. 8, catch rates (catches) declined with successive hauls. These 

declines can be broadly categorised as linear (1,5,6,9,12,16,18 & 20); two-stage (7,11,14 

& 19) where an initial rapid linear decline in catch rate is followed by slower linear 

decline; curvilinear (3,4,10,13 & 17), where the catch rate continuously declines with 

successive removals to form a curve, and no trend (2,8 & 15) where there is no apparent 

trend in catch rates. 

The maximum likelihood estimates of initial population number (No) and associated 

model parameters are given in Table 5.5. None of the three models could be fitted to the 

data for waterbody No. 8. Parameter estimates are not included for model 3 when model 

1 was not rejected in favour of model 2. For 9 of the 14 waterbodies where model I was 

rejected in favour of model 2, the optimum model 3 fit turned out to be model 2; the case 

when a=0. The last four columns of the table give the optimal model type, and the 

estimate of N and corresponding upper and lower 95% confidence limits. When the data 

were inadequate (2,7,8, &15), the upper estimate of Nwas -. In cases where model 2 was 

rejected in favour of model 3, the upper value of N tended to be very large. As would be 

expected, the width of the confidence interval for N increased successively between 

model 1 and model 3. 

The number of P. sophore remaining in each waterbody following dewatering (N) are 

given in Table 5.6. Column 7 contains the corresponding weekly instantaneous mortality 

rates calculated from Equation 5.24 using the estimates of No adjusted for handling 

mortalities (H). Columns 6 and 8 give the numerical density of P. sophore (p) and 

predator species (pp) respectively. 
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Table 5.4 Recorded catches in each removal and total catch from each waterbody. 

Catch in ith removal (C) 

WB 1 2 3 4 5 6 7 8 9 10 11 Total 

1 36 17 9 4 3 69 

2 61 9 13 17 10 110 
3 939 281 138 139 103 1600 

4 84 20 7 7 14 4 3 139 
5 7376 3342 1961 789 574 14042 
6 1126 611 445 203 123 2508 

7 115 11 10 9 6 151 

8 70 40 55 50 70 285 

9 300 200 95 75 81 47 798 

10 228 124 79 66 53 58 51 43 42 38 43 825 

11 958 273 202 140 100 1673 

12 435 137 82 28 10 692 

13 120 34 24 30 12 10 15 12 12 10 279 

14 524 154 151 138 194 65 35 1261 

15 58 35 24 31 37 30 16 22 31 27 311 

16 228 143 93 47 28 539 

17 560 204 128 46 50 54 45 32 1119 

18 10 4 2 0 16 

19 844 319 313 256 195 207 109 62 47 2352 

20 25 36 36 16 22 14 17 14 7 9 196 
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Table 5.6 Maximum likelihood estimates of initial population number (No, dj) adjusted for 
handling mortalities (H) and observed final (N, ) numbers of P. sophore in each dry season 
waterbody (WB), corresponding weekly instantaneous natural mortality rate (M,, ) and 
numerical densities of P. sophore (p) and predator species (pr). At - number of days 
between initial and final estimates of population number. 

WB At (days) H No 
adj 

N, p (Nm-3) M, pp (Nm-') 
1 92 4 67 606 0.23 -0.168 0.000 
2 91 0 1095 1000 3.54 0.007 0.000 
3 90 585 2255 560 10.27 0.109 0.150 
4 90 6 143 2315 0.46 -0.217 0.138 
5 72 283 14340 16320 30.72 -0.013 0.026 
6 54 25 2663 1949 8.67 0.041 0.059 
7 81 1 171 565 0.32 -0.104 0.001 
8 - - 5.6E8 - - - 
9 90 44 841 2026 5.08 -0.069 0.266 

10 91 50 1352 147 2.96 0.171 0.092 
11 60 0 1922 4990 2.65 -0.112 0.021 
12 83 190 512 341 3.98 0.034 0.031 
13 85 20 304 952 1.79 -0.094 0.000 
14 90 0 1603 11024 2.40 -0.150 0.009 
15 83 15 1031 1587 1.96 -0.036 0.003 
16 83 20 563 1923 1.16 -0.104 0.002 
17 83 37 2502 1462 5.56 -0.045 0.000 
18 - 0 16 - - - - 
19 76 31 2576 1109 29.53 0.078 0.000 
20 53 40 192 175 1.90 0.012 0.069 
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For 10 of the 18 waterbodies dewatered, the estimate for No adj was less than the observed 

value N, giving rise to negative values of MM� (Table 5.6) . In the extreme case of 

waterbody No. 4, the estimate of No was only approximately 6% of the observed value N,. 

For the eight waterbodies where the estimates of No adj were greater than N,, M,,, ranged 

from 0.007 to 0.1712 equivalent to between 1% and 16% mortality per week respectively. 

Numerical densities of P. sophore ranged from between 0.23M-3 (2300 ha-') and 30.71m 3 

(>300 000 ha'); most (75%) waterbodies contained less than 6M-3 (60 000 ha'). Putative 

fish predator species were absent from five waterbodies and their densities were low in 

the remaining waterbodies ranging from between 10 ha' and 2660 hä'. 

The relationship between the estimates of M,,, and loge numerical density (p) for 

P. sophore (Figure 5.3) is highly significant (P = 0.003), explaining 44% of the variation 

in M,, 
. 

Loge predator density (pp) is not significant (P = 0.91) in determining these rates 

and was therefore dropped from the multiple linear regression (Table 5.7). 

No significant (P > 0.05) differences exist in either slopes or elevations when the data 

was separated according to location, inside and outside the PIRDP (Table 5.8). 

The relationship between M,, and lnp, inside and outside the PIRDP, is described by: 

Mw= -0.085 +0.0511np (5.26) 
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Figure 5.3 The relationship between estimates of the instantaneous weekly natural 
mortality rate, M, and In density (Nm 3) for P. sophore in flood inundated 
dry season waterbodies inside and outside the PIRDP. r2 = 0.44, P= 
0.003. 
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Table 5.7 Results of the backward stepwise multiple linear regression analysis between 
the estimates of the weekly instantaneous natural mortality (. W, ) of P. sophore, In 
P. sophore density (In p) and In predator density (lnpp). 

Multiple R 0.666 
R2 0.444 
Adjusted R2 0.409 
Standard error of estimate 0.079 

Variable Coefficient SE tP 

Constant -0.085 0.024 -3.553 0.003 
In p 0.051 0.014 3.573 0.003 

Analysis of Variance 

Source Sum of Squares DF Mean Square FP 

Regression 0.080 1 0.080 12.768 0.003 
Residual 0.101 16 0.006 

Table 5.8 Results of the ANCOVA for equality of slopes and elevations of the 
regressions between estimates of the weekly instantaneous natural mortality of 
P. sophore, M,,, and In P. sophore density (in p) for dry season waterbodies inside and 
outside the PIRDP. 

Regression SS Total SS nb Residual SS Residual DF 

Regression (inside) 0.024 0.052 9 0.046 0.027 7 
Regression (outside) 0.006 0.128 9 0.020 0.122 7 
Pooled regression 0.150 14 
Common regression 0.030 0.180 0.031 0.155 15 
Total regression 0.080 0.181 18 0.051 0.101 16 

Test for differences between slopes: 

HO binside =boutside 

F 0.45 
FO. 05 (1) 2,15 6.3, do not reject H0 

Test for differences between elevations: 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F -5.23 
Foos (1), 2,15 6.3, do not reject Ha 
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5.2.4 Discussion 

The relationship illustrated in Figure 5.3 and described by Equation 5.26 reflects the 

response expected from the existence of a density-dependent natural mortality process. 

However, despite its high statistical significance (Table 5.7), the relationship is based 

partially upon negative mortality rate estimates. Negative mortality rates are meaningless 

and therefore the estimates must be biased, though the relative magnitude of the bias may 

be constant among the estimates of Mµ, . 

A number of factors may have caused this bias. Perhaps the most obvious is an increase 

in the population size following the initial depletion estimates of No resulting from 

recruitment or stocking. Both would lead to a downward bias in the estimate of M, . 
Although not impossible, it is unlikely that owners would have stocked P. sophore in their 

waterbodies since little or no benefit would accrue from doing so. Wild populations are 

abundant and their market value is very low. Moreover, the growth of this species is 

highly seasonal (Section 3.1) and the experiment coincided with the period when little 

growth occurs. The only plausible reason why owners would wish to stock their 

waterbodies is if they feared that their second `compensation payment' would be 

jeopardised if very high natural mortalities were erroneously interpreted as the result of 

fish being removed (caught) during the experiment. However, given that considerable 

time was given to explaining the essence of the experiment to each waterbody owner 

including the importance of not removing fish from, or adding fish to, their waterbodies, 

it is very unlikely that the experimental populations were manipulated in this way. 

Increases in No resulting from natural recruitment are similarly unlikely because evidence 

presented in Section 4.1 suggests that P. sophore spawns only once per year for a limited 

period between May and July and the majority of the 0+ cohort are recruited by July 

(Section 3.1). The experiment began in November, by which time all recruitment would 

have taken place and was completed in January, well before the following spawning 

season. Examination of the length frequency data (Figure 5.4) recorded for P. sophore for 

a sub-sample of waterbodies following the depletion and dewatering operations confirms 

that no recruitment took place. 
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Figure 5.4 Length frequency distributions for P. sophore for a sub-sample of the dry 
season waterbodies recorded at the beginning (broken line) and end (solid line) of the 
experiment. The area of the superimposed solid circles is proportional to the numerical 
density of P. sophore at the end of the experiment, calculated from N, and the final water 
volume (V2). 
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If recruitment had taken place following the depletion fishing operations, an additional 

mode would be visible to the left of each distribution denoted by the solid line; in all 

cases, this was absent. 

Puntius sophore, unlike several other floodplain species, for example A. testudineus, is 

unable to migrate short distances across land. Bias resulting from migration can therefore 

be ruled out because all waterbodies were discrete for the duration of the experiment. 

Similarly, there is little evidence in Figure 5.4 of gear selectivity (cf. Kelso and Shuter, 

1989). In the majority of cases, the relative size structure of the populations at the 

beginning and end of the dry season are almost identical including waterbodies No. 7 and 

No. 12 where there is an increase in mean size during the period. Waterbodies No. 15 and 

No. 16 exhibit marginal differences; the percentage of fish between 7cm and 9cm present 

at the beginning of the experiment declined by approximately 2% - 3% by the end of the 

experiment. However, such small differences could not account for the bias associated 

with the estimates of M, 
t,. 

Increases in modal length (Figure 5.4) appear inversely related to the population density, 

denoted by the area of the filled circle superimposed on each distribution. Growth is most 

pronounced in waterbody No. 7 which contained the lowest density of fish and is least 

evident in No. 19 which contained the highest density. The remaining waterbodies which 

contained moderate densities show either little (0.5cm) or no change in modal length. 

These observations suggest that P. sophore continues to grow, albeit at a relatively slow 

rate, during the dry season, but the extent of this growth may be governed by intra- 

specific competition. 

If it is assumed that there were no increases to the populations during the experiment then 

it follows from Equation 5.24 that the depletion estimates of No are the only remaining 

potential source of measurement error. 

The choice of model has the potential to effect the accuracy of depletion estimates of N 

and q (or p). Regression based models; Leslie & Davis (1939) and DeLury (1947) can 
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overestimate q (p) and N even when all fish have equal catchability if the same gear is 

used to both catch the fish and to provide an index of abundance. This arises because 

random variations in q lead to correlations between C, and n; (or cumulative effort, E; ) 

that cannot be taken account of in linear regression equations. However, the biases 

associated with this are likely to small in comparison to the problem of unequal 

catchability (see below), and can be overcome by using maximum likelihood models 

such as Zippin (1956); Carl and Strub (1978) or that of Schnute (1983) used here 

(Hilborn and Walters, 1992). A further problem with regression based models is that if 

there is a very large drop in the second catch relative to the first, the estimates of N can 
be less than the total catch from all fishings (Schnute, 1983). 

Inconstant catchability among individual fish has been widely recognised (Ricker, 1975; 

Cowx, 1983; Schnute, 1983; Hilborn and Walters, 1992) as a major source of error in 

depletion estimates of population size when using models which assume constant 

catchability. Inconstant catchability is a feature of populations that contain individuals 

with different vulnerabilities to capture or when their behaviour changes with successive 
hauls. The effect is to cause a rapid depletion of the more vulnerable individuals after 

the first unit (or few units) of effort is applied, leaving behind a pool of animals with a 
lower q. In some cases this q will decline progressively with subsequent removals leading 

to curvature or flattening of the depletion plot, though in other cases it will remain 

constant. (Hilborn and Walters, 1992). It may also be found that catchability increases 

after the first fishing. Schnute (1983) postulates this is the result of fish being roused 
from inaccessible locations after the first fishing making them more vulnerable to capture 
later. This might explain the pattern of increasing catches in waterbody No. 8. 

Individuals may also exist with q=0, avoiding capture or repeatedly escaping the 

sampling gear in some way. This gives rise to the pattern termed `hyperdepletion' where 
the population appears to be depleted, though the actual abundance has not fallen as much 

as CPUE (Hilborn and Walters, 1992). The effect of non-constant catchability is to bias 

the estimate of q upward and to bias the estimate of N downward leading to 

underestimation of N by up to 50% (Mahon, 1980; Bohlin and Cowx, 1988; Kelso and 
Shuter, 1989; Hilborn and Walters, 1992). 
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Inconstant catchability is apparent among the majority of the depletion plots illustrated 

in Figure 5.2. Initial rapid depletion of individuals followed by a constant or declining 

q is particularly prevalent, described in Section 5.2.3 as `two-stage' and curvilinear 

depletions, respectively. Increasing catchability is a feature of `no-trend plots'. 

Bias arising from inconstant catchability between fishings was effectively avoided by 

using the model of Schnute (1983). The results of the analysis (Table 5.5) confirmed 

that in the majority of cases, catchability was indeed inconstant, most frequently taking 

the form of two distinct catchabilities (model 2). In three of the eighteen cases, the 

catchability declined continually with successive fishings (model 3). The assumption of 

constant catchability held true in only six cases and therefore the application of 

conventional models would have led to serious errors in data interpretation. In cases 

were the assumption of constant catchability was rejected, the upper estimates of N were 

in some cases infinite (2,8,15) or very large (3,10,17). These are not "... peculiar 

statistical results... " but reflect "... a genuine experimental problem... " Schnute (1983), 

arising from the presence of individuals whose overall catchability is very low. 

Although the Schnute model effectively addresses the problem of inconstant catchability 

between successive fishings, no theoretical model is capable of dealing with the problem 

of the presence of individuals with q=0. Given that the experimental design satisfied, as 

far as possible, the remaining conditions of the removal method (see Cowx, 1983), it is 

concluded that the presence of these individuals is the most likely explanation for the bias 

associated with the estimates of M. 

Putting aside the problem of negative mortality rates for a moment, some might argue 

that the underlying relationship between the estimates of M,, and p (the slope) is spurious; 

simply a consequence of the bias associated with the estimates of M. If this were true, 

we would expect to find this bias, measured by the estimates of M, 
v, to be closely related 

to variables that are likely to affect the proportion of fish with q=0 in each waterbody 

(Randall, 1988; Pierce et at, 1990). If, on the other hand, these variables are found not 

to be significant, then the underlying relationship between the estimates of M,,, and 
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density is likely to be genuine. Variables that are likely to influence the proportion of 

fish with q=0 were identified as: (i) variation in substrate topography measured by the 

coefficient of variation in waterbody depth, COVDEPTH. Waterbodies with high 

COVDEPTH are likely to provide refuges such as depressions or holes in the substrate 

within which fish can avoid capture (ii) mean depth of the waterbody, MEANDEPTH. 

Ultimately, the maximum depth of a waterbody that can be effectively fished is limited 

by the dimensions (depth or height) of the net. The depth of water is also likely to effect 

the shape that the net takes when being hauled through the water which may influence 

its catchability, and (iii) width of the waterbody, WIDTH. Comments apply as for mean 

depth. 

Simple linear regression analysis was used to determine if the proxy of bias, M,, is 

dependent upon any of these variables. No significant (P > 0.05) relationship was found 

between M,,, and any of the variables (Table 5.9). This implies that the proportion of 

individuals with q=0 (ie the measurement error) might be independent of the waterbody 

and therefore constant; simply a feature of the sampling method used. This being the 

case, the underlying relationship (the slope) between Mw and density, p may be 

considered genuine. There is, however, no way of determining the magnitude of the 

measurement error, hence the true value of the intercept, c of the relationship remains 

uncertain. Additional information is required to estimate its value but a number of likely 

or realistic (positive) values may be assumed based upon empirical evidence. Equation 

5.26 then becomes: 

Mx, =c+0.051lnp for cz0 (5.27) 

Alternatively, it may be that the proportion of non-catchable fish increases with 

increasing fish density, in which case the observed relationship would be spurious. 

However, no explanation can be offered to explain why this may occur. 

299 



Table 5.9 Results of the regression analysis between estimates of the weekly 
instantaneous natural mortality, Mx, for P. sophore in dry season water bodies inside and 
outside the PIRDP and variables identified as potential sources of bias. 

Dependent Variable M. 

Variable Coefficient SE tp 

COVDEPTH 
MEANDEPTH 
WIDTH 

Figure 5.5 

0.2 0 

O 15 

ý2 
(D 

010 

M5 

000 1 
1.0 

-0.348 0.229 -1.515 0.149 
-0.125 0.114 -1.095 0.290 
-0.005 0.005 -0.934 0.364 

6.8 12.6 18.4 24.2 30.0 

Density (Nm-3) 

The behaviour of the density-dependent natural mortality model for 
P. sophore assuming M,, =O at unit density. 
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Figure 5.5 illustrates the model behaviour supposing, for simplicity, that the intercept is 

zero at unit density. The model predicts that mortality is zero at unit density and that 

there is some maximum natural mortality rate which is approached asymptotically 

towards infinite density. Therefore, at low densities, natural mortality is very sensitive 

to small changes in density and become progressively less so with increasing density. 

The model can only provide an empirical description of the response above unit density. 

At or below unit density, mortality is assumed to be zero. 

Because of the inherent difficulties of estimating natural mortality in exploited 

populations, few comparable studies have been made and the majority focus upon the 

early life history stages of salmonoids. Le Cren (1973) describes a "... striking example 

of density-dependent mortality... " in trout (Salmo trutta) fry populations in screened 

sections of small streams in North West England. He too found that the response was 

best described by a logarithmic function above a density of approximately I0m-2. Had 

all the data been included, a logistic function may have been more appropriate. The effect 

of the asymptotic response is to limit the final population to a maximum density of 

approximately 9fry in-'. Le Cren inferred that the response was caused by aggressive 

territorial behaviour of the trout fry to defend feeding territories leading to increased 

levels of starvation and vulnerability to predation at high densities. Mortensen (1977) 

also reports a very similar response for the same species inhabiting small streams in 

Denmark, though the threshold above which it was observed was lower (3.1 fry m 2) than 

that found by Le Cren. Mortensen offers the same explanations for the observed 

response. Data presented by Peterman (1978) for Pacific salmonids in the marine 

environment also supports a density-mortality response described by a logarithmic 

function. Although possible mechanisms for density-dependent mortality including 

competition for food, predation, parasitism and disease are discussed, Petermen does not 

establish the actual causes of the relationship, nor does he offer any interpretation of the 

asymptotic response. Gee et al (1978), examined mortality rates of young Atlantic 

salmon (Salmo salar) in the upper catchment area of the River Wye, Wales. They found 

a linear response between mortality and density, though a re-examination of the raw data 

reveals that a logarithmic fit would explain almost the same amount of variation. The 
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authors report that a logarithmic fit would have been expected based upon the strongly 

territorial behaviour of salmonids (Le Cren, 1973) and postulate that the linear 

relationship, which gives rise to the "over-compensatory" response, is caused by a 

prolonged stress-based decrease in fitness resulting from intra-specific encounters (Gee 

et al, 1978). 

There is also strong evidence of density-dependent mortality in non-salmonid species. 

For example, Jones (1984) found that the mortality of the juvenile (0+) wrasse, 

Pseudolabrus celidotus was a logarithmic function of their initial density. He proposes 

that intra-specific competition for food is the most likely explanation for the response, 

giving rise to reduced growth rates leading to increased vulnerability to predation, 

starvation and may encourage fish to exploit more dangerous micro habitats which offer 

less shelter from predators. Lockwood (1980) examined the density-mortality response 

of 0+ plaice (Pleuronectes platessa) populations in flatfish nursery grounds around the 

British Isles. He fitted two models to the data; a simple linear, and a curvilinear model 

based upon the von Bertalanffy (1957) growth function with asymptotic mortality rates, 

similar in behaviour to the logarithmic fit but with an intercept at zero density. 

Lockwood did not compare statistically the adequacy of each model though a 

comparison of coefficients of determination derived from data given in the paper 

indicates that a logarithmic model explains the same amount of variation as the linear 

one. Although parasitism, disease and genetic defects are not ruled out as causes, 

Lockwood explains the response as the result of a numerical and functional response of 

predators to prey density. The linear model implies that the numerical response is 

unlimited whereas the curvilinear model recognises that the predator population is finite 

and hence the mortality rate will tend to the asymptotic value as the rate of the numerical 

response declines. Lockwood notes that a drawback with the curvilinear model 

hypothesis is that at very high prey densities, the mortality rate would begin to decline 

to form a parabolic relationship with density. Vollestad and Jonsson (1988) present data 

to support density-dependent mortality in eel populations in the Isma River, SW Norway. 

They fitted a linear model to their data which too suggested that the mortality response 

does not take effect until after a threshold density (20000 elvers). There is, however, 
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graphical evidence that the rate of increase of mortality eventually declines at very high 

densities, implying that some form of sigmoidal relationship may be more appropriate 

for describing the response. The authors postulate that the response may be mediated by 

competition for space leading to increased vulnerability to predators and by a numerical 

response of predators. 

The logarithmic mortality-density response is not confined to teleost populations. 

Rosillon (1989) found it appropriate for describing invertebrate dynamics in a trout 

stream in Belgium and suggested that causal mechanisms may include intra-specific 

competition for food in grazers and predators, and predation by other organisms. 

Theoretical mortality-density responses have been proposed by Beverton and Holt (1957) 

for plaice (Pleuronectes platessa) and Welcomme and Hagborg (1977) for tilapia 

(Oreochromis) species in African floodplains. Both papers assume a linear response 

model derived from single estimates of mortality and density and assumptions regarding 

the intercept value. 

The process(es) responsible for the mortality-density response observed here are far from 

certain. In this experiment, M,,, was found not to be dependent upon fish predator density 

(P=0.908). The abundance of other potential predators, for example birds, snakes, frogs 

and insects, may be more important during this period (Lowe-McConnell, 1964; 1987; 

Welcomme, 1979; 1985). Feeding intensity of W. attu and C. striatus, both predators of 

P. sophore, is most intense during floodplain inundation and drawdown (Section 3.1). It 

is uncertain whether reduced feeding intensity during the dry season reflects the effects 

of depleted prey resources or changes in abiotic conditions such as temperature, dissolved 

oxygen and turbidity affecting feeding behaviour (Section 3.1). Changes in prey 

vulnerability (including prey size), not linked to density, may also be important. 

As discussed in Section 5.2.1, these temporal variations raise uncertainty surrounding the 

applicability of the model for predicting natural mortality rates beyond the dry season and 

emphasise the need for further work of this type during different phases of the flood 
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cycle. 

The logarithmic model is indicative of a functional and/or numerical response by 

predators to increasing prey density. If a numerical response is responsible, the model 

suggests that the predator population is finite. A functional response would suggest that 

predators become satiated at high prey densities or that capturing and handling time 

ultimately limits prey mortality rates at prey high densities (Wootton, 1990). 

Competition-mediated processes offer an alternative explanation since the observed 

logarithmic mortality-density response is also indicative of competition for a limited 

resource (Le Cren 1973; Peterman 1978; Jones 1984; Begon and Mortimer, 1986; 

Rosillon 1989). In this experiment, limited resources are likely to include dissolved 

oxygen, shelter from predators and food. Food is probably the least likely factor as there 

are no published accounts of fish dying during the dry season from starvation. 

Competition-mediated processes are likely to have an associated threshold density below 

which the process does not operate. Evidence of a threshold density is illustrated by Le 

Cren (1973), Mortenssen (1977) and Vollestad & Jonsson (1988). A combination of a 

threshold density and asymptotic mortality at high densities would imply that some form 

of sigmoidal model would be more appropriate for describing competition mediated 

processes. The sigmoidal relationship also has the advantage over the logarithmic model 

of being able to predict positive mortalities below unit density which cannot be achieved 

with the logarithmic function. The sigmoidal logistic model, Brown & Rothery (1993), 

was fitted to the experimental data; however, the coefficient of determination was only 

0.28 compared with 0.44 obtained with the logarithmic fit. Perhaps if water bodies with 

much lower population densities were included, a sigmoidal relationship may have 

proved more appropriate. 

The ANCOVA (Table 5.8) indicated that the relationship between the natural mortality 

rate and the numerical density of P. sophore is not significantly (P > 0.05) different inside 

and outside the PIRDP. Therefore, if numerical density is not different inside and outside 
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the scheme, then natural mortality rates are not expected to be different. 

This density-dependent mortality model could be criticised for failing to account for other 

species that were present in the waterbodies. However, it must be borne in mind that the 

experimental design was geared towards providing a simple description of density- 

dependent natural mortality for P. sophore which could, as part of the population 

simulation model described in the following Chapter 6, be used to explore the behaviour 

of this species under dynamic hydrological and exploitation regimes. This simulation 

model, validly or not, takes no account of species interaction. 

Obviously, this, in itself, is not justification for ignoring potential species interaction, 

particularly if the effects of such interaction are significant. However, there are several 

reasons why no attempt was made to include any potential interactions in the mortality 

model. Principally, a priori knowledge of species interaction would be required to 

generate hypotheses which could be validly tested. Indiscriminate testing of potential 

interactions would invariably lead to erroneous conclusions. Little is known of these 

interactions except that both Wattit and C. striatus prey upon P. sophore (Section 3.1). 

The influence of the abundance of these predator species on the natural mortality rate of 

P. sophore was examined but found not to be significant. Even with a priori knowledge 

of species interaction, it would have been impracticable to repeat the same population 

estimation procedure for all the species present in the waterbodies principally because 

many of them were not vulnerable to capture with the method employed. Personal 

observations indicated that P. sophore was by far the most predominant species and 

therefore inter-specific effects may have been relatively insignificant. Furthermore, if 

the species composition of the waterbodies was nominally similar, then the effects of 

species interaction would be have been implicity accounted for in the density-dependent 

mortality model. However, because many species present in the waterbodies were not 

vulnerable to capture, the degree of species composition similarity among the 

waterbodies is uncertain. 

Seine net removal estimates of population size should be treated with a degree of 
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uncertainty, even when catchability appears constant between each removal (Bohlin and 

Cowx, 1988). It has been reasoned that this is likely to be a feature of the gear employed 

- ineffective for capturing all members of the population. Lotrich (1973) found that seine 

net efficiency, measured by the proportion of the population removed after seining 

screened stretches of streams to exhaustion (ie when c 0), was 0.68-0.72, giving rise to 

an underestimation of the true population size by 28-32%. 

It is recommended that any future experiments based upon the procedure outlined in this 

section should be supported by an estimate of the efficiency of the seine (or any other 

gear) employed under different conditions in order to correct the estimates of No. Bohlin 

and Cowx (1988) encourage this type of gear calibration "... to facilitate comparisons 

between studies and aid the choice of gear for specific purposes". 

Arguably the bias associated with the estimates of M,,, might have been avoided if the 

removal method had been used to estimate both No and N, provided that the same 

technique (gear and performance) was used under similar conditions thereby ensuring a 

constant relative error (Bohlin and Cowx, 1987). However, dewatering was chosen 

because (D. Hoggarth, personal communication) argues that a known population size is 

preferable to an estimate. Dewatering is not recommended for obtaining values of No 

as it is likely to severely disrupt the general ecosystem of the waterbody. 

Alternative approaches for estimating mortality rates (and initial densities) could be 

employed. Vetter (1988) gives a very comprehensive review of available methods and 

concludes that tagging experiments hold the most promise since they focus on measuring 

relative as opposed to absolute differences in abundance. Use of tags would also provide 

the opportunity to estimate initial densities. However, tagging small fish such as 

P. sophore is notoriously difficult even when very small, non-intrusive tags such as the 

visible implant (VI) type are employed (Halls and Azim, 1997). Some form of `batch 

mark', for example, fin-clipping, Bagenal (1978) or elastomer marking, Farooqi & 

Morgan (1996) may provide an effective alternative. 

306 



Due to the difficulties encountered in this experiment, further work was undertaken to 

clarify the relationship between natural mortality and density, described in the following 

Section 5.3. 
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5.3 An alternative density-dependent mortality model 

The experiment designed to investigate the influence of density on the growth of 

P. sophore described in Section 3.2 also yielded important information on mortality rates 

with respect to (stocking) density (Table 5.10). For each pond, the instantaneous natural 

mortality rate, Mwas estimated from the number of fish stocked, So and the total number 

recovered, N, less the number of fish recruited to the population after stocking, R, 

(Equation 5.23). 

M=-1n(N1-Rd 
365 

so At 
(5.23) 

where At is the time period between stocking and dewatering. The initial density po was 

estimated from the number of fish stocked, the number of recruits adjusted for natural 

mortality and the pond volume, Vol (Equation 5.24). This method assumes (i) natural 

mortality is independent of fish size and (ii) recruitment occurred at time, t=0. 

pS° + 
Rle nrr 

PO= 
vol 

(5.24) 

Simple linear regression was used to model weekly instantaneous natural mortality rate, 

M,,, as a function of initial population density po. The model (Table 5.11 and Figure 5.6) 

is highly significant (P < 0.01) and explains 83% of the variation in mortality. 

The mechanisms responsible for the response are similarly uncertain, though predation 

by fish can be ruled out. Closely uniform physico-chemical conditions within the ponds 

(see Section 3.2) suggest that abiotic conditions may not be important in determining the 

observed mortality rates. In spite of this, heavy mortalities were observed to occur at 

night in the high density ponds when dissolved oxygen levels are expected to be at their 
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Table 5.10 Numbers and biomass of stocked and recovered populations of P. sophore in 
the experimental ponds. So - initial and final (Si) number cf stocked fish, N total 

number recovered, M,, weekly instantaneous natural mortality rate, Ro estimated 
numbers of recruits at start of experiment, R, - number of recruits recovered, Na 

estimated total numbers of fish at start of experiment, po-initial numerical population 
density. 

Pond So S, At 

(days) 

N, M,, 

(w') 

Ro R, No Po 

(Nm-2) 

1 3538 820 74 995 0.139 758 175 4296 57.3 

2 2247 1005 73 1368 0.074 813 363 3060 40.8 

3 2498 824 73 1292 0.107 1423 468 3921 52.3 

4 2236 641 72 860 0.122 767 219 3003 40.0 

5 890 530 78 933 0.047 678 403 1568 20.9 

6 586 419 75 1078 0.031 922 659 1508 20.1 

8 405 245 76 674 0.046 710 429 1115 14.9 

Table 5.11 Parameters estimates of the linear model describing the relationship 
between the estimates of M,, and initial numerical population density, po. 

Multiple R 0.912 
R2 0.832 
Adjusted R2 0.799 
Standard error of estimate 0.019 

Variable Coefficient SE tP 

Constant 0.0005762 0.01769 0.032 0.975 

Po 0.0022939 0.00046 4.983 0.004 

Analysis of Variance 

Source Sum of Squares DF Mean Square FP 

Regression 0.0088 1 0.0088 24.829 0.004 
Residual 0.0013 5 0.0002 
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Figure 5.6 Estimated weekly instantaneous natural mortality rate M,,, for P. sophore 
plotted as a function of initial numerical population density, po with fitted regression 
model. r2 = 0.83; P=0.004. 

lowest. Predation by predators other than fish may be also be important. Aquatic insects, 

frogs, snakes, amphibious lizards and birds were observed in and around the experimental 

ponds. The linear response suggests that predators were not satiated, limited numerically 

or restricted by capturing and handling time. A full interpretation of various mortality- 

density responses has been examined in detail in Section 5.2.4. and therefore will not be 

repeated here. 

The linear model derived here and the logarithmic model, derived in Section 5.2, are 

compared in Figure 5.7. The solid lines represent the linear model, with 95% confidence 

limits, and the broken line represents the logarithmic model described by Equation 5.26 

in Section 5.2.3. 
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Although the intercept value of the logarithmic model remains uncertain, the two models 

exhibit close correspondence. Indeed, the fact that the logarithmic model lies within the 

confidence limits of the linear model implies that model predictions are not significantly 

(P > 0.05) different for most population densities. This close correspondence further 

reinforces the very existence of density-dependent mortality processes in P. sophore 

populations and confirms the authenticity of the underlying mortality-density response 

found in the wild populations. 

0.20 r 
II 

0.15 

C) a) 

0.10 
Q 

005 L 

0.00 
1 8 15 22 29 36 43 50 

Initial density (Nm-3) 

Figure 5.7 Comparison of the linear and logarithmic models for predicting weekly 
instantaneous natural mortality, MH, of P. sophore from initial population density po. The 

solid lines denote the linear model with 95% confidence intervals derived from 

experimental populations. Broken line denotes the logarithmic model derived from wild 
populations (Section 5.2). 
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5.4 Chapter Summary 

0 Evidence presented in this chapter, and the results of previous studies suggest that 

total mortality rates (Z) of floodplain fish populations are very high compared 

with other ecosystems, with survival rates generally not exceeding 8% per year 

for 0+ fish. 

" Estimates of Z for the key species range from 3.2 y' for P. sophore to 4.7 y' for 

Ccatla, equivalent to survival rates of between 1- 4%. The confidence intervals 

around the estimates suggest that the true range may lie between 1-8%. These 

rates are consistent with the results of other workers. No estimates were made for 

G. giuris due to uncertainties regarding its pattern of growth and life history. 

0 Estimates of Z were not significantly different (P > 0.05) inside and outside the 

PIRDP. Real differences in Z may be masked by the lack of precision of the 

estimates. 

0 Differences in Z among the key species are likely to reflect their vulnerability to 

capture. Estimates of Z were highest for the highly migratory and predator 

species (C. catla, C. striatus and W. attu). These species are particularly vulnerable 

to barrier or interceptory type traps and gears, and baited hooks and lines. These 

species are also targeted as highly valuable food fish. The lowest mortality rates 

were found for the small, less mobile, insectivorous and plantivorous species 

(A. testudineus and P. sophore). 

0 Evidence for density-dependent natural mortality in P. sophore was examined in 

flood-inundated dry season water bodies. A highly significant (P = 0.003) 

relationship was found between estimates of weekly instantaneous natural 

mortality rate M,,, and numerical density, though based partially upon negative 

mortality rate estimates. Evidence is put forward which suggests that the bias 

extends to all estimates of M, 
v 

in the same direction, equally. It is therefore 
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argued that the underlying relationship is genuine, although the value of the 

intercept of the model is uncertain. 

0 The relationship is described by a logarithmic function which is consistent with 

the results of several workers. The process(es) responsible for the observed 

response are uncertain. The logarithmic function is indicative of a functional and 

/or numerical response by predators to increasing prey density. Mortality was 

found not to be dependent upon fish predator density, though other potential 

predators such as birds and amphibians may be important. Competition-mediated 

processes provide an alternative interpretation. 

0 The predicted weekly instantaneous natural mortality rate of P. sophore for a 

given population density is not significantly (P > 0.05) different inside and 

outside the PIRDP. 

0 Because of difficulties experienced in this experiment, the mortality-density 

response of P. sophore was fiirther explored using data derived from the density- 

dependent growth experiment described in Section 3.2. 

0 The data yielded a highly significant (P = 0.004) linear relationships between 

estimated weekly instantaneous natural mortality rate and initial population 

density, though the process(es) responsible for the response are also largely 

uncertain. 

0 Predictions based upon the logarithmic model derived in Section 5.2 and the 

linear model derived in Section 5.3 are not significantly (P > 0.05) different over 

most densities. Their close correspondence reinforces the existence of density- 

dependent mortality processes in P. sophore populations and confirms the 

authenticity of the underlying mortality-density response found in wild 

populations. 
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Even under carefully controlled experimental conditions, depletion methods can 

significantly underestimate population abundance. Mark-recapture methods are 

recommended for future experiments of this type. 

314 



Chapter 6 
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6. Floodplain fisheries model (FPFMODEL) 

"I do not know how the parts are interconnected, and how each part accords with the whole; for to know 

this it would be necessary to know the whole of nature and all of its parts ". 
Baruch Spinoza 1632-1677 

6.1 Introduction 

The comparisons of growth performance (Section 3.1), reproductive strategies (Section 

4.1) and mortality rates (Section 5.1 and 5.2) made in the preceding chapters suggest that 

the production potential of the fish is at least as high inside the PIRDP as outside. 

Indeed, for four of the six key species, growth performance was shown to be higher 

inside the PIRDP, apparently due to lower fish density. 

However, MRAG (1997) has estimated that productivity, measured as the total catch per 

unit area (CPUA) of all species combined, was significantly greater outside the scheme 

compared to inside during the same sampling period (1995-1996). For the split year July 

1995- June 1996, for which water height data are available for a full hydrological cycle, 

estimated CPUA was 138 kg ha' outside the PIRDP compared to only 45 kg ha' inside. 

Because of the problems associated with effort standardisation discussed in Section 1.4, 

there are no total standardised effort data with which to compare these productivity 

estimates. Therefore, using the data and methodology of MRAG (1997), the relative 

amounts of fishing effort inside and outside the PIRDP were compared using the average 

ratio of In/Out effort-per-unit-area (EPUA) estimates for each gear for months with data 

available for both regions'. The average ratio of In/Out EPUA's was 0.74 (CI 0.21 to 

1.28, n=20). Overlapping confidence intervals around unity indicate no significant 

difference in fishing effort between the two locations, but if the average value is taken 

at face value, then fishing effort is marginally (35%) greater outside the PIRDP. Even 

Average ratio calculated on log-transformed data, with approximate 95% confidence interval (CI) 

calculated as +/- 2*SE, before back transformation. - 
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taking account of this marginal difference in effort, the productivity of floodplains inside 

the PIRDP is still in the region of 50% lower than outside. 

Is this remaining difference in productivity simply a reflection of the reduced 

accessibility of migrant species to inside floodplains (Chapter 2 and MRAG (1997)), or 

could the recruitment and thereby the actual production of fish inside the PIRDP also be 

reduced by hydrological modification or less favourable floodplain morphology? 

Moreover, how might the observed differences in the growth performance and density 

of the key species be explained? 

Using a floodplain fisheries model (FPFMODEL), this chapter seeks to answer these 

questions and thereby quantify the impact of the PIRDP on fish productivity. The 

approach is based around simulating the monthly catches of one of the key species 

(P. sophore) estimated by MRAG (1997), given the hydrological regimes and floodplain 

morphology recorded inside and outside the PIRDP for the same split year. Model 

simulations are also used to explore management options for modified floodplain 

fisheries. 

The analysis is based upon catch estimates for the split year July 1995- June 1996 (Table 

6.1, Figure 6.1 a&b) for which water height data are available for a full hydrological 

cycle (Figure 6.1c). As with most species, productivity estimates for P. sophore are 

significantly lower inside the PIRDP compared to outside, but not in the same proportion 

as catches of all species. Catch per unit area of P. sophore is 1.6 times greater outside 

compared to inside, but 3 times greater for all species combined. Nevertheless, 

differences in productivity are in the right direction. Given that P. sophore may be a 

resident `black' or `greyfish' species (MRAG, 1997), it is hypothesised that this 

difference in productivity ratio is likely to reflect the reduced abundance of migratory 

species inside the FCDI as opposed to significant differences in the population dynamics 

of P. sophore compared to other floodplain species in the catch. 
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Table 6.1 Monthly estimates of catch (kg) and total annual productivity (kg ha-`) of 
P. sophore and all species combined, inside and outside the PIRDP for the split year July 
1995 - June 1996. Data Source: MRAG (1997). 

P. sophore All species 

Month Inside Outside Inside Outside 

July 2972 11867 5411 81068 

August 590 1282 6916 84640 

September 662 796 31857 72471 

October 4706 11523 56408 141284 

November 1892 5695 29510 69297 

December 1016 14680 9317 137521 

January 4261 5139 26882 138990 

February 1348 1542 6832 45997 

March 1082 154 4296 34664 

April 2850 1447 9025 80162 

May 0 205 0 12786 

June 0 550 0 20734 

Total catch (kg) 21379 54881 186454 919615 

Area (ha) 4108 6673 4108 6673 

Productivity kg ha-' 5.2 8.1 45.4 137.8 

Outside/Inside 1.6 3.0 
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Figure 6.1 Monthly catches of (a) P. sophore (b) all species combined and (c) weekly 
water height (m) inside (solid line) and outside (broken line) the PIRDP for the split year 
July 1995-June 1996. 
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The chapter begins with a description of the FPFMODEL (Section 6.2) and the basic 

behaviour of unexploited populations under different hydrological regimes (Section 

6.3.1). The following Section 6.3.2 then addresses the extent to which hydrological 

modification and differences in floodplain morphology might influence the productivity 

of fish within the PIRDP. Armed with this information and the productivity estimates 

of MRAG (1997), an attempt is made to quantify the impact of the scheme on fish 

productivity. Management options for modified floodplain fisheries (Section 6.3.3) and 

the model sensitivity (6.3.4) are then explored before the chapter discussion (Section 6.4). 
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6.2 Description of the FPFMODEL 

The grass-roots of the FPFMODEL lie firmly within the population dynamics model 

developed by Welcomme and Hagborg (1977) to explore the behaviour of African river 

fisheries under different regimes of flooding and exploitation. Like the model of 

Welcomme and Hagborg (1977), the FPFMODEL also describes the dynamics of a single 

species (P. sophore) or a group of species having common characteristics in which growth 

and natural mortality rates and recruitment are density-dependent. The model also takes 

no account of species interactions including inter-specific competition for food and the 

influence of other species on density-dependent mortality rates. Puntius sophore was 

selected because it is the most abundant and widely distributed species of teleost in 

Bangladesh, caught within all floodplain habitats and forming the largest proportion of 

the catch, second only to shrimp (FAP 17,1994). Because of its importance to the 

fishery, this species was the subject of the most extensive study in previous chapters and 

therefore its population dynamics, particularly in response to density, are best understood. 

Similar to the model of Welconune and Hagborg (1977), the FPFMODEL is also based 

upon the same weekly iterative interaction of water height (and therefore the area and 

volume of water upon the floodplain) and exploitation, with a fish population. The main 

differences between the two models concerns the specification of the sub-models 

describing growth, recruitment and mortality. These differences are discussed in terms 

of the modelling results in Section 6.4. 

6.2.1 Hvdrological model 

The hydrological model was derived from data gathered as part of the `Fishing and fish 

survival in dry season water bodies' sub-project of MRAG (1997). This project provided 

a census of the various types of dry-season water bodies (water bodies remaining on the 

floodplain, below bankfull height) inside and outside the PIRDP, including details of 

their hydrology and morphology (Table 6.2a&b). 
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It was noted in Section 1.6 that water levels inside and outside the PIRDP, measured at 

Talimnagar sluice gate, remained relatively stable at approximately 15 ft (4.54m) during 

the dry seasons (Figure 1.7) of both sampling years and it was suggested that this height 

is likely to correspond to the elevation of the water table in this region and/or a buffering 

effect created by the Gangetic Delta. 

Assuming that this water height does represent some minimum low water level, then the 

vertical elevations of the perennial dry-season water bodies/habitats at the study site may 

be estimated in relation to this level based upon their reported minimum depth during the 

dry season. For example, if the estimated minimum depth of beel habitat during the dry 

season is 0.5m, then the estimated elevation of this habitat is 4.54m - 0.5m = 4.04m. The 

elevation of seasonal water bodies was assumed to be equal to the minimum water level 

(4.54m). This method for estimating elevations of water bodies assumes that the water 

height in each water body is directly linked to the height of the water table and responds 

immediately to any changes in it. It takes no account of losses due to evaporation or 

extraction for irrigation. 

The maximum dry season depth (the depth at bankfull height, BH) of each water body, 

i was calculated from its estimated elevation (EE) as: 

Max. depth, ;= BH - EE; (6.1) 

and the water depth (WD) for a given water height (WH) as: 

WD; WH - EE; (6.2) 

where WH z EE! 

Because little information is available regarding the morphology of individual water 

bodies, it was assumed for simplicity that beel and kua water bodies have vertical sides 

and flat bottoms, thereby allowing their volumes, V, to be estimated from the total area 
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of each water body type, A. and the water depth WD; : 

V; = Ai. WD; 

Rivers were assumed to have a shallow `V-shaped' cross section (Figure 6.2). 

width, W 

BankfuII 

Figure 6.2 Theoretical cross-section of river habitat 

(6.3) 

The angle 0, was calculated from the maximum width of the rivers (Table 6.1a&b) and 

the estimated maximum depth (MD) calculated from Equation 6.1 using: 

Tan0=0.5W 
MD 

(6.4) 

Angle 0 was estimated as 82° for rivers inside and 85° for rivers outside the PIRDP. The 

area of river habitat for a given water depth (WD) and fixed river length (RL) is given by: 

Area 
WD=2. 

Tan 0. WD. RL (6.5) 

and the volume by 

VolWD =0.5(AreaWD. WD) (6.6) 
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The total area of all dry season waterbodies, DSWB (including rivers) for a given water 
height (WH) is given by: 

AreaDSwa, wx-EA i, WH (6.7) 

and the total volume by: 

VOIDSWB, 
WH-> 

Vi, 
WH 

(6.8) 

i 

The relationships between water height (WH) and the total area, and water height and 

total volume of dry season waterbodies were examined using estimates of the total area 

and volume of the waterbodies remaining at water heights corresponding to their 

estimated elevations (Table 6.2). For example, at a water height equal to bankfull 

(7.507m), the total area and volume includes all dry season water body types. At a water 

height of 4.54m inside the PIRDP, all seasonal floodplain, river and household kuas are 

dry and therefore excluded from the total area and volume remaining, and so on. 

The relationship between water height and total area of dry season waterbodies both 

inside and outside the PIRDP was linear (Figure 6.3) and modelled using simple linear 

regression. The relationship between water height and total volume, inside and outside 

the PIRDP was best described by an exponential model of the form of Equation 6.9, 

estimated using non-linear least squares. 

V01DSWB, 
WH =EXP(x +y. WIC (6.9) 

The parameters of the four models are given in Table A6. la-d. In all four cases, the data 

were well described by the models (r2 = 0.86-0.99) (Figure 6.3). 
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Figure 6.3 Water height and corresponding total area and volume of water of dry season 
water bodies inside and outside the PIRDP with fitted linear and exponential models. For 
the four model fits, r2 = 0.86- 0.99. 
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The four models are given by: 

Area inside) 

` DSWB, WH--522034 +158673(WI) (6.10) 

Volume (inside) 

V01DSWB, WH=EXP(7.001 +0.988(WH)) (6.11) 

Area (outside) 

`4DSwe, wx- -541 179 +333193(WI) (6.12) 

Volume (outside) 

VolDSWB, WH=EXP(l 1.063 +0.616(WH)) (6.13) 

For water heights above bankfull height (BH), the total flooded area was assumed to 

equal the total area of floodplain within the study site; 4108 ha inside, 6773 ha outside. 

The volume of water on the floodplain (VolFp) for a given water height (WH), not 

including dry season water body volumes, was estimated from: 

VolFP, 
WH=AFP'(WH-BFI) 

(6.14) 

The total, combined volume of water within the dry season water bodies and upon the 

floodplain is given by: 

Voltotal, WH-Vol Ft WH+VolDSWB, WH (6.15) 
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6.2.2 Population Model Algorithms 

The population model represents a modification of the modern dynamic pool model 
(Pitcher and Hart, 1982) which is built around the summation of yields from each age 

class or cohort in the population, as opposed to integrating over all ages as in the classic 
(Beverton and Holt, 1957) dynamic pool model. The modifications made to the model 
have been designed so that yields can be predicted in separate and successive years 

allowing for weekly variations in age-dependent growth and mortality rates and inter 

annual variations in recruitment strength driven by changes in population density. In this 

case natural mortality rates have been specified as age-independent. The strength of the 

model lies in its simplicity, generality and flexibility and may be easily modified to 

include other species (without interaction), analogous to the BEAM4 model of Sparre 

and Willman (1991). 

The yield, Yin year k is given by: 

'=ii w=52 

Yk=E[/ 
F]11 

-eXp(-(Fk, i, w +M k, w))] Nk, i, w' W k, i, w 
(6.16) 

i=0 w=1 Fk, 
i, w+Mk, w 

where 

t1 = longevity, integer years (0,1,2,.... ) 
w= week number (1,2,3..... 52) 
i= age of fish, integer years (0,1,2,.... ) 
Fk,;. W = weekly instantaneous fishing mortality rate during week w, year k, age i 
M'k, 

w = weekly instantaneous density-dependent natural mortality rate during 
week w, year k 

Nk, i'W = number of individuals in year k age i at the start of week w 

Wk.;, 
w = mean weight in year k age i in week w 

If Rk is the number of recruits in year k, recruiting at age 0 at the beginning of week 1 of 
year k, then the numbers of fish in year k age i at the start of week w is given by: 
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Nkol= Rk 

z=w-1 

Nxow= Rk exp[- E (FkoZ+M/Z)] 
z=1 

if iZ1, then: 

ifi=0, w=1 (6.17) 

if i=0, w>1 (6.18) 

x=k-1 y=i-1 z=52 z=w-1 

N=R exp[- (F +Mi )lexp[- (F +M/ )] (6.19) 
k, i, w k-i x, y, z x, z k, i, z k, z 

x=k-i y=0 z=1 z=1 

The number of recruits in year k are determined by nitrate concentration (IV), flooded area 
(A) and the combination of the numbers of spawning individuals and their mean 
fecundity (S) in the last week (week 52) of the previous year given by: 

-ý sk-1 
52' C. Nk-1.52 

Rk=(a. Sk 
1,52. e ). Awf52 

(6.20) 

where 

a, P, c= constants of the extended Ricker stock-recruitment model 
Nk, 52 = nitrate concentration (mg / 100 litres) in year k, week 52 
A WH52 = flooded area for water height (WH) at week 52 (Equation 6.10 or 6.12) 
Sk, 52 = number of eggs M-2 produced by the spawning stock in year k, week 52 

given by: 

i =rr 

3k, 
52-/ý 

Nk, 
i, 52'Fk, i, 52 (6.21) 

r=r 

where 

t,,, = age at maturity, integer years (0,1,2,.... ) 

Fk SZ = mean fecundity, in year k age i in week 52 given by: 

e Fk 
rw=d 

(L k, ;, W) 
(6.22) 
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where 

e, d = 
Lk.; 

,,, _ 
constants of the length-fecundity relationship 
mean length in year k age i in week w given by: 

Csin(2r[(i w 
-tom)) 

-K ((l+ w fo)+ 
52 

52 2t[ Lkrw=L 
-Bk, w 

1-e 

where 

(6.23) 

K= von Bertalanffy growth parameter 
to = age at length zero 
C= amplitude of seasonal growth oscillation in growth rate (0-1) 
t" = starting (winter) point of growth oscillation 
Lmß, Ov = asymptotic length in year k, week w which is dependent upon biomass 

density B in the previous week given by: 

L-B kw =L-L -g. Bk, 
w _1 for w=2,3,.... 52 (6.24) 

L-s, k, w -L-L, -g"Bk-1, sz for w=1 (6.25) 

where 

L-L = limiting asymptotic length 
g= competition coefficient 
Bk, 

W = biomass density in year k, week w given by: 

i =t1 

i=p 

N,,,,. W 
k, i, w (6.26) 

Bkw= 

Vk, 
w 

where 

Vk,, 
y = volume of water upon the floodplain in year k in week w 
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The mean weight, W in year k, age i, week w is given by 

( W 
k, i w -a 

(L 
ki w)b 16.27) 

where 

a, b= constants of the length-weight relationship 

The weekly instantaneous density-dependent natural mortality rate M during week w, 
year k is a function of the numerical density p (Nm-3) in the previous week given by: 

(6.28) 
i Mk, l=y+s"Pk-1, sz 

forw=1 

Mk-=y+6'Pk, 
w_t 

forty=2,3,.... 52 (6.29) 

where 

y, 6= constants of the mortality-density relationship 

The numerical density p, is defined by: 

i =tl 

Nk, 
i, w 

(6.30) 

_ 
i=0 

Pk, w Vk, 
w 

The weekly instantaneous fishing mortality rate during week w, year k age i is given by: 

Fk, 
i, w 

fk, 
w'gk, i, w 

where 

f k,,,, = fishing effort during week w, year k 
q k,; ,v= catchability coefficient during week w, year k, age i 

(6.31) 
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6.2.3 Model input parameter values 

The model input parameter values, estimated in the preceding chapter sections are given 
in Table 6.3 below. The predicted mean length of both the exploited and the unexploited 

population in May was significantly lower (55-57mm ) than the observed mean length 

both inside and outside the PIRDP during the study period (67.6mm; SD=3.7). The 

estimate for the limiting asymptotic length L-L, was therefore raised from 67mm to 80mm 

to minimise the deviation between the observed (67.6mm) and the predicted mean length 

in May. Possible explanations for the underestimation ofL�L are discussed in Section 6.4. 

Each model year begins the week starting 24th June (week 1). This corresponds to the 

week when the mean observed water height outside the PIRDP between 1993-1996 

reached bankfull. The summer point (t8 = 0.5) used in the estimation of the density- 

dependent growth parameters was based upon a year starting 1st January and therefore 

was corrected to the model year starting 24th June (t, =0.04). Based upon the analysis of 

the spawning period for this species (Section 4.1) it was assumed that fish spawn on 

average at the beginning of June. The value for to was thus set to-0.08. 

Nitrate concentration at the study site is unknown, and it is uncertain how it may vary 

both temporally and spatially. Nitrate concentrations for rivers in most of the major 

watersheds of the world range from 0.003-7 mgl-' with a typical value of 1.0 mgl-' 

(Home and Goldman 1994). Nitrate was therefore fixed at 1 mgl-' (N=100) for all model 

simulations. 
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Table 6.3 Values of the model input parameters estimated in Chapters 3-6. 

Sub-model Equation Parameter Value Section 

In Out 

Area 6.10,6.12 v -522034 -541179 6.2.1 

6.10,6.12 w 158673 333193 6.2.1 

Volume 6.9 x 7.001 11.063 6.2.1 

6.9 y 0.988 0.616 6.2.1 

Density-dependent natural mortality 6.26,6.27 y' 0.000576 0.000576 5.3 

6.26,6.27 8' 0.00229 0.00229 5.3 

Stock-recruitment 6.19 a 0.000976 0.000976 4.2 

6.19 ß -0.00018 -0.00018 4.2 

6.19 c 0.0292 0.0292 4.2 

6.19 N 100 100 4.2 

Length-fecundity 6.21 d' 4.5E-09 4.5E-09 4.1 

6.21 e4 6.195 6.195 4.1 

Density-dependent growth 6.23 Lm, 80 80 3.2 

6.23 g 0.016 0.016 3.2 

VBGF 6.22 K 2.15 2.15 3.2 

6.22 C 1.0 1.0 3.1,3.2 

6.22 Is 0.04 0.04 3.1 

6.22 to -0.08 -0.08 3.1 

Length-weight 6.25 a 8.14E-06 7.90E-06 3.1 

6.25 b 3.21 3.21 3.1 

1.2 constant and coefficient of the linear density-dependent natural mortality relationship (Table 
5.11) respectively. 

3.4 previously defined as a and b respectively 
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6.3 Model simulations 

The FPFMODEL was programmed using a Quattro Pro v 6.0 Spreadsheet. This 

environment was favoured for its transparency, flexibility and simplicity. All the results 

presented here represent equilibrium values of stabilized populations after 20 model 

years. Stabilized populations were defined as populations in which recruitment remains 

constant for at least 3 successive years. 

6.3.1 Behaviour of unexploited populations 

The basic behaviour of the unexploited population of P. sophore was explored by 

examining weekly changes in numbers, biomass, numerical density, length and weight 

in response to weekly changes in water height and volume outside the PIRDP. Weekly 

water heights were varied according to a modified sine function which best fitted the 

observed average weekly water heights recorded outside the PIRDP at Talimnagar 

between 1993-1996' (Figure 6.4a). 

To explore the influence of natural variation in the hydrological regime on the dynamics 

of the population, a family of hydrographs based around the same modified sine function 

calculated above was specified by varying the amplitudes of the flood and dry season 

components (Figure 6.4b). Little information (4 years) is available on natural variation 

in water heights at the study site, though a comprehensive data set does exist for the 

Jumuna River for the period 1964-1992 (Figure 6.5) which offers some indication as to 

the likely range of natural variation. These data suggests that variations in water level 

about the mean are more pronounced (approximately ± 1.5m) during the flooding season 

compared to the drawdown and dry season (approximately ± 0.5m). 

The amplitudes of the high and low water components of the modified sine function 

calculated above ( labelled D and c in Figure 6.4b) were varied by ± 1.5m in steps of 

2 Water height data at this location are available only for this period. No dry season water height 
data are available for this location between 1993-1994. 
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Figure 6.4 (a) Observed average weekly water height (m) recorded outside the PIRDP at 
Talimnagar between 1993-1996 (broken line) and best fitting modified sine function 
(solid line); (b) Family of high and low water regimes based upon the modified sine 
function shown in (a) and the variation in water height recorded in the Jumuna River 
1964-1992. 
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Figure 6.5 Daily water height (m) of the Jumuna River 1964-1992. Day 1= 01 January, 
Day 100 = 09 April, Day 200 = 18 July, Day 300 = 26 October. Data Source: 
Bangladesh Water Development Board. 
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0.5m and by ± 0.5m in steps of 0.25m respectively to produce seven high water regimes 

and 5 low water regimes (Figure 6.4b). This assumes that the average weekly water 
heights recorded outside the PIRDP at Talimnagar between 1993-1996 represent the long 

term average. Details of each high and low water regimes are given in Table 6.4. 

Table 6.4 Details of the family of high and low water regimes used to explore the 
influence of hydrology on the dynamics of P. sophore. Upper and lower case letters 
specify the water regimes during the flood and dry season respectively, illustrated in 
Figure 6.4b. 

Water regime Mean water height 

(m) 

Mean area 

(ha) 

Mean volume 

(x 105 m3) 

A 9.79 6773 1870 

B 9.47 6773 1590 

C 6.19 6773 1320 

D 8.84 6773 1060 

E 8.52 6773 814 

F 8.2 6773 574 

G 7.89 6773 340 

a 5.98 333 298 

b 5.82 328 278 

c 5.66 322 260 

d 5.50 317 244 

e 5.34 312 229 

These high and low water regimes can be combined to give 35 different hydrological 

regimes. Contour or isopleth plots were used to examine the influence of the different 

combinations of low and high water regimes on mean annual population number and 
biomass, recruitment, and mean weight. 
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The basic dynamics of the population in response to weekly changes in water height are 
illustrated in Figure 6.6(a)-(f). As water height begins to rise from bankfull height at the 

start of the flood (Figure 6.6a), the volume of water in the system (Figure 6.6b) increases 

rapidly. The numerical density of the new recruits and survivors from previous cohorts 
declines rapidly within the first two weeks (Figure 6.6c) in response to losses due to 

natural mortality (Figure 6.6d) and an increase in the volume of water in the system. As 

water height and volume continue to increase during the rising flood, the numerical 
density continues to fall, though more slowly, (Figure 6.6c). Losses due to natural 

mortality are low during the period of floodplain inundation (Figure 6.6d), although 
biomass increases rapidly (Figure 6.6e) in response to increasing mean weight (6.6f). 

Numerical density then rises rapidly (Figure 6.6c) as water volume falls in response to 

the drawdown to reach a maximum at bankfull height. Mortality rates increase in 

response (Figure 6.6d) causing a sharp decline in biomass which is augmented by a 
decline in mean weight (Figure 6.6f). 

The sharp decline in biomass introduces damped oscillations into the mean weight sub- 

model (Figure 6.6f) which feeds back into the biomass predictions (Figure 6.6e). These 

damped oscillations are simply a feature of the model set-up and could be avoided by 

reducing the simulation period to less than one week, but these oscillations disappear 

when the model population is subject to exploitation and therefore have no bearing on 

the main conclusions. 

Biomass then continues to decline, but more slowly, as the minimum dry season water 
height is approached. Subsequently, biomass begins to increases modestly (Figure 6.6e) 

as the continued decline in numbers of fish (Figure 6.6d) is compensated by a rapid 
increase in individual mean weight (Figure 6.60 coinciding with increasing water height 

and volume once more (Figure 6.6a&b). 

339 



12 

(a) 11 
10 

9 
8 
7 

=6 

5 
a 
3 

0 
200000000 

(b) 
750000000 

100000000 

50000000 

0 
0 

70 

(C) 60 

f 50 
E 
? 40 

30 

20 

10 
0 

0 

400000000 

(d) 
300000000 

E 200000000 

z 

100000000 

0 
0 

1000000 
(e) 

800000 

600000 

aooooo 

200000 

0 
0 

7 

(f) 6 
5 

a4 

3 

2 

0 
0 

Figure 6.6 Weekly changes in equilibrium (c) numerical density, (d) population number, 
(e) biomass, and (f) mean weight of 0+ cohort in response to (a) water height and (b) 
volume of water outside the PIRDP for the unexploited population. 
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The influence of combinations of different high and low water regimes on mean annual 

population number and biomass, recruitment, and mean weight of the unexploited 

population is illustrated in Figure 6.7(a)-(d). For mean flood season water heights 

(FSWH) above approximately 9m, mean annual population biomass (Figure 6.7b) is 

determined almost entirely by the mean dry season water height (DSWH), in a near linear 

fashion, giving rise to higher biomass with increasing mean DSWH. However, the 

influence of the FSWH increases progressively with decreasing mean FSWH and 

increasing DSWH. In general, biomass increases with both mean flood and dry season 

water height giving rise to maximum biomass at maximum mean flood and dry season 

water heights. 

Recruitment is determined almost exclusively by DSWH (Figure 6.7b) which determines 

the number of individuals surviving the dry season to form the spawning stock at the end 

of the year. Recruitment increases almost linearly with DSWH with maximum 

recruitment corresponding to maximum DSWH. Flood season water height has relatively 

little influence over the survival of individuals and therefore recruitment. 

Flood season water height appears to have almost no influence on the mean weight 

(Figure 6.7c), and therefore also length and fecundity, because mean annual biomass and 

numerical density remain relatively constant for a given DSWH. Mean weight does 

decrease marginally with increasing DSWH because recruitment has a stronger influence 

over biomass density than FSWH. 

The pattern of biomass is explained by the influence of flood and dry season water height 

on the mean annual number of individuals in the population (Figure 6.7d). Although 

recruitment is determined almost entirely by DSWH, the mean number of individuals, 

and therefore the mean annual biomass is also determined by FSWH through its influence 

over flood season numerical density and natural mortality rates. This influence becomes 

stronger with decreasing FSWH and increasing DSWH which favours recruitment. 

In general, it would appear the main process affecting the dynamics of the unexploited 
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population is density-dependent mortality during the dry season which determines 

spawning stock size and subsequent recruitment. This process, through its influence of 

population number, also regulates biomass density and therefore mean weight, length and 
fecundity have little influence over the dynamics. 
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Figure 6.7 Isopleths of equilibrium (a) mean annual biomass (t); (b) mean weight (g); (c) 
recruits (x 106) and (d) mean annual number of individuals (x 106) for the unexploited 
population plotted as a function of mean flood and dry season water height (m). 
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6.3.2. Exploited populations - the effect of hydrological modification inside the 

PIRDP. 

Exploited populations of P. sophore inside and outside the PIRDP were modelled using 

the observed weekly water heights for the split year 1995/96 for each location (Figure 

6.1c) and the appropriate hydrological models defined in Section 6.2.1. Because of the 

problems associated with effort standardisation discussed in Section 1.4, no total 

standardised effort, f or catchability, q, data were available with which to estimate 

weekly instantaneous fishing mortality rate, F, and thereby model the catches recorded 

by MRAG (1997). Therefore, weekly values for F were estimated from the pattern of 

observed catches in each month by keeping fishing effort, f constant (f = 1) and 

minimising the sum of squared residuals (ssr) between the observed and predicted catch 

(Equation 6.32) with the `Optimizer' routine by varying the values for q in each calender 

month. In reality, both fishing effort and catchability are likely to vary seasonally 

(MRAG, 1994; 1997). This approach effectively encapsulates the simultaneous changes 

in these two variables. 

ssr => (C. -C. ) (6.32) 

For the "Outside" model input parameters, the minimisation routine converged upon a 

monthly pattern of q's which successfully predicted the observed catches (Figure 6.8). 

Summing the weekly instantaneous mortality rates for this solution gives the following 

equivalent annual rates: F=0.49 y', M= 1.17 y, Z=1.66 y' [model fit 1]. The value 

for F. is uncharacteristically low relative to M, and Z is outside the confidence intervals 

of the estimate for this species (Section 5.1). It was found that by increasing the value 

of F for each calender month by increasing the value off, but maintaining the same 

monthly values for q, the observed catches could be predicted with almost the same 

accuracy (Figure 6.8) but with a different combination of F and M (F = 2.83 y', M=0.21 

y', Z=3.04 y') [model fit 2]. This level of F appears far more realistic, given the 

intensity of exploitation observed at the study site, and the value of Z is also well within 

the confidence intervals of the estimate from the LFDA. 
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Figure 6.8 Observed (solid line) and predicted (broken line) catches of P. sophore inside 

and outside the PIRDP for the split year 1995/96. Two alternative model fits are shown 
for outside. 
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For the `Inside' model, the observed catches could not be predicted with the same 

accuracy (Figure 6.8). The best fit corresponded to F= 1.77 y', M= 1.15 y', Z= 2.92 

y'. No other values of F could improve the accuracy of the predictions. 

These solutions are understood by examining how important features of the population 

and the fishery respond to changes in F outside and inside the PIRDP. These features are 

illustrated in Figure 6.9(a)-(o) and Figure 6.10(a)-(o) respectively. Beginning with the 

Outside model, Figure 6.9 (a) shows how the ssr varies with F and the two minima 

corresponding to the best predictions of the observed catch. Catches follow a parabolic 

relationship with F, synonymous with a surplus production model (Figure 6.9b), with 

maximum catch corresponding to approximately half the maximum F (F 1.8 y-') for 

the observed pattern of catches. Catches associated with the first minimum are derived 

from a high level of recruitment (Figures 6.9c&j). This level of recruitment gives rise 

to high numerical and biomass densities (Figures 6.9e&g) leading to high rates of natural 

mortality (Figure 6.9m) and lower mean length and weight (Figure 6.9h&o). 

Initial increases in F cause recruitment to increase (Figure 6.9c) as egg density declines 

(Figure 6.9j) in response to a reduction in population number (Figure 6.91). This 

continues until recruitment and catch are at a maximum corresponding to approximately 

F=1.8 y'. These reductions in population number and biomass (Figures 6.91&n) cause 

an increase in mean length, weight and fecundity and a reduction in natural mortality as 

numerical and biomass density decline. Fishing mortality and M are therefore strongly 

negatively correlated (Figure 6.9f). 

Eventually, F increases to the point corresponding to the second minimum where 

recruitment is at much lower level, but losses from natural mortality are small compared 

with removals by fishing mortality. The strong interaction between F and M, implies that 

catches can only be taken with a relatively narrow range of Z (Figure 6.9i). Beyond F 

' 3.2 y, catches are no longer sustainable. 

These model responses suggest that if indeed the larger F associated with the second 
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Figure 6.9 Outside model predictions of equilibrium (a) catch ssr; (b) annual catch (t); 
(c) recruitment, (d) egg density at week 52 (Nm-z), (e) mean annual numerical density 
(Nm 3), (f) M (y-'), (g) mean annual biomass density (kg ha'), (h) mean length (mm) and 
(k) mean fecundity at week 52, (1) mean annual number of individuals (n) mean annual 
biomass (kg) and (o) weight (g) at week 52, plotted as a function of F (y') and (i) catch 
(t) as a function of Z (y'), (j) recruits as a function of egg density (Nm-2) and (m) M (y') 
plotted as a function of mean annual numerical density (Nm-3). 
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minimum is the true value, then for this monthly pattern of q and hydrological regime, 

increases in F of more than 15% will lead to unsustainable catches and eventual stock 

collapse. Catches, however, could be increased by approximately 100% if F were 

reduced by 40% of its predicted value. 

No doubt because of the strong interaction between F and M, other combinations would 

give similar catches if the pattern of q were allowed to change. This is another modelling 

investigation in its own right and will not be considered further here. However, it does 

highlight the importance of correctly specifying and accurately estimating the non- 

biological components of the model. Future investigations with models of this type 

should place much greater emphasis on these non-biological components. 

The `Inside' model, (Figure 6.1Oa-o) predicts a very similar pattern of responses, but this 

time the ssr's show only a single minimum (Figure 6.1Oa). The range of F values 

associated with the minimum ssr's corresponds to the maximum catches predicted by the 

model (Figure 6.10b), which are produced by an intermediate range of recruitment 

(Figure 6.10c&j). These model predictions are believed not to be realistic given that no 

open access, intensely exploited fishery is likely to take the maximum sustainable catch 

other than during some transient phase. It is likely that the parameters of the hydrological 

model have been inaccurately estimated giving rise to the excessive dry season mortality 

and insufficient end of dry season waterbody areas and volumes to provide the necessary 

recruitment to predict the observed catches. This would also account for the fact that 

even at F=0, recruitment does not correspond to the peak or the descending right hand 

arm of the stock-recruitment relationship (Figure 6.1Oj). However, this simulation has 

demonstrated that floodplain morphology can have a very strong influence upon 

productivity. 

Because of the uncertainties surrounding the inside model, the outside model alone was 

used to address whether productivity, growth performance and density of fish inside the 

PIRDP could be affected by its modification to the hydrological regime. 
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Figure 6.10 Inside model predictions of equilibrium (a) catch ssr, (b) annual catch (t), (c) 

recruitment, (d) egg density at week 52 (Nm 2), (e) mean annual numerical density (Nm- 
3), (f) M(y-'), (g) mean annual biomass density (kg ha'), (h) mean length (mm) and (k) 

mean fecundity at week 52, (1) mean annual number of individuals (n) mean annual 
biomass (kg) and (o) weight (g) at week 52, plotted as a function of F (y') and (i) catch 
(t) as a function of Z (y'), (j) recruits as a function of egg density (NM-2 ) and (m) M (y') 

plotted as a function of mean annual numerical density (Nm-'). 
Catches and productivity inside the PIRDP were predicted using the outside model (Table 
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6.5). Because of the strong interaction between F and M, combinations of the inside and 

outside hydrological regimes and monthly patterns of q were used to determine which 

factor(s) best explained the observed differences in productivity inside and outside the 

PIRDP. Incorporating the inside monthly pattern of q in the outside model had the effect 

of reducing the value of the total annual fishing mortality rate, F. In these cases 

(scenarios 3-5; Table 6.5), effort was raised so that the predicted value of F was equal 

inside and outside the scheme (F = 2.83 y') thereby implying no difference in total 

annual fishing mortality inside and outside the PIRDP. 

Finally, using the inside hydrological regime and pattern of q, the effortf, and hence F, 

were varied until the observed productivity inside the PIRDP was successfully predicted. 

The results are summarised in Table 6.5. Because the density-dependent growth model 

assumes a constant length-weight relationship, the same length-weight relationship 

parameter a for the inside population was used (a = 8.14 E-06) during the analysis. The 

effect of this on predicted catch and productivity is less than 2%. 

For the outside hydrological regime and monthly pattern of q, predicted productivity is 

8.02 kg ha-' (Table 6.5) which corresponds very closely to the observed productivity 

outside the PIRDP (Scenario 1). Productivity is marginally lower for the inside 

hydrological regime, but this explains only 11% of the observed difference in 

productivity inside and outside the PIRDP (Scenario 2). This lower productivity arises 

from a higher numerical density and natural mortality rate and lower recruitment. 

A greater proportion (15%) of the deviation in productivity is explained by differences 

in the pattern of q inside and outside the scheme for the same hydrological regime 

(Scenario 3). Inside the PIRDP, P. sophore are caught in four `pulses' spread evenly 

across the year whilst outside, more P. sophore are caught early in the year and then later 

during the drawdown and early dry season (Figure 6.1 a). The lower productivity derived 

with the inside pattern of q results from a higher numerical density and natural mortality 

rate, and lower recruitment, as fewer fish are caught before the drawdown; the period 

when losses due to natural mortality are greatest (Figure 6.6d). 
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Table 6.5 Catch and productivity predictions for P. sophore inside the PIRDP for different 
combinations of the inside and outside hydrological regimes, monthly patterns of q and 
annual F. Observed productivity inside the PIRDP = 5.2 kg ha-'. 

Scenario Hydrological Pattern F y-' Predicted Predicted % of difference 

regime of q catch (kg) productivity, P in productivity 

(kg ha') explained 

1 Outside Outside 2.83 54300' 8.02' 0% 

2 Inside Outside 2.83 52270 7.72 11% 

3 Outside Inside 2.83* 51410 7.59 15% 

4 Inside Inside 2.83* 49880 7.38 23% 

5 Inside Inside 2.97** 35250 5.20 100% 

observed catch outside = 54881 kg, b observed productivity outside = 8.1 kg ha-` (See Table 6.1) 
* effort raised to match predicted value of F outside. 
** effort raised to match predicted and observed productivity inside 

The combined effect of the inside hydrological regime and pattern of q for the same level 

of F explains only 23% of the difference in productivity (Scenario 4) and therefore the 

remaining 77% must be due to differences in F or floodplain morphology. Increases in 

F from 2.83 to 2.97 for the same pattern of q and hydrological regime inside the PIRDP 

can give rise to the observed productivity and therefore explain all the observed 

difference in productivity (Scenario 5). At this level of F, growth performance (mean 

length and weight) is marginally greater and biomass density is lower inside compared 

to outside, which is consistent with the field observations (Section 3.14). However, 

fishing effort was, if taken at face value, marginally greater outside the scheme (Section 

6.1) and floodplain morphology was shown to have a very strong influence on 

productivity. Total dry season water body area and volume per unit area of floodplain 

are both approximately 50% lower inside the PIRDP compared to outside at bankfull 

water height (Table 6.2), providing less favourable conditions for survival and 

recruitment which have been shown to be the major factors affecting the dynamics of the 

unexploited population. (Section 6.3.1). 
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These results suggest that if the population dynamics of P. sophore are broadly 

representative of most floodplain species, then recruitment and production of fish within 

the PIRDP are virtually unaffected by the present modification of the hydrological 

regime. However, the influence of hydrology is likely to become more significant with 

lower flood and higher dry season water heights (see below and Section 6.3.1). 
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6.3.3 Management of modified floodplain fisheries 

If the population dynamics of P. sophore are representative of most floodplain species, 

what management measures could be implemented to increase sustainable yield? 

Approaches to floodplain river fisheries management are discussed, among others by 

Scudder and Conelly (1985), Welcomme (1985), MRAG (1994a) and Hoggarth and 

Kirkwood (1996). These can be classified into two broad headings `yield enhancement' 

and `fishery control'. The former describes methods which raise or enhance the 

productivity of the system, for example by stocking fish or by improving habitats. The 

latter encompasses measures designed to protect and maximise the yield of existing 

stocks by limiting the size of fish that may be caught or by limiting the numbers of fish 

caught by restricting fishing effort. These measures characteristically take the form of 

gear bans, minimum mesh sizes, closed seasons and areas, and restrictions on the number 

of fishermen (MRAG, 1994a). 

Management strategies presently employed in Bangladesh comprise a system of spatial 

licensing of dry season water bodies and a ban on the use of monofilament gill nets and 

the dewatering of dry season water bodies. The licensing system is seen as `fair', prevents 

conflicts between resource users and generates income (MRAG, 1997). However, the 

gear restrictions are largely ignored and/or effectively unenforced. MRAG (1994a) and 

Hoggarth and Kirkwood (1996) have demonstrated that the implementation of further 

technical measures in a multi-species, multi-gear fishery would produce "... little overall 

gain in productivity, but would instead cause strong reallocations of catches between 

different gear types" thereby having the potential to cause conflict among fishing 

communities (MRAG, 1997). These predictions were, however, based upon a dynamic 

pool model of multi-cohort populations of guilds of species replenished by constant 

recruitment and where the natural mortality rate is variable among species but fixed 

throughout the model year. Therefore, whilst this conclusion probably holds true for 

minimum mesh/size regulations and gear bans throughout the year, it is unlikely to 

extend to measures designed to reduce overall F (closed seasons and areas, and 

reductions in the numbers of fishermen) or closed seasons at the start of the hydrological 
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year designed to prevent growth overfishing in all species'. This is because estimates of 

exploitation rates for all species at the study site have been shown to be extremely 

high(Section 5.1 and MRAG (1997)) and therefore in most cases it is likely that levels 

of recruitment and spawning stock size correspond to the descending left-hand limb of 

the stock-recruitment curve. Therefore reductions in F would likely give rise to increases 

in spawning stock size and hence yield. Furthermore, growth overfishing is likely to 

extend to all species during the first few weeks of the year, even small species with high 

annual growth and natural mortality rates. It has been demonstrated in Section 3.1 that 

populations of the key species examined at the study site are dominated by a single 

cohort with the majority of the year's growth achieved within the first few months after 

hatching corresponding to floodplain inundation. Natural mortality rates during 

floodplain inundation (shortly after recruitment) are predicted to be low (Section 6.3.1 

and Welcomme and Hagborg, 1977) due to the low fish density and abundant shelter 

from predators. Theoretically therefore, yield could be increased by either reducing F 

during this period or by operating a closed season at the start of the year allowing fish to 

attain a greater mean weight. Simultaneously, both measures would effectively reduce 

the overall F thereby increasing levels of recruitment. 

In reality, technical measures such as mesh size regulations, size limits and gear bans are 

difficult to enforce, particularly within artisanal type fisheries, and reductions in 

fishermen numbers are seen as unrealistic under the prevailing socio-economic 

conditions. 

This section therefore explores management measures which are based broadly upon the 

recommendations of MRAG (1997) aimed at providing significant gains to the fishery 

that are "... easily demonstrable, acceptable and enforceable" though requiring the strong 

cooperation of the fishing communities. These measures take the form of closed seasons, 

designed to reduce both growth and recruitment overfishing, though the results are more 

Mesh size regulations/fish size limits increase the catches of larger species, but at the expense of 
losses of catches of smaller species (Welcomme, 1985; MRAG, 1994a). Gear bans have the 
effect of reallocating yield to the remaining gears (MRAG, 1994a) 
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generally applicable to other measures designed to reduce overall F such as closed areas 

(reserves) recommended by MRAG (1997). Yield enhancement through manipulation 

of the hydrological regime, an obvious, potentially cost effective means of improving 

floodplain habitat, is also explored. 

Application of the FPFMODEL 

Due to the uncertainties surrounding the inside model predictions, management options 

are explored using the outside hydrological model but with weekly water height recorded 

inside the PIRDP for the same split year as the observed catches (1995/96). Significant 

differences exist in the monthly pattern of catches (and therefore monthly pattern of q's) 

of P. sophore compared to all species combined (Figure 6.1a&b). It has already been 

demonstrated in Section 6.3.2, that the monthly pattern of q can have a significant 

influence upon yield. Therefore in order that the results may be more generally 

applicable to all species, management options are examined using the pattern of q's 

corresponding to the catches of all species combined, but with effort levels adjusted to 

give the observed catches ofP. sophore, inside the PIRDP. 

The observed catch of P. sophore outside the PIRDP (54.8t) was therefore divided into 

each calendar month in the same proportions as the catch of all species combined. The 

q's for each calendar month were then re-estimated in the same way as described in 

Section 6.3.2. Because the predicted q's in each month changed for the same total annual 

catch, mortality values also changed (Figure 6.11). However, the value for Z remains 

within the confidence intervals of the estimates of Z for all the key species (Section 5.1). 

The approach assumes that total F and floodplain morphology are independent of the 

presence of the PIRDP, but that the pattern of fishing and the hydrological regime are 

not. 
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Figure 6.11 Observed (solid line) and predicted (broken line) catches of P. sophore for the same the pattern of q's corresponding to the catches of all species combined and weekly water height, inside the PIRDP for the split year 1995/96. 

Closed seasons 

Closed seasons during each calendar month were investigated by setting the value of F 
in the month in question to zero. Predicted equilibrium annual yield and productivity, 
percentage long term change and initial loss of yield relative to no closed season, and 
corresponding yield per recruit and recruitment for each closed season are given in Table 
6.6. 

Closed seasons during any month of the year are predicted to increase yield by at least 
25% reflecting the excessive levels of exploitation (Section 6.3.2). The greatest 
increases (70-100%) are predicted during those months when fishing mortality is at its 
highest (October, January and April) and in most cases these increases in yield result 
almost entirely from improved recruitment at the lower fishing mortality rate. 
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Table 6.6 Model predictions of equilibrium annual yield and productivity, percentage 
change in yield, percentage initial loss of yield in first year of closure, yield-per-recruit 
(Y/R, g) and numbers of recruits of P. sophore for monthly closed seasons based upon the 
observed pattern of catches of all species and water heights inside the PIRDP during the 
split year 1995/96. 

Closed 

season 

Annual 

Yield 

(t) 

Productivity 

(kg ha'y') 

Fy' Change in 

yield % 

Initial 

loss % 

Y/R 

(g) 

Recruits 

x 105 

None 54.6 8.1 2.93 0% 0% 2.8 1914 

July 81.6 12.0 2.78 +50% 3% 3.1 2617 

August 68.8 10.2 2.84 +26% 4% 2.9 2345 

September 87.8 13.0 2.66 +61% 17% 2.8 3095 

October 93.1 13.7 2.45 +71% 30% 2.4 3832 

November 88.1 13.0 2.58 +61% 16% 2.6 3443 

December 72.7 10.7 2.78 +33% 5% 2.7 2647 

January 111.7 16.5 2.33 +105% 14% 2.5 4468 

February 84.8 12.5 2.69 +30% 4% 2.7 3139 

March 78.7 11.6 2.75 +44% 2% 2.7 2880 

April 106.2 15.7 2.50 +95% 5% 2.6 4099 

A closed season during the drawdown (October-November) is however unlikely to be 

acceptable to the fishing community as this is the time when fishing operations are most 

efficient, usually based upon static, interceptory barrier type traps and nets. 

Closing the fishery in July or December gives rise to similar levels of annual F (F=2.78) 

and recruitment, though greater gains in yield (yield-per-recruit) are achieved from 

closing the fishery in July. This reflects growth overfishing caused by excessive fishing 

mortality during the initial growth period, following recruitment. Reductions in yield- 

per-recruit associated with other closed seasons result from increases in recruitment and 

fish density causing mortality rates to increase and growth rates to decrease. 
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Combinations of different months or extended closed seasons greater than one month are 

likely to further improve yield until it is maximized. The predicted maximum 

corresponds to a closed season for the entire year except October and F=1.9 y'. In other 

words, catches are maximized by removing approximately 85% of the population by 

fishing in one month just prior to the drawdown when fish have achieved the majority 

of their year's growth (Section 3.1) and before losses due to density-dependent natural 

mortality become significant (Section 6.3.1). 

Although maximal, this yield is unlikely to be optimal nor even practicable given the lack 

of preservation technology, distribution systems and infrastructure and would certainly 

be socially unacceptable. It does however serve to demonstrate that closed seasons 

before and after the drawdown provide the greatest benefits for the current pattern of 

fishing inside the PIRDP. In support of this, it is unlikely that closed seasons or similar 

measures to reduce fishing mortality could be implemented or enforced without the active 

involvement of the fishing community. Successful implementation would therefore 

demand that the community's perceived gains in catch far outweigh the initial sacrifice. 

A comparison of the percentage gain in yield against the initial loss associated with each 

closed season (Table 6.6) suggests that the greatest gains for the smallest sacrifices are 

achieved by closing the fishing in July or April. 

In summary, it would appear that closed seasons at start of floodplain inundation and/or 

during the dry season would bring about the greatest gains in yield for the smallest 

sacrifices. This conclusion strongly supports the recommendation for dry season reserves 

(partial closed seasons) proposed by MRAG (1997). 

Management of the hydrological regime 

Figure 6.12a-d illustrates how equilibrium yield, recruitment, mean weight and mean 

annual numbers of individuals respond to the combinations of flood and dry season water 

height (FSWH, DSVM) generated from the family of hydrographs described in Section 
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Figure 6.12 Isopleths of equilibrium (a) yield (t); (b) recruitment (x 106); (c) mean 
weight (g); (d) mean population number (x 106) of P. sophore based upon the observed 
pattern of catches of all species, F=2.93 and combinations of mean flood and dry season 
water height. 
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6.3.1. Overall the behaviour of the population is similar to that of the unexploited 

population (Figure 6.7). For FSWH above approximately 9m, yield (Figure 6.12a) is 

determined almost entirely by DSWH but FSWH becomes progressively important as it 

decreases by having a greater influence upon density-dependent mortality, reflected in 

mean annual population number (Figure 6.12c) and thereby recruitment (Figure 6.12b). 

Mean weight (Figure 6.12c) exhibits a complex response to variations in hydrology, but 

these variations are insignificant in determining yield in relation to recruitment and 

population number. The affect of FSWH on recruitment (Figure 6.12b) relative to 

DSWH is more significant than for the unexploited population (Figure 6.7b). Heavy 

fishing mortalities during the drawdown significantly reduce fish density before the dry 

season and thereby diminish the relative importance of DSWH compared with FSWH in 

determining density-dependent mortality and ultimately recruitment. 

These isopleth figures suggest that the most important measure for increasing yield is the 

retention of the maximum possible water height during the dry season. Loss of yield 

associated with significant reductions in FSWH may be compensated by maintaining 

greater DSWH. These conclusions apply to a wide range of fishing mortalities (F = 0.2- 

3.0), illustrated in Figure 6.13, though the importance of FSVM in determining yield 

tends to decrease with increasing exploitation as recruitment to the population declines. 

As recruitment declines, FSWH has a progressively diminishing influence on natural 

mortality rates relative to DSWH and therefore upon mean annual population number and 

yield. 
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Figure 6.13 Isopleths of equilibrium yield (t) of P. sophore for different combinations of 
mean flood and dry season water height for (a) F=0.2; (b) F=1; (c) F=2; (d)F = 3, 
based upon the observed pattern of catches of all species inside the PIRDP. 
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6.3.4 The model sensitivity 

The final series of simulations examines the sensitivity of yield predictions to the model 

input parameter estimates given in Table 6.3, to help identify priorities for future 

research. The analysis is based upon the same pattern of catches and annual fishing 

mortality rate used to explore potential management measures in the previous section and 

mean weekly water height recorded outside the PIRDP at Talimnagar sluice between 

1993-1996. 

Each parameter estimate was perturbed one at a time by ±5- 20% in steps of 5%. Yield 

values for perturbations in input parameter estimates were also expressed in terms of 

percentage change as: 

change = 
(perturbed yield-unperturbed yield) 100 (6.33) 

unperturbed yield 

Because the predicted value of F for the observed pattern of catch is very high (F = 2.93), 

and recruitment subsequently low, equilibrium catches were not achievable for several 

input parameters if they were perturbed by more than 5% - 10%. The analysis was 

therefore repeated for an intermediate level of F (F = 1.5 y'; Z=2.4 y' ) by reducing 

fishing effort, f. The sensitivity of the model to the estimates of the parameters of the 

length-weight and length-fecundity relationships was not examined because the density- 

dependent growth and stock-recruitment sub-models, respectively, implicity assume these 

to be constant. 

For F=2.93 y', the model is relatively insensitive to the following sub-model input 

parameter estimates (Table 6.8a&b): flooded area, (v and w); the density-dependent 

parameter of the stock-recruitment model (ß), the seasonal growth model parameters (C 

and ts) and to; the competition coefficient (g) of the density-dependent growth model and 

both parameters of the density-dependent natural mortality model (y and 6). The model 
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Table 6.7 (a) Values of annual yield (t) for, and (b) percentage change in annual yield 
induced by, perturbations in the model input parameter estimates (F = 2.93). NE - No 
equilibrium catch, NA - Not applicable. 

a) 

Sub-Model Parameter -20 -15 

Percentage change in input p 

-10 -5 0 +5 
arameter 

+10 +15 +20 
Annual yield (t) 

Hydrology Area v 53.0 53.4 53.8 54.2 54.6 54.9 55.3 55.6 56.0 

w 47.6 49.6 51.4 53.0 54.6 56.0 57.2 58.4 59.5 

Volume x 34.5 38.7 43.8 49.1 54.6 60.2 65.8 71.5 77.0 

y 9.5 15.8 25.1 38.3 54.6 72.1 88.4 101.5 111.0 

Recruitment a NE 28.8 37.6 46.3 54.6 62.5 70.2 77.5 84.6 

P 50.5 51.5 52.5 53.5 54.6 55.7 56.8 58.0 59.2 

N NE NE NE 31.3 54.6 78.6 103.1 128.1 153.6 

Growth K NE NE 24.6 39.5 54.6 69.2 83.3 97.0 110.0 

C 53.2 53.6 53.9 54.25 54.6 NA NA NA NA 

56.0 55.6 55.3 54.9 54.6 54.2 53.8 53.4 53.1 

49.2 50.5 51.8 53.2 54.6 55.93 57.3 58.7 60.1 

Density-dependent growth Lm 0 0 NE NE 54.6 106.6 157.5 204.3 244.5 

g 55.6 55.3 55.1 54.8 54.6 54.3 54.1 53.8 53.6 

Density-dependent mortality y 55.5 55.3 55.0 54.8 54.6 54.3 54.1 53.8 53.6 

8 60.7 59.0 57.4 56.0 54.6 53.2 51.94 50.7 49.5 

b) 

Sub-Model Parameter -20 -15 

Percentage change in input p 

-10 -5 0 +5 
arameter 

+10 +15 +20 
Percentage change in annual yield 

Hydrology Area v -3 -2 -1 -1 01 1 2 3 

w -13 -9 -6 -3 03 5 7 9 
Volume x -37 -29 -20 -10 0 10 21 31 41 

y -83 -71 -54 -30 0 32 62 86 103 

Recruitment a NE -47 -31 -15 0 15 29 42 55 
P -7 -6 -4 -2 02 4 6 9 

N NE NE NE -43 0 44 89 135 182 
Growth K NE NE -55 -28 0 27 53 78 102 

C -2 -2 -1 -1 0 NA NA NA NA 

3 2 110 -1 -1 -2 -3 

-10 -7 -5 -2 03 5 8 10 
Density-dependent growth L_i -100 -100 NE NE 0 95 189 274 348 

g 2 1 100 -0 -1 -l -2 
Density-dependent mortality y 2 I 100 -0 -1 -1 -2 

8 11 8 530 -2 -5 -7 -9 
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is most sensitive to the estimate of the limiting asymptotic length of the growth curve 

(L-L). This parameter determines exploitable biomass by affecting mean length, fecundity 

and therefore recruitment, and mean weight. Small declines in the value of this parameter 

result in unsustainable catches and eventually to stock collapse as fecundity approaches 

zero. However, small increases lead to significant increases in yield, because both weight 

and fecundity increase exponentially with length. For the same reasons, the model is also 

sensitive to the value of the growth parameter, K. 

At this high level of exploitation, the model is also very sensitive to the parameters of the 

stock recruitment relationship (a and A'), which largely determine the height of the stock- 

recruitment curve and to the parameters of the water volume model which have a strong 

effect upon numerical density and therefore natural mortality rates. 

The model is insensitive to the competition coefficient, g of the density-dependent growth 

model, because biomass density is low and only exhibits relatively small variations in 

magnitude. Yield predictions are also relatively insensitive to the water area sub-model 

parameters. Although recruitment is determined by egg density which is a function of 

spawning stock abundance (and mean fecundity) and flooded area during week 52, the 

perturbations in the parameters of this sub-model have little affect upon egg density 

(maximum 5%). 

At an intermediate fishing mortality rate (F = 1.5 y'), the model remains insensitive to the 

same parameter values in addition to the density-independent parameter of the stock- 

recruitment model (a). The model also becomes only moderately sensitive to nitrate 

concentrate (N), the remaining parameter of the stock-recruitment model. While at this 

level of F, the model is now relatively insensitive to the recruitment model parameters, it 

remains very sensitive to parameter estimates of the water volume model and L, L. 
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Table 6.8 (a) Values of annual yield (t) for, and (b) percentage change in annual yield 
induced by, perturbations in the model input parameter estimates (F = 1.5). NE - No 
equilibrium catch, NA - Not applicable. 

a) 

Sub-Model Parameter -20 -15 

Percentage change in input p 

-10 -5 0 +5 
arameter 

+10 +15 +20 
Annual yield (t) 

Hydrology Area v 119.8 121.0 122.1 123.2 124.0 125.3 126.3 127.3 128.3 

w 104.2 109.9 115.1 119.9 124.0 128.2 131.9 135.3 138.4 

Volume x 80.8 91.5 102.5 113.5 124.0 134.3 143.4 151.5 158.3 

y 22.8 37.7 60.1 90.4 124.0 152.5 169.8 178.6 183.0 

Recruitment a 107.93 112.3 116.4 120.4 124.0 127.9 131.5 134.9 138.2 
P 112.3 115.0 117.9 120.9 124.0 127.1 130.4 133.9 137.4 

N 83.2 92.8 102.8 113.2 124.0 135.8 146.6 158.4 170.6 

Growth K 87.3 97.1 106.5 115.4 124.0 132.0 139.6 146.9 153.7 

C 119.0 120.2 121.5 122.7 124.0 NA NA NA NA 

123.8 123.8 123.9 123.9 124.0 124.0 124 124.1 124.1 

119.6 120.7 121.8 122.9 124.0 125.0 126.1 127.2 128.3 

Density-dependent growth L_ 30.3 52.1 76.0 100.6 124.0 144.1 159.3 168.6 171.8 

g 126.9 126.2 125.4 124.7 124.0 123.24 122.5 121.8 121.2 

Density-dependent mortality y 124.3 124.2 124.1 124 124.0 123.9 123.7 123.7 123.6 
8 133.9 131.3 128.8 126.3 124.0 121.6 119.4 117.2 115.1 

b) 

Sub-Model Parameter -20 -15 

Percentage change in input p 

-10 -5 0 +5 
arameter 

+10 +15 +20 
Percentage change in annual yield 

Hydrology Area v -3 -2 -2 -1 01 2 3 3 

w -16 -11 -7 -3 03 6 9 12 
Volume x -35 -26 -17 -8 08 16 22 28 

y -82 -70 -52 -27 0 23 37 44 48 

Recruitment a -13 -9 -6 -3 03 6 9 11 
ß -9 -7 -5 -2 02 5 8 11 

N -33 -25 -17 -9 0 10 18 28 38 
Growth K -30 -22 -14 -7 06 13 18 24 

C -4 -3 -2 -1 0 NA NA NA NA 

t., -0 -0 -0 -0 00 0 0 0 

t� -4 -3 -2 -1 01 2 3 3 
Density-dependent growth L, -76 -58 -39 -19 0 16 28 36 39 

g 2 2 110 -1 -1 -2 -2 
Density-dependent mortality y 0 0 000 -0 -0 -0 -0 

8 8 6 420 -2 -4 -5 -7 
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6.4 Summary and Discussion 

In this chapter, an age-structured dynamic pool model (FPFMODEL) has been developed 

to simulate the behaviour of a typical floodplain teleost (P. sophore) to dynamic 

hydrological and exploitation regimes. The basic model predictions share several common 

characteristics with the model of Welcomme and Hagborg (1977), but in many respects are 

quite dissimilar, arising from differences in the specification of the various sub-models. 

Both models predict a very similar pattern of weekly changes in population number, 

biomass and density in response to some fixed cycle of flood and dry season water levels. 

Inter-annual model predictions are less similar. The model of Welcomme and Hagborg 

(1977) predicts that variations in growth are dependent solely upon some measure of 

flooding intensity and duration, regardless of population biomass. That is, growth is not 

density-dependent, despite the fact that the authors state this is one of the major 

assumptions behind the model. Growth in the FPFMODEL is density-dependent, but the 

model predicts very little variation in growth because the processes of density-dependent 

natural mortality (determined by numerical density) and recruitment have an overwhelming 

influence in regulating the size of the population such that inter-annual variations in 

biomass density are small. That is, population number adjusts rapidly to the prevailing 

hydrological conditions, making the process of density-dependent growth relatively 

insignificant. 

Because natural mortality rates in the model of Welcomme and Hagborg (1977) are 

determined by biomass density, they too are positively correlated with flooding intensity 

and duration or FSWH. This does appear somewhat counter-intuitive given that more 

extensive flooding is likely to provide more shelter from predators and less extreme abiotic 

conditions. Moreover, the interaction between biomass density and natural mortality rates 

implies that although fewer fish have a greater individual weight in regimes of more 

intense flooding, growth rates increase with biomass density which runs counter to existing 

knowledge of density-dependent growth. However, the importance of density-dependent 

natural mortality in the unexploited population may have been overestimated by the 
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authors because their density-dependent natural mortality model was based upon estimates 

of total mortality (Z) derived from catch curves. In effect, this also meant that fishing 

mortality was applied twice, though F values generated with the fishery-sub model for 

most of the simulations were relatively low (s 3% removal per week; Fs1.8 y') 

compared with the FPFMODEL. 

The main effect of these differences within the sub-model specifications is that, compared 

with the model of Hagborg and Welcomme (1977), flooding intensity (FSWH) has little 

bearing upon the FPFMODEL predictions of biomass and yield, until dry season water 

levels (DS WH) approach their upper range. 

Despite these differences, a consistent pattern emerges from the two models in that 

recruitment is the major process affecting the dynamics of the population driven largely 

by the hydrological conditions during the dry season (DSWH) which determines the 

survival of the spawning stock. Biomass and yield therefore increase with increasing 

DSWH and FSWH. Significantly, the predicted egg survival rates to recruitment in the 

FPFMODEL simulations ranged from 1.2% - 1.6% which are remarkably consistent with 

the fixed value (1.5%) selected by Welcomme and Hagborg (1977). 

The behaviour of the FPFMODEL population in response to different hydrological 

conditions was based upon water height data recorded for the Jumuna River. These data 

may not reflect the true variation in water height at the study site because local rainfall and 

the water height in the Padma River may also be important. However, the various regimes 

included in the simulations do provide a general understanding of the influence of natural 

variations in hydrology upon the dynamics of the population. 

No information was available on how water volumes and flooded areas vary with water 

height at the study site. A technique for indirectly estimating how these components of 

the system vary with water height was developed based upon land elevations and estimated 

drying times of dry season water bodies. This technique may be applicable to other 

floodplain river systems for providing a preliminary `quick and dirty' description of their 
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hydrological dynamics. 

By simulating the monthly catch and productivity estimates ofP. sophore for the observed 

hydrological regimes and floodplain morphology inside and outside the PIRDP, the 

FPFMODEL was used to determine whether the current modification of the hydrological 

regime and floodplain morphology could have a significant effect on the actual production 

of fish inside the scheme. 

The model successfully predicted the monthly catches and productivity estimates outside 

the PIRDP corresponding to a value of Z (Z= 3.0 y'; Fz2.8 y'), well within the 

confidence intervals of the estimate (Section 5.1). 

Monthly catches and productivity predictions inside the PIRDP were, however, 

significantly lower than the estimates. Assuming that the productivity of this species 

inside the scheme is not dependent upon recruitment from outside sources, the deviation 

was explained by insufficient dry season waterbody areas and volumes to provide adequate 

survival rates and sufficient recruitment. Thus it was postulated that the parameters of the 

inside hydrological model were inaccurately estimated. The simulation did, however, 

demonstrate the strong dependence of fish productivity on floodplain morphology. 

The monthly catch and annual productivity estimates inside the PIRDP were successfully 

predicted using the outside hydrological sub-model but only with a higher F(F=3.0 y'). 

At this higher level of F, growth performance was predicted to be marginally higher and 

biomass lower inside the PIRDP compared to outside which is consistent with the field 

observations. However, for the same F, modification of the hydrological regime in the 

manner observed inside the PIRDP could explain only 11 % of the estimated difference in 

productivity inside and outside the PIRDP, and only 23% when differences in the pattern 

of catch were also accounted for. It is uncertain whether the remaining deviation in 

productivity is due to differences in F and/or differences in floodplain morphology. 

Estimates of relative fishing effort (mortality) inside and outside the PIRDP are not 
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significantly different and, if taken at face value, is marginally higher outside the PIRDP 

(Section 6.1). The model simulations and the results of the sensitivity analysis revealed 

that model predictions are very sensitive to the hydrological sub-model. The total area and 

volume of dry season water bodies per unit area of floodplain is approximately 50% lower 

inside the PIRDP compared to outside, hence providing less suitable conditions for 

survival and recruitment, the two processes which have most influence upon the dynamics 

of the population. It would therefore appear that significant differences in floodplain 

morphology are more likely to be responsible for the deviation. Indeed, such differences 

in floodplain morphology may partially explain why previous impact assessment studies 

in Bangladesh based upon productivity comparisons have been largely inconclusive 

(Section 1.4) 

Nevertheless, it is clear from the analysis, that recruitment and production of fish present 

inside the PIRDP is likely to be virtually unaffected by the present modification of the 

hydrological regime, though model predictions suggest that recruitment and production 

will continue to decrease with increasing reductions in flood season water height. 

Reductions in dry season water levels are predicted to have a much greater impact upon 

recruitment and thereby productivity. However, given that dry season water levels inside 

the PIRDP are at least as high as those outside the scheme, there seems little scope to 

further reduce water levels during the dry season. 

Since the abundance (CPUE) of migratory species has been shown to be lower inside FCDI 

schemes, including the PIRDP (Chapter 2 and MRAG (1997)) and since migratory access 

is clearly limited by FCDI schemes (MRAG, 1997), it is concluded that the difference in 

floodplain productivity inside the PIRDP, not attributable to differences in (i) the seasonal 

pattern of fishing effort (ii) floodplain morphology or (iii) any differences in overall fishing 

effort, must reflect the partial inaccessibility of the PIRDP and the impact this has on the 

recruitment of migratory species to inside floodplains, as well as the marginal (z 10%) 

reduction in production due to the modification of the hydrological regime. Quantifying 

this impact is difficult without the ability to remove the effects of these three factors. 
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If the majority of migratory fish return to the main river during the dry season, then any 

difference in floodplain morphology between the two locations will have most influence 

upon the productivity of floodplain resident species'. Assuming that any differences in the 

overall and seasonal pattern of fishing effort inside and outside the PIRDP have only a 

marginal effect upon productivity, then some indication of the impact of the PIRDP on 

floodplain productivity may be gained by simply comparing the productivity estimates of 

migratory species inside and outside the PIRDP. The remaining difference in productivity 

is due to the effect of differences in floodplain morphology and modification of the 

hydrological regime inside the PI DP. Clearly this approach requires a priori knowledge 

of the migratory behaviour of each species within the catch. This is complicated by the 

presence of `greyfish' species which are capable of residing upon the floodplain if suitable 

conditions prevail (Section 2.1). Interspecific effects may further complicate this approach. 

Many of the migratory species excluded from the PIRDP are piscivorous predators. 

Reduced abundance of these species may favour the survival and productivity of prey 

species inside the PIRDP (Section 2.5). 

In spite of these complexities, a very crude approximation of this loss has been attempted 

in Table 6.9a which gives the total productivity estimates for each species caught inside 

and outside the PIRDP during the 1995/96 split year. Using information from Section 2.5 

and habitat descriptions from Rahman (1989), each species has been very tentatively 

categorised as either migratory (M) or floodplain resident (R). 'Greyfish' species and 

species whose migratory behaviour is largely uncertain but are found in all habitat types 

including main rivers are categorised as "? ". 

The total productivity of migratory species is significantly higher (85kg ha-') outside the 

PIRDP compared to inside (18kg ha-') -a difference of 67 kg ha: '. This accounts for more 

than 70% of the difference in the estimated productivity of all species combined (Table 

6.9b). The remaining 30% (26 kg ha') is likely to reflect the effects of differences in 

This may be a gross oversimplification if migratory `whitefish' species are forced to reside upon 
the floodplain during the dry season because their return migrations to the main river have been 
impaired by the partial inaccessibility of the flood control embankments. 
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Table 6.9a Productivity (CPUA) estimates by species inside and outside the PIRDP for 
the hydrological split year 1995/96. Data. Source: MRAG (1997). Species are tentatively 
categorised as migratory (M) or floodplain resident (R). A? denotes 'greyfish' species or 
species whose migratory behaviour is uncertain. 

Productivity (kg ha-') 

All species Migratory species 

Species 

Migratory/ 

Resident IN OUT IN OUT 

Ailia coila M 0.037 0.773 0.037 0.773 
Amblypharyngodon mola ? 0.067 0.039 

Aspidoparia morar M 0.000 0.194 0.000 0.194 

Aplocheiluspanchax R 0.002 0.070 

Anabas testudineus R 0.549 0.361 

Badis badis R 0.067 0.467 

Botia dario ? 0.222 0.214 

Brachygobius nunus M 0.000 0.118 0.000 0.118 

Clarias batrachus R 0.027 0.042 

Chanda baculis R 0.384 1.546 

Calla catla M 2.951 4.956 2.951 4.956 

Chaca chaca ? 0.001 0.000 

Cyrpinus carpio m 0.006 0.135 0.006 0.135 

Chela cachius ? 0.000 0.053 

Colisafasciatus R 1.773 2.103 

Clupisoma gartta m 0.002 0.121 0.002 0.121 

Channa gachua R 0.000 0.017 

Ctenopharyngodon idella R 0.017 0.013 

Chela laubuca 0.000 0.043 

Crossocheilus latius m 0.011 0.100 0.011 0.100 

Channa marulius R 2.265 1.319 

Cirrhina mrigala m 0.412 2.673 0.412 2.673 

Chanda nama R 0.590 2.867 

Channapunctatus R 2.077 8.494 

Cirrhinus reba M 1.169 1.763 1.169 1.763 

Chanda ranga R 1.206 2.033 

Channa striatus R 6.379 3.048 

Colisa sofa R 0.072 0.080 
Corica soborna M 0.065 0.454 0.065 0.454 

Esomus danricus ? 0.738 0.674 

Eutropiichthys vacha M 0.000 0.029 0.000 0.029 

Gudusia chapra M 0.412 1.728 0.412 1.728 

Glossogobius giuris M 0.688 6.117 0.688 6.117 

Gagata nangra M 0.001 0.041 0.001 0.041 
Gagata yousoufi M 0.019 0.072 0.019 0.072 
Heteropneustesfossilis R 0.174 0.173 

Hilsa ilisha M 0.808 0.282 0.808 

Hypophthalmicthys molitrix M 0.136 0.386 0.136 0.386 
Labeo bates M 0.326 1.269 0.326 1.269 
Labeo calbasu M 0.195 1.526 0.195 1.526 
Lepidocephalus guntea M 0.232 0.653 0.232 0.653 
Labeo gonius m 0.000 0.010 0.000 0.010 
Labeo rohita m 1.522 lI 

. 
872 1.522 11.872 

Mystus aor m 0.009 1.440 0.009 1.440 
A4astacembelus armatus M 0.801 2.523 0.801 2.523 
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Macrognathus aculeatus m 0.184 1.005 0.184 1.005 

Mystus bleekeri ? 0.010 0.005 

Mystus cavasius m 1.217 5.296 1.217 5.296 

Mugil cascasia ? 0.070 0.000 

Mastamcembelus pancalus R 0.536 2.341 

Macrobrachium rosenbergii m 0.017 0.043 0.017 0.043 

Mystus tengra m 0.244 0.568 0.244 0.568 

Mystus vittatus m 1.551 4.960 1.551 4.960 

Nemacheilus botia m 0.001 0.014 0.001 0.014 

Notopterus chitala m 0.002 0.829 0.002 0.829 

Notopterus notopterus m 0.002 0.075 0.002 0.075 

Ophichthyes boro m 0.000 0.013 0.000 0.013 
Ompok pabo m 0.013 0.617 0.013 0.617 

Other species ? 0.066 0.328 
Pseudeutropius atherinoides m 0.037 1.972 0.037 1.972 

Puntius conchonius ? 0.889 1.446 

Puntius gelius ? 0.020 0.162 

Pama pama m 0.000 0.005 0.000 0.005 

Puntius phutunio ? 0.043 0.024 

Puntius sorphore ? 5.204 8.224 

Puntius ticto ? 0.095 0.658 

Rhinomugil corsula m 0.060 0.529 0.060 0.529 

Rohtee cotio ? 0.000 0.071 

Salmostoma bacaila ? 0.005 0.038 

Salmostoma phulo ? 0.206 1.455 

Securicula gora ? 0.038 0.087 

Somileptes gongota ? 0.017 0.000 

Shrimp/prawn spp ? 2.312 12.464 

Setipinna phasa ? 0.178 0.027 

Silonia silonia m 0.000 0.005 0.000 0.005 

Tetraodon cutcutia ? 0.106 0.266 

Wallago attu m 4.705 30.384 4.705 30.384 

Xenentodon cancila R 1.143 1.009 

Total (kg ha-1) 45 138 18 85 

Table 6.9b Summary of the productivity estimates by species category inside and outside 
the PIRDP from Table 6.9a and estimated impact of the scheme assuming no difference 
in the overall and seasonal pattern of fishing effort in the two locations. 

Productivity (kg ha-`) 

Category Inside Outside Difference In/Out Impact 

Migratory 18 85 67 67' 

Resident or ? 27 53 26 36 

Total 45 138 93 70 

a- includes effect of hydrological modification inside the PIRDP (= 7 kg ha-') 
b- estimated effect of hydrological modification on fish present inside the PIRDP. 
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floodplain morphology (=23 kg hä') and modification of the hydrological regime (c 3 kg 

ha-') on fish present within the PIRDP. Significantly, the estimated productivity of the 

resident and "? " species (27 kg ha-') is approximately 50% lower inside the PIRDP 

compared to outside ( 53 kg ha') which corresponds very closely with the estimated 

difference in dry season area and volume per unit area of floodplain in the two locations. 

It is therefore concluded that floodplain fisheries are strongly impacted by the PIRDP by 

reducing productivity by approximately 50%, equivalent to 70 kg ha-'. This impact is 

almost entirely due to the effects of the partial inaccessibility of the PIRDP on the 

recruitment of migratory species to inside floodplains. 

Species most heavily impacted by the PIRDP are Wallago attu, Glossogobius girius, Catla 

catla, Labeo rohita, Labeo bata, Labeo calbasu, Cirrhinus mrigala, Mystus cavasius, 

Mystus vitatus, Mytsus aor, Gudusia chapra, Pseudeutropius atherinoides and 

Mastacembelus armatus. This is consistent with the results presented in Section 2.4 for 

several other FCDI schemes. 

This conclusion suggests that fish production in modified floodplains could be 

significantly enhanced by increasing the recruitment of migratory species from external 

sources. Indeed, MRAG (1997) has shown that fish productivity inside the PIRDP did 

increase significantly during the second year of sampling (1996) compared to outside when 

sluice gates were opened due to the lack of local rainfall (Figure 1.7). 

These conclusions, together with those surrounding the management of modified 

floodplains (see below), rest upon the assumption that the population dynamics of 

P. sophore are typical of most floodplain species. Clearly, this is uncertain though it is 

apparent from the analyses presented in the preceding chapters that P. sophore and four of 

the five remaining key species' do share similar basic population dynamics and life history 

strategies. The sampled populations of these species are all dominated by a single cohort, 

5 Excludes Ccatla 
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growth is rapid and seasonal and sexual maturity is reached by the end of the first year. 

Total mortality rates are also comparable and high levels of fishing mortality are likely to 

make any differences in natural mortality relatively insignificant. 

Due to the uncertainties surrounding differences in floodplain morphology and relative 

levels of fishing effort inside and outside the scheme, it is uncertain why, for four of the 

five species, the estimates of growth performance are greater inside the PIRDP compared 

to outside (Section 3.1). However, the model predictions suggest that differences in 

hydrology are unlikely to be responsible. Lower biomass density inside the PIRDP 

resulting from higher exploitation rates and/or lower recruitment, arising from less 

favourable floodplain morphology and the partial inaccessibility of the PIRDP to migratory 

species, may reduce both intra- and inter-specific competition and therefore favour growth. 

The FPFMODEL predicts that current levels of exploitation are excessive. Populations are 

predicted to be both growth and recruitment overfished and hence catches are close to 

becoming unsustainable. 

It has been argued that technical measures in the form of mesh regulations, size limits and 

gear bans have little potential for improving the existing situation. Instead, closed seasons 

or other measures designed to reduce the overall level of exploitation, such as reserves, are 

recommended. 

For the monthly pattern of catches of all species inside the PIRDP, a closed season during 

any month of the year is predicted to increase yield by at least 25% with greatest increases 

(70-100%) predicted during those months when fishing mortality is at its highest. Contrary 

to the predictions of MRAG (1994a) and Hoggarth and Kirkwood (1996), a closed season 

at the start of floodplain inundation is predicted to improve yield-per-recruit by 

approximately 10% (and total annual yield by 50%) reflecting the excessive fishing 

mortality during the initial growth period. This is consistent with the findings of 

Welcomme and Hagborg (1977) who also demonstrated that yield is maximized by fishing 

intensively just prior to the drawdown after fish have achieved most of their growth for the 
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year and before losses due to density-dependent mortality become significant during the 

drawdown period. Such a highly seasonal fishery is unlikely to be optimal, practicable or 

socially acceptable, but serves to demonstrate when closed seasons are likely to produce 

the greatest benefits. The greatest gains in yield for the smallest sacrifices are achieved by 

closing the fishery in July or towards the end of the dry season (April) for the observed 

monthly pattern of catches. The closure of the fishery during these periods is therefore 

most likely to be acceptable to the fishing communities. A closed season toward the end 

of the dry season could alternatively take the form of dry season reserves, supporting the 

management recommendations proposed by MRAG (1997) and Hoggarth and Halls 

(1997). 

Due to the strong interaction between F and M, recommendations surrounding the best 

time to enforce a closed season will be sensitive to the seasonality of the fishery, though 

due to excessive exploitation rates a closed season operated in any month is likely to 

produce gains in yield. 

The manipulation of water levels inside the PIRDP potentially provides a cost effective 

means of yield enhancement by improving the floodplain habitat. The FPFMODEL 

predicts that yield enhancement is maximised by retaining as much water as possible 

during the dry season and that loss of yield associated with the reduction in FSWH could 

be compensated by increasing DSWH. These findings are also consistent with those of 

Welcomme and Hagborg (1977). The extent to which hydrological manipulation is 

practicable is uncertain given the often conflicting needs of resource users. The 

importance of agriculture in Bangladesh is relatively high compared to fishing. Careful 

manipulation of flood season water levels within schemes such as the PIRDP provide 

reliable and very high cropping intensities and overall production. Local farmers report 

that crop production inside the PIRDP is at least double that outside (MRAG, 1997). It is 

therefore recommended that the feasibility of retaining more water during the dry season 

be explored taking account of the needs of the farming community during this period. 

It has been demonstrated that the main impact of the PIRDP is the partial inaccessibility 
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of the flood control embankments and the impact this has upon the recruitment of 

migratory species to inside floodplains. Therefore in support of the management 

recommendations described above, measures designed to increase the accessibility of 

modified floodplains to migratory species should be sought to increase overall production 

and the richness and unit value of the assemblage. 

Such measures have been explored by MRAG (1997). Briefly, these focus upon (i) taking 

advantage of the strong migratory tendencies of fish to enter the PIRDP by particular 

modes of sluice gate operation which have yet to be determined, (ii) sluice gate design to 

maximise the passive drift of larvae and fry into the scheme and (iii) encouraging 

cooperation between the fishing and the farming communities to optimize sluice gate 

operations for their mutual benefit. 

For the unexploited population and at low level of exploitation, the FPFMODEL predicted 

a temporary decrease in fish length (and weight (condition)) during the drawdown 

corresponding to rapid increases in biomass density. A decline in condition during this 

period has been observed in the floodplain environment (Welcomme, 1985; Bayley, 1988), 

but fish do not shrink in length. This problem is simply one of model specification and 

could have been avoided by estimating the parameters of the density-dependent growth 

model (Section 3.2.4) in terms of weight as opposed to length. This feature disappeared 

above moderate exploitation rates and thus had no bearing on the main conclusions. 

At the predicted high levels of exploitation (F = 2.93 y'), the FPFMODEL yield 

predictions were found to be insensitive to the parameters of the growth model which 

define the seasonal pattern of growth, the competition coefficient of the density-dependent 

growth model and both parameters of the density-dependent natural mortality model. 

The insensitivity of the FPFMODEL to the competition coefficient results from (i) a 

relatively low population biomass density coinciding with floodplain inundation, the 

period when growth rates are highest, and (ii) a relatively constant biomass density under 

different flooding regimes, largely regulated by density-dependent mortality and 
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recruitment. In reality density-dependent growth may be more significant, particularly if 

inter-specific competition for resources is significant. In which case, FSWH may have a 

greater influence upon model predictions, and hence the impact of modification of FSWH 

within the PIRDP on fish production may have been underestimated. 

Density-dependent natural mortality has been shown to be one of the most important 

processes determining the dynamics of the model population, particularly in response to 

variations in the hydrological regime (Sections 6.3.1 and 6.3.3). Surprisingly, yield 

predictions appear relatively insensitive to the parameters of the sub-model describing this 

process. Reasons for this apparent insensitivity are (i) exploitation is most intense during 

the drawdown which significantly reduces numerical density before the dry season, thereby 

diminishing the importance of density-dependent mortality (this implies that the sensitivity 

of the model predictions to the parameters of the natural mortality sub-model will also be 

a function of the seasonality of the fishery), (ii) the high levels of exploitation give rise to 

low numerical densities close to the origin of the linear density-dependent mortality 

relationship (Figure 5.6) and thus changes to the slope of the relationship (6) have 

relatively small effects on M (the value of the intercept is very small (y = 0.000576) and 

therefore perturbations in its value have very little effect on yield. The sensitivity of the 

yield predictions does not, however, increase at the lower exploitation rate (F = 1.5 y') 

because although numerical density is higher (c7m-3 compared with z 1.5m 3), levels of 

recruitment correspond to the peak of the stock-recruitment relationship and therefore yield 

is less sensitive to small changes in natural mortality) and (iii) the sensitivity analysis was 

based upon a fixed hydrological regime. Changes to the hydrological regime have a 

significant influence upon density and therefore upon M (Sections 6.3.1 and 6.3.3). The 

model is therefore likely to become more sensitive to the parameters of the natural 

mortality sub-model when variations in the hydrological regime are introduced. 

Yield predictions are most sensitive to those parameters which determine recruitment, 

particularly LmL and K due to their effect upon fecundity, and also a and N which largely 

determine the height of the stock recruitment curve. This also includes the parameters of 

the water volume sub-model which have a strong influence upon density-dependent 
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mortality rates and hence the survival of the spawning stock. 

At intermediate levels of F (F = 1.5y') the model becomes less sensitive to those 

parameters which determine the height of the stock-recruitment relationship but remain 

sensitive to those which determine spawning stock size (L., L , K, and x and y of the water 

volume sub-model). Overall, the model becomes less sensitive to the majority of the input 

parameters at this lower F implying that the reliability of the model predictions is likely 

to decrease with increasing exploitation rates. 

It should be also borne in mind that LmL was apparently underestimated and therefore had 

to be manually raised so that the growth model predicted the observed mean length of the 

individuals in the sampled populations. This apparent underestimation may reflect 

relatively low nutrient concentrations or food resources within the experimental ponds 

compared to the natural floodplain environment, reiterating the need for further research 

into the effect of the ecosystem productivity or fertility upon this parameter (Section 3.2.4). 

To achieve more reliable model predictions, emphasis should be placed upon obtaining 

more precise (i) models of floodplain morphology and hydrology (for this, the application 

of some form of GIS system would appear a logical and potentially effective approach), 

(ii) estimates of L-L and K or estimates of mean fecundity just prior to spawning and (iii) 

estimates of the parameters of the stock-recruitment relationship. In the last case, model 

predictions were particularly sensitive to nitrate concentration (N), a biolimiting nutrient 

which largely determines egg survival rates by limiting the production of food resources 

for developing larvae (Section 4.2.4). On the floodplain, nitrate or other biolimiting 

nutrient concentrations may be dynamic and much lower than the estimate used in the 

simulations as they become `locked-up' in plant and animal tissue; therefore some other 

measure of productivity or fertility may be more relevant. 

Nutrient flux in most river systems peaks once each year during the annual flood and inter- 

annual variations are common, but not well understood (Home and Goldman, 1994). 

These variations have the potential to affect the basic productivity of the floodplain (Junk 
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et al, 1989) and therefore both growth and recruitment. Investigations into the effect of 

flooding intensity and duration on the basic productivity or fertility of the system would 

therefore be desirable. 

Notwithstanding the scope for improving the precision of the input parameter estimates and 

including species interaction, the FPFMODEL has made a significant contribution to the 

understanding of floodplain fish population dynamics and the effects of hydraulic 

manipulation on fish production, complementing the work of Welcomme and Hagborg 

(1977). It has also proved to be a powerful and highly flexible tool for exploring 

management strategies and identifying priorities for future research. 
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6.5 Chapter Summary 

0 Chapters 3-5 demonstrated that the production potential of fish is at least as high 

inside the PIRDP as outside. However, MRAG (1997) estimated that productivity, 

measured in terms of catch per unit area (CPUA) was significantly higher (138 kg 

ha-1) outside the PIRDP compared to inside (45 kg ha-1). This chapter explores 

(i) whether hydrological modification inside the PIRDP and differences in 

floodplain morphology in the two locations could be partially responsible for this 

difference in productivity and (ii) management options for modified floodplain 

fisheries. 

0A modified deterministic age-structured dynamic pool model (FPFMODEL) based 

upon the work of Welcomme and Hagborg (1977) has been developed to simulate 

the population dynamics of a typical floodplain teleost (P. sophore) under dynamic 

hydrological and exploitation regimes in Bangladesh. 

0A technique for describing how water volumes and flooded areas are likely to 

change in response to water height has also been developed based upon land 

elevations and estimated drying times of dry season water bodies. This technique 

may be applicable to other floodplain river systems to provide preliminary `quick 

and dirty' descriptions of their hydrological characteristics. 

0 In many respects the FPFMODEL predictions are similar to those of the model of 

Welcomme and Hagborg (1977). Recruitment is the major process affecting the 

dynamics of the population driven largely by the hydrological conditions during 

the dry season which determine the survival of the spawning stock. Biomass and 

yield are therefore strongly positively correlated with the amount of water 

remaining during the dry season. However, unlike the model of Welcomme and 

Hagborg (1977), hydrological conditions during the flood season have relatively 

little influence upon growth because density-dependent natural mortality 

(determined by numerical density) and recruitment have an overwhelming 
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influence in regulating the size of the population making the process of density- 

dependent growth relatively insignificant, and also because biomass density is very 

low during floodplain inundation when the most of the year's growth occurs. 

0 By simulating the monthly catch estimates of P. sophore inside and outside the 

PIRDP, it is demonstrated that the current modification of the hydrological regime 

inside the PIRDP could only reduce the productivity of fish present within the 

scheme by approximately only 10%. Their productivity is, however, strongly 

dependent upon floodplain morphology which dictates dry season survival and 

subsequent recruitment. Productivity is, to a lesser extent, also dependent upon the 

seasonal pattern of exploitation. 

" Assuming that the population dynamics of P. sophore are typical of most floodplain 

teleosts, it is therefore concluded that the production (the total elaboration of fish 

tissue) of fish present inside the PIRDP is virtually undiminished by the current 

modifications to the hydrological regime, though the influence of hydrology is 

likely to become more significant with further reductions in water height during the 

flood season. 

0 Since the abundance (catch per unit effort) of migratory species has been shown to 

be significantly lower inside the PIRDP compared to outside (Chapter 2; MRAG 

1997), it is concluded that the difference in productivity not attributable to 

differences in (i) floodplain morphology, (ii) the seasonal pattern of fishing effort 

and (iii) any differences in fishing effort not detected by comparisons of effort per 

unit area (Section 6.1) or total mortality rates (Section 5.1) must reflect the effect 

of the partial inaccessibility of the PIRDP upon the recruitment of migratory 

species to modified floodplains and the predicted marginal reduction (cr 10%) in 

productivity due to hydrological modification inside the scheme. 

0 Quantifying this loss is extremely difficult without the ability to remove the effects 

of these three factors. Nonetheless, a very crude approximation has been attempted 

381 



by simply comparing the productivity estimates of putative migratory species and 

by taking account of the effects of hydrological modification on the productivity 

of fish present within the scheme. 

0 The results suggest that floodplain fish productivity may be reduced by as much 

as 50% equivalent to approximately 70 kg ha', principally reflecting the effects of 

the partial inaccessibility of the PIRDP on the recruitment of migratory species to 

inside floodplains and thus it is concluded that floodplain productivity is strongly 

impacted by the PIRDP. 

0 The species most heavily impacted by the flood control embankments are Wallago 

attu, Glossogobius girius, Catla catla, Labeo rohita, Labeo bata, Labeo calbasu, 
Cirrhinus mrigala, Mystus cavasius, Mystus vitatus, Mytsus aor, Gudusia chapra, 

Pseudeutropius atherinoides and Mastacembelus armatus. 

0 Due to the uncertainties surrounding the effect of differences in floodplain 

morphology and relative levels of fishing effort inside and outside the scheme it is 

uncertain why for four of the five species, the estimates of growth performance are 

greater inside the PIRDP compared to outside (Section 3.1). However, the model 

predictions suggest that differences in hydrology are unlikely to be responsible. 

Lower biomass density inside the PIRDP resulting from higher exploitation rates 

and/or lower recruitment, arising from less favourable floodplain morphology and 

the partial inaccessibility of the PIRDP to migratory species, may reduce both 

intra- and inter-specific competition and therefore favour growth. 

0 The FPFMODEL predicts that current levels of exploitation are excessive. 

Populations are predicted to be both growth and recruitment overfished. Closed 

seasons or other measures designed to reduce overall rates of exploitation such as 

reserves (partial closed seasons) are recommended to conserve existing stocks and 

to increase sustainable yield. Yield could also be enhanced by retaining as much 

water as possible during the dry season. It is therefore recommended that the 
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feasibility of retaining more water during the dry season be explored taking account 

of the needs of the farming community during this period. 

" The main impact of the PIRDP is the partial inaccessibility of the flood control 

embankments and the impact this has upon the recruitment of migratory species to 

inside floodplains. Therefore in support of the management recommendations 

described above, measures designed to increase the accessibility of modified 

floodplains to migratory species should be sought to increase overall production 

and the richness and unit value of the assemblage. These might include (i) taking 

advantage of the strong migratory tendencies of fish to enter the PIRDP by 

particular modes of sluice gate operation (ii) sluice gate design to maximise the 

passive drift of larvae and fry and (iii) encouraging cooperation between the fishing 

and the farming communities to optimize sluice gate operations for their mutual 

benefit. 

0 The FPFMODEL yield predictions are most sensitive to those parameters which 

determine recruitment, which include the parameters of the hydrological 

(morphological) sub-models which have a strong influence upon density-dependent 

mortality rates and hence the survival of the spawning stock. 

0 To achieve more reliable model predictions, emphasis should be placed upon 

obtaining more precise estimates of these parameters. Moreover, investigations 

into the effect of flooding intensity and duration on the basic productivity or 

fertility of the floodplain system would also be desirable given its potential to 

affect both growth and recruitment. 

" Notwithstanding the scope for improving the precision of the input parameter 

estimates, incorporating other physical processes and including species interaction, 

the FPFMODEL has made a significant contribution to the understanding of 

floodplain fish population dynamics and the effects of hydraulic manipulation on 

fish production, complementing the work of Welcomme and Hagborg (1977). It 
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has also proved to be a powerful and highly flexible tool for exploring management 

strategies and identifying priorities for future research. 
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Chapter 7 
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7. Conclusions 

In the introduction to this thesis, six main research objectives or aims were specified 

which fall into two broad categories: the impact of hydraulic engineering on fish 

production and biodiversity, and the provision of guidelines for the management of 

modified floodplains in Bangladesh. This chapter brings together the results from the 

five analytical chapters to draw the final conclusions on these two issues and to identify 

priorities for further research. 

7.1 The impact of hydraulic engineerin 

Hydraulic engineering in Bangladesh, characterised by earth embankments forming 

poldered areas or flood control, drainage and irrigation (FCDI) schemes, provide an 

important defence against extreme flooding, and a semi-controlled hydrological 

environment for growing high yielding varieties (HYV) of crops particularly rice. 

Careful manipulation of water levels within FCDI schemes diminishes, delays and 

smooths the flood curve allowing Aman rice plants time to grow with the gently rising 

water without being submerged. Manipulating water levels in this manner provides very 

reliable high cropping intensities and overall production, but reduces the magnitude of 

flooding (days of floodplain inundation) by between 25-30%. At the study site, local 

farmers report that crop production inside the FCDI is at least double that outside. With 

85% of the population of the country living at the agrarian subsistence level, and with 

half the National Product derived from agriculture (Pramanik, 1994), FCDI schemes 

appear vital for the welfare of the people of Bangladesh and to the economy as a whole. 

Currently, flood control schemes cover approximately 30% of the total land area of the 

country, and with increasing demand for greater agricultural output and economic 

stability, more schemes are planned for the future (Chapter 1). 
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Against this backdrop, the majority of inland fish production in Bangladesh is derived 

directly or indirectly from the floodplain component of the river systems which can be 

significantly modified by hydraulic engineering. Fish provide not only 80% of the total 

animal protein consumed in the country, and the second most important export 

commodity, but also livelihoods and supplementary incomes for millions (Section 1.2). 

Prior to this research, many workers have made unsubstantiated claims surrounding the 

impact of FCDI schemes on fish production and biodiversity in Bangladesh. The most 

objective study, undertaken as part of the Flood Action Plan (FAP 17), was based upon 

the comparison of fish productivity, biodiversity and species composition inside and 

outside FCDI schemes. However, generalizations surrounding the impact of FCDI 

schemes on fish productivity were made difficult by conflicting results and problems 

surrounding the standardisation of fishing effort. Furthermore, the approach adopted by 

FAP 17 for assessing the impact on biodiversity and species composition has been 

criticised for failing to test the comparisons statistically and take account of differences 

in fishing gear operation. Evidence has also been presented that strongly challenges 

several important conclusions drawn by FAP 17 surrounding the impact of FCDI 

schemes on fishing effort, and hatchling densities (Section 1.4). Therefore, until now, 

the impacts of FCDI on fish production and biodiversity in Bangladesh have remained 

largely uncertain. 

This thesis has provided a much greater understanding of the impact of FCDI schemes 

on fish production and biodiversity in support of comparisons of productivity (catch per 

unit area (CPUA)) and fishing intensity (effort per unit area EPUA)) made by MRAG 

(1997) inside and outside the PIRDP -a typical, fully functioning FCDI scheme located 

in the north west region of Bangladesh. For the split year July 1995 - June 1996, 

estimated CPUA was significantly higher (138 kg ha') outside the PIRDP compared to 

inside (45 kg ha-') though EPUA was not significantly different. If taken at face value 

EPUA was approximately 35% higher outside the PIRDP compared to inside. However, 

even taking account of this difference in fishing intensity, productivity inside the PIRDP 

is still in the region of 50% lower than outside the scheme (Section 6.1). 
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This difference in productivity may be due to two factors: the relative numbers of fish in 

each region and their relative production potential. It was hypothesised that the first 

factor may be impacted by the effects of the FCDI scheme embankments on fish 

migration routes and by the effects of floodplain morphology and hydrological 

manipulation on the recruitment of fish populations within the scheme, while the second 

factor depends largely upon the relative water levels and the resources available for 

production (Section 1.5). 

Production potential 

Relative production potential was assessed on the basis of comparisons of important 

population parameters of six representative members of the floodplain community 

sampled from inside and outside the PIRDP. This component of the assessment also 

made a valuable contribution to the understanding of the biology, life history and 

population dynamics of floodplain fish in Bangladesh. 

This thesis has revealed that total mortality rates are very high in Bangladesh, with 

instantaneous rates ranging from between 3.2 y' and 4.7 y' equivalent to survival rates 

of between just 1-4%, but no significant (P > 0.05) differences exist inside and outside 

the flood control scheme (Section 5.1). 

Because of these high mortality rates, populations are dominated by a single cohort with 
few fish surviving beyond their first year. Very high tag recapture rates recorded by 

MRAG (1997) suggest that the greatest component of these very high mortality rates is 

due to fishing. Large migratory and predatory species have the greatest total mortality 

rates, possibly reflecting their high vulnerability to capture and value as food fish. 

Recruitment has been shown to occur both inside and outside the PIRDP between May 

and July corresponding to rising water levels and floodplain inundation, when growth is 

most rapid, before or just after the previous cohort disappears (Section 3.1). 

With the exception of the major carp C. catla, all the species examined reached sexual 
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maturity by the end of their first year and there were no significant (P > 0.05) differences 

in the length at maturity inside and outside the scheme (Section 4.1). 

The majority of species have been shown to have relatively short breeding seasons (May 

- June) coinciding with rising water levels and in some cases the time of floodplain 

inundation. Glossogobius giuris exhibited a protracted spawning period though 

spawning activity was most pronounced during the higher water periods between July 

and August, rather than during the rising water period. Insufficient data were available 

to draw any conclusions regarding the breeding patterns of Ccatla though fry of this 

species were caught in the main river during the rising water period. The absence of 

mature Ccatla at the project site suggests that this species does not spawn in the 

floodplain regions, but instead uses them as nursery grounds. Despite earlier rising 

water levels outside the PIRDP, there was no evidence that the spawning period of any 

of the key species was significantly different inside and outside the PIRDP nor was there 

any evidence of inter-annual differences. Fecundity or gonad weight at length was not 

significantly (P > 0.05) different inside and outside the flood control scheme, except for 

A. testudineus where fecundity was higher inside. (Section 4.1). 

An analysis of stomach samples provided information on the diet composition and 

seasonal feeding behaviour of the key species; both were almost identical inside and 

outside the flood control scheme, though qualitative evidence suggested that feeding 

intensity was greater during the longer deeper flood of 1995/96 compared to 1996/97 

(Section 3.1). 

Growth rates are rapid with species reaching between 63-90% of their Lm during their first 

year. Growth is also highly seasonal with the majority of the year's growth achieved 

within a 3-4 month period coinciding with floodplain inundation. Little growth occurs 
during the drawdown and dry season phases of the floodcycle (Section 3.1). 

Growth rates were, with the exception of G. giuris, found to be significantly (P < 0.05) 

higher during the longer deeper flood of 1995/96 compared to 1996/97, implying that 
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feeding opportunities may is some way be related to flood strength. Paradoxically, 

growth rates and condition (weight at length) for four, different combinations of the key 

species were on average found to be significantly (P < 0.05) higher inside the scheme 

compared to outside. The inter-annual variations in growth performance were best 

explained by flood strength measured by the flood index, while in/out differences 

appeared to correspond more closely with lower fish densities inside the PIRDP (Section 

3.1). 

The very low survival rates and patterns of maturation imply that fish populations in 

Bangladesh are virtually annual. Recruitment failure due to excessive fishing mortality 

or failure to reach sexual maturity due to poor growth could have terminal implications 

for these populations. 

However, with similar diet compositions in both regions, and rates of feeding, growth, 

condition, reproduction and survival at least as great inside the FCDI scheme as out, it 

is concluded that the productive potential of floodplain populations within the FCDI 

scheme is not reduced by its hydrological modification. 

Recruitment and production of fish within the PIRDP 

In order to explore the dependence of recruitment (and production) on water levels and 
floodplain morphology, empirical relationships between growth, mortality and 

recruitment, and fish density were determined for a typical floodplain teleost (P. sophore). 

A significant (P < 0.05) linear relationship has been found between the asymptotic length 

of P. sophore and its biomass density within experimental populations. Correlation 

analysis indicates that the response reflects intra-specific competition for food resources. 
It has been argued that although the model parameters have been derived under 

experimental conditions, they are likely to be similar to those expected in wild 

populations. The exception to this is the asymptotic limiting length, L, L which will vary 

according to the abundance of food resources or productivity of the floodplain river 

system. However, the model takes no account of inter-specific competition-mediated 
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density-dependent growth which might be significant in wild populations (Section 3.2) 

Based upon the same data set, recruitment has been described by an extended form of the 

Ricker (1954) model incorporating spawning stock abundance (numbers of eggs) and 

nutrient (nitrate) concentration as predictors. This is the very first stock-recruitment 

relationship to be derived for a floodplain teleost. The model is highly significant (P < 
0.001) and explains 88% of the variation in egg survival (Section 4.2). 

Several mechanisms have been proposed to explain the compensatory response including 

cannibalism, numerical response of predators to egg or larval density, and competition 

mediated density-dependent mortality. Increased nutrient (nitrate) input favours primary 

and secondary production, thereby providing more planktonic food resources for 

developing larvae at the critical period between yolk exhaustion and exogenous feeding. 

The model predictions appear consistent with the theoretical interpretation of empirical 

relationships found between year class strength and hydrology for several floodplain 

species (Section 4.2). 

How realistic the model is remains uncertain. It has been argued that on theoretical 

grounds, a compensatory response would be expected among r-selected floodplain 

species. Fish predators, not present among the experimental populations, may have a 

significant influence upon egg survival rates, but this may be balanced by greater 

abundance of food and shelter in the floodplain. Inter-specific competition-mediated 
density-dependent mortality of egg and pre-recruit stages may also be significant in wild 

populations (Section 4.2). 

This thesis has also produced the very first estimates of natural mortality for a floodplain 

teleost not derived using the empirical relationship after Pauly (1980). Natural mortality 

rates of P. sophore have been shown to be density-dependent in both experimental and 

wild populations. These relationships have been described by highly significant (P < 
0.01) linear and logarithmic models respectively, though the model predictions are not 

significantly (P > 0.05) different. Natural mortality rates were found to be not dependent 
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(P > 0.05) upon fish predator density. Other predators and competition-mediated 

processes are likely to have been responsible for the observed responses (Section 5.2) 

These empirical relationships, together with the population parameter estimates from 

chapters 3-5 have been combined in a floodplain fisheries model (FPFMODEL) designed 

to provide a flexible tool to determine the dependence of recruitment and production on 
floodplain water levels and morphology and to explore management options for modified 
floodplain fisheries (Section 6.1). 

The FPFMODEL is a variant of the model developed by Welcomme and Hagborg 

(1977) but has the advantage of being more general because it employs more classical 

sub-models describing growth, mortality and recruitment. A sub-model for describing 

how water volumes and flooded areas vary with water height has also been developed 

based upon land elevations and estimated drying times of dry season water bodies. The 

FPFMODEL is very flexible and can be easily modified to take account of any degree 

of generality or realism, therefore making it readily applicable to other floodplain 

systems (Section 6.2). 

The FPFMODEL predictions are largely consistent with those of Welcomme and 
Hagborg (1977) in that recruitment is the major process affecting the dynamics of 
floodplain populations driven largely by the hydrological conditions during the dry 

season which determines the survival of the spawning stock. However, unlike the model 

of Welcomme and Hagborg (1977), hydrological conditions during the flood season 
have far less bearing upon growth. Although growth is modelled to be density- 

dependent, high exploitation rates coupled with the processes of density-dependent 

natural mortality and recruitment have an overwhelming influence in regulating the size 

of the population such that inter-annual variations in biomass density are small (Section 

6.3). 

The FPFMODEL predicts that the recruitment and production of fish within the PIRDP 

is diminished by only approximately 10% by the current modification of the hydrological 
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regime, but will continue to decrease with increasing reductions to water height (Section 

6.3). Model predictions do, however, indicate that fish productivity, particularly of 

floodplain resident species, is strongly dependent upon floodplain morphology which 

dictates dry season survival rates and subsequent recruitment. Productivity is, to a lesser 

extent, also dependent upon the seasonal pattern of exploitation. 

Fish migrations - recruitment of migratory species to modified floodplains 

Multivariate analysis of species abundance data (Chapter 2) has demonstrated that many 

(up to 25) species are absent or less abundant in floodplain habitat inside FCDI schemes 

compared to outside. The majority of these species are large predators or conspicuous 

members of the highly prized migratory `whitefish' category. These species include 

silurid catfish, cyprinids (including the Indian major carps), clupeids, loaches, mullets 

and gobies. 

In the absence of these species, assemblages inside FCDI schemes are dominated by 

much smaller resident `black' and `greyfish' species. Therefore, as well as being less 

species rich, assemblages in modified floodplains have a lower unit value - as much as 

25% lower in the north west region of the country. 

Although these differences are also indicative of `ecosystem' overfishing, comparisons 

of species abundance data by MRAG (1997) reveal a very consistent pattern, despite the 

fact that fishing effort was found to be not significantly different, implying that these 

differences simply reflect the partial inaccessibility of FCDI schemes to migratory 

species. 

Given that production potential was found to be at least as high inside the PIRDP as 

outside and with recruitment and production of fish within the scheme predicted to be 

virtually undiminished by the current modification of the hydrological regime, it is 

concluded that the main impact of the FCDI schemes is the partial inaccessibility of their 

embankments and the impact this has upon the recruitment of migratory species to inside 

floodplains. 
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Because of the uncertainty surrounding the relative fishing effort inside and outside the 

PIRDP, it is very difficult to quantify this impact from the productivity estimates of 
MRAG (1997). It is further complicated by the effects of differences in the seasonal 

pattern of fishing effort and floodplain morphology. However, given that floodplain 

morphology is likely to have most influence upon the production of resident fish 

populations, which is not a direct impact of the FCDI scheme itself, and assuming that 

the effects of any differences in the overall and seasonal pattern of fishing effort are 

marginal, the PIRDP reduces productivity by approximately 50%, equivalent to 70 kg 

ha' (Section 6.4). 

This figure is unlikely to be universal to all FCDI schemes, since it will vary according 
to the accessibility of the scheme, including the mode of sluice gate operations and the 

extent of hydrological manipulation. Indeed, this figure may represent the upper extreme 

since it is based upon the hydrological split year when the main Talimnagar sluice gate 

remained closed for almost the entire flood season (Figure 1.7) and that productivity 
increased significantly during the following year when the gates were opened due to the 

lack of rainfall. 

Nonetheless, it is concluded that FCDI schemes strongly impacts floodplain fish 

productivity, fish biodiversity and the unit value of the catch, and that further reductions 
in water height will lead to further reductions in productivity. 

The FPFMODEL predictions indicate that differences in hydrology are unlikely to be 

responsible for the observed differences in growth performance of the key species inside 

and outside the PIRDP. Lower biomass density inside the PIRDP resulting from higher 

exploitation rates and/or lower recruitment arising from less favourable floodplain 

morphology and the diminished recruitment of migratory species, may reduce intra- 

specific competition and therefore favour growth. Reduced interspecific competition 
inside the scheme may also be important. Few large, predatory species are caught within 
the scheme and therefore resident blackfish predator species including Cstriatus and 

predator species that are able to enter the scheme via sluice gates, albeit in reduced 
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numbers, including W. attu are therefore less likely to suffer the effects of interspecific 

competition. 

7.2 Management of modified of floodnlains 

Assuming that the population dynamics of P. sophore are typical of most floodplain 

species, the FPFMODEL predictions indicate that current levels of exploitation are 

excessive; populations are predicted to be both growth and recruitment overfished and 

yields are likely to become unsustainable with further increases in fishing effort (Section 

6.3). 

Technical measures in the form of mesh regulations, size limits and gear bans have little 

potential for improving the existing situation. Instead, closed seasons or other measures 

designed to reduce the overall level of exploitation, such as reserves, are recommended. 

A closed season during any month of the year is predicted to increase yield by at least 

25% with greatest increases (70-100%) predicted during those months when fishing 

mortality is at its highest, for example October, January and April. Contrary to the 

predictions of MRAG (1994a) and Hoggarth and Kirkwood (1996), a closed season at the 

start of floodplain inundation is predicted to improve yield-per-recruit by approximately 

10% (and total annual yield by 50%) reflecting the excessive fishing mortality during the 

initial growth period. 

Yield is maximized by fishing intensively just prior to the drawdown after fish have 

achieved most of their growth for the year and before losses due to density-dependent 

mortality become significant during the drawdown period. However, such a highly 

seasonal fishery is unlikely to be optimal, practicable or socially acceptable. 

The greatest gains in yield for the smallest sacrifices are achieved by closing the fishery 

in July or towards the end of the dry season (April). The closure of the fishery during 
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these periods are therefore most likely to be acceptable to fishing communities. A closed 

season toward the end of the dry season could alternatively take the form of dry season 

reserves, supporting the management recommendations proposed by MRAG (1997) and 

Hoggarth and Halls (1997). 

Due to the strong interaction between F and M, recommendations surrounding the best 

time to enforce a closed season will be sensitive to the seasonality of the fishery, though 

due to excessive exploitation rates, a closed season operated in any month is likely to 

produce gains in yield. 

It has been demonstrated that FCDI schemes strongly impact floodplain fish productivity 

in modified floodplains by diminishing the recruitment of migratory species. Therefore 

in support of the above, it is recommended that measures designed to increase the 

accessibility of modified floodplains to migratory species be sought to increase overall 

production and the richness and unit value of the assemblage. These measures might 

focus upon improving the mode of sluice gate operations to take advantage of the strong 

migratory tendencies of fish to enter FCDI schemes and improving sluice gate design to 

maximise the passive drift of larvae and fry to modified floodplains (Section 6.4). 

The manipulation of water levels inside the PIRDP potentially provides a cost effective 

means of yield enhancement by improving the floodplain habitat. The FPFMODEL 

predicts that yield enhancement is maximised by retaining as much water as possible 

during the dry season and that the loss of yield associated with the reduction in flood 

season water height (FSWH) could be compensated by increasing dry season water 

height (DSWH). The practicability of manipulating dry season water heights is 

uncertain. The highly productive Boro rice is grown during this period, which requires 

irrigation, but cannot tolerate inundation. It is recommended that the feasibility of 

retaining more water during the dry season be explored taking account of the needs of the 

farming community during this period (Section 6.3). 
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7.3 Future Research 

Because the sub-models of the FPFMODEL describing density-dependent growth and 

recruitment were based upon experimental populations of P. sophore stocked in isolation, 

they could be criticised for not taking account of potential interspecific interactions 

including competition-mediated effects and predation which may operate in the 

floodplain environment. Given the time and resources available to meet the objectives 

of this research, coupled with the need to generate enough data with sufficient contrast 

to detect any density-dependent effects, arguably the use of experimental populations was 

virtually unavoidable. However, in spite of these criticisms, they do represent a 

significant advance on the theoretical models used by Welcomme and Hagborg (1977) 

in their simulations of the behaviour of African river fisheries. 

If inter-specific competition mediated density-dependent growth is an important process 

in wild populations, then hydrological modification within FCDI schemes may have a 

greater impact on fish growth than has been predicted here. However, this effect may be 

more than compensated by the reduced recruitment of migrant species to modified 

floodplains. Indeed, this effect may have been responsible for the greater growth 

performance of several of the key species inside the PIRDP. Nevertheless, the very 

existence of any form of density-dependent growth in wild populations needs further 

confirmation given that (i) in previous studies, the effects of density on fish growth may 

have been mimicked by changes in the overall fertility of the floodplain system linked 

with flooding intensity and duration (see below), (ii) exploitation might reduce the 

floodplain ichthyomass to the point where competition is insignificant and (iii) a larger 

spectrum of food resources may be available in the floodplain environment which might 

allow fish with the capacity for dietary shift to escape the consequences of competition 

altogether. It is recommended that future studies of density-dependent growth be 

conducted for wild populations and employ weight as opposed to length as the dependent 

variable given that potential reductions in weight will not be reflected in fish length 

(Section 3.2). 
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With regards to the recruitment sub-model, the effects of species interaction on the 

FPFMODEL predictions are more uncertain because the mechanisms determining egg 

survival to recruitment in the floodplain are poorly understood. In the floodplain 

environment, fish predators may simply replace the effects of potential predators 

identified in the experiment. If they augment overall predator abundance, the height of 

the stock-recruitment curve would be lower and become more peaked, effectively 

lowering average survival rates and potential yield. Competition among pre-recruits of 

other species may produce the same effect as scramble competition for food resources 

and shelter becomes more intense. However, predation of pre-recruits and scramble 

competition for food resources may be less intense if shelter and food resources are more 

abundant upon the floodplain. Other complexities include interspecific competition for 

spawning substrate and differences in abiotic conditions including temperature and 

dissolved oxygen. Because exploitation rates are very high in Bangladesh,. spawning 

stock abundance and recruitment are likely to correspond to the almost linear left hand 

arm of the stock-recruitment relationship, where survival rates remain relatively constant. 

Field based studies on egg survival from deposition to recruitment would therefore 

appear to be a logical next step in understanding the recruitment process in wild 

populations (Section 4.2). 

Although the underlying causes have remained poorly understood, inter-annual variations 

in the growth and recruitment (year class strength (YCS)) of floodplain fish have been 

widely documented and often correlated with some measure of flooding intensity and 

duration, usually a flood index (FI). These variations preclude the application of 

conventional growth models such as the von Bertalanffy growth function for describing 

floodplain fish growth and introduce a strong stochastic element to stock-recruitment 

relationships. This thesis has demonstrated that both growth and recruitment are 
dependent upon fish density, and food resource abundance determined by the fertility or 

nutrient status of the environment. Both fish density and the fertility of the floodplain 

system are anticipated to be dependent upon flooding intensity and duration (Sections: 

3.1; 3.2 ; 4.1; 4.2). Therefore, to facilitate a greater understanding of the effects of inter- 

annual variations in flooding intensity on growth and recruitment, and the development 
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of more adequate models of the two processes, investigations into the effect of flooding 

intensity and duration on the basic productivity or fertility of the floodplain system would 

be desirable. 

Density-dependent natural mortality was predicted using a model derived from data for 

experimental populations which was shown to be not significantly (P > 0.05) different 

from a similar model derived for wild populations in dry season water bodies, but had the 

advantage that it could predict M below unit density. It has been argued that, if the 

species composition of dry season water bodies is nominally similar, then inter-specific 

effects were implicity accounted for in the density-dependent model predictions. 

However, the validity of using these models to extrapolate mortality rates beyond the dry 

season phase is uncertain given that factors which are likely to affect mortality rates, not 

directly related to fish density, may also vary during the flood cycle. These factors 

include the spatial distribution of predators; some predator species may be present upon 

the floodplain and during the drawdown, but may return to the main river before the dry 

season. Vulnerability to predation may also vary in response to changes in the abundance 

of food resources and shelter. Abiotic conditions, which may affect mortality rates 

directly, or indirectly (Figure 5.1) may also exhibit extremes between the flood and dry 

seasons. For these reasons, it would be desirable to complement this work by examining 

mortality rates of wild populations during the other phases of the flood cycle. Methods 

which focus upon measuring relative as opposed to absolute differences in fish 

population number such as tagging appear to hold the most promise (Section 5.2). 

One of the most significant discoveries of the thesis is that fish production, particularly 

for floodplain resident species, is strongly dependent upon floodplain morphology since 

it dictates the dry season survival of the spawning stock and subsequent recruitment. 

Indeed, the heterogeneity of floodplain morphology may partially explain why previous 

impact assessment studies based upon productivity (CPUA) comparisons have been 

largely inconclusive (Section 6.4). Therefore, in addition to improving the accuracy and 

precision of estimates of productivity and standardised fishing effort, future impact 

assessments based upon comparisons of productivity should take account of differences 
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in floodplain morphology and dry season hydrology. Satellite imagery and surface water 

models would appear a logical source of this type of information. 

No doubt the performance of simulation models such the FPFMODEL and indeed simple 

predictive yield models using floodplain area as an independent variable (for example 

Welcomme, 1985; Crul, 1992 and Halls and Payne, 1994) could be also be improved 

with more precise information on floodplain morphology and hydrology. For the latter 

type of model, this information might best take the form of an additional independent 

variable describing the dry season water volume per unit area of floodplain. 

The FPFMODEL yield predictions are also very sensitive to several other parameters 

which determine recruitment, particularly LmL and K due to their affect upon fecundity, 

and also a and N which largely determine the height of the stock recruitment curve. 

More reliable model predictions could be achieved by obtaining more precise estimates 

of these parameters from wild populations. 

However, FPFMODEL and the model of Welcomme and Hagborg (1977) have 

demonstrated that even in the face of uncertainty surrounding the precision of input 

parameter estimates and when significant differences in the specification of the 

population sub-models exist, the conclusion that recruitment is the key process 

determining floodplain fish production, remains unchanged. 

Thus, the message delivered from this thesis is clear. Management strategies for 

modified floodplain fisheries should focus upon augmenting the recruitment of migratory 

species from outside sources and improving the survival of resident spawning stocks by 

whatever means are practicable. 
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Table A1.1. Target biological sample sizes, stratified by fish size class and sampling 
location. 

Species and size class (cm) Location 

A. testudineus Ccatla Cstriatus G. giuris P. sophore W. attu In Out 

0-4 0-10 0-10 0-4 0-3 0-10 5 5 

5-9 11-20 11-20 5-9 4-7 11-20 5 5 

10-14 21-30 21-30 10-14 8-11 21-30 5 5 

15-19 31-40 31-40 15-19 12-15 31-40 5 5 

20+ 40+ 40+ 20+ 15+ 40+ 5 5 
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Table A1.5 Length frequency sampling form. 

Date: Sapling Point: 

Spp: Spp: 
- 

Gear: Gear: 
` 

Location: Location: 

Saiplers: 
4 

Spas Sous Spp: 

Gear: Gears Gear: 

Location: Location: Location: 

1 2 6 1 2 6 1 2 6, I 2 6 1 26 
1. 5 2 7 1. 5 27 1.5 27 1.5 27 1.5 27 
2 2 8 2 28 2 28 2 28 2 28 
2.5 29 2.5 29 2.5 29 2.5 29 2.5 29 
3 30 3 30 3 30 3 30 3 30 _ 

3.5 31 3.5 31 3.5 31 3.5 31 -3.5 31 
4 32 4 32 4 32 4 32 4 32 
4.5 33 4.5 33 4.5 33 4.5 33 4.5 33 
5 34 5 34 5 34 5 34 -as 34 

5.5 35 5.5 35 5.5 35 5.5 35 5.5 35 - 

6 36 6 36 6 36 6 36 6 36 - 

6.5 37 6.5 37 6.5 37 6.5 37 6.5 37 
7 38 7 38 7 38 7 38 7 38 
7.5 39 7.5 39 7.5 39 7.5 39 7.5 39 

_ 8 40 8 40 8 40 8 40 8 40 

8.5 j41 8.5 41 8.5 41 8.5 41 8.5 41 
-' 9 42 _ 9 42 9 42 9 42 9 42 
_ 9.5 43 9.5 43 9.5 43 9.5 43 9.5 43 

IO 44 10 44 10 44 IO 44 10 44 
10.5 45 10.5 45 10.5 45 10.5 45 10.5 45 

_ II 46 11 46 Il 46 11 46 lt 46 
11.5 47 11.5 47 11.5 41 11.5 47 11.5 47 
12 48 12 48 12 48 12 48 12 48 

12.5 49 12.5 49 12.5 49 12.5 49 12.5 49 
_ 13 50 13 50 13 50 13 50 13 50 

13.5 51 13.5 51 13.5 51 13.5 51 13.5 51 
14 52 14 52 14 52 14 52 14 52 
14.5 53 14.5 53 14.5 53 14.5 53 14.5 53 
15 54 15 54 15 54 15 54 15 54 
15.5 55 15.5 55 15.5 55 15.5 55 15.5 55 

_ 16 56 16 56 16 56 16 56 16 56 
16.5 57 16.5 57 16.5 57 16.5 57 16.5 57 
1 58 17 58 17 58 17 58 17 58 
17.5 59 17.5 59 17.5 59 17.5 59 17.5 59 
id 60 18 60 18 60 18 60 18 60 
18.5 61 18.5 61 18.5 61 18.5 61 18.5 61 
19 62 19 62 19 62 19 62 19 62 
19.5 63 19.5 63 19.5 63 19.5 63 19.5 63 
20 64 20 64 20 64 20 64 20 64 
20.5 65 20.5 65 20.5 65 20.5 65 20.5 65 
21 66 21 66 21 66 21 66 21 66 
21.5 67 21.5 67 21.5 61 21.5 67 21.5 67 
22 68 22 68 22 68 22 68 22 68 
22.5 1 69 22.5 69 22.5 69 22.5 691 --11 22.51 69 

123 ( 1 701 1 23 1 70 23 -1 70 23 I -] 701 23 I -1 70 
_ 

23.5 
24 
24.5 

72 
13 

5 
24 
24.5 

71 
72 
73 

.5 
21 
24.5 

71 
72 
73 

.5 
24 
24.5 

71 
72 
13 

5 
24 
24.5 

71 
72 
73 

25 
25.5 

:: 
1 

74 
75 

11 
25 
25.5 

74 
75 

25 
25.5 

74 
75 

25 
25.5 

74 
75 

25 
25.5 

74 
751 

-1 

407 



Appendix 2 

Table A2.1 Species-by-site abundance (CPUE (kg/100hrs seine net fishing)) matrix (1993). 
Data from FAP17 database. 
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Appendix 3 

Figures A3.1a - A3.6e Gear type by sampling month matrix of length frequency 
distributions sampled from inside and outside the PIRDP. Scale ranges and class interval 
(CI) sizes for each figure are given below. 

Figure Species PIRDP Scale Cl (cm) 

Figure A3.1 a&b A. testudineus IN 0-20.5 0.5 
Figure A3.1 c&d A. testudineus OUT 0-20.5 0.5 

Figure A3.2a &b C. catla IN 0-57 1.0 
Figure A3.2c &d C. catla OUT 0-57 1.0 

Figure A3.3a &b C. striatus IN 0-55 1.0 
Figure A3.3c &d C. striatus OUT 0-55 1.0 

Figure A3.4a &b G. giuris IN 0-32 1.0 
Figure A3.4c -e G. giuris OUT 0-32 1.0 

Figure A3.5a &b P. sophore IN 0-11.5 0.5 
Figure A3.5c &d P. sophore OUT 0-11.5 0.5 

Figure A3.5a &b W. attu IN 0-127 1.0 
Figure A3.5c -e W. attu OUT 0-127 1.0 

Gear Codes 

HK Hooks 
CN Cast net 
DW Dewatering 
HF Hand fishing 
KT Katha (Brushpile with seine) 
KU Kua 
LN Liftnet 
PT Passive trap 
SN Seine net 
LL Longline 
DN Drag net 
AT Active trap 
BN Bag net 
PN Push net 
JT Jump trap 
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Figure A3.2c Length frequencies for C. catla (OUT) 
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Figure A3.3a Length frequencies for C. striatus (IN) 
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Figure A3.6a Length frequencies for W. attu (IN) 
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Figures A 3.7a- A3.7f. Time series of bi-monthly length frequency distributions for each 
key species sampled from inside and outside the PIRDP based upon combinations of 
length frequency samples from non-selective gear types. Scale range and class interval 
(Cl) for each figure are given below. 

Figure Species Scale CI cm 

Figure A3.7. a A. testudineus 0-20.5 0.5 
b C. catla 0-57.0 1.0 

c Cstriatus 0-55.0 1.0 
d G. giuris 0-33.0 1.0 

e P. sophore 0-12.0 0.5 
f W. attu 0-127.0 1.0 
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Figure 3.7a Time series of bi-monthly length frequency distributions for 
A. testudineus" sampled from inside and outside the PIRDP. 
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Figure 3.7c Time series of bi-monthly length frequency distributions for C. striatus 
sampled from inside and outside the PIRDP. 
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Figure 3.7d Time series of bi-monthly length frequency distributions for G. giuris 
sampled from inside and outside the PIRDP. 
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Figure 3.7e Time series of bi-monthly length frequency distributions for P. sophore 
sampled from inside and outside the PIRDP. 
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Figure 3.7f Time series of bi-monthly length frequency distributions for W. attu 
sampled from inside and outside the PIRDP. 
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Figures 3.8_la-3.8.6d Best fitting/alternative seasonal von Bertalanffy growth functions 
for the key species sampled from inside and outside the PIRDP, estimated using LFDA 
v 4.1 (Holden et at, 1995). 

Index: 

Figure 3.8.1 a-b A. testudineus IN 
c-d A. testudineus OUT 

Figure 3.8.2 a-b C. catla IN 
c C. catla OUT 

Figure 3.8.3 a-b C. striatus IN 
c C. striatus OUT 

Figure 3.8.4 a-b G. giuris IN 
c G. giuris OUT 

Figure 3.8.5 a-b P. sophore IN 
c-d P. sophore OUT 
e P. sophore IN (one cohort) 

Figure 3.8.5 a W. attu IN 
b-d W. attu OUT 
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Figure 3.8. I a Seasonal VBGF for A. testudineus, inside the PIRDP. 
K= 0.92, Lro = 18.6cm, to = -0.65, t, = 0.60, C=1.0, R� = 0.509. 
Fails to adequately describe growth during 96/97 flood year. 
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Figure 3.8. Ib Seasonal VBGF for A. testudineus, inside the PIRDP. 
K= 0.98, L. = 18.2cm, to = -0.85, tS = -0.03, C=0.57, R,, = 0.634. 
Higher R, but fails to adequately describe growth of new recruits in either 
year. Also implies growth is most rapid during dry season. 
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Figure-33.8.1c Seasonal VBGF for A. testudineus, outside the PIRDP. 
K= 0.80, L- = 20.0cm, to = -0.73, t5 = 0.60, C=0.9, R� = 0.435. 
Poor fit for 96/97 flood year. 
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Figure 3.8.1d Non-seasonal VBGF for A. testudineus, outside the PIRDP. 
K= 0.93, L.. = 18.6cm, to = -0.8, R� = 0.487. 
Higher R, but implies that growth is not seasonal. 
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Figure 3.8.2a Seasonal VBGF for C. cutla, inside the PIRDP. 
K= 0.80, L- = 93.4cm, to = -0.50, t5 = 0.43, C=0.98, RR = 0.274 
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Figure 3.8.2b Seasonal VBGF for C. catla, inside the PIRDP. 
K= 0.53. L- = 134.3cm, to = -0.50, t, '= 0.43, C= 0.99, R� = 0.292. 
Lower K and higher Lm to give similar fit, but with slightly higher Rn. 
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Figure 3.8.2c Seasonal VBGF for Ccatla, outside the PJRDP. 
K= 0.66, Lm = 91. lcm, to = -0.50, t, = -0.43, C=0.61, R,, = 0.355. 
Describes growth adequately during 96/97 but not 95/96 flood year. 
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Figure 3.8.3a Seasonal VBGF for Cstriatus, inside the PIRDP. 
K= 0.58, Lm = 63.24cm, to = -0.63, tS = -0.37, C=0.75, R,, = 0.472. 
Only adequately describes growth during 94/95 flood year. 
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Figure 3.8.3b Non-seasonal VBGF for C. striatus, inside the PIRDP. 
K= 0.5 8, L_ = 63.2cm, to = -0.68, R� = 0.474. 
Poor fit despite higher R,,. Also implies growth is not seasonal. 
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Figure 3.8.3c Seasonal VBGF for C. striatus, outside the PIRDP. 
K= 0.56, Lm = 56.0cm, to = -0.74, tS = -0.38, C=1.0, R, = 0.429. 
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Figure 3.8.4a Seasonal VBGF for G. giuris, inside the PIRDP. 
K= 0.52, Lro = 20.0cm, to = -0.65, t, = 0.336, C=0.93, R� = 0.639. 
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Figure 3.8.4b Seasonal VBGF for G. giuris, inside the PIRDP. 
K=0.2, L. =25cm, to =-0.11, tS=0.21, C=0.97, R�=0.734. 
Higher R, but implies (i) growth is most rapid during dry season (ii) 

growth is very slow (iii) age of largest individuals approx 10 years! 
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Figure 3.8.4c Seasonal VBGF for G. giuris, outside the PIRDP. 
K= 0.79, L. = 16.9cm, to = -0.48, t, = 0.47, C=0.9, R� = 0.701. 
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Figure 3.8.5a Seasonal VBGF for P. sophore, inside the PIRDP. 
K 0.80, L- = 13.6cm, to = -0.78, t5= 0.32, C= 0.91, R�=0.531. 
Adequately describes pattern of growth during 94/95 and 96/97, but not 
for 95/96 flood year. 
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Figure 3.8.5b Seasonal VBGF for P. sophore, inside the PIRDP. 
K=. 2.60, L,. =8.2cm, to=-0.65, t5=-0.05, C=0.1, R, = 0.537. 
Poor fit for 96/97 flood year and poorly describes the clear seasonal 
pattern of growth shown during 95/96- 
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Figure 3.8.5c Seasonal VBGF for P. sophore, the PIRDP Scheme. 
K= 0.38, L- = 20.50cm, to = -0.69, t, = 0.41, C= 0.96, R�0.708. 
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Figure 3.8.5d Seasonal VBGF for P. sophore, outside the PIRDP. 
K= 2.0, L. = 6.74cm, to = -0.76, tS = 0.27, C=0.20, R� = 0.724. 
f Iiýher R, but poorly describes growth during 94/95 and 95/96 flood years. 
Also implies little seasonality in growth. 
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Figure 3.8.5e Seasonal VBGF for P. sophore, inside the PIRDP, 95/96 0+ cohortonly 
K= 2.3, L. = 7.2cm, to = -0.58, is = 0.05, C=1.0, R� = 0.855. 
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Figure 3.8.6a Seasonal VBGF for W. attu, inside the PIRDP. 
K= 1.4, L,,. = 97.0cm, t, = -0.55, t, = -0.26, C=0.23, R� = 0.600. 
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Figure 3.8.6b Seasonal VBGF for Wattu, outside the PIRDP. 
K= 1.3, L. = 82.7cm, to = -0.59, is = 0.43, C=0.94, R� = 0.346. 
Adequately describes growth during 94/95 and 95/96 but not 96/97 flood 

years. 
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Figure 3.8.6c Seasonal VBGF for W. attu, outside the PIRDP. 
K= 1.0, Lm = 112.0cm, to = -0.52, t, = 0.40, C=0.85, R� = 0.309_ 
Adequately describes growth during 94/95 and 96/97 but not 95/96 flood 

years. 

140 

120 

100 

so 
U 

60 

40 

20 

0 
-0.2 0.9 2.0 

Sample Timing 

Figure 3.8.6d Seasonal VBGF for W. attu, outside the PIRDP. 
K= 0.52, L. = 112.0cm, to = -0.89, t, = -0.32, C=0.10, R,, = 0.404. 
Higher R, but fails to adequately describe growth the seasonal pattern of 
growth. 
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Figures A 3.9a- A3.9f. Time series of bi-monthly length frequency distributions for each 
key species sampled from inside and outside the PIRDP based upon combinations of 
length frequency samples from non-selective gear types. Distributions have been 

overlaid to emphasise any differences growth between the two locations. Scale range and 
class interval (CI) for each figure as in Figures A3.7a-A3.7f: 

Figure Species Scale CI (cm) 

Figure A3.9. a A. testudineus 0-20.5 0.5 
b C. catla 0-57.0 1.0 
c C. striatus 0-55.0 1.0 
d G. giuris 0-33.0 1.0 
e P. sophore 0-12.0 0.5 
f W. attu 0-127.0 1.0 
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Figure A3.9a Bi-monthly length frequency distributions for A. testudineus sampled from 
inside (solid line) and outside (broken line) the PIRDP. 
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Figure A3.9b Bi-monthly length frequency distributions for Ccatla sampled from 
inside (solid line) and outside (broken line) the PIRDP. 
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Figure A3.9c Bi-monthly length frequency distributions for C. striatus sampled from 
inside (solid line) and outside (broken line) the PIRDP. 
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Figure A3.9d Bi-monthly length frequency distributions for G. giuris sampled from 
inside (solid line) and outside (broken line) the PIRDP. 
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Figure A3.9e Bi-monthly length frequency distributions for P. sophore sampled from 
inside (solid line) and outside (broken line) the PIRDP. 
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Figure A3.9f Bi-monthly length frequency distributions for W. attu sampled from inside 
(solid line) and outside (broken line) the PIRDP. 
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Table A3.1 a-f SYSTAT output for the two-way ANOVA to test for differences in mean 
length achieved by November LV. 

V 
inside and outside the PIRDP and between 

hydrological years 95/96 and 96/96 

a) A. testudineus 

DEP VAR: LENGTH N: 976 MULTIPLE R: 0.363 SQUARED MULTIPLE R: 0.132 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQ UARES DF MEAN-SQUARE F-RATIO P 

LOC 0 . 439 1 0.439 0.162 0.687 

YEAR 79 
. 

645 1 79.645 29.390 0.000 

LOC*YE. 2ý, R 7 . 777 1 7.777 2.870 0.091 

ERROR 2634 
. 040 972 2.710 

b) C. catla 

DEP VAR: LENGTH Ni 962 MULTIPLE R: 0.520 SQUARED MULTIPLE R: 0.270 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQ UARES DF MEAN-SQUARE F-RATIO P 

LOC 474. 638 1 474.638 18.623 0.000 
YEAR 1328. 710 1 1328.710 52.133 0.000 

LOC*YEAR 2360. 466 1 2360.466 92.616 0.000 

ERROR 24416. 241 958 25.487 

b) C. striatus 

DEP VAR: LENGTH N: 2044 MULTIPLE R. 0.340 SQUARED MULTIPLE R: 0.116 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

LOC 2410.253 1 2410.253 65.531 0.000 

YEAR 2141.422 1 2141.422 58.222 0.000 

LOC*YEAR 2230.405 1 2230.405 60.641 0.000 

ERROR 75031.594 2040 36.780 
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b) G. giuris 

DEP VAR: LENGTH N: 4760 MULTIPLE R: 0.220 SQUARED MULTIPLE R: 0.048 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

LOC 814.584 1 814.584 230.824 0.000 

YEAR 2.231 1 2.231 0.632 0.427 

LOC*YEAR 46.505 1 46.505 13.178 0.000 

ERROR 16784.018 4756 3.529 

b) P. sophore 

DEP VAR: LENGTH N: 5191 MULTIPLE R: 0.354 SQUARED MULTIPLE R: 0.126 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

LOC 167 . 201 1 167.201 224.269 0.000 
YEAR 53 . 482 1 53.482 71.736 0.000 

LOC*YEAR 268 
. 638 1 268.638 360.328 0.000 

ERROR 3867 . 097 5187 0.746 

b) W. attu 

DEP VAR: LENGTH N 2486 MULTIPLE R: 0.623 SQUARED MULTIPLE R: 0.389 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

LOC 26253.212 1 26253.212 445.198 0.000 
YEAR 30841.197 1 30841.197 523.001 0.000 
LOC*YEAR 6067.773 1 6067.773 102.896 0.000 

ERROR 146362.762 2482 58.970 
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Table A3.2a-k Results of the regression analysis describing the relationship between 
loge transformed length and weight for each key species sampled inside and outside the 
PIRDP. 

a) A. testudineus (IN) 

DEP VAR: LNWTIN N: 574 MULTIPLE R: 0.988 SQUARED MULTIPLE R: 0.975 
ADJUSTED SQUARED MULTIPLE R: . 

975 STANDARD ERROR OF ESTIMATE: 0.122 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -11.040 0.096 0.000 -114.754 0.000 

LNFLIN 3.011 0.020 0.988 1.000 150.313 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 337.691 1 337.691 22594.046 0.000 

RESIDUAL 8.549 572 0.015 

a) A. testudineus (OUT) 

DEP VAR: LNWTOUT N: 272 MULTIPLE R: 0.980 SQUARED MULTIPLE R: 0.961 
ADJUSTED SQUARED MULTIPLE R: 

. 
961 STANDARD ERROR OF ESTIMATE: 0.129 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -10.657 0.174 0.000 -61.334 0.000 

LNFLOUT 2.937 0.036 0.980 1.000 81.668 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 111.782 1 111.782 6669.686 0.000 
RESIDUAL 4.525 270 0.017 

c) C. catla (IN) 

DEP VAR: LNWTIN N: 
ADJUSTED SQUARED MULTIPLE R 

VARIABLE COEFFICIENT 

CONSTANT -12.140 
LNFLIN 3.260 

195 MULTIPLE R: 0.997 SQUARED MULTIPLE R: 0.993 

. 993 STANDARD ERROR OF ESTIMATE: 0.092 

STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

0.105 0.000 -115.075 0.000 

0.019 0.997 1.000 171.132 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 249.269 1 249.269 29286.066 0.000 
RESIDUAL 1.643 193 0.009 
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d) C. catla (OUT) 

DEP VAR: LNWTOUT N: 

ADJUSTED SQUARED MULTIPLE R 

VARIABLE COEFFICIENT 

CONSTANT -11.543 
LNFLOUT 3.148 

291 MULTIPLE R: 0.993 SQUARED MULTIPLE R: 0.987 

. 987 STANDARD ERROR OF ESTIMATE: 0.144 

STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

0.118 0.000 -97.729 0.000 
0.021 0.993 1.000 147.539 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 452.881 1 452.881 21767.756 0.000 
RESIDUAL 6.013 289 0.021 

e) C. striatus (IN) 

DEP VAR: LNWTIN N: 372 MULTIPLE R: 0.997 SQUARED MULTIPLE R: 0.994 
ADJUSTED SQUARED MULTIPLE R: 

. 994 STANDARD ERROR OF ESTIMATE: 0.097 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -12.366 0.071 0.000 -174.716 0.000 
LNFLIN 3.111 0.013 0.997 1.000 247.243 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 569.722 1 569.722 61129.026 0.000 
RESIDUAL 3.448 370 0.009 

f) C. striatus (OUT) 

DEP VAR: LNWTOUT N: 311 MULTIPLE R: 0.997 SQUARED MULTIPLE R: 0.993 
ADJUSTED SQUARED MULTIPLE R: 

. 
993 STANDARD ERROR OF ESTIMATE: 0.091 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -12.352 0.083 0.000 -149.708 0.000 
LNFLOUT 3.107 0.015 0.997 1.000 211.773 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 370.739 1 370.739 44847.784 0.000 
RESIDUAL 2.554 309 0.008 
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g) G. giuris (IN) 

DEP VAR: LNWTIN N: 

ADJUSTED SQUARED MULTIPLE R 

VARIABLE COEFFICIENT 

CONSTANT -11.974 
LNFLIN 3.050 

340 MULTIPLE R: 0.996 SQUARED MULTIPLE R: 0.992 

. 
992 STANDARD ERROR OF ESTIMATE: 0.128 

STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

0.073 0.000 -165.019 0.000 

0.015 0.996 1.000 205.336 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 685.590 1 685.590 42162.958 0.000 

RESIDUAL 5.496 338 0.016 

h) G. giuris (OUT) 

DEP VAR: LNWTOUT N: 485 MULTIPLE R: 0.994 SQUARED MULTIPLE R: 0.987 

ADJUSTED SQUARED MULTIPLE R: . 987 STANDARD ERROR OF ESTIMATE: 0.145 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -11.466 0.075 0.000 -152.025 0.000 

LNFLOUT 2.937 0.015 0.994 1.000 194.418 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 799.459 1 799.459 37798.340 0.000 

RESIDUAL 10.216 483 0.021 

i) P. sophore (IN) 

DEP VAR: LNWTIN N: 618 MULTIPLE R: 0.992 SQUARED MULTIPLE R: 0.984 

ADJUSTED SQUARED MULTIPLE R: . 984 STANDARD ERROR OF ESTIMATE: 0.112 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -11.719 0.069 0.000 -169.850 0.000 
LNFLIN 3.203 0.016 0.992 1.000 197.682 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 490.810 1 490.810 39078.355 0.000 
RESIDUAL 7.737 616 0.013 
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j) P. sophore (OUT) 

DEP VAR: LNWTOUT N. 551 MULTIPLE R: 0.994 SQUARED MULTIPLE R: 0.987 
ADJUSTED SQUARED MULTIPLE R: 

. 
987 STANDARD ERROR OF ESTIMATE: 0.102 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -11.749 0.066 0.000 -177.219 0.000 
LNFLOUT 3.211 0.016 0.994 1.000 205.188 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 436.244 1 436.244 42102.292 0.000 
RESIDUAL 5.688 549 0.010 

k) W. attu (IN) 

DEP VAR: LNWTIN N: 206 MULTIPLE R: 0.994 SQUARED MULTIPLE R: 0.989 
ADJUSTED SQUARED MULTIPLE R: 

. 989 STANDARD ERROR OF ESTIMATE: 0.149 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -12.954 0.144 0.000 -89.713 0.000 

LNFLIN 3.146 0.024 0.994 1.000 133.490 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 394.884 1 394.884 17819.624 0.000 
RESIDUAL 4.521 204 0.022 

k) W. attu (OUT) 

DEP VAR: LNWTOUT N: 416 MULTIPLE R: 0.996 SQUARED MULTIPLE R: 0.992 
ADJUSTED SQUARED MULTIPLE R: . 992 STANDARD ERROR OF ESTIMATE: 0.124 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -13.184 0.088 0.000 -149.889 0.000 
LNFLOUT 3.176 0.014 0.996 1.000 221.849 0.000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 757.124 1 757.124 49216.874 0.000 
RESIDUAL 6.369 414 0.015 
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Table A3.3a-f Results of the ANCOVA for equality of slopes and elevations of the 
regression functions describing the relationship between loge weight and loge fish length 
for populations sampled inside and outside the PIRDP. 

(a) A. testudineus 

Regression SS Total SS nb Residual SS Residual DF 

Regression (inside) 337.70 346.25 574 3.01 8.55 572 
Regression (outside) 111.80 116.32 272 2.94 4.52 270 
Pooled regression 13.10 842 
Conunon regression 449.5 462.60 2.99 13.15 843 
Total regression 52.70 465.11 846 2.99 13.16 844 

Test for differences between slopes: 

HO binside = boutside 

F 3.36 
FO. 05 (2), 1843 5.05, do not reject H0 

Test for differences between elevations: 

Ho The two regressions have the same elevation 
H, The two regressions do not have the same elevation 
F 0.81 
F003(2)1 847 5.05, do not reject Ho 

(b) Ccatla 

Regression SS Total SS nb Residual SS Residual DF 

Regression (inside) 249.27 250.90 195 3.26 1.64 193 
Regression (outside) 452.88 458.89 291 3.15 6.01 289 
Pooled regression 7.70 482 
Common regression 702.15 709.80 3.19 7.90 483 
Total regression 702.10 709.99 846 3.19 7.90 844 

Test for differences between slopes: 

HO binside = boutside 

F 11.89 
FO. 05 (2), 1,482 5.05, reject H0 
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(c) Cstriatus 

Regression SS Total SS n 

Regression (inside) 567.72 573.17 372 
Regression (outside) 370.74 373.29 311 
Pooled regression 
Common regression 940.49 946.46 
Total regression 940.49 946.47 846 

Test for differences between slopes: 

HO binside = boutside 

F 0.04 
F0.05 (2), 1,679 5.05, do not reject H. 

Test for differences between elevations: 

b Residual SS Residual DF 

3.11 3.45 370 
3.11 2.55 309 

6.00 679 
3.11 5.97 680 
3.11 5.98 844 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F 1.14 
FO. 05 (2), 1,680 5.05, do not reject Ho 

(b) G. giuris 

Regression SS Total SS n 

Regression (inside) 685.59 691.09 340 
Regression (outside) 799.46 809.68 485 
Pooled regression 
Common regression 1485.05 1500.77 
Total regression 1500.22 1516.83 846 

Test for differences between slopes: 

Ho binside = boutside 

F 27.48 
F O. 05 (2), 1,821 5.05, reject Ho 

b Residual SS Residual DF 

3.05 5.50 338 
2.94 10.22 483 

15.72 821 
2.99 16.15 822 
2.98 16.61 844 
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(a) P. sophore 

Regression (inside) 
Regression (outside) 
Pooled regression 
Common regression 
Total regression 

Regression SS Total SS nb Residual SS Residual DF 

490.81 498.55 618 3.20 7.74 616 
436.24 441.93 551 3.21 5.69 549 

13.43 1165 
926.98 940.48 3.21 13.50 1166 
928.34 941.74 846 3.21 13.40 844 

Test for differences between slopes: 

HO binside = boutside 

F 0.15 
F0.05 (2), 1,1 165 5.05, do not reject H0 

Test for differences between elevations: 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F 10.56 
Foos (2)1,1166 5.05, reject Ha 

(b) W. attu 

Regression SS Total SS nb Residual SS Residual DF 

Regression (inside) 394.88 399.40 206 3.15 4.52 204 
Regression (outside) 757.12 763.52 416 3.18 6.40 414 
Pooled regression 10.92 618 
Common regression 1152.00 1162.90 3.17 10.87 619 
Total regression 1151.71 1162.91 846 3.17 11.20 844 

Test for differences between slopes: 

HO binside = boutside 

F 1.34 
F0.05 (2), 1,618 5.05, do not reject H0 

Test for differences between elevations: 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F 18.85 
F0.05 

(2), I, 619 5.05, reject H0 
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Table A4.1 a-t Results of the non-linear estimates of the parameters of the logistic model 
(Equation 4.1) for each species, sex and sampling location. 

(a) A. testudineus, Female, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 5.228 2 2.614 

RESIDUAL 0.044 10 0.004 

TOTAL 5.092 12 

CORRECTED 1.324 11 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.991 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.967 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.057 0.007 0.041 0.072 
LM50 116.111 2.165 111.288 120.935 

(b) A. testudineus, Female, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 5.590 2 2.795 
RESIDUAL 0.287 10 0.029 

TOTAL 5.710 12 
CORRECTED 1.115 11 

RAW R-SQUARED (1-RESIDUAL/TOTAL) _ 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) _ 

PARAMETER ESTIMATE A. S. E. 

a 0.039 0.011 
LM50 115.392 6.994 

0.950 
0.743 

LOWER <95%> UPPER 
0.014 0.063 

99.809 130.974 
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(c) A. testudineus, Male, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 3.049 2 1.524 

RESIDUAL 0.228 10 0.023 

TOTAL 3.255 12 

CORRECTED 1.007 11 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.930 

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.774 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.035 0.008 0.017 0.054 
LM50 124.485 6.594 109.793 139.176 

(d) A. testudineus, Male, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 2.895 2 1.448 
RESIDUAL 0.256 9 0.028 

TOTAL 3.100 11 
CORRECTED 1.521 10 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.918 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.832 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.070 0.023 0.017 0.123 

LM50 133.219 4.928 122.071 144.368 
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C. catla - no parameter estimates available 

(e) C. striatus, Female, Inside 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 8.923 2 4.461 
RESIDUAL 0.907 18 0.050 

TOTAL 7.898 20 
CORRECTED 2.988 19 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.885 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.697 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.024 0.012 0.000 0.049 
LM50 290.954 16.052 257.231 324.678 

(f) C. striatus, Female, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 6.800 2 3.400 
RESIDUAL 0.311 16 0.019 

TOTAL 6.880 18 
CORRECTED 2.340 17 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.955 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.867 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.019 0.004 0.011 0.027 

LM50 304.767 11.057 281.327 328.207 
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(g) Cstriatus, Male, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 5.771 2 2.886 
RESIDUAL 0.266 21 0.013 

TOTAL 6.015 23 
CORRECTED 2.713 22 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.956 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.902 

PARAMETER ESTIMATE A. S. E. 
a 0.014 0.002 

LM50 375.327 10.771 

(h) C. striatus, Male, Outside. 

LOWER <95%> UPPER 

0.010 0.018 

352.927 397.726 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 3.904 2 1.952 
RESIDUAL 0.389 19 0.020 

TOTAL 4.099 21 
CORRECTED 1.704 20 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.905 

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.772 

PARAMETER ESTIMATE A. S. E. 
a 0.011 0.002 

LM50 396.232 17.215 

LOWER <95%> UPPER 
0.007 0.014 

360.201 432.263 
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(i) G. giuris, Female, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 8.353 2 4.177 
RESIDUAL 0.190 12 0.016 

TOTAL 8.644 14 
CORRECTED 1.245 13 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.978 

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.848 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.025 0.006 0.013 0.037 
LM50 104.300 8.618 85.522 123.077 

(j) G. giuris, Female, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 5.814 2 2.907 
RESIDUAL 0.692 11 0.063 

TOTAL 6.480 13 
CORRECTED 0.958 12 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.893 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.278 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.010 0.005 -0.002 0.021 
LM50 88.451 42.845 -5.850 182.752 
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(k) G. giuris, Male, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 7.696 2 3.848 

RESIDUAL 0.167 16 0.010 

TOTAL 8.167 18 

CORRECTED 2.796 17 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.980 

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.940 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.027 0.004 0.017 0.036 
LM50 218.855 6.922 204.181 233.530 

(1) G. giuris, Male, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 6.207 2 3.103 
RESIDUAL 0.073 14 0.005 

TOTAL 6.164 16 
CORRECTED 2.420 15 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.988 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.970 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

Of 0.030 0.004 0.022 0.039 
LM50 193.451 4.541 183.712 203.190 
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(m) P. sophore, Female, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 11.062 2 5.531 
RESIDUAL 0.219 15 0.015 

TOTAL 9.878 17 
CORRECTED 2.159 16 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.978 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) 

= 0.898 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.166 0.077 0.002 0.331 
LM50 61.175 1.789 57.361 64.989 

(n) P. sophore, Female, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 11.594 2 5.797 
RESIDUAL 0.279 16 0.017 

TOTAL 11.047 18 
CORRECTED 2.397 17 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.975 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.883 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.142 0.051 0.034 0.250 

LM50 62.492 2.000 58.253 66.732 
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(o) P. sophore, Male, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 4.783 2 2.391 
RESIDUAL 0.486 9 0.054 

TOTAL 5.473 11 
CORRECTED 1.095 10 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.911 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.556 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.064 0.026 0.005 0.124 
LM50 56.236 5.776 43.170 69.302 

(p) P. sophore, Male, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 5.286 2 2.643 

RESIDUAL 0.167 9 0.019 

TOTAL 5.623 11 

CORRECTED 1.067 10 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.970 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.843 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.095 0.021 0.048 0.141 

LM50 56.044 2.538 50.302 61.785 
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(q) W. attu, Female, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 4.707 2 2.353 
RESIDUAL 0.189 12 0.016 

TOTAL 4.721 14 
CORRECTED 2.365 13 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.960 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.920 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.025 0.013 -0.004 0.054 

LM50 599.662 13.996 569.168 630.155 

(r) W. attu, Female, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 6.927 2 3.464 
RESIDUAL 0.192 14 0.014 

TOTAL 6.420 16 
CORRECTED 2.243 15 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.970 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.915 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.011 0.002 0.006 0.016 

LM50 539.128 19.995 496.243 582.014 
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(s) W. attu, Male, Inside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 3.585 2 1.793 
RESIDUAL 0.005 11 0.000 

TOTAL 3.604 13 
CORRECTED 2.145 12 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.999 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.998 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 

a 0.026 0.001 0.023 0.029 
LM50 557.589 2.242 552.654 562.525 

(t) W. attu, Male, Outside. 

DEPENDENT VARIABLE IS ML 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 6.414 2 3.207 
RESIDUAL 0.056 14 0.004 

TOTAL 6.664 16 
CORRECTED 2.956 15 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.992 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.981 

PARAMETER ESTIMATE A. S. E. LOWER <95%> UPPER 
a 0.016 0.002 0.012 0.019 

LM50 540.784 8.860 521.782 559.786 
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Table A4.2a-h Results of the linear regression analysis between loge fecundity (and gonad 
weight for G. giuris) and loge fish (fork) length for the key species inside and outside the 
PIRDP. 

(a) A. testudineus (IN) 

Multiple R 0.658 
R2 0.433 
Adjusted R2 0.417 
Standard error of estimate 0.854 

Variable 

Constant 
In FL 

Analysis of Variance 

Source 

Regression 
Residual 

Coefficient SE tp 

-16.911 5.109 -3.310 0.002 
5.370 1.039 5.170 0.000 

Sum of Squares DF 

19.476 
25.503 

1 
35 

Mean Square 

19.476 
0.729 

FP 

26.729 0.000 

(b) A. testudineus (OUT) 

Multiple R 0.744 
R2 0.553 
Adjusted R2 0.542 
Standard error of estimate 0.832 

Variable 

Constant 
In FL 

Analysis of Variance 

Source 

Regression 
Residual 

Coefficient SE 

-15.890 
5.046 

3.575 
0.726 

Sum of Squares DF 

33.395 1 
26.993 39 

tp 

-4.445 0.000 
6.946 0.000 

Mean Square 

33.395 
0.692 
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48.250 0.000 



(c) G. giuris (IN) 

Multiple R 0.897 
R2 0.804 
Adjusted R2 0.795 
Standard error of estimate 0.330 

Variable Coefficient SE tP 

Constant 
In GW 

Analysis of Variance 

Source 

-14.987 1.803 -8.313 0.000 
3.176 0.334 9.504 0.000 

Sum of Squares DF Mean Square FP 

Regression 
Residual 

(d) G. giuris (OUT) 

9.832 1 
2.394 22 

Multiple R 0.815 
R'- 0.664 
Adjusted R2 0.649 
Standard error of estimate 0.361 

Variable Coefficient SE 

9.832 90.335 0.000 
0.109 

tP 

Constant -17.118 2.865 -5.974 0.000 
In GW 3.558 0.539 6.597 0.000 

Analysis of Variance 

Source Sum of Squares DF Mean Square F P 

Regression 5.661 1 5.661 45.519 0.000 
Residual 2.862 22 0.130 
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(e) C. striatus (IN) 

Multiple R 0.484 
R2 0.234 
Adjusted RZ 0.170 
Standard error of estimate 0.726 

Variable Coefficient SE tP 

Constant 
In FL 

Analysis of Variance 

Source 

Regression 
Residual 

-16.669 13.056 -1.277 0.226 
4.182 2.186 0.484 0.080 

Sum of Squares DF Mean Square FP 

1.931 1 1.931 3.661 0.080 
6.330 12 0.528 

(f) C. striatus (OUT) 

Multiple R 0.731 
R2 0.535 
Adjusted R2 0.499 
Standard error of estimate 1.147 

Variable Coefficient SE tP 

Constant -15.926 6.191 -2.573 0.023 
In FL 4.091 1.059 3.865 0.002 

Analysis of Variance 

Source Sum of Squares DF Mean Square FP 

Regression 19.653 1 19.653 14.936 0.002 
Residual 17.105 13 1.316 
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(g) P. sophore (IN) 

Multiple R 0.855 
R2 0.732 
Adjusted R2 0.724 
Standard error of estimate 0.614 

Variable Coefficient SE tP 

Constant -17.238 2.640 -6.530 0.000 
In FL 5.738 0.587 9.771 0.000 

Analysis of Variance 

Source Sum of Squares DF Mean Square FP 

Regression 36.036 1 36.036 19.469 0.000 
Residual 13.211 35 0.377 

(h) P. sophore (OUT) 

Multiple R 0.789 
R2 0.622 
Adjusted R2 0.613 
Standard error of estimate 0.672 

Variable Coefficient SE tp 

Constant -22.466 3.716 -6.045 0.000 
In FL 6.937 0.834 0.789 0.000 

Analysis of Variance 

Source Sum of Squares DF Mean Square FP 

Regression 31.201 1 31.201 69.155 0.000 
Residual 18.949 42 0.451 
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Table A4.3a-d Results of the ANCOVA for equality of slopes and elevations of the 
regression functions describing the relationship between loge fecundity and log 

efork 
length for the key species inside and outside the PIRDP. 

(a) A. testudineus 

Regression SS Total SS nb Residual SS Residual DF 

Regression (Modified) 19.48 44.98 37 5.37 25.50 35 
Regression (Pristine) 33.39 60.38 41 5.05 26.99 39 
Pooled regression 52.49 74 
Common regression 57.98 116.90 5.10 58.92 75 
Total regression 52.67 111.65 78 5.15 58.98 76 

Test for differences between slopes: 

HO bModified =bPris[ine 

F 8.98 
FO. 05 (2)1,74 5.25, reject H0 

(b) G. giurus 

Regression SS Total SS nb Residual SS Residual DF 

Regression (Modified) 9.83 12.23 24 3.18 2.40 22 
Regression (Pristine) 5.66 8.52 24 3.56 2.86 22 
Pooled regression 5.26 44 
Common regression 15.49 20.75 3.31 5.26 45 
Total regression 16.87 22.28 48 3.35 5.41 46 

Test for differences between slopes: 

HO bModified =bp istine 

F 0.29 
F005 (2), 1,44 5.38, do not reject H. 

Test for differences between elevations: 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F 1.31 
FO. 05 (2)1,45 5.38, do not reject Ho 
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(c) C striatus 

Regression SS Total SS n 

Regression (Modified) 1.93 8.26 14 
Regression (Pristine) 19.65 36.76 15 
Pooled regression 
Common regression 21.61 45.02 
Total regression 45.85 29 

Test for differences between slopes: 

HO bModified =bpristine 

F 0.0007 
FO. 05 (2)125 5.69, do not reject H0 

Test for differences between elevations: 

b Residual SS Residual DF 

4.18 6.33 12 
4.09 17.11 13 

23.44 25 
4.11 23.41 26 
3.97 23.69 27 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F 0.31 
F005 (2)1.26 5.63, do not reject Ho 

(d) P. sophore 

Regression SS Total SS n 

Regression (Modified) 36.04 49.25 37 
Regression (Pristine) 31.20 50.15 44 
Pooled regression 
Common regression 66.80 99.40 
Total regression 66.64 99.64 81 

Test for differences between slopes: 

HO bModified =bPristine 

F 1.32 
F0.05 (2)177 5.48, do not reject H0 

Test for differences between elevations: 

b Residual SS Residual DF 

5.74 13.21 35 
6.94 18.95 42 

32.16 77 
6.19 32.61 78 
6.14 33.00 79 

Ho The two regressions have the same elevation 
HA The two regressions do not have the same elevation 
F 0.94 
Foos (2), 1,78 5.22, do not reject H. 
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Table A4.5a Regression estimates of the parameters of the standard Ricker model 
(Equation 4.6) for unfertilized ponds 1-8 

DEP VAR: LNRE N: 7 MULTIPLE R: 0.970 SQUARED MULTIPLE R: 0.940 

ADJUSTED SQUARED MULTIPLE R: . 928 STANDARD ERROR OF ESTIMATE: 0.3470979 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -5.9046181 0.2461665 0.0000000 . -. 24E+02 0.00000 

EGGS -0.0000017 0.0000002 -0.9696745 . 
100E+01 -8.87177 0.00030 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 9.4825275 1 9.4825275 78.7082215 0.0003026 

RESIDUAL 0.6023848 5 0.1204770 

Table A4.5b Regression analysis estimates for the parameters of the standard Ricker 

model (Equation 4.6) for fertilized and unfertilized ponds 1-16 

DEP VAR: LNRE N: 15 MULTIPLE R: 0.852 SQUARED MULTIPLE R: 0.725 

ADJUSTED SQUARED MULTIPLE R: . 
704 STANDARD ERROR OF ESTIMATE: 1.6332184 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT -3.1808951 0.5221022 0.0000000 . -6.09248 0.00004 

EGGS -0.0000034 0.0000006 -0.8516125 . 
100E+01 -5.85787 0.00006 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 91.5310595 1 91.5310595 34.3146792 0.0000561 

RESIDUAL 34.6762319 13 2.6674025 
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Table A4.5c Backward step-wise multiple linear regression analysis estimates of the 
parameters of the extended Ricker model with the intermediate results from each `step'. 

DEPENDENT VARIABLE LOGRE 

MINIMUM TOLERANCE FOR ENTRY INTO MODEL = . 010000 

STEP #0 R= . 
942 RSQUARE= . 

888 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE F P. 

IN 

1 CONSTANT 
2 EGGS -0 . 

0000023 -0.0000006 0.5787489 0.47123 
. 13E+02 0. 0061 

3 CHLOR 0. 0038941 0.0181974 0.0725536 0. 10803 0. 04579 0. 8353 

4 NITRATE 0 
. 

0179098 0.0177219 0.2867281 0. 15428 1. 02133 0. 3386 
5 PHOS 0. 0356037 0.0553230 0.1789852 0. 16056 0. 41417 0. 5359 
6 PH -0. 0300191 -0.2479034 0.0388275 0. 12079 0. 01466 0. 9063 

OUT PART. CORR 

none 

STEP #1 R= . 
942 RSQUARE= 

TERM REMOVED: PH 

VARI ABLE COEFFICIENT 

IN 

1 CONSTANT 
2 EGGS -0.0000023 
3 CHLOR 0.0023295 
4 NITRATE 0.0176565 
5 PHOS 0.0361869 

OUT PART. CORR 

6 PH -0.0403311 

STEP #2 R= . 
942 RSQUARE= 

TERM REMOVED: CHLOR 

VARI ABLE COEFFICIENT 

IN 

1 CONSTANT 

2 EGGS -0.0000023 
4 NITRATE 0.0188348 
5 PHOS 0.0389841 

OUT PART. CORR 

3 CHLOR 0.0604362 

6 PH 0.0145619 

888 

STD ERROR STD COEF TOLERANCE F 'P' 

-0.0000005 0.5699239 0.59017 
. 17E+02 0.0020 

0.0121667 0.0434030 0.217B7 0.03666 0.8520 

0.0167084 0.2826718 0.15646 1.11670 0.3155 
0.0523273 0.1819172 0.16179 0.47824 0.5050 

0.12079 0.01466 0.9063 

888 

STD ERROR STD COEF TOLERANCE F P. 

-0.0000005 0.5795543 0.68099 
. 

22E+02 0.0006 

0.0148380 0.3015357 0.18102 1.61127 0.2305 

0.0479959 0.1959791 0.17546 0.65973 0.4339 

0.21787 0.03666 0.8520 

0.24360 0.00212 0.9642 
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STEP #3 R= . 
939 RSQUARE= 

. 
881 

TERM REMOVED: PHOS 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE F 'P' 

IN 

1 CONSTANT 

2 EGGS -0.0000024 
4 NITRATE 0.0292351 

OUT PART. CORR 

3 CHLOR 0.1227780 

5 PHOS 0.2378696 

6 PH 0.0475252 

-0.0000005 0.5993367 0.70903 
. 

26E+02 0.0003 
0.0073903 0.4680401 0.70903 

. 16E+02 0.0019 

0.23628 0.16836 0.6895 
0.17546 0.65973 0.4339 

0.24853 0.02490 0.8775 

THE SUBSET MODEL INCLUDES THE FOLLOWING PREDICTORS: 

CONSTANT 

EGGS 

NITRATE 

DEP VAR: LOGRE N: 
ADJUSTED SQUARED MULTIPLE R 

VARIABLE COEFFICIENT 

CONSTANT -6.9315134 
EGGS -0.0000024 
NITRATE 0.0292351 

15 MULTIPLE R: 0.939 SQUARED MULTIPLE R: 0.881 

. 
861 STANDARD ERROR OF ESTIMATE: 1.1191595 

STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

1.0133297 0.0000000 . -6.84033 0.00002 
0.0000005 -0.5993367 0.7090261 -5.06557 0.00028 
0.0073903 0.4680401 0.7090261 3.95586 0.00191 

CORRELATION MATRIX OF REGRESSION COEFFICIENTS 

CONSTANT EGGS NITRATE 

CONSTANT 1.0000000 

EGGS -0.6799679 1.0000000 
NITRATE -0.9355995 0.5394199 1.0000000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO 

REGRESSION 111.1631566 2 55.5815783 44.3758696 
RESIDUAL 15.0302168 12 1.2525181 

P 

0.0000029 
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Table A4.5d Multiple linear regression analysis estimates of the parameters of the 
extended Ricker model incorporating nitrate as an explanatory variable for fertilized and 
unfertilized ponds 1-16 expressed in terms of in-'. 

DEP VAR: LOGRE N: 

ADJUSTED SQUARED MULTIPLE R: 

VARIABLE COEFFICIENT 

CONSTANT -6.9315381 
EGGSM2 -0.0001792 
NITRATE 0.0292352 

15 MULTIPLE R: 0.939 SQUARED MULTIPLE R: 0.881 

. 
861 STANDARD ERROR OF ESTIMATE: 1.1191567 

STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

1.0133233 0.0000000 
. -6.84040 0.00002 

0.0000354 -0.5993363 0.7090287 -5.06559 0.00028 

0.0073903 0.4680418 0.7090287 3.95589 0.00191 

CORRELATION MATRIX OF REGRESSION COEFFICIENTS 

CONSTANT EGGSM2 NITRATE 

CONSTANT 1.0000000 

EGGSM2 -0.6799649 1.0000000 

NITRATE -0.9355994 0.5394175 1.0000000 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION 111.1632317 2 55.5816159 44.3761215 0.0000029 

RESIDUAL 15.0301416 12 1.2525118 
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Table A6.1a Parameters of the linear model describing the relationship between water 
height (WH) and dry season water body area (TOTALA) inside the PIRDP. 

DEP VAR: TOTALA N: 

ADJUSTED SQUARED MULTIPLE R: 

VARIABLE COEFFICIENT 

CONSTANT, v -522034.089 
W 158673.689 

ANAL 

SOURCE SUM-OF-SQUARES 

REGRESSION . 
315969E+12 

RESIDUAL . 
927738E+10 

6 MULTIPLE R: 0.986 SQUARED MULTIPLE R: 0.971 

. 
964 STANDARD ERROR OF ESTIMATE: 48159.585 

STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

63782.976 0.000 -8.185 0.001 

13594.570 0.986 1.000 11.672 0.000 

(SIS OF VARIANCE 

DF MEAN-SQUARE F-RATIO P 

1 . 
315969E+12 136.232 0.000 

4 . 
231935E+10 

Table A6. lb Parameters of the exponential model describing the relationship between 

water height (WH) and dry season water body volume (TOTALV) inside the PIRDP. 

ITERATION LOSS PARAMETER VALUES 

0 . 
3830982D+13 . 

1000D+00 . 1000D+00 

1 . 
3789716D+13 . 

25420+00 . 
1191D+01 

2 . 1887313D+13 . 
3231D+00 . 

1712D+01 

3 . 
2612133D+11 . 

3435D+00 . 
1866D+01 

4 . 
1116445D+11 . 

7764D+01 . 
8863D+00 

5 . 
9182678D+10 . 

6291D+01 . 1083D+01 

6 . 
8155498D+10 . 

6653D+01 . 
1034D+01 

7 . 7775461D+10 . 7064D+01 . 
9806D+00 

8 . 
7720130D+10 . 

6991D+01 . 
98970+00 

9 . 
7719189D+10 . 

7001D+01 . 9885D+00 

10 . 
7719188D+10 . 

7001D+01 . 
9885D+00 

DEPENDENT VARIABLE IS TOTALV 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION . 
382329E+13 2 . 

191164E+13 

RESIDUAL . 771919E+10 4 . 192980E+10 

TOTAL . 
383099E+13 6 

CORRECTED . 
304811E+13 5 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.998 

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.997 

PARAMETER ESTIMATE 

X 7.001 

Y 0.988 
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Table A6. lc Parameters of the linear model describing the relationship between water 
height (WH) and dry season water body area (TOT ALA) outside the PIRDP. 

DEP VAR: TOTALA N: 6 MULTIPLE R: 0.928 SQUARED MULTIPLE R: 0.862 
ADJUSTED SQU ARED MULTIPLE R: 

. 
827 STANDARD ERROR OF ESTIMATE: 279552.423 

VARIABLE COEFFICIENT STD ERROR STD COEF TOLERANCE T P(2 TAIL) 

CONSTANT, v -541179.990 290220.261 0.000 -1.865 0.136 

W 333193.439 66765.304 0.928 1.000 4.991 0.008 

ANALYSIS OF VARIANCE 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 

REGRESSION . 
194634E+13 1 

. 
194634E+13 24.905 0.008 

RESIDUAL 
. 

312598E+12 4 
. 

781496E+11 

Table A6.1d Parameters of the exponential model describing the relationship between 
water height (WH) and dry season water body volume (TOTALV) outside the PIRDP. 

ITERATION LOSS PARAMETER VALUES 

0 . 4741591D+14 . 
1000D+00 . 

1000D+00 

1 . 4733783D+14 . 
2381D+00 . 1112D+01 

2 
. 4322629D+14 . 

3070D+00 . 1633D+01 

3 . 2099080D+14 
. 

3415D+00 
. 

1894D+01 

4 . 1903638D+13 
. 

3599D+00 . 
2033D+01 

5 . 4785400D+12 . 
1021D+02 . 7324D+00 

6 . 2867510D+12 
. 1114D+02 . 

6096D+00 

7 . 2509293D+12 
. 

1112D+02 . 
6086D+00 

8 
. 2504274D+12 

. 
1102D+02 . 

6220D+00 

9 
. 

2496255D+12 
. 

1107D+02 . 
6147D+00 

10 . 2495877D+12 
. 

1106D+02 . 
6160D+00 

11 . 2495877D+12 
. 

1106D+02 . 
6160D+00 

12 . 2495877D+12 . 1106D+02 . 
6160D+00 

DEPENDENT VARIABLE IS TOTALV 

SOURCE SUM-OF-SQUARES DF MEAN-SQUARE 

REGRESSION 
. 471664E+14 2 

. 
235832E+14 

RESIDUAL 
. 249588E+12 4 . 

623969E+11 

TOTAL 
. 474159E+14 6 

CORRECTED 
. 

335585E+14 5 

RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.995 
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.993 

PARAMETER ESTIMATE 

X 11.063 
Y 0.616 
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Corrections: 

Page 51, para. 2, third sentence: remove the word "nominally". 

Page 51, para. 2: Add the following final sentence: "A more detailed survey of 
the floodplain morphology in the two regions conducted towards the end of 
this research revealed that although both regions did contain a similar mixture 
of habitats, the relative size and hydro-morphological characteristics of each 
habitat type were less similar than had originally been hoped" (see Chapter 6 
for further details)". 

Page 96, final para., fourth sentence: Replace "randomly" with "exhaustively". 

Page 97, para. 1: Replace the first two sentences with "Finally, the 
significance level is calculated as the percentage number of times the originally 
calculated value of the R is equalled or exceeded. If the value is equalled or 
exceeded for less than 5% of the relabellings, then the null hypothesis is 

rejected". 

Page 98, para. 1, first sentence: Replace "$I" with "i, ". 

Page 98, para. 4, second sentence: Replace "where" with "were". 

Page 106, Table 2.4, row one, column 10: Replace "7.0%" with "2.2%". 

Page 109, Table 2.5 and Page 113, Table 2.6 title column 9& 10: Replace 
"Value (TK)" with "Value (TK)/ 100 seine net hrs". 
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Page 145, para. 3, second sentence: Remove "including interaction". 

Page 163, para. 1, final sentence : Replace "This pattern of growth 
implies.......... within their first year" with "Assuming that there is no significant 
spatial separation among cohorts, then this pattern of growth implies that all 
the key species must reach sexual maturity within their first year". 

Page 208, para. 2: Delete the second sentence: "Floodplain species are 
typically total spawners........... a short period of time". 

Page 212, para. 1, final sentence: Insert "ripe" between "no" and "ovary". 

Page 224, para. 1: Replace the third sentence with: "Both of these species 
belong to families (Channidae and Gobiidae) of which some species provide 
parental care to their offspring". 

Page 226, para. 3, first sentence: Insert "ripe" between "no" and "ovary" 

Page 230, para. 2: Add the following final sentence: "More significant 
reductions in water levels, or further delays in the time of floodplain 
inundation may eventually disrupt the reproductive behaviour of fish 
inhabiting FCDI schemes such as the PIRDP". 

Page 253, para. 5, first sentence: Insert "ripe" between "no" and "ovary". 

Page 267, para. 2: Add the following final sentence: "It should be borne in 

mind that these survival rates are annualised. In reality, survival rates are 
likely to be highly seasonal, being greatest during the period of floodplain 
inundation and lowest during the drawdown and dry season periods (see 
Sections 5.1 and 6.3)". 

Page 272, para. 4, first sentence: Replace "will" with "may". 

Page 329, para. 1: Add the final sentence: "The model assumes that fish 
density and exploitation intensity does not vary spatially". 

Page 330: Replace equation 6.21 with: 

r-r 
Nk, 

i, s2'Fk, i, s2 
i=r Sk, 

52- 
`4 WH52 
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Page 340, Figure 6.6 legend: Remove "equilibrium" 

Page 341, para. 1, second sentence: Replace "(Figure 6.7b)" with "(Figure 
6.7a)". 

Page 343, Figure 6.7 legend: Replace "(b) mean weight (g)" with "(c) mean 
weight (g)" and replace "(c) recruits" with "(b) recruits". 

Page 344, para. 2: Insert the following being sentences 4 and 5: "If both f and 
q are allowed to vary each month then a perfect fit may be obtained with the 
following parameter values: F=2.75 y', M=0.26 y', Z=3.01 y', catchobs 55t 
and catch, 55t". 

Page 349, Figure legend 6.10: Remove the final incomplete sentence: "Catches 
and productivity....... (Table" 
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The utility of visible implant (VI) tags for marking 
tropical river fish 
A. S. HALLS 
Renewable Resources Assessment Group, Imperial College of Science Technology and Medicine, London, UK 

M. E. AZIM 
Department of Fisheries Biology and Limnology, Bangladesh Agricultural University, Mymensingh, Bangladesh 

Abstract In tropical fisheries where ageing fish is often difficult, tagging programmes offer 
an important means to estimate growth parameters and mortality rates. The majority of tags 

are large and attached externally via a puncture in the muscle. These characteristics may cause 
significant biological effects which bias parameter estimates. Visible implant (VI) tags offer a 
more benign means to individually mark fish. The utility of VI tags for marking five species 
of tropical river fish was examined. The results indicate that the tag and tagging operation had 

no influence on either growth or mortality, although tag retention was poor compared with 
other studies. For three of the five species, the only suitable tagging location was highly 
inconspicuous and therefore inappropriate for tagging programmes that rely upon fishermen to 

return tagged fish. Alternative tagging locations may improve retention rates and the visibility 
of the tag. 

KEYWORDS: floodplain, river fisheries, tagging, visible implant. 

Introduction 

Tagging of individual fish is commonly used in fisheries studies to estimate survival, fishing 

mortality and abundance (Hilborn & Walters 1992). In tropical fisheries, where ageing fish is 
difficult, tagging offers an important alternative means for estimating growth parameters and 
mortality rates to length-based approaches (Gulland & Rosenberg 1992). 

Tag designs have been described by Bagenal (1978). Externally attached tags (e. g. Petersen, 

anchor and jaw) are highly visible and widely used in tagging studies, particularly when 
fishermen are relied upon for returning the tags (Jones 1977; Blankenship & Tipping 1993). 
However, external tags are percutaneous and often large relative to fish size. These characteristics 
can have severe biological effects on tagged fish and therefore have the potential to cause bias 
in parameter estimates (Jones 1977; Bagenal 1978; Gulland 1983; Pollock & Mann 1983). 
Internally or subcutaneously attached tags (coded wire tag and visible implant) are typically 

much smaller than external types and are non-percutaneous. These features make the tag more 
benign than externally attached tags (Bergmen, Haw, Blankenship & Buckley 1992) and 
therefore less likely to cause bias. Despite these advantages, few studies (Emata & Marte 
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1992; Blankenship & Tipping 1993; Mourning, Fausch & Gowan 1994) have documented the 
utility of visible implant (VI) tags. 

This paper examines the utility of standard size (1.0 mm X 2.5 mm) alpha-numeric VI tags 
manufactured by Northwest Marine Technology (NMT) International Ltd, for tagging five 
species of tropical river fish; the spot barb, Puntius sophore (Hamilton); an Indian major carp, 
Catla catla (Hamilton); a snakehead, Channa striatus (Bloch); a goby, Glossogobius giuris 
(Hamilton), and the climbing perch, Anabas testudineus (Bloch). Utility indicators were 
identified as the influence of tagging upon growth, tagging-induced mortality and tag loss. 

Materials and methods 

The experiment was conducted at the Bangladesh Agricultural University (BAU), Mymensigh, 
between March and July 1995. Samples of fish were obtained from natural waterbodies and 
culture ponds located on and around the university campus. Fish were transported to 
experimental ponds in large cylindrical plastic containers half filled with water. Fish were 
measured for fork length to the nearest 0.5 cm and placed in temporary net cages before 
selection and tagging. 

Length-frequency distributions were constructed for each species to reveal the size (age) 
structure of the sampled population. A range of size groups, believed to represent cohorts, 
were selected for the experiment to reveal any variation in the performance of the tag with 
fish size. Cohorts were identified from each distribution visually and with the aid of the 
NORMSEP (Hasselblad & Tomlinson 1971) routine of FiSAT (Gayanilo, Sparre & Pauly 
1996). In cases where clear cohorts could be identified, a narrow size range, around the mean 
length (mid-length of the modal size class), was selected for stocking. In cases where cohorts 
(modes) were indiscernible or inseparable, small, medium and large size groups were selected 
at well-spaced positions along the distribution. This approach ensured that individual size 
groups could be clearly identified at the end of the growing period and reduced the variance 
of the mean length, thereby improving the power of the statistical tests employed. Duplicate 
populations of untagged fish were stocked into the same ponds as the tagged fish to form 
control populations. 

The tags were implanted with a single-shot hand injector; a modified hypodermic syringe 
with a flattened needle and push rod (see Blankenship & Tipping 1993 for further details). For 
C. catla, tags were implanted into the adipose eyelid tissue, the tagging location recommended 
by the tag manufacturers. This tissue was virtually absent in the other four species and therefore 
alternative tagging sites were located. For C. striatus, A. testudineus and G. giuris, tags were 
implanted into the translucent tissue covering the inner surface of the opercular bone. This 
location was also unsuitable for P. sophore, so tags were implanted into transparent tissue 
covering the snout. Before tagging, each fish was anaesthetized with 0.1% solution of 
benzocaine (ethyl pryamino benzoate) to minimize wounding. Tagged and control fish received 
a fin clip to the left and right pectoral fin, respectively, enabling tag loss rates to be calculated. 
Fork length to the nearest mm and tag number were recorded before releasing the experimental 
populations into separate earth ponds, one for each species. 

© 1998 Blackwell Science Ltd, Fisheries Management and Ecology 1998,5,71-80 



VISIBLE IMPLANT TAGS FOR MARKING TROPICAL FISH 73 

Table 1. Summary of the feeding and fertilization programme applied to the experimental ponds 

Species Feed Fertilization References 

Catla catla Wheat and rice bran Fermented cowdung 
(2% of body weight (0.125 kg M-2 week-') 
day-') 

Channa striatus Mixed feeds None 
(3% of body weight 
day'). Trash fish 

when available. 
Anabas testudineus Mixed feeds None 

(3% of body weight 
day-') 

Puntius sophore Wheat and rice bran Fermented cowdung 
(one handful day-') (0.125 kg M-2 week-') 

Glossogobius Mixed feed" None 

giuris (3% of body weight 
day-') 

Akhtar (1979), 
Datta Munshi, 
Singh & Singh (1990) 

Ravindranath (1988) 

Patra (1993) 

Butt & Khan (1988) 

Datta Munshi et al. (1990) 

'Consisting of 40% fish meal, 30% mustard oil cake, 30% rice bran. 

A feeding and pond fertilization programme (Table 1) was applied to each pond based upon 
published results of diet and feeding studies. Ponds were inspected daily and any dead fish or 
uneaten foodstuffs were removed to avoid the build up of bacteria or fungus within the ponds. 
Length, weight (g) and tagging details were recorded for any dead fish recovered from the 
experimental ponds. After approximately 4 months, remaining fish were recovered by seine 
netting and dewatering each pond and were measured for length and weight. Individuals not 
recovered from the ponds were assumed to have died from natural causes (e. g. predation, 
cannibalism or senescence). For C. catla, the experiment was terminated after only 2 months 
(61 days) following heavy mortalities. 

The influence of the tag on the growth of each species was examined by testing for significant 
(P < 0.05) differences in mean length of each size group between the tagged and control 
populations using the Student t-test. Linear regression was used to estimate the parameters of 
the length-weight relationship for each species and size group from loge transformed length 
and weight data recorded for each fish recovered at the end of the experiment. Fish condition, 
measured as the coefficient (slope) of the length-weight regression was compared with analysis 
of covariance (ANcovA). Significant differences in mortality rates of each size group between 
tagged and control populations were tested with the x2 test. Tag loss was expressed as the 
percentage of left-fin-clipped fish with tags no longer in place, recovered either dead or alive. 

Results 

The length-frequency distributions of the populations from which the tagging samples 
were selected are shown in Fig. 1. Identical size structures were selected for both the 
experimental tagged and control fish so only one length-frequency distribution for each species 
is shown. For G. giuris, P. sophore and A. testudineus, only one cohort was identified and 
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Figure 1. Length-frequency distributions by species for the sampled populations (top row), and the fish selected for 

the experiment at the time of stocking (second row; tagged and control populations identical), and at the end of the 

experiment (third row tagged fish; bottom row, controls). A, B and C represent size groups: see text for explanation. 
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subsequently selected. For C. catla, two groups were selected; group A (16-24 cm) and group 
B (40-46 cm). For C. striatus, three groups were selected: group A (24-26 cm), group B 
(30-40 cm) and group C (44-54 cm). The length-frequency distributions of the tagged and 
control fish of each species, respectively, recovered at the end of the experiment are also 
shown in Fig. 1. Visual examination of the positions of the modes or approximate means of 
each cohort or size group relative to the start of the experiment shows the extent of growth 
during the experiment. Growth was most pronounced in G. giuris and least for C. striatus, 
particularly in the larger size groups. It was also apparent (Fig. 1) that there was little difference 
in growth between the tagged and control populations. The results of the t-tests (Table 2) 

confirmed that, for each species and size group, the final mean lengths of the tagged and 
control populations were not significantly different (P < 0.05). 

The slopes (b) of the length-weight regressions for C. catla group B (tagged) and C. striatus 
group A (tagged and control) and C (tagged), were not significantly different (P > 0.05) from 

zero (Table 3). These species size group categories were not included in the ANCOVA test, 
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Table 2. Results of the t-tests for differences in mean length, L between tagged and control populations. S2, sample 

variance; Spe, ̀ pooled' variance 

HO: L tagged =L control 
HA: Ltagged # I'control 

a=0.05 

Species 
(size group) L (cm) S2 n S2 d 

. 
f. t to. 05(2), V P 

G. giuris 
Tagged 13.5 1.1066 45 1.2117 89 1.0978 1.9870 0.275 

Control 13.3 1.3144 46 

P. sophore 
Tagged 8.9 1.0949 45 1.0698 94 1.0332 1.9855 0.304 

Control 8.7 1.0476 51 

A. testudineus 
Tagged 11.6 0.3570 36 0.3260 76 0.1132 1.9917 0.910 

Control 11.6 0.2995 42 

C. catla (A) 
Tagged 22.2 2.7833 19 2.2439 35 -0.3495 2.0301 0.728 

Control 22.4 1.6727 18 

C. catla (B) 

Tagged 44.4 0.2200 5 1.5677 10 1.8511 2.2281 0.094 

Control 43.0 2.4662 7 

C. striatus (A) 

Tagged 23.7 0.2567 4 0.4054 7 -1.1004 2.3646 0.308 

Control 24.2 0.5170 5 

C. striatus(B) 
Tagged 33.1 8.3776 11 9.0239 24 0.2780 2.0639 0.783 

Control 32.8 9.4855 15 

C. striatus (C) 

Tagged 47.5 8.7537 6 6.9143 11 1.2516 2.2010 0.237 

Control 45.7 5.3814 7 

which revealed no significant (P < 0.05) differences in the slopes (condition) of the tagged 

and control populations tested (Table 4). 
Percentage mortality ranged from zero for C. striatus group A to 72% for C. catla group 

B. Mortalities for A. testudineus were also high; 68% and 48% for tagged and control 

populations, respectively (Table 5). The remaining populations (both tagged and control) 

experienced between 20% to 30% mortality. Mortality was found not to be significantly 
different (P < 0.05) between tagged and control populations for any species or size group. 

Tag loss (Table 6) ranged from 100% for P. sophore to zero for C. striatus group B. Mean 

percentage loss for the remaining species and size groups was ý 45%. C. striatus (all age 

groups combined) and A. testudineus showed relatively low loss rates, 26% and 29%, 

respectively. C. catla exhibited a moderate tag loss with marginally higher losses in group B 

(56%) compared with group A (45%). Heavy tag loss (79%) was found for G. giuris. 
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Table 3. Statistics from regressions of loge transformed length versus loge transformed weight for each species and 

size group 

Species n a b r2 F P 

G. giuris 
Tagged 45 -4.54 2.8239 0.49 41.63 < 0.001 

Control 46 -3.36 2.3786 0.55 53.80 < 0.001 

P. sophore 
Tagged 45 -5.18 3.5646 0.96 1276.15 < 0.001 

Control 51 -5.01 3.4742 0.95 974.40 < 0.001 

A. testudineus 
Tagged 36 -3.33 2.6638 0.81 148.21 < 0.001 

Control 42 -4.21 3.0228 0.85 229.81 < 0.001 

C. catla (A) 
Tagged 19 -1.18 2.1468 0.61 27.35 < 0.001 

Control 18 -0.97 2.0807 0.80 66.60 < 0.001 

C. catla (B) 

Tagged 5 -9.38 4.4396 0.71 7.39 0.070 

Control 7 -4.61 3.1546 0.65 9.69 0.026 

C. striatus (A) 
Tagged 4 -13.02 -2.6228 0.28 0.79 0.467 

Control 5 -2.81 2.4189 0.41 2.10 0.242 

C. striatus (B) 
Tagged 11 -2.99 2.4126 0.87 61.64 < 0.001 

Control 15 -5.65 3.1739 0.86 81.77 < 0.001 

C. striatus (C) 
Tagged 6 4.68 0.4402 0.05 0.21 0.666 

Control 7 -5.62 3.1184 0.60 7.56 0.040 

Table 4. Results of the ANCOVA to test for equality of regression coefficients (slopes), b of loge transformed length- 

weight regressions. S2yX, pooled residual sum of squares 

HO: btagged =b control 
HA: btagged b 

control 

a=0.05 

Species 
(size group) 

Source of 
variation d. f. SS MS F F0.05(1), k-l, vp P 

G. giuris Among bs 1 0.0300 0.0300 0.6832 3.95 > 0.25 

S2 yX 87 3.8200 0.0439 

P. sophore Among bs 1 0.0027 0.0027 0.3629 3.94 > 0.25 

SZYX 92 0.6845 0.0074 

A. testudineus Among bs 1 0.0105 0.0105 2.6250 3.96 > 0.05 

S2YX 74 0.2960 0.0040 

C. catla (A) Among bs 1 0.0002 0.0002 0.0193 4.12 > 0.25 
52YX 33 0.3412 0.0103 

C. striatus (B) Among bs 1 0.0276 0.0276 2.3571 4.3 > 0.10 

S2yX 22 0.2576 0.0117 

© 1998 Blackwell Science Ltd, Fisheries Management and Ecology 1998,5,71-80 



VISIBLE IMPLANT TAGS FOR MARKING TROPICAL FISH 77 

Table 5. Results of the x2 test to assess the influence of tagging on total mortalities. Values in parenthesis indicate 

numbers of fish unrecovered 

Hp : The mortality of fish is independent of whether it is tagged 

HA : The mortality of fish is influenced by tagging 

a=0.05, x20.05,1 = 3.841 

Species 

(size group) Tagged 

Number 

Control Total 2 P 

G. giuris 
Dead 7 (4) 6 (5) 13 (9) 0.000 > 0.99 

Alive 45 46 91 

Total 52 52 104 

P sophore 
Dead 9 (9) 5 (4) 14 (13) 0.734 > 0.25 

Alive 47 51 98 

Total 56 56 112 

A. testudineus 
Dead 20(18) 14 (13) 34 (31) 1.055 > 0.25 

Alive 36 42 78 

Total 56 56 112 

C. catla (A) 
Dead 2 3 5 0.000 > 0.99 

Alive 19 18 37 

Total 21 21 42 

C. catla (B) 
Dead 13 11 (2) 24 0.125 > 0.50 

Alive 5 7 12 

Total 18 18 36 

C. striatus (A) 
Dead 1 0 1 0.000 > 0.99 

Alive 4 5 9 

Total 5 5 10 

C. striatus (B) 

Dead 7 (2) 3 10 1.246 > 0.25 

Alive 11 15 26 

Total 18 18 36 

C. striatus (C) 
Dead 3 2 (1) 5 0.000 > 0.99 

Alive 6 7 13 

Total 9 9 18 

Discussion 

The results of the experiment indicate that standard-size VI tags have no influence on the 

growth or mortality of G. giuris, A. testudineus, C. catla and C. striatus. It is uncertain whether 
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Table 6. Tag loss/retention rates calculated for each species/size group based upon recovered 
fish 

Species 
(size group) Tagged 

Number 

Tags lost % Tags lost 
Time 
(days) 

G. giuris 48 38 79 111 
P. sophore 47 47 100 110 
A. testudineus 38 11 29 108 
C. catla (A) 20 9 45 61 
C. catla (B) 18 10 56 61 
C. striatus (A) 5 0 0 112 
C. striatus (B) 16 6 38 112 
C. striatus (C) 9 2 22 112 

the same conclusion applies to P. sophore because of zero tag retention, although the results 
indicate that the tagging operation had no effect on the growth or mortality of this species. 

The high mortalities experienced by the C. catla group B fish were attributed to heavy gill 
infestations with Dactylogyrus parasites. These fish were obtained from a different source from 

group A fish and therefore were likely to have been infected before they were stocked into 
the experimental pond because there was no evidence of infestation in group A fish at the end 
of the experiment. The mortality of A. testudineus may have been overestimated because only 
3 out of the 34 fish recorded as dead were recovered. This species, commonly known as the 
`climbing perch', possesses an accessory respiratory organ and spine-covered operculum which 
allow it to climb from water bodies and `walk' across land on its pelvic fins (Lagler, Bardach, 
Miller & Passino 1977; Rahman 1989). Although a bamboo fence was constructed around the 

pond to prevent fish escaping, the mortalities recorded for this species should be treated with 
caution. C. striatus group A suffered proportionally fewer mortalities (10%) than the larger 

size groups B (28%) and C (28%). This genus is a voracious predator and highly territorial, 
particularly around the spawning period when eggs and young are guarded by both parents 

X (Lowe-McConnell 1987). Spawning was observed during the experiment and therefore 
ý; aggressive behaviour among the larger, sexually mature size groups might explain the higher 

f mortality observed within these groups. 
Tag loss rates were variable among the five species and size groups examined and generally 

high compared with results from other VI tag utility trials. Emata & Marte (1992) found 100% 

retention (0% tag loss) of large VI tags (1.5 mm wide X 3.5 mm long) implanted in the 
amphidromous milkfish Chanos chanos (Forsskäl) over a one-year period. Fish used in their 
trial were relatively large (mean weight 3.8 kg) and tags were implanted into the adipose 
eyelid. Blankenship & Tipping (1993) also used this location in trials with sea-run cutthroat 
trout, Oncorhynchus clarki (Richardson) and found similarly low loss rates (6%) between 3 

and 21 months after tagging. Fish used in their trial ranged from 20 to 30 cm fork length. Tag 
losses observed here for A. testudineus and C. striatus were more comparable with those 
reported by Bryan & Ney (1994) for wild brook trout, Salvelinus fontinalis (Mitchill). For all 
size groups combined, the authors found mean tag loss was 35% with a range from 50% for 

small (130-160 mm) fish to 0% for large (% 200 mm) fish over a one-year recapture period. 
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Anecdotal evidence (NMT personal communication) and the results from Bryan & Ney 
(1994) imply that VI tag loss declines with increasing fish size. Qualitative analysis of the 
data from this experiment suggests that for C. catla and C. striatus; the two species for which 
more than one size group was examined, tag loss was independent of fish size. Comparisons 

of tag losses with fish size between species were not attempted because of differences in 

experiment duration and tagging locations. 
It was concluded that the standard-size VI tag could be used to provide unbiased estimates 

of growth and mortality for G. giuris, A. testudineus, C. catla and C. striatus, assuming that 
operations associated with capture and handling before tagging and release have little or no 
influence on subsequent growth and mortality. 

Comparatively high tag loss was common to all the species examined here. Although it is 

uncertain how these losses would change with time, this feature may place restrictions on the 
duration of VI tagging programmes or make them prohibitively expensive. 

The transparent tissue covering the inner surface of the opercular bone offers an alternative 
tagging location to the adipose eyelid tissue. This location is, however, highly inconspicuous 

and therefore inappropriate for tagging programmes that rely upon fishermen to return 
tagged fish. 

Alternative tagging locations may improve the retention, visibility, and thereby the utility 
of VI tags for marking tropical river fish. 
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