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Abstract 

In Southeast Asia, biodiversity-rich forests are being extensively logged and converted to oil palm 

monocultures. Although the impacts of these changes on biodiversity are largely well documented, 

we know little about how these large-scale impacts affect freshwater trophic ecology. We used 

stable isotope analyses (SIA) to determine the impacts of land-use changes on the relative 

contribution of allochthonous and autochthonous basal resources in 19 stream food webs. We also 

applied compound-specific SIA and bulk-SIA to determine the trophic position of fish apex 

predators and meso-predators (invertivores and omnivores). There was no difference in the 

contribution of autochthonous resources in either consumer group (70–82%) among streams with 

different land-use type. There was no change in trophic position for meso-predators, but trophic 

position decreased significantly for apex predators in oil palm plantation streams compared to 

forest streams. This change in maximum food chain length was due to turnover in identity of the 

apex predator among land-use types. Disruption of aquatic trophic ecology, through reduction in 

food chain length and shift in basal resources, may cause significant changes in biodiversity as 

well as ecosystem functions and services. Understanding this change can help develop more 

focused priorities for mediating the negative impacts of human activities on freshwater 

ecosystems.

Keywords: autochthony, food web, freshwater fish, niche size, stable isotope analysis, trophic 

ecology. 
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Introduction 

Human-induced land cover change is a major driver of biodiversity loss (MEA, 2005; Phalan et 

al., 2013), especially in the tropics (Bradshaw et al., 2009; Laurance et al., 2012). Large areas of 

primary forests are negatively impacted by logging, deforestation, and conversion to highly 

profitable agricultural plantations (Sodhi et al., 2004; Wilcove et al., 2013). These conversions are 

known to alter habitat structure (Laurance et al., 2014) and reduce biodiversity (Sodhi et al., 

2010). There is limited consensus, however, on the impacts of land-use changes on food webs and 

their structure, e.g., organic carbon source (Leberfinger et al., 2011; Magioli et al., 2019; Price et 

al., 2019), food chain length (Takimoto & Post, 2013; Price et al. 2019), and niche width (Price et 

al., 2019; Recalde et al., 2016). Little too is known about the wider implications of these changes 

on communities, despite some indications that food web redundancy and stability may be eroded 

(Chua, Tan, & Yeo, 2019; de Paula et al., 2013). For highly connected biological systems, 

functional impairment of the food web is arguably a more concerning outcome than the loss of any 

single species (Cadotte et al., 2011). In Southeast Asia, widespread conversion of forests to oil 

palm plantations (Wilcove et al., 2013) has caused dramatic declines in both terrestrial and aquatic 

biodiversity (Gray et al., 2014; Konopik et al., 2015; Mercer et al., 2014; Wilkinson et al., 2018a). 

It is important to understand how these changes impact aquatic food webs as well as individual 

taxa in order to devise strategies that provide effective protection to threatened freshwater 

ecosystems (LPR, 2014).

Aquatic ecosystems derive carbon from both autochthonous (local primary production) and 

allochthonous (subsidies from adjacent terrestrial ecosystems) resources. Logging, deforestation 

and conversion to plantations of catchments can alter aquatic primary productivity (via increased 

solar radiation and water temperature) and reduce influx of terrestrial resources (as canopy and 

forest cover is reduced), which constitute an important source of energy and microhabitats (Brett 

et al., 2017; Giam et al., 2015; Naman et al., 2018). The River Continuum Concept (Vannote et 

al., 1980) suggests that low order forest streams mainly depend on allochthonous terrestrial inputs. 

However, recent findings show that low order tropical forest streams rely more on autochthonous, 

within-stream derived, energy (Chua et al., In Review; Dudgeon et al., 2010; Lau et al., 2009). 

This may be caused by sub-optimal growth of stream macroinvertebrates when feeding 

exclusively on leaf litter (Guo et al., 2016). Thus, to understand the impact of land-use changes, 

we must determine the effects of altered resource availability (contribution of allochthonous A
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inputs) on stream food webs, as these changes could compromise healthy ecosystem functioning 

and provisioning of ecosystem services (Cadotte et al., 2011; Holt & Loreau, 2001).

Food webs depict feeding links between organisms and can therefore be used to understand the 

impacts of resource use and resource limitations (Barnes et al., 2018; Liew et al., 2018; Fox, 

2007). Food webs are commonly characterised in terms of their properties (FWPs): (i) relative 

contributions of allochthonous versus autochthonous carbon; (ii) food chain length; and (iii) 

trophic niche breath. These food web characteristics can indicate food web stability and resilience 

(Layman et al., 2007), which may be impacted by land-use changes (Price al., 2019). Firstly, 

disturbance can reduce allochthonous inputs, causing habitat homogenisation (through a reduction 

in available niches), and increase reliance on autochthonous carbon sources (Doi, 2009), which in 

turn lowers species and functional diversity (Chua et al., 2019; Loke & Todd, 2016). Secondly, 

food chain length measures the number of successive trophic links within a food web (Post, 2002). 

Food-chain length can be influenced by primary and secondary production (Carpenter & Kitchell, 

1993), which can alter community structure, stability (e.g., nutrient cycling; Wang & Brose, 2018) 

and ecosystem functioning (Post & Takimoto, 2007; Sabo et al., 2009). As land-use changes 

reduce species and functional richness (Giam et al., 2015; Wilkinson et al., 2018a), food chains 

are expected to be shortened in disturbed habitats (McHugh et al., 2010; Post & Takimoto, 2007), 

unless there is high species redundancy within each trophic level (Chua et al. In Review). Isotopic 

niche breadth, a measure of isotopic space occupied by the consumer (Jackson et al., 2011), can be 

thought of as combining measures of both food chain length and carbon source. The impacts of 

disturbance on isotopic niche breadth of consumers are highly variable. Mammals in modified 

landscapes in Brazil showed an increase in isotopic niche breadth, likely due to diet plasticity and 

feeding on a wider range of resources (Magioli et al., 2019), whereas macroinvertebrate 

consumers inhabiting streams in Croatia showed no change in isotopic niche breadth across 

different land-use types (Price et al., 2019).

In addition to the multiple metrics characterizing changes in food web structure in response to 

ultimate causal mechanisms (environmental variables such as disturbance, ecosystem size and 

resource availability; Takimoto & Post., 2013), considerable research has focused on the 

proximate mechanisms causing these perturbations (e.g., how these ultimate effects causing 

changes to food web structure, lead to changes in food chain length; Post and Takimoto, 2007). 

Ecological mechanisms that can alter food chain length, through changes in food web structure, A
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include changes in trophic omnivory and shifts in the identity or trophic position of apex predators 

(Post et al., 2000; Post & Takimoto, 2007; Ward & McCann, 2017). Consequently, understanding 

the proximate mechanisms altering food chain length will aid in identifying patterns that alter the 

dynamics of structurally complex food webs (Post & Takimoto, 2007).

Stable isotope analysis (SIA) of carbon (12C and 13C) and nitrogen (14N and 15N) allows us to 

assess changes of food web structure in distinct environments (Hobson, 1999), and has been 

applied to disentangle individual-level ecological processes and complex community interactions 

(Grey, 2006; Layman et al., 2007; Middelburg, 2014). Carbon isotopes allow us to trace relative 

contributions of terrestrial (allochthonous) and aquatic (autochthonous) resource inputs to 

freshwater ecosystems (Ishikawa et al., 2014; Price et al. 2019). Nitrogen isotopes can determine 

trophic position, track changes among trophic levels, and elucidate trophic processes or 

interactions between species and communities (Grey, 2006; Price et al. 2019). Apex predators are 

particularly interesting, as maximum food chain length can be calculated (McHugh et al., 2010), 

and they can couple and regulate multiple food chains within the food web, therefore having 

substantial effects on ecosystem dynamics (Garvey & Whiles, 2016). Moreover, isotope profiles 

can be used to determine trophic position or isotopic niche occupied for individual rare and 

threatened species, or those that are common and dominate the food web (making up a substantial 

portion of the ecosystem biomass). 

Here, we combined two powerful diet tracing methods (Nielsen et al. 2018), bulk stable isotope 

analysis (bulk-SIA) and compound-specific isotope analysis of amino acids (CSIA-AA; Bowes & 

Thorp, 2015; Chikaraishi et al., 2009) to evaluate changes in 19 stream ecosystems in Malaysian 

Borneo. These streams encompass a catchment land-use gradient, from primary forest to logged 

forest and oil palm plantation, and are threatened by some of the fastest deforestation rates in the 

world (Chua et al., 2019; Wilcove et al., 2013). We aimed to determine the impacts of land-use 

change on stream food webs while controlling for resource availability and ecosystem size, by 

asking the following questions: (i) What are the impacts of land-use change on levels of 

autochthony, trophic position, maximum food chain length and isotopic niche width, at two 

consumer levels of the food web; and (ii) What are the likely mechanisms that lead to the impacts 

of land-use change on stream food webs? We analyse both meso- and apex predators to more 

comprehensively detail land-use change impacts, as differences at the meso-predator level indicate 
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disruptions at the base of the web while apex predators can indicate disruption across the whole 

food web. 

Methods 

Study sites

We collected samples of fish and potential basal food resources from 19 streams across a land-use 

gradient in Southeastern Sabah, Malaysian Borneo (117.5°N, 4.6°E; Appendix S1: Section S1, 

Fig. S1). Study sites of comparable size were located on small, headwater streams (3–10 m wide, 

≤1.2 m maximum depth, length ~2 km; catchment area ~260 ha; slope ~16°), selected across a 

land-use gradient from oil palm plantation (n=8) to logged forests (n=7) to primary forests (n=4) 

(16 streams described in Wilkinson et al., 2018b; with three additional oil palm streams in this 

study) at the Stability of Altered Forest Ecosystems (SAFE) Project (Ewers et al., 2011). We 

measured average wetted width at 21 points across 200 m transects at each stream as a proxy of 

ecosystem size (methods in Wilkinson et al., 2018a). We believe 200 m is a sufficient transect 

length, as it is longer than most similar freshwater studies conducted across a land-use gradient 

(cf. 100 m, Giam et al., 2015; 50 m, Jones et al., 1999; 200 m, Luke et al., 2017; 25–100 m, Iwata 

et al., 2003). We used the biomass of prey fishes (all species that are not apex predators) as a 

measure of resource availability to the apex predators. Streams were sampled between March–July 

2015 and Jan–May 2017 (Wilkinson, 2018c). Each catchment was an independent tributary, 

ensuring spatial independence of data.

Stable isotope analysis 

In 2017, fin clips were taken from up to 15 individuals of each of the three most widespread and 

abundant meso-predator species from across the landscape (Barbodes sealei, Nematabramis 

everetti, Rasbora pycnopeza). We took fin clips of each species (when present) in each of 19 

streams sampled (total n=150), as described in Wilkinson et al., (2018a). We also collected both 

allochthonous (leaf litter and live leaves; n=4 (10 leaves per sample) each per stream) and 

autochthonous (filamentous algae or macrophytes; n= 3–10 samples per stream) basal resources 

from each stream. These samples were analysed for carbon (δ13C) and nitrogen (δ15N) ‘bulk’ 

stable isotope ratios.

For apex predators, we utilised fish samples (fin clips) collected during previous studies at these 

sites (n=12 fish, from eight streams; Wilkinson et al., 2018a, b) in addition to samples we A
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collected in 2017 (n=10 fish, from six streams). At the time of analysis, all samples were 

preserved in ethanol/formalin as voucher specimens in the Lee Kong Chian Natural History 

Museum, National University of Singapore, (Appendix S1: Section S2, Table S1). In total, we 

analysed 22 samples comprising four different species of apex predator (Channa striata, Clarias 

anfractus, Hampala sabana, and Hemibagrus baramensis; Yap, 1988; Choy et al. 1996), from 13 

of the 19 streams sampled. Body size/length is known to be positively associated with the trophic 

position of predatory fishes (Romanuk, Hayward, & Hutchings, 2011), therefore the largest (n=1–

3, where present) specimens of each species (mean standard length 119.6 mm (± 20.5 mm SD)) 

were selected to estimate maximum food chain length, and to minimise within species changes 

(e.g., no ontogenetic diet shift).

Both meso- and apex predator samples were oven-dried at 60°C for at least 48 hrs, ground to a fine 

powder and weighed. Samples from meso-predator species were analysed using bulk-SIA by 

continuous flow isotope ratio mass spectrometry (Sercon Integra 2 Stable Isotope Analyser, 

Crewe, UK), and carbon (δ13C) and nitrogen (δ15N) stable isotope ratios were calculated (detailed 

methodology in Appendix S2). Apex predator samples were analysed using compound-specific 

isotope analysis of 𝛿13C and 𝛿15N of amino acids (CSIA-AA) at the Stable Isotope Facility at the 

University of California, Davis, via a two-stage process following protocols detailed in Walsh et 

al., (2014) and Appendix S2. We used CSIA-AA for apex predators to maximise data collection 

from a relatively small sample of preserved museum specimens (few samples for bulk-SIA 

collected in 2017 had been retained). CSIA-AA enables higher precision at small sample sizes 

(Bowes & Thorp, 2015; Whiteman et al., 2019), and it overcomes preservation artefacts that are 

known to be an issue for bulk SIA (Arrington & Winemiller, 2002). 

Metrics were calculated separately per individual for trophic position and autochthony, and per 

species in each stream for isotopic niche breadth. To estimate basal carbon source contributions to 

meso-predator biomass, we estimated the proportion of aquatically derived organic carbon (as 

opposed to terrestrially derived), using single source (𝛿13C) Bayesian mixing models in the simmr 

package within the R statistical environment (Appendix S2; Parnell et al., 2013; Parnell 2016; R 

Core Development Team, 2017). Within the model, we incorporated the 𝛿13C enrichment factor of 

0.4‰, as described by Post (2002) and Doi et al. (2009), multiplied by the mean of the assumed 

trophic level of the three species (2.96 ± 0.3; FishBase), equating to a 𝛿13C enrichment factor of 

1.18 ± 0.12. This enrichment factor accurately represents the number of trophic steps between A
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meso-predators and the base of the food web. Trophic position of meso-predators is calculated 

from the differences in the δ15N isotopic signature of the consumer and the mean of the stream-

specific basal resources (determined by proportional contribution of each basal resource, as 

calculated above), divided by a fractionation value of 3.4‰ between trophic levels (Appendix S2; 

Choi et al., 2017; Post, 2002). We determined the isotopic niche breadth of each of the meso-

predator species in each stream where at least five individuals were present. Niche size was 

calculated from the multivariate ellipse-based metric SEAc (‰2), which forms the basis for 

isotopic variance (Layman et al., 2007; Jackson et al., 2011), and can be used to estimate 

population niche breadth (Brind’Amour & Dubois, 2013). SEAc is robust to smaller sample sizes 

and estimates 40% of isotopic variance for each group (Jackson et al., 2011). 

Carbon source contributions to apex predator biomass were calculated using the same Bayesian 

mixing models as for meso-predators, but with reference to a global dataset of producer amino 

acid 𝛿13C profiles (Liew et al., 2019). Data inputs to the mixing models comprised 𝛿13C profiles 

from four essential (vertebrate) amino acids, namely isoleucine, leucine, phenylalanine and valine, 

that are highly conserved due to negligible levels of trophic fractionation, thus enabling effective 

distinction between terrestrial and aquatic carbon sources (Liew et al., 2019; McMahon et al., 

2010; See Appendix S2 for detailed methodology). Trophic position (TP) of apex predators was 

calculated using the 𝛿15N profiles of glutamic acid (Glu) and phenylalanine (Phe) of apex 

predators, which were compared to the difference between 𝛿15NGlu and 𝛿15NPhe in primary 

producers at the base of the food chain (Appendix S2; Chikaraishi et al., 2014; Choi et al., 2017). 

These two amino acids were chosen because glutamic acid 15N is significantly enriched with 

increasing TP (+8.0‰ per TP), whereas phenylalanine 15N  remains relatively constant across TP 

ranges (+0.4‰ per TP) (Chikaraishi et al., 2014).

Statistical analysis 

For both apex predators and meso-predators, we used a Bayesian approach to fit linear mixed 

effects models (LMEs) within a multimodel inference framework (Burnham & Anderson, 2004). 

In these models, we tested for the effect of catchment land-use type (categorical factor: PF – 

primary forest, LF – logged forest, OP – oil palm plantation), ecosystem size (continuous), and 

resource availability (continuous; apex predators only), on trophic position, autochthony and niche 

size (meso-predators only). In all the models, stream and species identity were coded as random 

effects (slopes and intercepts). A logit transformation was applied to the autochthony response to A
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meet model assumptions. We did not include time/year of sample collection (apex predator only) 

in models, as a key characteristic of CSIA-AA is that basal resources are highly conserved across 

locations and times, so it was not necessary to collect basal resources to determine food web 

properties (Bowes & Thorp, 2015; Chikaraishi et al., 2009; Liew et al., 2019). 

Bayesian LMEs were chosen as parameter estimates are non-asymptotic and therefore appropriate 

for small sample sizes (Kéry 2010), enabling all models to be compared. Models were 

parameterised using Markov Chain Monte Carlo (100,000 iterations; burn-in = 30,000; thinning 

factor = 20) via the MCMCglmm package (Hadfield, 2010) in R version 3.3.3 (R Core Team 

2017). We used default, vaguely-informative priors for fixed effects (normal distribution with 

mean = 0 and standard deviation = 100,000), and inverse-Wishart priors (V = 1, nu = 1) for 

random effects and residuals.

In the first step of the model fitting process, we identified the most parsimonious random effects 

structure by comparing (i) Stream, (ii) Stream and Species, (iii) interaction of Stream and Species, 

and (iv) no random effect in candidate models. Candidate models were compared using the 

deviance information criterion (DIC; Spiegelhalter et al. 2014). To confirm our random effect 

structure, we verified results using a simulation approach in which LMEs were re-fitted to datasets 

containing randomised values for Species and/or Stream (1,000 iterations). We compiled the 

distribution of fixed effect coefficients from these refitted models and compared them with 

coefficient estimates from the original model—a statistically supported difference between models 

indicates that the random effect(s) included in the model is/are important, whereas similar values 

would suggest that the random effect is not important. Effectively, by randomising Stream or 

Species, we are nullifying the influence of the random variables on the coefficient estimates for 

the fixed effects, which enables us to determine if they have any impact on the coefficient 

estimates. Once the best random effects structure was identified, we compared candidate models 

depicting the influence of land-use type, ecosystem size and resource availability (apex predators 

only) as fixed effects. As above, these candidate models were compared using the deviance 

information criterion.

We fitted additional LME models to determine the relationship between the trophic ecology of 

consumers and  potential proximate ecological mechanisms. Post & Takimoto (2007) suggested 

four possible mechanisms that lead to changes in food chain length (determined by trophic 

position of the apex predators) due to land-use change: (i) loss/change of apex predators; (ii) A
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loss/change of intermediate consumers; (iii) increased trophic omnivory (i.e., feeding from more 

than one trophic level) in apex predators; or (iv) increased trophic omnivory in intermediate 

consumers. To determine changes in the identity of apex predator we modelled food chain length 

against the species of apex predators present at a site. We used the NetIndices package (Kones et 

al., 2009) to create connectance webs (hypothesised food webs in which trophic links are assigned 

equal link weights; Post, 2002) devised from dietary studies reported in literature (Appendix S3). 

We used the connectance webs to determine the number of nodes excluding producers and apex 

predators, trophic omnivory for apex predators and intermediate consumers using the following 

formula: 

,𝑇𝑟𝑜𝑝ℎ𝑖𝑐 𝑜𝑚𝑛𝑖𝑣𝑜𝑟𝑦𝑖 = ∑𝑛
𝑗 = 1(𝑇𝑃𝑗 ― (𝑇𝑃𝑖 ― 1))2

where TPi and TPj denote trophic positions for each species i and food item j, respectively. These 

four candidate models were compared using the deviance information criterion (DIC; 

Spiegelhalter et al. 2014).

Results 

We captured 3,427 fish individuals from 21 species at the same streams in 2015 (Wilkinson et al., 

2018b), and 2,467 fish individuals from 29 species across 19 streams in 2017 (Wilkinson et al., 

2018a). Three meso-predator, invertivorous or omnivorous, fish species dominated the total catch 

for both years and were present across the land-use gradient: Nematabramis everetti (36%), 

Rasbora pycnopeza (15%) and Barbodes sealei (14%). Apex predators were represented by seven 

species. However, we collected samples from only four apex predator species as larger individuals 

were preferentially chosen for analysis. Samples of apex predators consisted of: Hampala sabana 

(8 streams), Hemibagrus baramensis (6 streams), Clarias anfractus (3 streams) and Channa 

striata (1 stream). Trophic position of the three meso-predator species ranged from 0.92–3.53 with 

a mean of 1.95, whereas values of apex predators ranged from 2.81–3.89 with a mean of 3.55 

(assuming zero as the trophic position of basal producers). Levels of autochthony were high for 

both meso-predators and apex predators (on average: 70% and 82%, respectively).

For meso-predators, the most parsimonious random effects structure varied across response 

variables (Appendix S1, Section S4; Table S2). For trophic position and isotopic niche breadth, 

both species and stream, whereas for autochthony only stream, were included in the final models. A
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However, all three response variables of autochthony, trophic position and isotopic niche size, 

were inadequately explained by land-use (Figure 1) and stream width, as their respective candidate 

models did not outperform the corresponding null models in terms of DIC (Appendix S1, Section 

S4; Table S2). 

For apex predators, the best-supported Bayesian linear mixed effects models showed that models 

with no random effects were the most parsimonious (Appendix S1, Section S4; Table S3). Trophic 

position was lower (Figure 1; R2 = 0.50) in oil palm plantation streams (3.27) compared to 

forested streams (3.69), but there was no association between other predictor variables. 

The difference in trophic position of apex predators across the land-use gradient was best 

explained by a difference in the identity of the species at the top of the food chain (Figure 2; R2 = 

0.89). Clarias anfractus (average TP = 3.03) had a lower trophic position than H. sabana (average 

TP = 3.69) and H. baramensis (average TP = 3.72). Clarias anfractus was the apex predator in 

three oil palm plantation streams but was not present in any other land-use. Similarly, Ch. striata 

also had a low trophic position (TP = 3.41) but was only present in a single oil palm stream and 

thus excluded from this analysis. Both models representing changes in trophic omnivory of meso-

predators and apex predators had ΔDIC (between the model with lowest DIC and all other models) 

values < 2. This suggests that they do not out-perform the null, intercept-only model (Appendix 

S1: Section S5, Table S4).

Discussion 

Our findings suggest that maximum food chain length is compressed in streams in agricultural 

plantation in comparison to streams in forested areas in Sabah, Malaysia. These findings show that 

anthropogenic land-use change impacts ecosystems beyond the already highlighted losses of 

species richness and diversity (in both aquatic and terrestrial habitats; e.g., Gray et al., 2014; 

Konopik et al., 2015; Mercer et al., 2014; Wilkinson et al., 2018a). This effect is likely caused by 

a change in the identity of apex predators in plantation streams, rather than a reduction in 

allochthonous resource availability leading to a reduced assimilation of terrestrial resources, which 

was low—26% and 18% for meso-predators and apex predators, respectively. However, there was 

no reduction in niche breadth of the meso-predators, consistent with the literature (Price et al., 

2019). Our findings are likely the result of species turnover, as sensitive, endemic species with 

narrow trophic niches are either replaced with generalists or lost altogether from the ecosystem 

(Chua et al., 2020; Giam et al., 2015; Wilkinson et al., 2018).A
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Conversion to oil palm plantation was associated with a reduction in trophic position in apex 

predators, resulting in a shortening of the food chain across distinct land-use types. Although 

decreases in food chain length are commonly associated with resource limitation reducing the 

number of successive steps in a food web (Doi, 2009; Takimoto & Post, 2013), we found no 

evidence of this as prey fish biomass was not retained in the final model. Instead, the reduction in 

food chain length in response to land-use change occurred only at the top of stream food webs 

(i.e., among apex predators, but not meso-predators). Although the trophic position of meso-

predators was unaffected by disturbance, reduction in trophic position of apex predators indicates 

significant changes at the top of the food web, which may reverberate to other parts of the 

ecosystem (Baum & Worm, 2009). However, we caution that this conclusion is drawn from a 

small sample size of apex predators (n=22), while a much larger variation in trophic position is 

indicated with larger sample sizes of meso-predators. Nevertheless, we believe that our findings 

are robust because trophic position estimates derived from CSIA-AA are more accurate than bulk-

SIA approaches (Won et al., 2018).

Species identity was a significant factor when we assessed possible proximate mechanisms 

explaining the contraction in food chain length (Post and Takimoto, 2007). This may be because 

the species composition of apex predators can be altered via local extinction in disturbed 

ecosystems (McHugh et al., 2010; Post & Takimoto, 2007). Two species of predators, Ch. striata 

and Cl. anfractus, were found only in oil palm plantation streams. Both species are generalist 

carnivores (Mohsin & Ambak, 1983; Ng, 1999), which means that they will likely have a lower 
15N profile in comparison with specialist piscivorous apex predators (e.g., H. sabana), as they also 

feed on invertebrates at lower trophic levels (e.g., macroinvertebrates). 

In contrast, the lack of change in trophic position of the three meso-predators may be due to high 

trophic redundancy lower down the food web, and particularly in invertivorous fish that are 

commonly represented in all streams considered in this study (Chua et al. In Review). Redundancy 

can promote stability of the food web (and food chain lengths) by buffering changes in species 

composition and altered species links when redundant species occupy similar trophic positions 

(Chua et al., 2020; Oliver et al., 2015). Resilience to climate stressors has been shown to be high 

for a common meso-predator species (N. everetti) (Wilkinson et al., 2019). Similarly, we suggest 

that meso-predators may be resilient to land use changes, as there were no changes in any trophic 

metric measured for these species. Two of these species (R. pycnopeza and N. everetti) are A
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opportunistic surface feeders of insects falling into the stream. Although deforestation and 

disturbance to riparian habitats reduce the diversity of terrestrial invertebrate subsidies to streams 

(Chan et al., 2008), the overall abundance of these inputs may increase. This favours species with 

high diet plasticity which are able to remain relatively unaffected in disturbed habitats (Carvalho 

et al., 2015).

Contrary to our expectation, we did not detect any significant effect of land-use change on organic 

carbon sources (relative contribution of autochthonous versus allochthonous resources) or a 

change in resource use by consumers. Previous studies have indicated strong bottom-up control of 

communities from changes in the diets of consumers in response to composition of resources 

across different land-uses in freshwater (Price et al. 2019), terrestrial (Lister & Garcia, 2018), and 

marine (Capuzzo et al., 2018) ecosystems. However, our results support a growing body of 

literature indicating greater dependence of tropical freshwater ecosystems on autochthonous 

primary production (Brett et al., 2017; Dudgeon et al., 2010; Lau et al., 2009). This dominance of 

autochthonous resources may be due to two reasons. First, autochthonous producers are usually 

more palatable than highly lignified allochthonous plants or woody material (Brett et al., 2009). 

Second, the nutritional quality (C:N ratio) of autochthonous production to consumers is higher 

than allochthonous production, leading to greater assimilation in freshwater food webs (Brett et 

al., 2017).

The breadth of the isotopic niche occupied by a species is a measure of the diversity of prey 

consumed (Magioli et al., 2019). The SEAc value did not change for any of the three meso-

predator species, consistent with the fact that the main dietary resource of these species were 

similar across the disturbance gradient, indicating that a similar range of microhabitats is being 

exploited (Rader et al., 2017). In contrast, other freshwater studies using SIA showed a significant 

reduction in redundancy (number of species per trophic level) with increasing disturbance (de 

Carvalho et al., 2017; Chua et al. In Review; Price et al., 2019). 

Environmental covariates, such as ecosystem size and productivity, can confound findings in 

studies of ecosystem-scale disturbance on freshwater food webs (Takimoto & Post, 2013; Ward & 

McCann, 2017). We controlled for this through both study design and statistical analysis. Firstly, 

all streams included in the study were of a comparable wetted width (3–10 m; a proxy for 

ecosystem size). Moreover, we included wetted width as a fixed effect in all models to account for 

any increases in species richness that may occur with increasing stream width (Post et al., 2000). A
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Secondly, we used the biomass of prey (all non-predatory) fish, as a measure of productivity or 

resource availability, but found no significant relationship with either levels of autochthony or 

food chain length in apex predators. We therefore argue that our findings were not confounded by 

ecosystem size or productivity.

This study illustrates that the well-documented impacts (i.e., reduced richness and diversity) of 

land-use change on tropical freshwater ecosystems (Giam et al., 2015; Konopik et al., 2015; 

Mercer et al., 2014; Wilkinson et al., 2018a) alters the food web through reductions in food chain 

length. However, as other tropical studies have indicated (Brett et al., 2017; Dudgeon et al., 2010; 

Lau et al., 2009), carbon flow in these aquatic ecosystems is pre-dominantly autochthonous in 

origin, despite the availability of terrestrially derived allochthonous organic matter (Brett et al., 

2017; Dudgeon et al., 2010; Lau et al., 2009). The conversion of natural systems to agricultural 

plantation has created conflict between agricultural production and conservation. To effectively 

protect these ecosystems, more research is required over extended time scales to determine how 

these changes in food web properties influence ecosystems embedded in agricultural landscapes, 

and to develop sustainable agricultural strategies that reverse, mitigate, or prevent any further 

impacts on freshwater ecosystems. 
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Figure legends: 

Figure 1. Box and whisker plots of percentage autochthony (A), and trophic position (B) of three 

meso-predator freshwater fish species. Strip-charts of isotopic niche size of three meso-predator 

freshwater fish species (C); percentage autochthony (D) and trophic position (E) of apex predators 

across a land-use gradient. Box and whisker plots indicate the median (dark band), interquartile 

range (within each rectangle), and the highest and lowest values of the data, excluding outliers, in 

the whiskers, with outlying points as black dots. Strip-charts indicate the mean (large circle 

coloured by land-use), one standard deviation (coloured line), and display all data points jittered 

due to the low sample size (n=23). For all graphs OP=oil palm plantation, LF=logged forest, and 

PF=protected forest catchments; For graph (C) symbols indicate the different fish species: Circles 

= Barbodes sealei, triangle = Nematabramis everetti, square = Rasbora pycnopeza.

Figure 2. Dot chart of trophic position for four apex predators (Caf = Clarias anfractus, Cst = 

Channa striata, Hsa = Hampala sabana, and Hba = Hemibagrus baramensis), with individual 

points to illustrate differences by land-use. OP=oil palm plantation, LF=logged forest, and 

PF=protected forest catchments. 
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