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Abstract

This thesis is about coexistence mechanisms inlé @fuseven species of annual
plants that inhabit dry, open, compacted groun&iimwood Park, Berkshire.

Annual plants were chosen for the study becausigeafmportance of obtaining
whole-generation estimates of the vital rates, badause short-lived plants help/hold
out the prospect of being able to assess the irapogt of year-to-year variation in
the rates of recruitment, growth, survival and fedity.

The field work was carried out at Pound Hill foeteeed bank experiment, at Walled
Garden for the seed dispersal experiment and auissiior the main experiment in
Silwood Park, Berkshire. The location was choserabse the area was already
fenced and beds were laid out for a previous @tatly experiment in 1996.

The intention was to have a range of contrasticagies within our guild of annual
plants. All species were capable of germinatioautumn followed by over-winter
survival as rosettes, and then rapid growth andyeseed set in spring. Some species
were immediately precluded from consideration assalt of their thuggish
behaviour in the pilot studies.

The final choice consisted of a grass (Aira pragca legume (Ornithopus
perpusillus), three contrasting herbs (Myosoticdler (Boraginaceae), Cerastium
glomeratum (Caryophyllaceae) and Veronica arve(S@ophulariaceae)), and two
tiny crucifers (Erophila verna and Arabidopsis tizala). All were locally frequent

on gravel paths and other compacted open habitdatsmSilwood Park.

The thesis describes 7 separate replicated exgatsneach carried out over 5
years: monocultures of each of the seven spea@ésration sowing; two-species
mixtures (21 of them) and multispecies mixtures.

| show clear pattern of year effects in both irdad intra-specific density depend
ence. The time series experiments are backed gpdmtification of seed dispersal
and seed bank dynamics.
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Units

All counts, biomass data and analysis came frauaairat/sector of
area25cm x 25cm(625 cnf), unless stated.

cm = centimeters

mg = milligrams (for seed weight and dry matteo(bass))
m = metre

mm = millimetre

A = lambda (seed out/seed in)

count = relates to seedling and adult counts

Abbreviations

Sp = species

Ap = Aira praecox

At = Arabidopsis thaliana
Cg =Cerastium glomeratum
Ev =Erophila verna

Md = Myosotis discolor

OP =Ornithopus perpusillus
Va =Veronica arvensis

Cgm = Coarse-grained mixtures

Fgm = Fine-grained mixtures

Fgmc = Fine-grained mixtures control
Fgmt = Fine-grained mixtures treated
Monoc = Monocultures

fig = figure

wt = weight (in mg relating to seed weight or plardmass)
CV (coefficient of variation) = sd/mean

% = percentage

treat = Treatment

p = p value (at 5% unless specified)

t = Student t-test

a = Alpha

n = Number of observations (sample size)
df = Degree of freedom

Im = Linear model

Imer = Linear mixed effects model

(t) = treated (seed redistribution)

(c) = Control
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Chapter 1

The Dynamics of Coexistence in Annual Plants
1.1 Overview

This thesis is about coexistence mechanisms inla giuseven species of annual
plants that inhabit dry, open, compacted groungilwood Park, Berkshire. Annual
plants were chosen for the study because of thertaspce of obtaining whole-
generation estimates of the vital rates, and becslusrt-lived plants hold out the
prospect of being able to assess the importangearfto-year variation in the rates of
recruitment, growth, survival, and fecundity. Thedd work was carried out at three
locations within Silwood Park, Berkshire: Poundl bk the seed bank experiment,
Walled Garden for the seed dispersal experiment Asmurst for the main
experiment.

The key finding of this body of work is that comitige exclusion is the exception
rather than the rule. Of course, it could be adgihat we have not studied the system
for long enough to make firm conclusions. We coutiies by pointing out that rather
few field studies have followed five entire consiaeigenerations for such a large
number of competing species.

The monoculture experiments showed a rather highegeof uniformity in their
general outcomes. We note that density dependeas®bserved in all of the vital
rates we studied: we expected to observe dengigrdience in fecundity and
mortality, but we were intrigued to observe dendigpendence in seedling
recruitment for so many species in so many yeaiggstive of either allelopathic
suppression of germination or strong post-dispgnsalkemergence seedling
mortality). Overall, there were clear species-sipepatterns in density dependence in
net population multiplication rate (lambda) andhe relative magnitude of year
effects on the vital rates.

The seed bank studies indicated that seeds aé\aihsspecies were capable of
survival for more than one year. Equally, howewene of the species produced any
seedlings more than 5 years after the seeds weare $de conclude that the seed
bank is a potentially important factor in coexistefior all these species, but that
more work needs to be done to determine whethgrloag-lived seed banks can
form (e.g. by sowing larger numbers of seeds apdating the experiment in many
different kinds of years).

The dispersal kernels for the seven species wgtdyhtonsistent across the four
years, allowing us to rank the dispersal abiliGéthe seven species. All of the
species showed increased seedling densities vatandie along transects from the
parent plant over the first 2 to 4 cm (a featureilgiked by none of the common
parametric functional forms used in dispersal gsidi This is probably a result of the
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skeleton of the parent plant inhibiting recruitmamits immediate vicinity. We also
determined the dispersal ability of the species targer distances (plot-to-plot,
rather than within-plot) using data collected dgrihe quantitative weeding of the
250 plots at Ashurst. Intriguingly, the dispersatriels measured at small, within-plot
scales were poor predictors of long-range dispersal

Saturation sowing investigated identity effectsoity effect and year effects in the
outcome of inter-specific competition. We foundammnpelling evidence in support

of Pacala and Rees (1998) hypothesis: all sevenesp@ere capable of passing the
invasion criterion even in the presence of highsitess of seeds of a putative superior
competitor. It turns out that, for these seven Eseat least, there is no obviously
identifiable “superior competitor”. Equally, thenas little evidence for micro-site
pre-emption effects based on the order of seedngpwi

The 21 two-species pairs allowed us to test theormtapce of seed dispersal in
coexistence. Theoretical models showed the potentgortance of limited seed
dispersal kernels in promoting coexistence by iasirgy the rate of intra-specific
competition and reducing the rate of inter-spe@bmpetition (in accordance with
the Lotka Volterra criteria). We tested this bylgaing all the seeds before dispersal
on half of the plots, then sowing the seeds of Isptties in a random spatial pattern.
If the theory was correct, then redistributing seeds should increase the rate of
competitive exclusion. We found no evidence to supihis prediction but
intriguingly, we found several cases where redistion increased the adult
population size of both plant species, suggeshagintra-specific competition was
relatively important foboth species in the control plots.

The fine-grained mixture plots showed no compelBrglence of competitive
exclusion within 5 years for any of the seven speciWe did not observe any
tendency for any of the species to form within-@péatial clustering. There are
interesting similarities and differences in thergeaffects for different species
between the saturation sowing and fine-grained umest, both experiments examine
interspecific competition but the saturation expemts are begun afresh each year,
whereas the fine-grained mixtures are time serpsm@ments with the potential for
carry-over effects from year to year (i.e. effemftdistory are confounded with year
effects).

The coarse-grained mixtures quickly converged édfite-grained case. Within three
years, most of the plots sown as 7 separate manioesiiwere indistinguishable from
the plots sown as fine-grained mixtures. There htides evidence of reduced rates of
competitive exclusion in the coarse-grained mixdusbere the experimental design
ensured that intraspecific competition was moredrtgnt than interspecific
competition.

Overall, the experiments provide evidence for mpidtpotential mechanisms for
coexistence, and showed few cases of competitiglig®on. Temporal heterogeneity
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(year effects) showed strong evidence for diffesp@cies doing best in different

kinds of years. Spatial heterogeneity in substrate minimized by the design of the
experiment, but there was little evidence of spaggregation developing in those
treatments that ran as 5-year time series. Expe@tahseed redistribution did not
increase the rate of competitive exclusion, but associated with increases in
population size for several species in various gjgadicating that intraspecific
competition was relatively important in both 2-sipsand seven-species experiments,
and highlighting the prevalence of at least onemument of the Lotka Volterra
coexistence criterion.

If we were to do a similar study again, we woulge&t the seed bank sowing in every
year. We would also focus more intently on longatise seed dispersal, since the
detailed small-scale dispersal kernels (withinJyplatre relatively poor predictors of
longer-range dispersal (between plots). The sedidtribution work was interesting
but exceptionally demanding in terms of time connmeiit; it is not obvious that the
rewards justify the effort. It we did repeat tkiad of study, it would be important to
redistribute one species but not the other in tofed combination (we redistributed
both species or neither species in the curreniystud

The combination of multi-year seed banks, yearce$fen the density-dependence of
recruitment, survival and fecundity, restricteddsdespersal around parent plants,
(which increases the importance of intraspecifimpetition) and the ability for long-
distance (between-plot) dispersal, provides amgdsaon to predict that competitive
exclusion within this guild of competing annualiwould not be likely to be
observed under field conditions in Silwood Parkhe short to medium term.

1.2 The Species

The intention was to have a range of contrastimdogges within our guild of annual
plants. All species were capable of germinatioautumn followed by over-winter
survival as rosettes, and then rapid growth anly saed set in spring. Some species
were immediately precluded from consideration essalt of their thuggish behavior
in pilot studies. Most notable amongst these exoeally vigorous annuals were
Cardamine hirsuta, Geranium molle, Myosotis arvensamium perpureur@andPoa
annug any one of which was capable of carpeting amreestudy area within just a
few weeks.

The final choice consisted of a grassa praecoy, a legume@rnithopus

perpusillug, three contrasting herbslyosotis discolo(Boraginaceae)Cerastium
glomeratum(Caryophyllaceae) anderonica arvensig¢Scrophulariaceae)), and two
tiny crucifers Erophila vernaandArabidopsis thalianpa The traits of the species are
summarized in Table 1.1. All were locally frequentgravel paths and other
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compacted open habitats within Silwood Park (Crgg2@05a) so that collection of
sufficient seed to initiate the experiments waslikety to be a major problem.

A huge amount was known about the physiology ametijes ofArabidopsis thaliana
(Tonsor et al. 2005), but rather less about itsoggoand demography. Very little was
known about the ecology of the other six specias (@ne had a Biological Flora
account written about them).

Table 1.1 Some traits of the 7 species (data froofl&ra). Numbers in brackets are original
data from this thesig\rabidopsisandErophila are the smallest in seed size wilimithopus

is the largest.

ceae

Aira Arabidopsis | Cerastium Erophila Myosotis Ornithopus | Veronica
Species praecox | thaliana glomeratum verna discolor perpusillus | arvensis
Family Poaceae Brassicaceae Caryophyllaccae Bmassie| Boraginaceagp Fabaceag Scrophularia|
Growth
form Annual Annual Annual Annual Annual An/biennial Annual
Functional
Group Grass Herb Herb Herb Herb Legume Herb
Plant
height cm 19 26 25 16 25 17 21
Seed size
mm 1.6 0.5 0.6 0.7 13 1.8 1.1
Seed
weightmg | 0.19 0.023 0.033 0.023 0.20 0.5 0.10
Seed
number
per fruit 2 10-100 (48) 10-100 (42) (41) 4 5(6 10-100 (16)

1.3 Theoretical Background

The competitive exclusion principle asserts that gpatially uniform environment
that is temporally invariant then, given long enlodigr transient dynamics to damp
away, one species will exclude all of the othelsofiE1927, Gause 1934, Hardin

1960).

The identity of the winner is predicted to be theses with the lowest value for R*
for the most limiting resource (i.e. the species #xhibits the ability to increase
when rare at the lowest rate of resource suppteasribed by Tilman (1982, 1988)).

It is interesting that the theory was fully devedddong before the semantics of the
word models was sorted out (Hardin 1960). Theexserimental support for the

competitive exclusion principle from field (Harla®38), laboratory (Titman 1976),
and chemostat experiments (Passarge et al. 2006).

Perhaps the most enduring of all the models inr#teal ecology predicts a wider
range of behaviours that is predicted by the coitipeexclusion principles; this is
the celebrated Lotka Volterra competition modeltkao1925, Volterra 1926):
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1 dN
— —=1(1 - Ni—E_(lij Nj)
N dt J

where N is the number of specieégti is the initial low-density per capita growth rate
of species (assumed to be greater than zero, to ensurellispiegies pass the
invasion criteria and hence exhibit the abilityriorease when rare) aag is the per
capita effect of specign species.

The explanatory variables are the population dessitf the S-1 competing species
Nj. The instantaneous rate of population changeedisep is assumed to be a
declining linear function of the impacts of eachlod competing specieg Nj and a
declining linear function of its own densiiyi Ni. When rare, the species are all
capable of population growthi ¢ 0) for alli). This model predicts competitive
exclusion under a wide range of circumstances, steterministic, others dependent
on initial conditions (i.e. alternate stable 1-3pectates). There is an important case,
however, in which this extremely simple model peesistable coexistence (i.e. failure
of competitive exclusion): this is the case wheteai specific competition is more
important than interspecific competition for aletboexisting species. For instance, in
the two-species case

all > a21

and
022 > alz

This result is shown graphically in Figure 1.1.

Since the 1920’s a huge amount of theoretical vinadkkbeen done on coexistence
(Chesson and Warner 1981, Chesson 1985, ChessdnR&&ala and Tilman 1994,
Chesson 2000a, 2003) but it is striking that athefse subsequent investigations boil
down to this same simple set of inequalities in guise or another. In short, they
require every species to benefit from “rare speathsantage”. Another way of
thinking about this is to look for mechanisms dregaibundantspecieslisadvantage
(e.g. density-dependent depression of the vitak)at
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Fig 1.1 Lotka Volterra competition model, for theegistence case, showing the zero-growth
isoclines of two species (dashed IMgon they axis and solid liné\; on thex axis). The
isoclines show the densities of species 1 andahith dN/dt=0 for a given species. Species
increase in abundanbelowtheir isoclines and decline in abundaabevetheir isoclines.
Where the isoclines cross, the two- species equitibpoint is stable because all of the
resultant motions in the phase plane (the arrow$ akegrees to the vertical) point towards
the equilibrium. Each species effectively inhibitelf more than it inhibits the other species.
For details, see text.

We now know that there are four unique classeseaxfhanisms that can produce the
necessary rare species advantage (Pacala and €882, Pacala and Tilman 1994,
Bolker and Pacala 1999, Chesson 2000a):

1. Spatial heterogeneity with resource partitioning

2. Colonization competition trade-off

3. Selective herbivory acting in a frequency degemananner; e.g. spatial density
dependence in regeneration niche (the so-callezkda@onnell effect).
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4. Temporal variability in recruitment combined hvd storage effect and sub
additivity.

A central aim of the thesis is to quantify as mahthese process as possible over 5
complete generations.

1.4 Chapter outlines

The body of the thesis comprises 8 chapters, wdniicliess the questions listed below.
We prefer to state our aims in terms of questiatiser than as hypotheses for purely
stylistic reasons. We know that everything we measuill vary, and we are

interested in quantifying effect sizes and theandfrd errors, rather than in rejecting
hypotheses that there is no significant variation.

Chapter 2 Monocultures

How does seedling recruitment vary with seed dgr&itoss species and years?

How does seedling survival vary with seedling dignscross species and years?

How do mature plant size and biomass vary withtal@msity across species and
years?

How does fecundity vary with mature plant size asrgpecies and years?
How does total seed production vary with biomases&species and years?

How does lambdal(= net multiplication rate, calculated as seed wu$ged input)
vary with seed input across species and years?

What plant traits are associated with density-ddpeoe and year-dependence in
lambda?

The answers to these questions are used to halpabout the behaviors of two-
species and multi-species competition in chapter85

Chapter 3 Seed banks
Persistence of viable seed for more than one ypmesents a potentially important
coexistence mechanism by buffering the risk ofltotap failure within one or more

growing seasons.

What is the time course of seedling appearancesagmars and with season within
years?
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How do these patterns differ with species?

Is there any immigration to unsown blank plots théght be mis-interpreted as
recruitment from seed bank?

Chapter 4 Dispersal

The object is to quantify the dispersal kerneldach species. The different kernels
illustrate the probability of seed recruiting affelient distances from the parent plant,
and this distance-dependence in seed rain and igagion may vary with compass
direction (e.g. in wind dispersed species) as a&lvith year-dependent weather
conditions (most importantly in temperature andstokg).

How do dispersal kernels differ across years aedisp across four (presumably
different) years?

Is there a parametric model that best describettispersal kernels across species
and years?

How does appearance of seedlings relate to estinsat crop with species and
years?

Are there any special adaptations for seed dispersar species (e.g. tumbleweeds)?

In multi-year population studies, does immigratairseed from adjacent plots
contribute to coexistence (e.g. a rescue effect?)

Chapter 5 Saturation sowing

We set out to test the prediction of Pacala andsRE@98) that competitive exclusion
should occur if seeds of the superior competitersmwn at such high densities that
all recruitment micro-sites are likely to contaileast one seed of the superior
competitor. We therefore sowed each species in gzahat extremely high densities,
in competition with the other 6 species sown at enatk densities.

Which of the 7 species could be said to be theesopcompetitor’?

What is the relative performance across years @fisp sown at saturation densities,
and does this provide evidence for over-compengatamsity dependence?

Is there a difference in demographic performandeden first sowing and last
sowing for the species sown at saturation density?
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Does the performance of a species that is sowawatiensity depend upon the
identity of the species sown at saturation denaitg does this vary with years?

Do any species suffer competitive exclusion withigrowing season in any of the
years or in any of the replicates within years?

How does the distribution of plant sizes at mayurdry with sowing density across
species and years?

Chapter 6 Two-speciestime series

At the centre of this work is a 5-year study of gopulation dynamics of all 21 pair-
wise combinations of all 7 species in replicatdslo

Is there a characteristic pattern of density ttajees across years (e.g. a trend
towards competitive exclusion of one of the twocsps)?

How similar are the time series for the same speaieoss replicates?
How often is local extinction observed?

Are there consistent identity effects in terms @fghance rank (e.g. if A>B and B >
C then A>C)?

How does experimental redistribution of seed affeetoutcome compared with
control replicates, where seed is naturally digge(presumably in clumps around

adult plants?

Are the years of peak abundance in paired combinsiin time series predicted by
the monoculture and/or saturation data for the sgeaes?

Chapter 7 Seven-species time-series sown as fine-grained mixtures

All seven species were sown in fine-grained mixdurereplicated plots and divided
into 7 spatial subdivisions.

Is there a characteristic pattern of density ttajees across years (e.g. a trend
towards competitive exclusion of one or more sE@ie

How similar are the seven parallel time series sxcgpatial replicates?

How often is local extinction observed?
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Are there consistent identity effects in terms ofihance rank (e.g. if A>B and B >
C then A>C)?

Are the peak years of species abundance by thevioelwd predicted by the
monoculture and/or saturation data for the sames¢ea

How does experimental seed redistribution affeetdhtcome?

Chapter 8 Seven-species time-series sown as coarse-grained mixtures

All seven species were sown initially as monoce$un of the seven subdivisions in
each of 7 replicate plots. We refer to this asars®-grained mixture. Over
subsequent years, the species were allowed toizeltre different subdivisions

within each plot.

How long does the system remember its spatial fyigi@. which species were sown
where)?

Do the coarse-grained plots converge towards tleedrained case?
If so, how long does this convergence take?

Did species persist longer in the coarse-grainad th the fine-grained case, as
predicted by the Lotka-Volterra criterion?

Chapter 9 Overall discussions
This chapter extracts the key findings from eacthefseven experimental chapters
(2-8), paying particular attention to species aedryeffects. We discuss the evidence

for competitive exclusion in each of the experinsent

Finally we re-assess the four mechanisms of camast for these 7 species in
Silwood Park.
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Chapter 2

Density dependence in monocultures of seven coexist annual plant species

Abstract

We grew seven annual plants species in replicat@abeultures at 9 sowing densities
and repeated the experiment in 5 years with cotirggrowing conditions. As
expected, all seven species showed strong demgigndence in both survival and
fecundity. More surprisingly, several species shtibdensity dependence in seedling
recruitment, indicative of either density dependgarmination or density dependent
pre-emergence mortality. All species showed saamf year effects in one or more
components of their density dependent behaviolspg&kies passed the invasion
criterion >1 at low densities and some even atloighest sowing densities. A
minority of species showed a consistent threshmhdrgy density, below which
lambda was density independent. Most species lesbnably consistent overall
patterns of density dependence in lambda, and these well described by a linear
relationship between log(lambda) and log(sowingsitgih with slopes varying
between -0.5 and -0.8 across species. We hyppéhidsit average biomass in
monoculture could be a useful surrogate for intesfic competitive ability.

2.1 Introduction

Agricultural monocultures were the basis of the wonstant yield, which indicated
that above a relatively low threshold seed dendity final yield of the monoculture
was independent of seed density (Fig 2.1a). Thisiésto reciprocal relationship
between population density and individual planésizthe monoculture at maturity
(i.e. independent of whether or not that final dapian size involved self thinning

density dependent mortality in its genesis) (Figo2.

The study of plant monocultures has contributedtuttially to the development of
theory in plant ecology. The first insight, sometggrknown as Suckachev’s rule (in

Harper 1977), was that population density is inelgrselated to productivity.
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Infertile soils tend to support high population gigies of individually small plants,
while on productive soils, the dominant plants@pable of growing sufficiently
large that they kill their suppressed neighboumstdby reducing adult population
density (Fig 2.1b). This, in turn, led to Yodalse (Yoda 1963) which formalized the
time-course of density dependent mortality in maineces (so-called “self-
thinning”). This propose -3/2 relationship betwéeg individual dry mass and log
population density (Fig 2.1c). These days it aized that the axes in Yoda’'s Rule
were the wrong way round. Rather than plants bsmnagller at high densities as in Fig
2.1b, increased biomass causes increased movdlitythe extra deaths concentrated
in the smallest size classes. A better representafithe mechanism of self thinning
would be to have log population density as theaasp variable and log biomass as
the explanatory variable (Fig 2.1d).

The hypothesis is that increase in biomass canlmmBccommodated through death
of the smaller suppressed individuals. Growth causertality, rather than higher
density causing individuals to be smaller.

In recent years there has been renewed interesbmocultures in the context of
biodiversity manipulation experiments (Tilman 19@4awley et al. 1999, Marquard
et al. 2009). Monocultures of each species are giaverder to parameterize models
of plant community performance, and to distingweskr-yielding from sampling

effects or complementarity (Loreau 2001).
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Fig 2.1 Theory of plant monocultures. (a) The L&wonstant Yield. Total biomass
increases with the number of seeds sown, up tpdhe at which intraspecific plant
competition begins to reduce mean adult plant(@keut 100 seeds per unit area in this
figure). Eventually, total biomass becomes indepahdf initial seed density, as a result of
the assumed extreme size plasticity of the ind&fqilants (above about 600 seeds per unit
area in this figure). (b) Size plasticity of indivals. Above the competition threshold,
doubling plant density is assumed to halve indigldulant size. Fecundity is typically
assumed to be a linear function of plant size (@asured by dry mass). (c) Yoda's Rule (The
Self-Thinning or -3/2 Law). At the start of the sen, plants are small and population density
is high (say 2.5 on this log scale). At first, fhlants increase in size without any change in
population density (the vertical part of the dotaerbw). Once the arrow hits the self thinning
line (the bold line with a slope of -3/2), poputatidensity starts to decline as a result of
density dependent mortality. The population thélofes the self thinning line in a trajectory
from bottom right to upper left. (d) The modernwief Yoda's Rule has log biomass as the
explanatory variable and population density agé¢sponse. The hypothesis is that increases
in biomass can only be accommodated through déalie smaller suppressed individuals.
Growth causes mortality, rather than higher derwatysing individuals to be smaller
(compare with (b), above). The slope of the funcis-2.
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In this chapter we investigate the extent to whiehdemography of species in
monoculture varies with population density and tfgear effects” can alter the
expression of this density dependence. We coratexition three vital rates: 1)
seedling recruitment. 2) seedling-to-adult survi@lfecundity (seed production per
adult plant) in a size-structured population). Wakenno attempt to estimate
germination rate in the field. In due course, wallsise the parameters estimated
from monoculture to attempt to predict the outcarheterspecific competition in
two-species and multi-species settings, and hendestover which plants traits are
most influential in determining the outcome of msggecific interactions within our

guild of annual plants.

2.2 Materials and Methods

2.2.1 Site

The field work was carried out at Ashurst in Silwld®ark, Berkshire (Grid Reference
SU 938 694) in an exclosure measuring 60m x 25ra.l@tation was chosen because
the area was already fenced to exclude deer ahitsabnd a weed-free gravel base
had been created for a previous pilot study in 199@ soil surface was covered with
Mipex plastic sheeting (a weed suppressant fapuoyhased from Horticultural
Equipment and Supplies, Monro (South), Chiche$taast Sussex, UK to stop weed
growth. The herbivore enclosure was 1.4 meter feghe with a flat top of wire

mesh 45cm in width, designed to prevent animais fcbmbing or jumping over the

fence.

2.2.2 Raised beds

In 2002 we built 250 raised beds, each measuriim by 1.5m, laid out in ten
columns of twenty five plots, with the area betwéamplots covered in gravel for
ease of maintenance (Fig 2.2). Each plot was fyoiit the timber of two creosote-
treated second-hand railway sleepers (2.6 m irthgrogit in half. The four half-
sleepers were arranged to enclose a square orh g Blipex (plastic sheeting) to
make a raised bed, measuring 1.0m x 1.0m intenewision, as illustrated in Figure

2.3. The plots were separated from one anothergrg\eel-filled gap of 50cm
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between their row neighbour and their column neiginb The base of the interior of
the raised bed was filled with 20mm ballast to witBcm of the rim of the sleepers,

then smoothed using a spirit level.

Using a mechanical cement mixer, we created destatificial soil to fill the top 1cm
of each of the raised beds. Irish moss peat, hubiti@l grit and sharp sand were
tumbled together for 30 minutes to create a 1/3, /3 mixture by volume. No
fertilizers were added to the mix. Ten liters astimixture was spread on the surface
of each bed to give an even coverage of 10mm depthp of the ballast. Finally, the

surface was smoothed using a spirit level.

An engraved plastic label (12cm x 7cm) was naitechtlway sleeper on the eastern
edge of each of the 250 plots, showing plot numibeatment (monoculture in this
case), and the identity of the sown specie (Fiy} Z.Be labels were manufactured

from an Excel spreadsheet we providedtaw.tcelabels.co.uk/Plant _Labels

The 250 raised beds were allocated to treatmemgedbm in 2002, and each plot
received the same treatment over the 5-years dttitly. For the monocultures,
there were 7 species each replicated 4 times,galpr28 of the raised beds. The
experiment was divided into four blocks for thepgmse of statistical modeling; there
were 60 plots in the two blocks and 65 plots indtteer two blocks (Fig 2.2). The
plots supporting monocultures were dug up and febsing fresh soil mixture each
year to ensure no carry-over of seed, no resowgpketion and no allelopathic or

natural-enemy build-up.
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Fig 2.2 Lay-out of the 250 plots at Ashurst expemtal site in 10 columns (left to right,
lettered A — K excluding 1) by 25 rows (numberetb 25 bottom to top). Block A bottom left
guarter, Block B top left, Block C lower right, aBdbck D upper right.



32

(b)

Fig 2.3 (a) The shape and size of one of the exytial plots (internal dimensions 1m x
1m); (b) a 75cm x 75cm frame overlaid in the cefdrening 9 square quadrats, each 25cm x
25cm (625c¢rf). The quadrats were numbered 1 — 9, column-wiagtjrsg at the top left. One
population density treatment was sown in each giadr

2.2.3 The species

The intention was to have species that representadge of contrasting ecologies
within our guild of annual plants. All species weagpable of germination in autumn
followed by over-winter survival as rosettes, amert rapid growth and early seed set

in spring.

Our pilot experiments identified some species toaild be immediately precluded
from consideration as a result of their thuggishawour. Most notable amongst
these exceptionally vigorous annuals wéegdamine hirsutgBrassicaceae)
Geranium mollgGeraniaceagMyosotis arvensi@Boraginaceage)lamium
perpureumLamiaceae) anBoa annugPoaceae), any one of which was capable of
carpeting an entire plot within just a few weeks.

The final choice consisted of a grags&r@ praecoy, a legume@rnithopus
perpusillug, three contrasting herbslyosotis discolo{Boraginaceae);erastium
glomeratum(Caryophyllaceae) anderonica arvensig¢Scrophulariaceae), and two
tiny crucifersErophila vernaand Arabidopsis thaliangBrassicaceae). All were
locally frequent on gravel paths and other compmhopeen habitats within Silwood
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Park (Crawley 2005a, Crawley 2005b, Crawley e2@05) so that collection of

sufficient seed to initiate the experiments waslikety to be problem.

A huge amount was known about the physiology amggesof Arabidopsis thaliana
(Tonsor et al. 2005) but rather less about itsapohnd demography. Very little was
known about the ecology of the other six specias (@ne had a Biological Flora

account written about them).

2.2.4 Seed collection

Prior to the start of the experiment, we determitmednumber of seeds per fruit for
each of the 7 species using thirty fruits of diéietr sizes collected at random for each
of the species To create the monocultures, seetie seven species were collected
in the spring and summer of 2002 (March — Augustinfvarious locations in

Silwood park and surrounding areas. The seeds segr@ated from their pods in
brass sieves, using four different mesh sizes,imgrfgom the largest (1.4 mm
diameter) to the smallest (180 micrometer). Tahlesimmarizes the amount of seed
collected in 2002.

Table 2.1 Total weights of seeds collected in sun2002 by species, showing the total mass
of seed collected, and the estimated numbers oEdeesed on the 100-seed-weight (mg) of
each species. The average number of seeds peibiaed on dissection of 30 fruits for each
species) is shown in the final column.

Total seed weight Weight of 100 | Estimated total | Mean number of

Species (mg) seeds in (mg) | seed number seeds per fruit
A. pracoex 13,553.27 19 71,333 14

A. thaliana 33,436.20 2.28 1,466,500 48

C. glomeratum 6,620.00 3.3 200,606 41.5

E. verna 2,995.45 2.33 128,560 42

M. discolor 6,380.00 20 31,900 3.64

O. perpusillus 310 50 310 5.6

V. arvensis 18,430.00 10 184,300 16

For each species, 100 individual seeds were céyefolinted out. The mean weight
of 100 seeds in milligrams was estimated from 1@Hes, providing a mean seed
mass (mg) and standard error (s.e.) as folléwst 14.0, s.e. =0.4Arabidopsis2.28,
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s.e. =0.05Cerastium3.3, s.e=0.03rophila2.33, s.e=0.03¥lyosotis20.0, s.e.
=0.24;0rnithopus50.0, s.e=0.66Veronical0.0, s.e=0.3. There was no significant
difference in the weight of 100 seeds in any oftdrebatches.

2.2.5 Spatial layout of the sowing densities within each monoculture

We decided to have 9 sowing densities in a 3 x@wjthin each raised bed, ranging
from ultra-low to ultra-high density (as assessedfpilot studies). Rather than
randomize the location of the 9 quadrats (25cmon®5within each raised bed, we
organized the densities in a regular pattern frawekt in the top left hand quadrat to
highest in the bottom right quadrat (see Fig Z[8 idea was to minimize the risk of
sowing the wrong seed density in a given quadrat,ta make subsequent data
collection easier and less error-prone. The 9 tiessivere selected to represent a
roughly logarithmic scale between the highest aneebt densities: these sowing

densities are shown in Table 2.2.

2.2.6 Seed sowing

Seeds collected seeds from various sites were cauilaind thoroughly mixed. Seeds
of each species were weighed into appropriate bathmatch the nine sowing

densities (see Table 2.2).

Seed was gently sprinkled from pre-prepared papekgis onto the soil surface for
the appropriate 25cm x 25cm quadrat. The first bflhe seed was sown column-
wise, then the second half of the seed was sownnig® to ensure even coverage.
Sowing dates for the five years are shown in Tat8e After sowing, the surface of
the entire interior of the raised bed was coveredith fine gravel mulch to a depth
of 1cm to protect the seeds and the soil surfawra fiain-splash and to reduce the

surface area to be weeded.
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Table 2.2 Sowing densities for each of the 9 sedtmrmonoculture experiment 2003-2006.
Sowing densities in the first year (2002) were loélthe values shown here. dc = density

class.
dc A. praecox A.thaliana  C.glomeratum E. verna Nscdlor O. perpusillus V. arvensis
! 7 60 60 60 7 7 60
2 15 150 150 150 15 15 150
3 30 300 300 300 30 30 300
4 60 600 600 600 60 60 600
5 250 1200 1200 1200 250 125 1200
6 500 2500 2500 2500 500 250 2500
! 1000 5000 5000 5000 1000 500 5000
8 2000 10000 10000 10000 2000 1000 10000
° 4000 20000 20000 20000 4000 2000 20000

Table 2.3 Dates of seed sowing and plant harvesh&seven species over five years in
monocultures.

year Activity Aira Arabidopsis  Cerastium Erophila Myosotis Ormifflus  Veronica
2002/2003  Sown 19/09/2002  12/09/2002 17/09/2002 092002  18/09/2002  19/09/2002  20/09/2002
harvested  26/06/2003 22/05/2003 03/06/2003  3000&2 18/06/2003  03/09/2003  25/06/2003
2003/2004  Sown 28/08/2003  16/07/2003 07/08/2003 0713003  13/08/2003  09/09/2003  14/08/2003
harvested 18/06/2004 11/05/2004 28/05/2004 10008/2 03/06/2004  29/07/2004  21/06/2004
2004/2005  Sown 23/07/2004  12/07/2004 13/07/2004 072004  14/07/2004  02/08/2004  26/07/2004
harvested 15/06/2005 23/05/2005 03/06/2005  0600%2 09/06/2005 15/07/2005 14/06/2005
2005/2006  Sown 28/07/2005  11/07/2005 14/07/2005 078005  18/07/2005  02/08/2005  19/07/2005
harvested  06/06/2006 19/05/2006 23/05/2006  0900&2 23/05/2006  06/06/006 05/06/2006
2006/2007  Sown 14/07/2006  07/07/2006 10/07/2006 072p06  11/07/2006  26/07/2004  13/07/2006
harvested  07/06/2007 25/04/2007 30/04/2007 12004/2 09/05/2007  07/07/2007  27/05/2007

2.2.7 Monitoring

Seedling appearances were monitored weekly afteingo In the first years,
seedlings emerged for six species between 29/12/200 06/12/2002. The
remaining speciesJrnithopus perpusillusemerged in late January 2003

(22/01/2003). We did not attempt to estimate geat@mate in the field, because we

wanted monitoring to be minimally intrusive, and did not try to estimate pre-

emergence mortality (for more detail, see Chaptan e Seed Bank).
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Seedling densities were estimated using 30 randtougted 1cm square mini-
guadrats drawn on a clear acetate sheet and laittloey 25cm quadrat. Numbers

were multiplied by 20.83 to estimate total seedfingnbers per quadrat (6259m

Apart from the first year (when there was a sirigat of recruitment in the spring of
2003), at least two recruitment estimates were nfiadall species in subsequent
years. One count was made in autumn for the eaclyits (late summer to fall),
following seed sowing in the summer, and then as@count was made for the late

recruits (late winter to early spring) in the fallmg spring.

Although all the species are facultative winterwails, survival from autumn
recruitment was very low in most years becauseedlling mortality resulting from
frost heave and exposure of heaved roots to loypéeeatures. In years when autumn
and winter temperatures were mild, for exampled@4 some adult plants were
present at the spring seedling count. There was/ittence that seed produced by
these adults contributed to spring seedling counts.

At maturity (dates in Table 2.3) all of the plamtishin each 25cm quadrat were
uprooted, bagged and returned to the laboratolre Hhey were sorted into 7 size
classes, counted then dried at 80'C and weigheetermine total biomass per
guadrat and the size distribution (both by numleids by mass) was summarized for
the seven classes. The number of fruits in eashddass was counted, and this was
used to estimate total seed production per quédsatg the fecundities data in Table
2.1). The mean dry weight in each size cladsvas used along with the number of
individual plants (), to estimate approximate plant size variancegiferquadrat as a

whole, using the overall mean plant siz&/y. (

Variance in plant dry weight is approximated by:

2@ u)?
X(n—1)

where there are plants in each size clagverall mean plant size is and the size
class means ang. The alternative of weighing all the tiny plamslividually was not

practicable.
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The net per-generation multiplication rate, lamhaas obtained by dividing the total

number of seeds produced per quadrat by the totabar of seeds sown per quadrat.

2.2.8 Statistical analysis

Density dependence was assessed by regressiom lofgrithm of the response
variable (seedling recruitment, adult density, gaediuction, and net multiplication
rate) against the logarithm of the relevant popoatiensity (seed sown, seedlings
recruited, adult density). A significant reductiorthe slope of this log-log regression
below 1.0 indicates density dependence (DennisTapeér 1994) and shows that the
proportion recruiting or surviving declines as dgnsses.

Year effects and species effects (as two catedaxgdanatory variables with 4 and 6
degrees of freedom respectively) were assessedanalysis of covariance with log
population density as a continuous covariate. légptambda and log biomass we
used linear models, while for recruitment and stavive used logistic regression in
generalized mixed models with quasibinomial ertorallow for overdispersion
(Crawley 2007). The pseudoreplication representeithd 9 quadrats nested within
each plot was dealt with by fitting plot as a ramdeffect within each of the 4 blocks

in Imer (R core development team 2011), as follows.
y ~ density * species * year + (1| block) + (1]plot))

In addition to straightforward regression, we upgste-wise regression to test for the
existence of a threshold density, below which tlvese no evidence for density
dependence in that particular response variable riine sowing densities were split
into 6 groups (2 lowest densities & 7 higher deesjt3 & 6,4 &5,5& 4,6 & 3,7 &
2) and linear regressions were fitted separatellydal replicates of each section of
the relationship (four parameters estimated intaih; slopes and two intercepts). The
piecewise model with the lowest residual devianes thhen used to choose the
optimal split (this was often 3 & 6). Finally, tle&istence of a threshold was assessed
by comparing the best piecewise regression modd (i8 4 parameters) with the
overall linear regression (with its two parameteusjng anova. The more complex
piecewise model was retained only if it was siguaifitly better than the simple linear

regression. See Crawley (2005) for details of ttoegdure. Values ofl > 1 indicate
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an increasing population, values 0f< A < 1 indicate a declining population.

Negative values oft are not permitted.

One of the ironies of population dynamics is timad iperfectly regulated population,

it would be impossible to detect the density-deeeice that was responsible stability,
because there will be too little variation in padidn density to use regression to
estimate the values of the demographic paramdtassell 1975, Turchin and Taylor
1992). This is one of the principal justificatidios the experimental manipulative

approach to density dependence adopted in thiy $hlidrdoch 1994).

2.3 Results

2.3.1 Recruitment

The proportion of seeds appearing as seedlingiteaaried from species to species
and from year to year. Mean proportional recruithvess highest foM. discolor

with almost 50% of sown seed producing seedlingd,lawest forA. thalianawith

just 8% of seeds producing seedlings averaged ageass and densities (Table 2.4).
There were significant year effects on mean recreiitt for all species, with
Cerastium glomeraturshowing the largest year effects (more than 1@}fahd

Erophila vernathe smallest (less than 2-fold).

Table 2.4 Mean recruitment in monocultures (segdlimbserved as a proportion of seeds
sown) for seven annual plant species over 5 yeks. species are ranked by mean
proportional recruitment at intermediate sowingsiign(quadrat 5 out of 9). Year effects are
illustrated by the column headed “fold”, which stoomiaximum recruitment divided by the
minimum recruitment. Standard error of the propaorifs.e.) was calculated from 20 data
points (4 replicates x 5 years).

Species 2003 2004 2005 2006 2007 Mean Rank fold s.e

M. discolor 0.604 0.207 0.667 0.479 0.521 0.496 1 b of1
O. perpusillus 0.088 0.354 0.500 0.500 0.75(Q 0.438 2 > 042
A. praecox 0.187 0.646 0.161 0.229 0.563 0.35Y 3 b 0.12
V. arvensis 0.503 0.165 0.455 0.130 0.200 0.291 4 > 0.05
C. glomeratum | 0.343 0.041 0.135 0.204 0.464 0.237 5 >0 0.p7
E. verna 0.187 0.145 0.161 0.169 0.078 0.148 6 q2 0.p6
A. thaliana 0.056 0.050 0.025 0.069 0.195 0.079 7 37 0.11
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2.3.2 Survival

Survival from seedlings to adult is shown for theefyears in Table 2.5. Average
survival to adulthood was highest faira praecox(almost 75%) and lowest for

Veronica arvensigless than 12%).

Table 2.5 Mean survival from seedling to aduit égroportion) for seven annual plant
species over 5 years. The species are ranked hy pneportional survival at intermediate
sowing density (quadrat 5 out of 9). The top roeeh the year in which the plants were
harvested (the year after seeds were sown), folldsyemean proportion germination
(averaged over years) and the rank of the meaids (Fold indicates the ratio of largest to
smallest mean survival across each year. S.e stdhdard error of the mean.

Species 2003 2004 2005 2006 2007 Mean S.€. Rank d Fol
A. praecox 0.828 0.621 0.926 0.881 0.402 0.732 04 L 4
E. verna 0.605 0.409 0.594 0.464 0.781 0.57 0.15 p 1.5
A. thaliana 0.814 0.354 0.819 0.3 0.086 0.475 0.28] B D
O. perpusillus 0.568 0.373 0.443 0.192 0.149 0.345 0.34 ) B
M. discolor 0.111 0.398 0.275 0.188 0.25 0.244 0.19 b B
C. glomeratum 0.114 0.726 0.039 0.046 0.054 0.196 0.21] b 13
V. arvensis 0.057 0.221 0.116 0.045 0.155 0.119 0.2] v 4

There were significant year effects in mean suivimaall species, wittCerastium
glomeratumshowing the largest year effects (more than 18)fahdErophila verna
the smallest (less than 2-foldira praecoxhas the highest survival rate (1) as

opposed t@rnithopus perpusillug?).

2.3.3 Fecundity

Mean fecundity (seeds produced per surviving pla@al highest foArabidopsis
thaliana(more than 458eeds per plant) and lowest fMyosotis discoloffewer than
55 seeds). There were strong year effects on féguthét acted mainly through
changes in the size structure at maturity, leatbrag least two-fold variation from

year to year in fecundity for each species (2.6).
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Table 2.6 Mean seed production per adult of thes@nnual plant species for 5 years from
an intermediate seed sowing (quadrat 5 of 9). Pleeiss are ranked by mean seed
production. The column headed “fold” shows the mmaxin seeds produced divided by the
minimum seeds produced over 5 years. Standardwa®calculated from 20 data points (4
replicates x 5 years). Fold indicates the ratitagjest to smallest mean seed production
across each year. S.e is the standard error ohélae.

Species 2003 2004 2005 2006 2007 Mean sle. Rankd |fol
A. thaliana 561 732 590 315 217 483 169 1 <#
C. glomeratum| 452 280 185 558 164 328 275 2 <B
E. verna 127 239 112 152 103 147 44 3 <2.5
V. arvensis 207 90 191 82 62 126 42 4 <4
O. perpusillus 92 112 45 44 61 71 54 5 <3
A. praecox 73 49 35 53 88 60 19 6 <3
M. discolor 88 64 48 34 29 53 24 7 <3

Across species, there was a correlation of -0:9-8.5943, df = 5, p=0.0025) between
seedling recruitment and fecundity per survivinglafFig 2.4). Seedling

recruitments and fecundity per surviving adult wins log-transformed.

fecundity per adult

recruitment

Fig 2.4 Inverse correlation between rank seedirguitment and rank mean fecundity per
adult for the 7 species at intermediate sowing itleris= -5.59, df = 5, p = 0.0025). Higher
rates of recruitment correlated with lower fecupdittes per plant for all 7 species.
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2.3.4 Density dependence

2.3.4.1 Density dependence in recruitment

Density dependence was detected in recruitmentivalirfecundity, lambda and
plant population size. In the figures that follaensity dependence is indicated by
the flatness of the regression lines (slope sicguifily less than 1.0), representing
relative constancy in the number of plants sungwvan recruiting, roughly

independent of the number of seeds sown.

A. praecox M. discolor

log seedling recruits

log sown density

C. glomeratum E. verna

log seedling recruits
4
|

log sown density log sown density

Fig 2.5 Year effects on density dependence in ieaemt forAira praecox, Myosotis

discolor, Cerastium glomeratuemdErophila verna The remaining three species (not shown
here) exhibited intermediate patterns. The streafjttensity dependence is measured by the
degree to which the slope of the log-log plot isdo than 1.0. The upper (dashed) line has a
slope of 1 to indicate that all of the sown seamtipced seedlings. Year effects in density
dependence are indicated by the contrast betweesotld lines (mean slope across year (or
years) where density dependence was most pronouneethe regression line is shallowest)
and the dotted lines (mean slope across yeareéo) where density dependence was least
pronounced; i.e. steepest).Aira praecox more intense density dependence was in years
when mean recruitment was lowest (solid line belimtted line), whereas iBrophila verna
density dependence was most severe in years afsgtighean recruitment (solid line below
dotted line). See text for details. Each data poimhes from 625cfm



42

Recruitment was density independent not signifigantl for Aira praecoxin 2006

and 2007 but density dependent in all other ydags4.5). The most extreme density
dependence was in 2004 (intercept=0.24, slope=p#Y.014). In contrast,
recruitment was density independentNéyosotis discoloin all years. Recruitment
was density independent fGerastium glomeratunm all but one year density
dependent in 2004 (intercept=0.57, slope=0.65,3B)0Recruitment was density
independent foErophila vernain 2003, 2004 and 2007 but density dependent in
2005 and extremely density dependent in 2006 @ef#r1.44, slope=0.55,
p=0.00028). In all 4 species, the density deperneland extreme density dependence
in recruitment is shown in solid circles and untaokegression line. The dashed line
shows maximum possible survival (adult density edéieg density). The dotted line
shows the regression line for all years combinefi=® and 170 for all species.
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2.3.4.2 Adult survival from seedling recruitment

A. praecox E. verna

log surviving adults

log recruits

C. glomeratum 0. perpusillus

log surviving adults

T T T T I T T T
4 B 8 0 2 4 B 8

log recruits log recruits

Fig 2.6 Year effects on density dependent surdvaldulthood irA. praecoxC.

glomeratumE. vernaandO. perpusillus Survival was density independent (slope not
significantly different from 1.0) foA. praecoxn 2005 but density dependent in all other
years. The most extreme density dependence w&#@hd 2006 data as combined solid
squares and unbroken regression line, interceptsi@@e=0.82, p=0.012), also in 2007 (solid
triangles and unbroken regression line, interce@®;6slope=0.66, p=0.0000488) which was
significantly shallower than in 2004 and 2006. Adwlrvival was density dependent in all
years forkE. vernawith the largest density effect in 2006 (intere&p85, slope=0.37,
p=0.0000027). Adult survival was density independer2004 but density dependent in all
other years fo€. glomeratunwith extreme dependence in 2003 (intercept=1cpest0.1,
p=0.0017). Adult survival was density independenid. perpusillusn 2004 and 2005 but
density dependent in all other years with extreeygeddence in 2006 (intercept=0.12,
slope=0.36, p=0.00044). In all 4 species, the dgdsipendence and extreme density
dependence in adult survival is shown in solidlescsolid triangles and un broken
regression line. The dashed line shows maximumilplessurvival (b=1, seedling density
=adult density). The dotted line shows the regoesbine, and the elevation of differences
between the dotted and dashed lines indicate ahtten effect sizes. Each data point comes
from 625cm.
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2.3.4.3 Density dependence in fecundity

This study supports a mass of previous work inthgahat log (seed production) in
annual plants is well described by a linear funclog shoot biomass, (Fig 2.7).
However, the relationship between fecundity andlfiiomass is significantly non-

linear in many species (cf Harper 1977 and his rawdalant argument).
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Fig 2.7 Fecundity and plant size in seven spedips<(Aira praecox At = Arabidopsis
thaliana Cg =Cerastium glomeratupnv =Erophila verna Md =Myosotis discolgrOp =
Ornithopus perpusillusva =Veronica arvensjsshown on a log-log scale. The points are for
individual quadrats (9 densities from 62%dmeach of 4 replicates per year). The lines are
linear regressions for each of 5 years (2003 =gr2@04 = yellow; 2005 = orange; 2006 =
blue; 2007 = red). Details of the intercepts doges are in Table 2.8 (a) and 2.8 (b).

In these plots, the slope = 1 would indicate modedastruction and constant
proportional investment. The slopes Enophila verna(0.58) were shallower than

any of the other 6 species (p < 0.01), showingdkatl production per unit biomass
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was strongly density dependent for this species gilocation of biomass to
reproduction at higher sowing densities was lowantin the other 6 species). In
contrastAira praecoxhad a slope of 0.96 showing a small (but stillistizally
significant) effect of density on fecundity per uibbiomass.

Table 2.7 Year effects on density dependence ofgity. (a) Intercepts (int) of the plot of
log fecundity against log sown density with theéarslard errors (se). (b) Slopes (sl) of the
plot of log fecundity against log sown density wiitieir standard errors (se).

(a)

years 2003 2004 2005 2006 2007

species int se int se int se int se int se
ap 5.51 0.27 6.18 0.15 5.76 0.22 7.28 0.22 7.72 0.36
at 8.25 0.31 6.31 0.39 7.63 0.34 5.47 0.77 6 1.17
cg 9.44 0.63 7.91 0.51 3.17 0.75 6.01 0.66 4.86 1.06
ev 6.16 0.47 6.5 0.35 7.58 0.33 8.98 0.26 8.13 0.25
md 4,72 0.96 5.62 0.26 6.52 0.36 7.21 0.37 6.51 0.33
op 10.32 4.37 4.11 0.61 6.15 0.56 6.09 1.38 5.81 1.04
va 8.96 0.5 7.71 0.37 9.76 0.41 4.74 0.73 7.86 0.33
(b)

years 2003 2004 2005 2006 2007

species  slope se slope se slope se slope se slope S

ap 0.5 0.05 0.35 0.07 0.39 0.07 0.16 0.07 0.08 0.07
at 0.27 0.08 0.51 0.12 0.28 0.12 0.4 0.12 0.2 0.13
cg 0.02 0.1 0.22 0.13 0.61 0.15 0.23 0.14 0.4 0.14
ev 0.4 0.05 0.38 0.05 0.24 0.05 0.07 0.05 0.15 0.05
md 0.34 0.12 0.32 0.13 0.08 0.13 0.12 0.13 -0.02 0.13
op -0.48 0.76 0.41 0.77 0.13 0.77 0.02 077 -0.8 0.78

va -0.07  0.07 0.12 0.09 -0.1 0.09 0.17 0.09 -0.01 0.09
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There were significant years effects in fecundiont sown density, as shown by the
intercepts and slopes with their standard errorseéch of the 7 species, as measured
by the parameters of a regression of log seed ptmtuagainst log number of seeds
sown (Table 2.7).

Table 2.8 Year effects on density dependence oifdity. (a) Intercepts (int) of the plot of
log fecundity against log biomass with their staddarrors (se). (b) Slopes (slope) of the plot
of log fecundity against log biomass with theimstard errors (se).

(a)
year 2003 2004 2005 2006 2007
sp int s.e int s.e int s.e Int s.e int s.e

Ap 0.85 0.12 1.4 0.18 124 017 13 0.17 1.62 0.16
At 507 025 52 0.27 57 028 371 029 406 0.28
Cg 4.5 0.24 44 029 391 031 387 028 345 0.28
Ev 462 018 428 028 493 027 545 029 512 0.24
Md 275 0.26 156 003 286 003 259 003 192 0.03
Op 103 032 093 035 16 037 077 039 186 0.37
Va 359 018 367 026 391 025 183 027 298 0.26

(b)
year 2003 2004 2005 2006 2007
sp slope s.e Slope s.e slope s.e slope s.e slopg s

Ap 105 002 098 003 097 003 095 003 09 0.03
At 063 005 067 005 0.7 006 11 006 0.89 0.06
Cg 075 005 067 006 081 007 075 006 0.84 0.06
Ev 064 005 083 007 061 006 058 007 051 0.06
Md 057 0.05 0.8 0.06 057 006 069 006 0.7 0.06
Op 0.7 005 075 005 073 006 083 006 072 0.06
Va 069 004 068 005 068 005 043 0.07 057 0.06

There were significant year effects in fecundignfrbiomass, as shown by the
intercepts and slopes with their standard errorseéch of the 7 species, as measured
by the parameters of a regression of log seed ptmauagainst log biomass (Table
2.8). There was highly significant density depergein lambda in all seven species,
Fig 2.8. Across species, mean lambda varied sogmifly with years.
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2.3.4.4 Density dependence in net rate of populdtiorease, lambda
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Fig 2.8 Linear regression of density dependendegriambda (seed out/seed in) across nine
sowing densities for 7 species aggregated acrbSs/aehrs. Ap =Aira praecox At =
Arabidopsis thalianaCg =Cerastium glomeratuniev =Erophila verna Md =Myosotis
discolor, Op =Ornithopus perpusillusvVa =Veronica arvensisdf = 1 and 178, p-value: <
2.2e-16 for all species. There is a clear indicatiba threshold at low densities in Aira, but
only more subtle effects #rophila, MyosotiandOrnithopus(see text). Each data point
comes from 625cfn

We hypothesized that, there might be a thresh@d density below which
competition would be negligible, and lambda woutddensity independent.
However, there was no evidence of such a thredbolthost species in most years,
with lambda decreasing monotonically from the lowsssving densities (Fig 2.9). In
contrastAira praecoxshowed density-independence in lambda acros$itbe t
lowest seed-sowing densities (Fig 2.9). Three atpeciesErophila, Myosotisand

Ornithopug showed a threshold seed density as shown byi¢lceqise regression.
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Table 2.9 Year effects in log lambda shown frorerimtediate log sown density (a) the
intercepts (int) and their standard errors (sd) (@®) the slopes and their standard errors for
each of the 5 years. Species (Sp): Afpira praecox At = Arabidopsis thalianaCg =
Cerastium glomeratunev =Erophila verna Md = Myosotis discolarOp =Ornithopus
perpusillus Va =Veronica arvensis

(a)

years 2003 2004 2005 2006 2007

sp int se int se int se int se int se
ap 367 03 318 039 293 039 326 039 331 90.3
at 3.4 0.29 2.6 031 233 031 164 033 155 042
cg 403 031 384 033 212 042 168 038 148 0.4
ev 2.14 0.3 242 034 209 034 189 035 206 0.35
md 147 043 2.6 042 269 044 2.7 044 257 045
op 0.83 0.6 1.62 0.56 2.1 056 1.73 0.56 1.7 0.56
va 2.39 0.38 1 047 141 047 -1.8 0.47 0.2 0.47
(b)

sp 2003 2004 2005 2006 2007

sp slope se slope se slope se slope se slope se
ap -0.5 006 -065 0.03 -0.62 004 -0.85 0.04 -0.58.04
at -0.74  0.05 -0.5 0.05 -0.72 0.05 -0.6 0.11 -0.68.05
cg -0.98 0.1 -0.77  0.07 -0.39 0.1 -0.76  0.09 -0.49.07
ev -0.61 0.07 -0.62 0.06 -076 005 -093 0.04 10.70.06
md -0.66 0.16 -0.68 0.05 -092 0.06 -1.12 0.07 00.80.07
op -148 071 049 012 -087 011 -097 0.26 -0.79.3
va -1.07 0.08 -0.88 0.05 -1.11 0.06 -0.83 0.1 -0.99.07

On log-log axes, the response of lambda to seesitglemas well approximated by a
linear function (Fig 2.8). There were significamiay effects and spatial effects (across
the four blocks within Ashurst) on the slopes ameéricepts of these linear regressions
of log(lambda) on log(density) (see Table 2.9). THreshold seed density for the
invasion criterion {. = 1) occurred at sowing density 7 or higher fbspkcies,

though, again this varied somewhat from year t@,ysze to intense competition. At
the range of sowing densities we employed, nacies showed < 1 but where

this did occur, it was at sowing density 8 or 9dbirspecies.

There were strong year effects on lambda, bothrimg of the presence of a density
threshold and in the maximum lambda value obseavéolv densities. There were
relatively small year effects on the slope of thg-log plot of lambda against sowing

density, indicating that this is a rather specpecgic parameter. There were also
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spatial effects on log lambda from sown densiteesteown by intercepts and slopes,
see Table 2.10

Table 2.10 Year effects in log lambda fgra praecoxshown from log sown density (a) the
intercepts (int) and their standard errors (ssd) @) the slopes and their standard errors for
each of the 4 replicates. Abbreviations: int =rioét, se = standard error. df = 7 and 28.

(a)
replicates replicate 1 replicate 2 replicate 3 icapd 4
year int se int se int se int se
2003 6.09 0.43 4.9 0.61 4.79 0.61 6.2 0.61
2004 6.65 0.24 6.07 0.33 6.11 0.33 5.88 0.33
2005 6.2 0.38 6.04 0.54 5.02 0.54 5.8 0.54
2006 7.46 0.3 7.19 0.43 6.77 0.43 6.34 0.43
2007 8.71 0.65 7.14 0.56 7.11 0.56 5.9 0.56
(b)
replicates replicate 1 replicate 2 replicate 3 icapd 4
year slope se slope se slope se slope se
2003 -0.49 0.09 -0.46 0.13 -0.46 0.13 -0.5 0.13
2004 -0.66 0.04 -0.64 0.06 -0.66 0.06 -0.63 0.06
2005 -0.71 0.07 -0.65 0.1 -0.58 0.1 -0.55 0.1
2006 -0.78 0.05 -0.9 0.07 -0.83 0.7 -0.87 0.07
2007 -1.05 0.17 -0.97 0.17 -1 0.17 -0.66 0.17

Table 2.11 Maximum and minimum values of lambdgp&cies across 5 years. Species were
ranked based on their minimum log lamb#gf(om slowest Qrnithopus perpusillusank =

1) to fastest increasindifa praecox rank = 7) Abbreviations: fec = fecundity, sowden

sowing density) = lambda (seed output/seed input), sp = spe@psreplication, Ap A.
praecox At = A. thaliang Cg =C. glomeratumEv =E. verna Md =M. discolor, Op =0.
perpusillus Va =0O. perpusillus.

L at max rank by ~ min rank by
species N=1 Fec logh fec year rep year maxlogh logh sowden vyear rep minlogh
Ap 469 109 6.53 685 2006 1 2005 1 -0.64 9 2005 2 7
At 6.34 567 6.34 567 2002 1 2004 2 -3.39 8 2006 1 5
Cg 582 337 5.82 337 2002 3 2005 4 -3.41 9 2006 3 4
Ev 575 314 575 314 2003 3 2006 5 -1.36 9 2005 3 6
Md 55 245 563 279 2005 3 2006 6 -3.45 9 2005 4 3
Op 2 1 5.3 200 2005 2 2006 7 -5.19 9 2006 3 1
Va 6.39 596 6.39 596 2002 3 2002 3 -4.24 8 2005 2 2
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2.3.4.5 Year effects on density-dependence in larabskessed by piecewise

regression

Piecewise regression of log lambda against logsgpwensity fit separately for all
species and year, are shown in Fig 2.9. Thersignéicant thresholds for several

species in some years.
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Fig 2.9 Year effects on the nature of density depane in log (lambda) for all seven species
shown in a piece-wise regression in log lambdarsgjéog sown density for the 7 species.
Comparisons of two models showed, there was afiignt threshold in log lambda fék.
praecox(l = 4.55298, S = 0.029, | = 7.36333, S = -0.844,1.271e-09)kE. verna( I=5.1, S
=-0.25,1=8.05, S =0.83, p = 4.776e-08),discolor(I=1.41, S=0.7,1=6.78, S =0.99, p

= 2.813e-09) an@®. perpusillug 1 =0.31, S =0.76, | = 4.53, S=-0.68, p = @8pPat lower

to intermediate sowing density (3rd, 5th, 3rd arallB8g sowing density respectively) as
shown by the first (segment) dotted shallower regjom line on the left-hand side
(1I=4.55298, S=0.029) before declining linearly ubsequent sown densities as shown by the
second (segment) steeper dotted regression litieearght-hand side (1=7.36333, S=-0.844).
The other 4 species did not show a significantsthoéd at lower or intermediate sowing
densities. The solid single regression line shdwvesoverall regression line, where lambda
decreases linearly as sowing density increasese Spaties showed a significant threshold at
lower or intermediate sowing densities at leastria of the 5 years. Abbreviations: | =
Intercept, S = slope, p = p-value. DF = 9 and pflalue: < 2.2e-16. Each data point comes
from 625cm.
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Table 2.12 Mixed effects model in log lambé&ar nul a:

| og(l anbda) ~l og(sowden) * sp * yr + (1 | plot). Mostspecies showed
rather little variation in slope or intercept oétrelationship between log (lambda) and log
(sowing density) across most years. Four specmgever, did show significant differences
in slope or intercept (or both) in one or more geas shown in the following mixed effects
model. Here, log(lambda) = log(seed output / seedh¥ is modelled as a function of species
and year, with plot as a random effect explainibgua half of the variance unexplained by
the fixed effects (year, species and sowing dengiiyr Aira praecox(the Intercept species)
the slope was significantly lower and the intercgghificantly higher in 2006 than in the
other 4 years. Of the other 6 species in 2002f{tsieyear),Cerastium glomeraturand
Veronica arvensifiad significantly higher intercepts thaira praecoxandVeronica
arvensishad a significantly steeper negative slope thiza praecox Across the 5 yeargiira
praecoxhad a significantly higher intercept in 2006 ti@2002. The year-by-species
interaction effect on slope was significant @grastium glomeraturim three years (2004,
2005 and 2006 when the relationship was signiflgasitallower than in 2002), and for both
Arabidopsis thalianandVeronica arvensig two years (2005 and 2006 when the
relationship was significantly shallower than ir02D. The other 4 species showed non-
significant year effects on the slope. For intetsefhe year-by-species interaction effect was
greatest irCerastium glomeraturfiowest in 2006 and never significantly highentha
2002), and substantial Arabidopsis thalianandVeronica arvensigboth were lowest in
2005 and never significantly higher than in 2002je model is based on data from 1059
quadrats gathered from 28 plots over 5 years éseddr details).

Li near m xed nodel fit by REML
Formul a: | og(lanbda) ~ | og(sowden) * sp * yr + (1 | plot)

AlC BIC | ogLik deviance REM.dev
2648 3005 -1252 2337 2504

Random ef f ect s:

Groups Narre Vari ance Std. Dev.
pl ot (I'ntercept) 0.49562 0.7040
Resi dual 0.51811 0.7198

Nurmber of obs: 1059, groups: plot, 28

Fi xed effects:
Estimate Std. Error t val ue

(I'ntercept) 6. 758378 0.675172 10.010
| og( sowden) -0. 710795 0.099073 -7.174
SpAt 1.487590 0.871785 1.706
spCg 2.616875 0.917435 2.852
spEv -0.598215 0.871785 -0.686
spM -1.100894 1.011961 -1.088
spOp -0.101206  2.099056 -0.048
spVa 2.196164 0.871785 2.519
yr 2003 -0.487120 0.769647 -0.633
yr 2004 -0.123210 0.769647 -0.160
yr 2005 1.080044  0.769647 1. 403
yr 2006 2.269194 0.769647  2.948
| og(sowden) : spAt -0.024728 0.117962 -0.210
| og(sowden) : spCg -0. 246866 0.126810 -1.947
| og(sowden) : spEv 0. 105966 0. 117962 0. 898
| og(sowden) : spMd -0.089771 0. 148996 -0.603
| og(sowden) : spOp - 0. 318457 0.331368 -0.961
| og(sowden) : spVa -0. 361247 0.117962 -3.062
| og(sowden) : yr 2003 0. 050137 0. 128543 0. 390
| og(sowden) : yr 2004 -0.035873 0.128543 -0.279
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| og(sowden) : yr 2005 -0.217177 0.128543 -1.690
| og(sowden) : yr 2006 - 0. 405047 0.128543 -3.151
spAt: yr2003 -1.449867 0.999402 -1.451
spCg: yr 2003 -0.982287 1.039462 -0.945
spEv: yr2003 0.826977 0.969050 0.853
spMd: yr 2003 0.522639 1.169896 0. 447
spOp: yr 2003 -0.959028 2.173334 -0.441
spVa: yr 2003 -0.757166  0.999402 -0.758
SpAt: yr2004 -0.495278  0.999402 -0.496
spCg: yr 2004 -6. 365949 1.141579 -5.576
spEv: yr2004 1.544180 0.999402 1.545
spMd: yr 2004 2.256845 1.138886 1.982
spOp: yr 2004 -0.316993 2.173334 -0.146
spVa: yr 2004 0.923487  0.999402 0.924
SpAt : yr 2005 -3.857160 0.999402 -3.859
spCg: yr 2005 -4.561660 1.072308 -4.254
spEv: yr 2005 1.735596  0.999402 1.737
spMd: yr 2005 1.174103 1.138886 1.031
spQOp: yr 2005 -3.066807 2.201211 -1.393
spVa: yr 2005 -5.206515 1.021404 -5.097
SpAt : yr 2006 -4.711697 1.043101 -4.517
spCg: yr 2006 -7.269735 1.095649 -6.635
spEv: yr 2006 -0.303059 0.999402 -0.303
spMd: yr 2006 -0. 757058 1.138886 -0.665
spOp: yr 2006 -2.190076  2.183149 -1.003
spVa: yr 2006 -3.369016  0.999402 -3.371
| og(sowden): spAt:yr2003 0.185832 0. 157619 1.179
| og(sowden): spCg: yr2003 0. 134903 0. 164346 0.821
| og(sowden) : spEv: yr2003 -0. 063420 0. 157293 -0.403
| og(sowden): spMd: yr 2003 0. 052193 0. 196782 0. 265
| og(sowden): spQOp: yr2003 0.312158 0. 354882 0. 880
| og(sowden) : spVa: yr 2003 0. 143687 0. 157619 0.912
| og(sowden) : spAt:yr2004 0.047900 0. 157619 0. 304
| og(sowden): spCg: yr2004 0.640143 0. 173307 3.694
| og(sowden) : spEv: yr2004 -0. 116574 0. 157619 -0.740
| og(sowden): spMd: yr 2004 -0.271758 0.188721 -1.440
| og(sowden): spQOp: yr 2004 0. 189712 0. 354882 0.535
| og(sowden) : spVa: yr 2004 0. 001985 0. 157619 0.013
| og(sowden) : spAt:yr2005 0.356529 0. 157619 2.262
| og(sowden): spCg: yr 2005 0. 429277 0. 167405 2.564
| og(sowden) : spEv: yr2005 -0. 103312 0. 157619 -0.655
| og(sowden) : spMd: yr 2005 -0. 205229 0.188721 -1.087
| og(sowden): spQp: yr2005 0.439733 0. 359939 1.222
| og(sowden) : spVa: yr 2005 0.447291 0. 159526 2.804
| og(sowden): spAt:yr2006 0.364243 0.161488 2. 256
| og(sowden): spCg: yr2006 0.812711 0. 169193 4.803
| og(sowden) : spEv: yr2006 0. 165002 0. 157619 1. 047
| og(sowden): spMd: yr 2006 0. 084754 0.188721 0. 449
| og(sowden): spQp: yr2006 0.288316 0. 356259 0. 809
| og(sowden): spVa: yr2006 0.466231 0. 157619 2.958

Taking the data for all species above a threshetsitly (log(sowing density) > 3)
produces the mixed effects model in Table 2.12¢thas 1059 quadrats for 7 species
over 5 years on 28 plots (4 replicates per spewiitls,the same treatment on a plot

over each of the 5 years). The random effecpliotris substantial (0.496 compared
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with a residual variance of 0.518). Log lambdaliserved to decline more or less
linearly with increasing log sowing density butrdare significant species and year
effects on slope and intercept (Fig 2.8, 2.9 anldda.12). The existence of threshold
densities, below which there was no negative efféatcreasing density on lambda

are explained in Table 2.12.

logilambda)

log(seed sowing density)

Fig 2.10 Species differences in the relationdl@pveen log (lambda) and log (sowing
density) in 2002, shown by the 7 solid regressioesl. There are significant differences
across species in both intercept and slope inttiésfirst year of the experiment. The scatter
plot shows the data for all 5 years to give an amspion of the size of the year effects relative
to the species effect®ira (green)Arabidopsis(blue),Cerastium(orange) Erophila
(purple),Myosotis(red),Ornithopus(black) andviolet (violet). At intermediate sowing
densities, the species fall into 3 significantlffelient groups in 2002: high mean log(lambda)
(Arabidopsis thaliana, Cerastium glomeratfynmtermediate log(lambdajra praecox,
Erophila verna, Veronica arvengiand low log(lambda)Myosotis discolor, Ornithopus
perpusillug. Four of the species passed the invasion critasipaverager(> 1) even at the
highest densitiesAjra praecox, Arabidopsis thaliana, Cerastium gloatem, Erophila

verna), while three species failed € 1) at very high seed sowing densitiy¢sotis

discolor, Ornithopus perpusillus, Veronica arvehsBata from 625cf
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2.3.4.6 Adult size classes

The size distribution of adult plants exhibitedeac pattern of density dependence
(Fig 2.11).
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Fig 2.11 Size structure (total adult counts)&opraecoxor 2006 in each of the 9 sowing
densities (top left = lowest densities; bottom tighighest densities). Other species were
less clear but all conform broadly to the decress®vn in total adult counts in each size class
with increasing density. Each data point comes f8@%cnd.

The classic size hierarchy, with many small plamd few large plants, leading to an
L-shaped histogram, was observed at the higheshgalensities for all seven
species. However, the sowing density at whichltksdaped size structure first
appeared varied from species to speciesAlfarpraecoxthe L-shaped distribution
(Fig 2.11) did not appear until sowing density ¢&jgimior to that the histogram

showed that the second-smallest size class (sadengities 1, 2, 4 and 5) or the
third-smallest size class (sowing density 3) wasnttost frequent. The other 6 species
also showed a similar pattern although the appearand magnitude of the L-shaped

histogram varied slightly for each species.
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2.4 Discussion

All three demographic parameters (recruitment,isahand fecundity) proved to be
strongly density dependent in at least some spémied| years. Per generation net
multiplication rate (lambda), which synthesizessthparameters (lambda =
(proportion recruiting x proportion surviving x f@edity per survivor), with lambda >
1 describing an increasing population) and log flda) was linearly related to log
sowing density with significant year effects ontbstope and intercept. We had
hypothesized that at the lowest sowing densitiegsiraglants would be sufficiently
well-spaced that they did not interfere with onetaer (density independent
population growth), which would manifest itselfaorizontal relationship between
log(lambda) and log sowing density. This was obsgrbut only for 4 of the seven
species and then in only 3 out of 5 years. Eitherrbot systems of the individual
plants spread much further at low densities thammteipated or uncontrolled
heterogeneity in substrate created recruitmenspots in which plants did compete,

despite the overall low density.

Most species showed a significant threshold at tawéntermediate sowing densities
in at least one of the 5 years. In some yearsiiteeent was low due to pre-
emergence seedling mortality as a result of cortipetiallelopathy, diseases,
microsite-limitation, etc...... Allelopathy is bod to increase at higher plant densities,
which is one of the possible reasons for pre-enmegseed/seedling mortality in
monocultures. However, it is difficult to distinghi between chemical interference
(allelopathy) and competition (Harper 1977a, Weldaner 1996).

Density dependent recruitment was first describe(Palmblad 1969) and has been
documented subsequently in several experimenttdrsgs(Eriksson and Ehrlen 1992,
Coomes et al. 2002a, Goodwin et al. 2006). We dicattempt to measure
germination in the field, so our measure of recneiit confounds failure to germinate
with pre-emergence seedling mortality. Althoughesal/plausible mechanisms for
density dependent germination are described ititdrature (germination
suppression chemicals produced by the first to geat®; heterogeneity in propensity
to germinate across clutches of seed from the $anteallelopathy; microsite-
limitation; etc.), we have no evidence of such psses for any of our seven species.

We know that the species differ in their propen&itydelayed germination
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(quiescence plus dormancy; see Chapter 3) sajitiis likely that some of the
species germinated progressively smaller fractadribeir seeds in autumn or year
one and spring of year two as sowing density iregdabut we have no direct
measure of this. Density dependent mortality, imiaiety post-germination but pre-
emergence, is perhaps the most likely of the tvpe@sally in these relatively small-
seeded species and in our ultra nutrient-poor éxjeatally created substrate. The
2mm gravel mulch with which the plots were covemadht have crushed to death the
tiny seedlings, and this could well have operated density-dependent manner.

Density dependent mortality is one of the most Widéudied aspects of plant
population ecology (Suckachev in Harper 2006, (Yb8G3, Harper 1977a, Hector et
al. 2007). The first studies concentrated on thgaich of solil fertility on adult plant
population density, making the point that populatiensities tend to be greatest
where the soil conditions are the poorest, and iiguattention to the fact that plants
are most likely to kill other plants when they grewing rapidly under conditions of
plentiful nutrient and water supply. It is mostesftcompetition for light that separates
the winners in this contest from the losers (Hag®47). Much of the work on
density dependent mortality concentrated on whatece be known as “self-
thinning”. In the context of annual plants, thipnesented a period of exponential
growth when all the plants grew free from competifithen a period when the largest
plants began to suppress the smallest individttss, a final phase during which the
total biomass of the community could only incrediseippressed individuals died,
allowing the large, surviving plants to grow evargkr. In this last phase, the log of
the number of surviving plants declined linearlyhwa slope of -2 as the log of the
mean size of the surviving plants increased. Nwé as originally formulated, the

self thinning rule had the axes confused (with dgrms the x axis), which gave the
misleading impression that increased numbers oftpleaused the individual plants
to be smaller (as in the Law of Constant Yield; (iée and Freckleton 2010)) rather
than increasing total biomass causing the smalertpgto die, and hence density (on

the y axis) to decline.

We did not attempt to measure the temporal courselbthinning within our cohorts
of maturing plants, relying instead on just two signestimates: the number of
seedlings and the number of adult plants at fryithhevertheless, our data show very

strong patterns of density dependent mortalityafbspecies and for all years.
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Species-effects, sowing-density effects and yef@cts were all significant. It was
very rare to observe 100% mortality, even at tlghést sowing densities, indicating
that these small plants typically exhibited contather than scramble competition
(Begon et al. 1996).

The modular construction of vascular plant shogssesns (a leaf subtending a bud
that may or may not go on to produce a further éeaf bud or to terminate the line by
replacing the vegetative meristem with a (lethialjal meristem). Fecundity in plants
is so plainly related to plant size that it is coomplace to assume a linear
relationship between plant shoot size (e.g. shootveight) and total seed production
(fecundity) as suggested by Harper (1977). Our giaalittle support to this simple
model for plant fecundity: as mean plant size deses with increasing plant density,
so total seed production per plant declines nogalily with total shoot dry mass (a
pattern that applies equally well across all sespaties and all five years, although

there are species-specific and year-specific effestmean seed production).

Seed predation by birds and/or small mammals meg had an important effect on
our estimates of fecundity per unit biomass, egblgdior species likd&rophila
verng by reducing the apparent number of seeds. The sam true foKeronica

arvensis which suffered smut incidence in one year.

Synthesizing the three demographic componentsujteent, survival and fecundity)
allows us to calculate a per-generation estimatesbpopulation performance for
every combination of species, year and sowing ten8Ve have chosen lambda as
the simplest synthetic measure available: thieesaverage number of seeds produced
per seed sown. This was the first published mériplant demography (The Parable
of the Sower: Mark 4... some increased sixty-fold andl is just as useful today as
then.

For our seven species, the mean value of lambdédwmeaslly correlated with seed
size, as expected (Table 2.11). On log-log sctdesyda decreased more or less
linearly with increasing sowing density for all sevspecies in all five years (with
little or no evidence for an hypothesized compatitihreshold at low densities). Year
effects were relatively large in most species. Noihthe species, however, exhibited
extreme or greatly over-compensating density degerelin lambda, and while most

species had lambda < 1 at the very highest sowengitles in most years, there were
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very few cases where no seed at all was ripenatidaen here, of course, we would
need to factor in the long-term stabilizing effettiving but non-germinated seed, on

the long-term geometric mean value of lambda; Seed Bank in Chapter 3).

These simple experiments show that density-depemdiects and year effects are
intricately bound up together. For instance, yould@rgue that seed density was
itself a year effect. Alternatively, you might aegthat my year effects are, in fact,
responses to density differences. Semantics asidglear that a full understanding
of plant population dynamics requires that detadtdntion is paid to both the main
effects of years (weather, disturbance regime,atd)population density, and to their
interaction because we have shown substantialtiarian the responses of
recruitment, survival and fecundity to the sameegxpentally controlled population
densities, across years of different kinds. The gffacts are large, but seldom as

great as our experimentally-created range of deeffiécts.

Individual plants are expected to be all relativatyall at higher sowing densities due
density dependent competition. However, individuahe largest size classes were
found even at the highest densities. There wengaféw individuals that showed

such characteristics in some years.

Given that shoot biomass was very low in a few saséow sowing densities, and
individual plants were widely spaced, it is mokely that competition was

principally below ground. Consistent with this, @galsobservation did indicate that
these small plants had remarkably extensive ragiesys. We did not attempt to map
the root systems in this study. The net multiplaratrate at low density was highest
for Veronica arvensi$6.39) and lowest faDrnithopus perpusillu§2). Note that
lowest species comfortably passes the invasioarmit (A = 1) even in the ultra-low-
nutrient environment provided by our experimensded beds. As expected, lambda
was smallest in the species with the largest s@axisn et al. 2003, Falster et al.
2008, Chisholm and Muller-Landau 2011).

If the field plots are internally heterogeneougjwé few outstandingly good micro
sites (e.g. small pockets of well-above-averagewe availability), then at low
levels of seed input, these rare ultra-good sitghtmot receive seeds, so no plants
grow outstandingly large. On the other hand, & Wgh seed densities, all the
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micro-sites are likely to be occupied, so the uifoamd sites will produce big plants,
despite the high density because of asymmetric etitigm (to the winners go the

spoils).

The classic size hierarchy, with many small plamd few large plants leading to an
L-shaped histogram, was observed at the higheshgalensities for all seven
species. However, the sowing density at whichlthé®aped size structure first
appeared varied from species to species. Log tktyuimcreased linearly as biomass
increased for all species although the degreeeality varied from species to
species witlErophila showing a shallower slope compared with the ofhgpecies.
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Chapter 3

Seed bank dynamics

Abstract

All seven species showed the ability to recruitnfiseed that had survived in the soil
seed bank for at least 12 months. However, ahefspecies appear to have
exhausted their soil seed banks within 4 yeare@tbhort entering the soil. It is
possible that unusual dormancy-breaking conditiomght produce further bouts of
recruitment, and we have no guarantee that any neimg seeds are dead rather than
quiescent or dormant. The seed bank clearly hastgretential to enhance
coexistence in this system by buffering againat fatlure of cohorts recruiting in

one or more years.

3.1 Introduction

The existence of a bank of viable seeds in thepsoitides a potentially important
mechanism of coexistence (Cohen 1968). Compléeigd¢anf one or more cohorts
need not necessarily lead to extinction (BaskinBaskin 1998). Species that
respond to different germination cues might beaexest more readily than species
responding to the same germination cues (Venalddanwn 1988).

The study of seed banks has a long history in aljuie (e.g. the Broadbalk
Experiment at Rothamsted, which was begun in 18B8)has been recognized as a
potentially important mechanism of coexistencegeslly for annual plant species,
for many years (Palmblad 1969, Linhart 1976, InoL§80, Baskin and Baskin 1987,
Baskin 1989, Baskin and Baskin 1989, Baskin ankiBa&004). The fundamental
idea is a straightforward extension of risk-spregdif all of the seeds germinate at
one time, then they may all perish before setteggsand local extinction could
result. A more sophisticated strategy might invadeeds that were capable of sensing
the local environment, and germinating only whenditions for seedling
establishment were ideal, e.g. using the red-toddrmratio as a gap-detection
mechanism (Pons 1989, Corkidi et al. 1991, Peagtsah 2002).
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Experimental studies of seed banks quickly dreendittn to a number of
complicating issues, especially to do with diffeves in usage of the term ‘seed
dormancy’. The important point is that not all seedthe soil are dormant. Many
(sometimes most or even all) of the non-germinatstis in soil will germinate as
soon as they are provided with the appropriate itiong of light, moisture,
temperature, oxygen, etc. (Baskin 1989, Thompsd®RUhese seeds are best
referred to as quiescent .

A seed which is alive as assessed by a test suctz@sim or tetrazolium (Yaklich
and Kulik 1979, Vanwaes and Debergh 1986, Don.&t910) but which will not
germinate when provided with the appropriate comlét is said to be dormant.
Dormancy can be ‘broken’ in a number ways. Onédefdlassic mechanisms of
breaking dormancy is a chilling requirement. Ténsures that seeds that ripened in
summer will not germinate until after the wintew,their seedlings are not exposed to
potentially lethal frosts. Thus, a “spring annuaith frost sensitive seedlings would
be expected to remain dormant, and would not gextaim warm, moist soil in
autumn, but would delay germination until the saemperatures and soil moistures
occurred in spring, once their dormancy had beekdrr by winter frosts. Some
species show dormancy breaking mechanisms of aeteammplexity, e.g. the South
African fynbos species that require treatment \sfikcific kinds of smoke that
indicate that a recent fire has created conditsuitable for seedling recruitment, free

from competition from adult plants (Brown 1997).

3.2 Theory

The theory of seed bank dynamics is relativelyigitforward. A uniform cohort of
seeds with no dormancy will germinate synchronogslgn that all of the seeds are
exposed to the temperature, light and soil moistegeired for germination. If some
of the seeds are in different microhabitats (eugidal in soil, and hence not exposed
to light), then they might not germinate, and tlmeimbers would decline
exponentially over time as a result of seed maytgtiredation, rotting, etc).
Eventually, the surviving seeds might be brouglthiwia suitable microhabitat (e.g.

by soil disturbance through cultivation, or as sufeof soil movement by earthworms
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or moles) and these seeds would then germinates, Biven with no dormancy, seed

germination could occur over a protracted period.

The simplest seed bank model would have a singksaf seeds (i.e. all seeds alike
in all their attributes): the essential parameségesthe death rate of the seeds in soil,
and their germination rate (both measured as @mastof surviving seeds per unit
time). Let the germination rate = 20% and the deatt= 10%. If we start with
100,000 seeds at time 0 then the number of segdsmapg each time period is as
shown in Fig 3.1a. Note that on a log scale, thalmer of seedlings appearing

declines linearly with time (Fig 3.1b): this is arp exponential decay process.

Now suppose that there wewmo classes of seed in a cohort: both suffer the same
death rate in the soil (say 10% per time period),dne has only half the germination
rate of the other (say 10% of surviving seeds ipee period compared with 20%).
The time course of seedling appearance looks sojadisf similar (compared with

(cf) Fig 3.1a) but, when we plot the log of the raenof seedlings appearing per time

period, the relationship is curved figure (3.1d).

The curvature is not large, but it is highly sigraiht when assessed by fitting a
guadratic term for time (p < 0.00001): the simulat®o-class data are shown as a
solid line in Fig 3.1d, and a linear regressiom aotted line. In field data, however,
it would require a substantial effect of the twasdes for this to be detectable as a
significant curvature in the time series of seegllppearance, against the inevitable
background variance derived from spatial and temlgmterogeneity.

The size of the seed bank at any point in timelialance between input of fresh seed
by resident adult plants and immigration of seexb§bly of various ages and states
of dormancy) from elsewhere, against losses threxglort and germination. Fig 3.2
shows a simple model system for a cohort of seettlstwo dormancy states. The
greater the dormancy the larger the seed bankhbugreater the delay in production
of the next generation of seeds. This means tledittiess consequence of different
dormancy strategies are potentially complex (Cdt#68). Of course, seeds that
germinate early and survive to adulthood may hawesiderably higher fitness than

seeds that exhibit delayed germination. The optseal strategy for a parent might
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be for a mix of germination strategies amongsbfitspring, some germinating early
and some entering long-term dormancy. This figardeased on two classes of
dormancy behaviour, but in practice we would ndwew how many classes there

were, nor their different rates of loss of dormancy
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Fig 3.1 Seedling recruitment curves. (a) seedsapyeas a function of time for a pure
exponential decay process; (b) the same as a &bg; c) seeds appearing as function of time
with two classes of seeds (see text); (d) the sameelog scale.

Seed dormancy has been considered, almost witihoapgon, as a bet-hedging
strategy in a temporally varying environment (CqHE368). However, seed
dormancy can improve the reproductive successeofrtbther plant when competition
between sibling seedlings and adult plants is sgezven if the environment is

temporally invariable (Nilsson et al. 1994).
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Fig 3.2 Contrasting seed banks: the solid line shinve decay of a seed bank with a constant
fraction of germination per month with numbers,latdeg exponentially over time; the

dotted line shows a seed bank comprising two ctaskseed, half of the initial seeds had a
germination rate the same as the solid curve alfidhdid a higher rate of dormancy. The risk-
spreading advantage of the higher dormancy clalsstrated by the “fatter tail” of the

dotted line.

In field situations, of course, it is impossiblekitow how many classes of dormancy
are represented by the seeds present within tlelbsed (Roberts 1986, Rees and
Long 1992). Likewise, in practice, we typically kmdittle or nothing about the
precise disturbance regime necessary to exposgeth@nable but quiescent fraction
of seeds to germination conditions. Thus, themoi quantitative theory predicting

the duration of viability in a given cohort of ssed
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In addition, real soils do not contain single cabaf seeds. Instead, the soil seed
bank is made up of seeds produced in (possibly jrdiffgrent years. There is no
way of knowing how many cohorts of seeds are ptaseamy body of soil, nor how
abundant each cohort is, nor the rate at which doayis being broken in different
cohorts. For six of our seven species, there ligr@ther sparse information, but a
great deal is known about germination and dormaméyabidopsis thaliana
(Bewley 1982, Debeaujon et al. 2000, Donohue €G07).

3.3 Materials and methods

3.3.1 Site

The work was carried out at Pound Hill in SilwocatPBerkshire UK (Grid
Reference SU 938 694), with the area chosen becditserelative isolation from
populations of the study species (Table 1) in otdeninimize the rate at which seeds
would be expected to immigrate to the plots. fh@re-proof site (deer and rabbit
exclosure) with a fence height of 1.8m was setnup002. In total, thirty six plots
were set out in four blocks in a 4 x 9 grid, ins&d27m x 27m fence; 28 plots were
sown (four replicates for each of 7 species) aptb& were left blank, four to
estimate the rate of seed immigration and fourstor&ate the amount of seed

imported with the ballast that had been used tatroat the base of the raised beds.

3.3.2 Seed sowing

Seeds for each species were weighed into appreforaéthes (Table 3.1) and were
sown on 12/09/2002 by sprinkling the seeds evemdy a 25cm x 25cm sector
located in the centre of the raised bed. One spegs sown in each raised bed, with
the identity of the sown species randomized inddgetly for each of the four blocks.
The key design feature of this experiment was taoree any of the 7 experimental
species before they had a chance to flower, thssrigng that all the seedlings had
come from the seed bank of the initial sown cohantd not from subsequent

reproduction.
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Table 3.1 Seed sowing rates, sowing dates and daths first seedling count for each of the
seven species at Pound Hill seed bank experiment.

sowing density

Species per 25 cm x 25 cm sowing date first seedling colatés
Aira praecox 2,000 19/09/2002 02/06/2003
Arabidopsis thaliana 10,000 12/09/2002 12/05/2003
Cerastium glomeratum 10,000 17/09/2002 21/05/2003
Erophila verna 10,000 12/09/2002 10/03/2003
Myosotis discolor 2,000 18/09/2002 21/05/2003
Ornithopus perpusillus 1,000 19/09/2002 05/09/2003
Veronica arvensis 10,000 17/09/2002 02/06/2003

3.3.3 Seedling appearance

The first seedlings were noted on 12/12/2002. dogrénd removal of the emerged
seedlings was carried out over the following y€ag93 - 2007). The last survey was
on 15/04/2007. All emerged (above ground) planteweunted and then uprooted
with minimum disturbance to the soil surface. Pdamére removed as soon as they
were identifiable, and well before they were ablédwer. Seedlings that germinated

and might have died below ground were not counted.
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Table 3.2 Seed bank of the seven species, showiieg dhen plants were counted and
removed from the plots. Seeds were sown in SepteRii.

A. praecox A. thaliana C. glomeratum  E. verna Mcalisr O. perpusillus V. arvensis
02/06/2003 12/05/2003 21/05/2003 10/03/2003 21@E32 05/09/2003 02/06/2003
23/10/2003 18/12/2003 18/12/2003 18/12/2003 18032 18/12/2003 18/12/2003
18/05/2004 11/04/2004 04/05/2004 20/03/2004 04@B12 29/06/2004 18/05/2004
10/12/2004 10/12/2004 10/12/2004 10/12/2004 1002 10/12/2004 10/12/2004
06/05/2005 05/04/2005 05/04/2005 05/04/2005 05@eB2 30/06/2005 05/04/2005
28/09/2005 28/09/2005 28/09/2005 28/09/2005 28@¥B2 28/09/2005 28/09/2005
06/04/2006 06/04/2006 06/04/2006 06/04/2006 0682 06/04/2006 06/04/2006
05/05/2006 05/05/2006 05/05/2006 05/05/2006 05@532 05/05/2006 05/05/2006
26/05/2006 26/05/2006 26/05/2006 26/05/2006 262 26/05/2006 26/05/2006
08/09/2006 08/09/2006 08/09/2006 08/09/2006 08@®B2 08/09/2006 08/09/2006
29/09/2006 29/09/2006 29/09/2006 29/09/2006 2982 29/09/2006 29/09/2006
NA
23/10/2006 23/10/2006 23/10/2006 23/10/2006 230a82 23/10/2006
NA NA
NA 01/11/2006 01/11/2006 01/11/2006 01/11/2006
NA NA NA
14/12/2006 14/12/2006 14/12/2006 14/12/2006
NA NA NA
15/02/2007 15/02/2007 15/02/2007 15/02/2007
NA NA NA NA
15/04/2007 15/04/2007 15/04/2007
NA NA NA NA
06/06/2007 06/06/2007 06/06/2007

3.3.4 The Ashurst Seed Bank Experiment

The 2002 seed bank experiment at Pound Hill wasate at Ashurst (Grid
Reference 41/938 694) in fall 2004. This designf@onds year effects with spatial
effects. There was no attempt to asses year etieeither site for want of space to

accommodate the extra plots.

3.3.5 Layout of the sectors

Seed of each of the seven species was collectbe summer of 2004 and were sown
in the only available four plots in a randomly lteh3 x 3 sectors, each measuring
25cm x 25cm of 75cm x 75cm total size within 1mnx filot identical to that of the

monoculture experiment, on 03/11/2004 at the ra&90 seeds per sector.
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Fig 3.3 A 75cm x 75cm frame with nine sectors (e2gltm x 25 cm) ranging from 1 to 9
was placed in the centre of the 1m x 1m plot fedssowing and locating of recruits before
they were counted and removed.

Instead of sowing one species per plot (as at Pélitf)jdve sowed 9 quadrats per plot
(as for the monocultures described in chapter @igusur spare plots left over from
the main experiment. Thus, there were 4 x 9 = 3lrats in all, allowing 5 replicates
for six of the species, 6 replicates for one sge@bosen at random to beronica

arvensis.

Seeds were sown on 03 November 2004. Emergingisgediere counted and
removed for the next two years until 31/03/2007ckhmarked the end of the

experiment.

3.3.6 Statistical modeling

Because of the time course of seedling emergemoedwout to be idiosyncratic with
species and spatial replicate, we used generadidéitive models (Wood 2006) rather
than parametric models (like the exponential) terppret species differences. The
models were fitted in R (R Core Development Teahl2@ising gam in the mgcv
package. The non-parametric smoothers with time\fieby species with a

parametric main effect for each species.
Model <- gam( count s~s(days), by = sp) + sp, data=data)
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Analysis of devians (one-way anova) with poissanrewas performed for seedling
counts over time for each species. Proportionviastalso carried out to assess the
fraction of recruitment from sown density for eagecies. Comparisons were made
between seed size and longevity for each spectbsasimple linear regression, to

look for trends.

3.4 Results

Total recruitment over 5 years from the Pound sbllving of 2002 was low for all
species (maximum 22% f@rnithopus perpusillys and exceptionally low for 5
others Myosaotis discolor, Erophila verna, Arabidopsis flaak, Veronica arvensis
andCerastium glomeraturwhich were all less than 10% ; Table 3.3). Total
recruitment was much higher from the Ashurst sovahg004 (Table 3.4). Across
species, the rank of total recruitment was readgramsistent for some species (e.g.
Aira was first at Ashurst, second at Pound Hill), kghly inconsistent for others
(e.g.Ornithopuswas first at Pound Hill but sixth at Ashurst). foinunately, we have
no way of knowing whether these were year effectste effects, because we have

no replication of sowing year at either site.

Table 3.3 Total recruitments from seeds sown ir2ZfiPound Hill summed over 4 plots and
years. Recruitment was highest @p but lowest foICg. Sowing density was summed over 4
guadrats.

Species Sown density Recruitment % Recruitment
Ornithopus perpusillus 4000 876 21.9

Aira praecox 8000 1481 18.5

Myosotis discolor 8000 707 8.8

Erophila verna 40000 2435 6.1

Arabidopsis thaliana 40000 2049 5.1

Veronica arvensis 40000 2031 5.1

Cerastium glomeratum 40000 1262 3.2
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Table 3.4 Total recruitments from seeds sown iM2f10Ashurst summed over 5 quadrats for
6 species, 6 quadrats for 1 species, each quanvatwith 600 seeds. Recruitment was
highest forAp but lowest forAt. Each quadrat is 625érand sowing density was summed
over 5 or 6 quadrts.

Species Sown density Recruitment % Recruitment
Aira praecox 3000 2490 83

Myosotis discolor 3000 2100 70

Veronica arvensis 3600 1980 55

Cerastium glomeratum 3000 1392 46.4
Erophila.verna 3000 1383 46.1

Ornithopus perpusillus 3000 1050 35

Arabidopsis thaliana 3000 480 16

3.4.1 Emergence from the seed bank

If we quantify the seed bank by the number of deter sowing when the last
seedling was observed, then the species were raskidlows: at Pound Hill,
Erophila verna(1565 days ) Arabidopsis thaliang1560 days) ¥eronica arvensis
(1550 days) >Aira praecox(1189 days ) Myosotis discolof1179 days) >
Ornithopus perpusillugl152 days) Xerastium glomeraturf®29 days). At
Ashurst, over a shorter period of time, the rankiragErophila verna(1082 days) >
Veronica arvensi$1080 days) Arabidopsis thaliangd830 days) >XCerastium
glomeratum(607 days) >Myosotis discolof600 days) >Aira praecox(555 days ) >
Ornithopus perpusillug463 days) .

Comparing the two experimengstophila vernashowed the longest-lived seed bank
in both cases an@rnithopus perpusillusvas in the bottom two in both cases.
Arabidopsis thalianandVeronica arvensisccupied either second or third position
in both trials, but the other four species wereaalde in their ranks (between four and

seven).

3.4.2 Time course of seedling emergence at Pound Hill

Spatial and temporal heterogeneity in seedling gerare from the bank is illustrated
by the behaviour dErophila vernaat Pound Hill (Fig 3.4).
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Fig 3.4 Emergence from the seed banlEgphila vernaat Pound Hill, showing numbers

of seedlings removed on each sampling occasiomsigdate of sampling in four replicate
plots (F3, G4, Al and C4). In none of the fouricgtes does the time series look anything
like the exponential decay predicted by simple taecal models like Fig 3.1. Plots F3 and
C4 showed relatively constant emergence over theg2003- 2006 (c. 60 seedlings per
sample, while emergence rises at first then fall®lmts G4 and Al, but peak emergence was
more than twice as high on Plot A1 than on G4htnface of this heterogeneity, model
choice for the statistical part of the exercise wgsossibly difficult. No simple parametric
form would adequately describe the different outesrior replicates or species. Each data
point comes from count dates (date) in an are25€6f.
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Fig 3.5 Time series of emergence of 7 speci®ahd Hill aggregated across 4 replicate
plots. Four of the species approximated a monotdedtine over time (Ap, At, Md and Op)
but Va showed a protracted period of increasinglsegappearance (up to 2005) and Cg and
Ev showed shorter periods of increase. None o$pleeies showed any seedling appearance
in 2008. Abbreviations: Ag Aira praecox,At = Arabidopsis thalianaCg = Cerastium
glomeratumEv = Erophila vernaMd = Myosotis discolorOp = Ornithopus perpusillusya

= Veronica arvensisEach data point comes from count dates (date) area of 625cA

As an example of a species showing approximatgdpeantial decline, Fig 3.6
shows the time series for seedling appearanéarafpraecoxat Pound Hill. The four
replicates fall into two groups that are signifitarlifferent from one another in
decay rate (p = 0.05). Within the two groups, thert®o little data to compare a one-

class exponential model with a two-class exponkgdsillustrated in Fig 3.2).
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Fig 3.6 Decline in log (seedling appearance) wittetfor 4 replicate plots (625¢freplicate)
sown withAira praecox The two plots A3 and F2 (open square and diambad a
significantly (p = 0.05) steeper decay rate satig;lslope = -0.005472) than the two plots D4
and H3 (cross and filled square; dashed line =020685). The spatial heterogeneity across 4
replicate plots would have caused the data setd®ke to appear to consist of two classes of
dormancy if the data had been lumped together, sigghificant curvature in the plot of
log(counts) against time (quadratic term has p32)0.This draws attention to the fact that
spatial heterogeneity can be misinterpreted asdeshpeterogeneity when data are
aggregated inappropriately. Data points (days) stiays when recruitments were recorded.
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Table 3.5 Effects and their standard errors foeregalized additive model fitting non-
parametric smoothers to the trends shown in FigThg form is

nodel <- gam(counts~s(days.1l, by =sp)+sp, dat a=dat a)

fitting 7 trends and 7 intercepts, one for eacltgse The Intercept is sp = ARifa praecoy.
The other species are ATArabidopsis thalianaCG =Cerastium glomeratuntV =
Erophila verna MD = Myosotis discolgrOP =Ornithopus perpusillusvVA = Veronica
arvensis Compared wittAira, Ornithopusshowed a significant decline in recruitment from
the seed bank following seed sowing blytosotisshowed no significant difference. The
other 4 species showed a significant increasedsd¢fed bank over time.

Paranmetric coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 111.359 9.258 12.029 < 2e-16 ***
SpPAT 373. 445 13.096 28.517 < 2e-16 ***
spCG 370. 475 13.099 28.282 < 2e-16 ***
spEV 308. 003 13.099 23.513 < 2e-16 ***
spMD -9.903 13.099 -0.756 0.449981

spOP -46. 620 13.117 -3.554 0.000413 ***
spVA 388. 009 13.101 29.617 < 2e-16 ***

Approxi mat e significance of snooth terns:

edf Ref.df F p-val ue
s(days. 1) : spAP 8. 434 .904 249.37 <2e-16 ***
s(days. 1) : spAT 8.992 .000 6133.77 <2e-16 ***
s(days. 1) : spCG 8. 993 .000 6146.47 <2e-16 ***
s(days. 1) : spEV 8. 996 .000 6113.97 <2e-16 ***
s(days. 1) : spMD 8. 810 .988 244.66 <2e-16 ***
s(days. 1) :spOP 6.520 . 521 71.96 <2e-16 ***
s(days. 1) : spVA 8.992 .000 6136.46 <2e-16 ***

©O© N 00 OO oo

R-sqg. (adj) = 0.997 Devi ance expl ai ned = 99. 8%
GCV score = 7707.9 Scale est. = 6836.5 n = 608

Table 3.6 Total seedling counts (summed over 4aatel plots) for 7 species over years 2002
— 2008. The statistics were carried out as thegstimms to account for different sowing
densitiesSignificance was assessed using GLM with Poissamsgrcomparing the
counts across species one year at a time in asiomg-way analysis of deviance.

(a)

species 2002 2003 2004 2005 2006 2007 2008
Aira 8000 1334 114 10 23 0 0
Arabidopsis 40000 1090 501 185 222 56 0
Cerastium 40000 298 923 15 25 1 0
Erophila 40000 1322 502 191 376 48 0
Myosotis 8000 411 254 9 33 0 0
Ornithopus 4000 591 240 23 22 0 0
Veronica 40000 612 1053 95 244 27 0
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(b) As above but showing proportions (total seegflifor each year/seed sown).

Seed

species sown 2003 2004 2005 2006 2007 2008

Aira 8000 0.1668 0.0143 0.0013 0.0029 0.0000 0.0000
Arabidopsis 40000 0.0273 0.0125 0.0046  0.0056 0.0014 0.0000
Cerastium 40000 0.0075 0.0231 0.0004  0.0006 0.0000 0.0000
Erophila 40000 0.0331 0.0126 0.0048 0.0094 0.0012 0.0000
Myosotis 8000 0.0514 0.0318 0.0011 0.0041 0.0000 0.0000
Ornithopus 4000 0.1478 0.0600 0.0058  0.0055 0.0000 0.0000
Veronica 40000 0.0153 0.0263 0.0024 0.0061 0.0007 0.0000

There was no recruitment of any species observ@d0i8 (Table 3.6). In 2007 At and

Ev still showed significant recruitment (56 ands&dlings respectively), while Va

produced significantly fewer seedlings (27 with §.801). In 2006 all species

produced some seedlings; Ev had significantly niioae any other species (p < 0.01),

At and Va were not significantly different from oarother (222 and 244

respectively), and the other species were veryairihp = 23 seedlings, Cg = 25,
Md = 33 and Op = 22), but significantly fewer th&nor Va (p < 0.001). In 2005 the

pattern was complicated by the fact that recruitnmreiva was still increasing (Fig

3.5).
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3.4.3 Time course of seedling appearance at Ashurst
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Fig 3.7 Emergence from the seed banlEbyphila vernaat Ashurst, showing numbers of
seedlings removed on each sampling occasion aghitesbf sampling in four replicate plots
(G10, G12, H12 and H5). In none of the four regtks does the time series look anything
like the exponential decay predicted by simple teecal models like Fig 3.1. Plots H12 and
G12 showed relatively constant emergence overehiegh2006- 2008 (c. 35 - 45 seedlings
per sample) while emergence rises at first thda el Plots H5, but peak emergence was
more than twice as high on Plot H5 than on G12hénface of this heterogeneity, model
choice for the statistical part of the exercise wgsossibly difficult. No simple parametric
form would adequately describe the different outesrior replicates or species. Each data
point relates to count dates (x-axis, date) whimines from 625cfm
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Fig 3.8 Time series of emergence of 7 species ks aggregated across 5 replicate plots
for the 6 species and across 6 replicates for disp&/eronica arvensjs Two of the species
approximated a monotonic decline over time (Ap @mj but At, Ev, Cg, Md and Va showed
a protracted period of increasing seedling appearévefore 2007). Most of the species
showed no seedling appearance in 2008, except diWanAbbreviations as in Fig 3.5. Each
data point relates to count dates (x-axis, datéjtwtomes from 625¢
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3.4.4 Seed size and longevity in the seed bank

longewity
4
l
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| | | | | | |
1 2 3 4 5 i 7

seed size

Fig 3.9 Seed size (log wt in mg) plotted againegkvity (log days) in seed bank. The 7
species are ranked in their seed size (seed wieigidg) from the smallest (1) to the biggest
(7). The species are also ranked by their seed foamkthe shortest time in seed bank (1) to
the longest (7) for the two seed bank sites. Ojretes are for Pound Hill seed bank, open
triangles are for Ashurst seed bank. Seed sizevégsely correlated to longevity in the seed
bank for both sites. Kendall's match correlatioowtd: Pound Hill seed bank: slope =-0.61,
p = 0.148. Ashurst seed bank: slope =-0.79, [036.

Seed bank results from the two sites indicate lasggled species have much shorter
seed bank than small-seeded species (Fig 3.9).l&eddtemporal heterogeneity) is
one of the coexistence mechanisms in annual pantrwnities.

3.5 Discussion

All seven species exhibited some degree of pradaseedling appearance. However,
recruitment from seeds more than one year old elasively low for all seven species

at both sites. The match between simple theoryfiatdlexperiments was very poor.
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Heterogeneity between replicates was significamhamy of the species. Across
species, the duration of the seed bank was inyecsetelated with seed size (Fig
3.9).

If we measure the seed bank in terms of the nuimibéays after sowing when the
last seedling was observed, then the species weked as followsErophila verna
(1565 days ) Arabidopsis thaliang1560 days) ¥eronica arvensi$1550 days) >
Aira praecox(1189 days ) Myosotis discolo1179 days) *rnithopus perpusillus
(1152 days) Xerastium glomeraturf®29 days). The maximum effect size was 1.7
fold.

At Ashurst, over a shorter period of time, the iagkwasErophila verna(1082 days)
> Veronica arvensi$1080 days) Arabidopsis thaliand830 days) >XCerastium
glomeratum(607 days) > Myosotidiscolor (600 days) >Aira praecox(555 days) >

Ornithopus perpusillug463 days). The maximum effect size was 2.3 fold.

The shorter longevity of seeds in the seed baishtirst could be due to the fact that
Pound Hill is relatively cooler and drier compaxeith Ashurst. The other reason
could be due to differences in the number of sogads. There were 2-3 as much
seeds per quadrat at Pound Hill as there werelair8g and as a result, it is likely for

a higher density dependent below ground mortality.

Comparing the two experimengstophila vernashowed the longest-lived seed bank
in both cases an@rnithopus perpusillusvas in the bottom two in both cases.
Arabidopsis thalianandVeronica arvensisccupied either second or third position
in both trials, but the other four species wereaalde in their ranks (between four and

seven).

There was no immigration of the 7 species recomdeahy of the unsown replicates at
Pound Hill. In fact, the commonest weeds were nygsanecio, Cirsium, Betula,
AgrostisandRubus There was immigration of seeds at Ashurst, asrides] in
Chapter 4. This was not ideal, as we should not-mterpret the Ashurst seed bank

results.
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In summary, an exponential or double exponentiadehwas reasonable for a
minority of species (Ap and Op) and these werespiexies with the most short-lived
seed banks. One species (Va) showed a signifinargase in seedling appearance
across time up to 2005, and this increase was stensiacross four replicates (see Fig
3.5) The species with the most long-lived seed bdtile small-seeded crucifers Ev
and At) showed a pattern of roughly constant réxcremnt across the first 4 years

(rather than exponentially declining recruitment).

With hindsight it would have been preferable todbmnore plots and to initiate the
seed bank experiment from scratch in each of carsy&imilarly, now that we know
that seed dispersal distances for our 7 speciegasenably short, it would have been
useful to have seed bank experiments inside therAskxclosure, so that year
effects were not confounded with location eventhaking inferences about the
importance of recruitment from the seed bank inybeion dynamics and species
coexistence. As itis, we have just one year-aifaition at Pound Hill (2003) and one
year-of-initiation at Ashurst (2005), so the gefigraf our findings is limited.
Nevertheless, it is clear that we can rank theispen terms of their propensity to

form persistent seed banks as follows.

In both sites, the majority of seeds of all spegesninated at once and did not enter
a long-term seed bank. We know that there was cal loput of seeds to the bank,
because we uprooted all seedlings before they lthdrace to set seed or to inhibit
germination of other seeds. There was no immignaticany of the blank (unsown)
plots at Pound Hill. Of the seed that was viabledid not germinate at once (the
guiescent and dormant fractions, comprising whatefene as the seed bank) more

than half germinated in their second year.

Although the seed banks were not large, it is dlleair all seven species were capable
of forming a seed bank that could last at leasty@wa®, and hence the population
could survive complete failure of both the autumd apring cohorts in the same
calendar year. No doubt, this represents a suitpotential stabilizing mechanism
in their population dynamics under field conditioAsthough the effects are small,

their consequences may be profound.
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Chapter 4

Dispersal kernels

Abstract

We measured dispersal kernels using seedling reecemt rather than seed traps. We
discuss the pros and cons of these contrastingcaagubres to the problem. Species
showed rather consistent dispersal kernels acrepficates within years, but some
species showed strong year effects on the attstoitéheir seed shadows. Because of
the way we monitored seed rain we cannot discriteibatween factors affecting
germination, survival and seed dormancy rates awotbfs influencing seed dispersal
directly (wind speed, turbulence, gustiness, animahbers and activity levels, and
so forth). Longer distance dispersal was assesgeambbnting the numbers of
seedlings weeded from the 250 plots at Ashurst:tBiplot dispersal (of order 2m in
distance, rather than the <1m within plot disperkafnels) was not correlated with
attributes of the small-scale dispersal kernelgegt that the lowest rates of plot-to-
plot movement were by Ornithopus perpusillus whisb showed the lowest mean
and maximum dispersal distances in the within-péshel studies. This draws
attention to the perennial problem of understandimg “tails of the distribution” and
predicting rare cases of long-distance dispershle Weeding data provide strong
evidence that longer-range dispersal (of order etnes) could be important in
promoting coexistence by providing a “rescue effémt reversing episodes of local
extinction caused by small-scale competitive exatus

4.1 Introduction

Dispersal is an important part of the story of thissis, because non-random spatial
mixing is a potentially important mechanism for xisgence (see Chapter 1). If there
is a superior competitor, and that species wasth&ssuperior disperser, then
coexistence would be impossible, because the orfeampetitor would always find
itself confronted by neighbours of the superior petitor. Limited dispersal by the
superior competitor is a necessary but not sufitcd@ndition for coexistence through
spatial separation (Pacala and Tilman 1994, Che2300a). This process conforms
to the Lotka-Volterra coexistence criterion (inprasific competition must be more
important than interspecific competition) becausetéd dispersal can produce
spatial clumps of seedlings around parents, aniimibhese clumps, competition is

mainly with individuals of the same species (Lavale2003, Murrell et al. 2004).
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Dispersal in space is often described by whatwditionally called a dispersal kernel.
In theoretical models this describes the probahdénsity of seed fall with distance
from a parent plant located at distance = 0 (g pbsitive half of a normal
distribution).

The theory underpinning the relationship betweepetisal and coexistence is
straightforward. In the simplest case, there isglete random mixing of the species.
The inferior competitor finds itself everywheredlose proximity to the superior
competitor, so competitive exclusion occurs rapitlgder these circumstances, there
is no prospect of rare species advantage for fieean competitor, so it is unable to
invade a monoculture of the superior competitor igdxclusion is therefore
ensured. If, however, the superior competitor exhid clumped spatial distribution
(say as a result of limited seed dispersal) thenabuld create a spatial refuge from
competition and the inferior competitor might béeatio persist. This mechanism of
coexistence is often referred to as a colonizatmmpetition trade-off (Armstrong
1976, Shmida and Ellner 1984, Crawley and May 198man 1994). If there is a
perfect negative correlation between dispersaitglaihd competitive ability, then
there is no limit, in principle, to the number pksies that could coexist in an
otherwise spatially homogenous and temporally ilavérenvironment (Hastings,
1980). In such a case, it should be straightfoavtarbring about competitive
exclusion simply by sowing the seeds of the supe&ompetitor at random over the
entire area, thereby removing the refuge from cditiqe previously enjoyed by the
inferior competitor. The Lotka-Volterra coexistenmiterion is realized in the case of
a colonization competition trade-off because bbthduperior and inferior
competitors occur in spatially explicit clumps, vihe result that both species suffer

more from intra- than from inter-specific competiti

When the superior competitor exhibits limited sdexgbersal, its offspring are
clustered around the female parent in a spatiahgement known as the ‘dispersal
kernel'. This is characterized by several featuheshe parametric case, a probability
density function (pdf) is specified (e.g. the Notmistribution) and its parameters (in
this case the standard deviation) are estimaten $matially explicit data in one
dimension (for instance, along a transect from exhge of the kernel to the opposite

edge, passing through the location of the paremrgvrecruitment is typically



83

assumed to be greatest. In the non-parametric taskernel is specified entirely by
the data. From a map, or from transects away frenparent, we estimate the
location of the offspring as a set of distancemftbe parent: e.g. minimum and
maximum distances, median distance and the 25ti7Bifdpercentiles of distance
moved). A non-parametric smoother can be useddtrkkhe shape of the dispersal
kernel through (or over) the data. The horizontajgrtion of the dispersal kernel

onto a map centered on the parent plant is cdlledeéed shadow.

Dispersal beyond the kernel is typically referreds “long distance dispersal”.
Needless to say, this is very difficult to estimaith precision, but could be of the
greatest importance in terms of the ecology anduéen of the dispersing species.
The theoretical analysis of long-distance has ethconsiderable attention, and is
generally modeled by selecting probability den&ityctions that have “fat tails”
(Nathan 2006). That is to say, the total probabditdispersing more than 3 standard
deviations is much greater than with a Normal jpdfiistance (Okubo 1989). An
alternative is to fit an empirical regression af thg (seed number) against log
(distance) and use the slope as a measure of sidpate (for a given intercept, the
shallower the slope, the greater the mean longuutist dispersal distance (Kot 1996,
Skarpaas and Shea 2007) .

There is a small literature on the optimal behavafiparents in relation to dispersal
distance. For instance, the consensus is thdtaicion of the seeds are to be
dispersed in a dormant state, then these shouliedecally dispersed seeds, while
the long distance seeds should germinate at ortheyifencounter suitable conditions
(Cohen 1968). The hypothesis is that this behavitinimizes competition between
sibling seedlings as well as providing future ptisdmecruits for what is evidently a

suitable micro-site (in that the parent plant wale @0 set seed here).

We estimate the attributes of the dispersal kdvpehonitoring seedling recruitment
from experimentally planted parent plants. Thimisontrast to studies that estimate
seed dispersal by observing the movement of indalideeds directly (Clark et al.
1999, Cain et al. 2000, Clark et al. 2001, Bulletkl. 2006, Skarpaas et al. 2006), or

by using seed traps to estimate seed rain at €iffetistances from a known seed
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source (Bullock and Clarke 2000), or within a gsfdnultiple potential seed parents
(Clark et al. 1999, Clark et al. 2001).

We argue that the advantage of using seedlingitegnt is that the entire kernel is
directly observable; its shape, size and intereabkdy variation can be measured with
reasonable precision. The disadvantage is thea ertirces of uncertainly are
introduced, over and above the movement of thesseéneninselves. Thus, we do not
know the germination rate, so we cannot be sutetlleagermination rate is constant
with distance from the parent plant (e.g. germorats known to vary with the local
density of seeds, as described for our monocustiw@ies in Chapter 2, and in other
systems; (Palmblad 1968)). Likewise, we do not ktlesvdeath rate of seeds between
dispersal and seedling appearance. Again, thibtrbg density dependent, and if this
were to be the case, we could not be sure thaphial pattern of seedlings mirrors
exactly the spatial pattern of seed fall (as welditike to be able to assume).
However, we feel that on balance the costs of manijj seedlings (uncertainties
associated with spatial variability in germinati@tes, and the possibility of density
dependent failures of seedling appearance) aredsyably outweighed by the
benefits (being able to map the entire kernel,tarmbserve any variations in kernel
shape directly with, for instance, wind directiany variations in kernel shape
directly). Studies based on seed traps typicalg@e only a tiny fraction of the area
over which the seeds of a single parent are disg€ten only a few square meters
of trap for several hundreds of square metersed shadow), and are usually
arranged in spatial grids or on regularly-spacaddects that may not be ideal for
estimating the parameters of the chosen parantsticbution.

Historically, two parametric kernels have been usede frequently than any others,
both in theoretical models and the descriptionaltifdata on seed dispersal: the

exponential and the inverse power law.

The exponential is attractive because the undeylyiechanism is so straightforward
and intuitively appealing: if half of the dispergiseeds fall in the first meter, then
half of the remainder falls in the next meter, andn, then the number of seeds on

the ground declines exponentially with distance:
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y = aexp(-bx)

where the response varialyies seed rain (number of seeds per unit area)thand
explanatory variabl& is distance from the parent. This is a 2-paranmatetel with
parameten being the seed rain at distance 0, and pararbetethe decay rate with

distance (specifically, the slope of the declinéom. seed rain with distance).
The power law was often preferred for the analgéi®al dispersal data because it

had the potential to describe a situation wherettieproportion of still-dispersing

seed that was deposited at a given distance wasonsetant:

ax”

<
I

where the two variablgsandx are the same as before, but the two parametensd
b) have quite different meaningsis the seed rain at distance 1 (the power law
model is not defined at= 0) andb is the slope of a plot of log(seed rain) against

log(distance). The two models are compared in Fig 4
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Fig 4.1 The importance of model choice. Exponéftiashed line) and Power Law (solid
line) models fitted by least-squares regressidheésame hypothetical data on seed rain with
distance. The important point to note is that tbegr law creates a dispersal kernel that has
“fatter tails” than the exponential, and this metra the power law will always predict
greater long-distance dispersal than the exporidridia the same data. In this example, the
inverse power law has parametars 62.7 and = 1.71 (solid line) while the exponential
(dotted lined) has parameters: 100 ancb = -0.7. Note that below 1m distance the two
models are wildly different in their predictionstlihey are roughly comparable over the
range of the distances from 1m to 6m.

If seeds were not identical to one another (e.geswere heavier than others, some
had more effective parachutes, some were dispé&ns@chigher up the plant, or some
were dislodged only by stronger winds), then soommfof mixed model might be
more appropriate. Suppose that there were justiasses of seed produced: we
might call them “fallers” and “fliers”. The fallensere heavy, and evolved to optimize
the use of the space where the clearly succesafahphad grown. The fliers were

lighter and had more effective parachutes.
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Fig 4.2 Dispersal kernels compared for one (ddttee) and two (solid line) classes of
seeds. Note the much “fatter tail” of the two-cldigribution, illustrating that a greater
fraction of the seeds display long-distance disgefhe dotted line illustrates an exponential
kernel where all of the seeds are “fallets’™40.7). In the double exponential (solid line)fhal
of the initial seeds were “fallersb& 0.7) and half were “fliers"d = 0.3). In reality, of

course, one would probably not know the initialgodions of the two kinds of seed, nor
indeed the number of classes of disperser (hewresito be 2). As always, model choice
would be crucial in determining the values of tlaegmeters and their mechanistic
interpretation and in predicting the number of sethat would undergo long-distance
dispersal (requiring extrapolation beyond the raoighe greatest measured distance).

Then a double exponential might better describedhreof all seeds (Fig 4.2),
requiring the estimation of four parameters (twodach of the classes of seed): a
decay rate (high for the fallers)(and lower for the fliersd}) and an initial
composition & plusc):

y = aexp(-bx) + cexp(-dx)

The two contrasting ways of estimating the shapksaae of the dispersal kernel are
seed trapsind seedling emergence. The advantage of seed<greyat:

* Seed rain is controlled directly



88

The disadvantages of seed traps are:

» The traps cover a tiny fraction of the area oveicWlithe seed rain is falling

» Sticky taps are a pain to work with; extracting ahehtifying the seeds from
the glue, ensuring that the glue remains stickylenhi the field, etc.

» Seed-feeding animals can remove seeds from traps

» Itis not necessarily obvious which parent wassthwrce of trapped seed

* One has to assume that the seeds would not hgwersisl any further had
they not been caught in the trap (i.e. secondasyeaisal is prevented by the
act of trapping).

The disadvantages of using seedling appearance are:

* Pre-emergence seed mortality is unknown
* Dormancy and quiescence are unknown
» There may be density dependence in seedling enagen

* Hence, numbers underestimate seed rain by an umkaowunt.

To compensate for these disadvantages,

e Seed dispersal is not influenced by interceptiomaps

e Secondary seed dispersal can occur unhindered

« Complete census of seedlings is possible (totallgf@overage)

* No assumption is made about maximum dispersalraistée.g. the location

of the furthest trap).

4.2 Methods

There were two parts to this study of seed dispigiBEadetailed within-plot seedling
shadows were calculated from replicate plots infférént years in the Walled
Garden; and (2) plot-to- plot dispersal of seedhémain Ashurst experiment was

estimated from weeding data.
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421 Site

The aim of the study is to quantify the shape efdispersal kernel from
experimentally planted isolated individuals of eaplkcies under field conditions. In
order to minimize seed immigration, the work wasied out in the Walled Garden
(Grid Ref: SU 940690), in an isolated part of SibdldPark. This site is in a different
area from that used for the seed bank work anelgarated from the main
experimental plots at Ashurst by 120 m.

Inside the Walled Garden, a herbivore-proof site(cand rabbit enclosure) with
fence post height of two metres was set up in tinenser of 2002. The soil was
surface covered with Mipex plastic sheeting (wagapsessant fabric) to stop weed
growth. Ten plots were laid in two columns of fimside a 7m x 16m fence, and the
area between the beds was covered in gravel feradanaintenance. Construction of

the plots is described in Chapter 2.

At a larger spatial scale, plot lot-to-plot dis@neas studied at Ashurst plots which
are described in Chapters 2 and 6. Individualsuoffostudy species were regularly
hand-weeded from plots where they had not been sallveeedlings were identified
to species and counted. This gives us data oniteamnt for each of our study species
on a substantial fraction of the total of 250 rdibeds at Ashurst over a period of 5

years.

4.2.2 Parent plants

During the winter of 2002 to 2003, seeds of eadtigs were sown in square plastic
pots (7cm x 8cm) filled with multi-purpose comp@stirchased from Home Base,
Bracknell) to within 2 cm of the rim. Pots were kapthe greenhouse (18 degree
centigrade and 70% relative humidity) on an opay to aid drainage. Pots were

regularly watered and seedling appearances werganeoh daily.

Individual healthy seedlings were transferred tgéa circular plastic pots (6.5cm
(base) x 9.5cm (height) x 10cm (top)) filled withulti-purpose compost to within

1cm of the rim. Seedlings were allowed to grow Iuhy began to produce flowers.
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Pot-grown individuals of each species were remavigdl their soil intact from the
pot and planted individually (Table 4.1), just prio seed ripening, in the centre of

each of the seven sectors in each plot.

Demographic data (seedling height, number of brasichumbers of fruits, estimated
fecundity and orientation of the seedling) werdested for each species after two —
three weeks following transplanting prior to seetlisg. Seeds were left to disperse
naturally. ForCerastiumspecies there was secondary dispersal by windo{eum

weeds) once branches had fallen on to the growmd fine parent plant. The location

and attributes of seedling recruits were measureddlowing season/year.

The total numbers of recruits for each species wenepared with estimated
fecundity (number of fruits x mean number of seeeisfruit calibrated) to assess
percentage recruitment. A 1cm mulch of fine grd@ebmm) was spread on the beds
to within 1cm of the rim of the sleepers to protihe soil surface from rain-splash (as
in monoculture plots) before the pot-grown indiatkiwere transplanted.

Table 4.1 Transplanting dates in each of the feary when the seedlings were moved from
the greenhouse to the Walled Garden.

species 2003 2004 2005 2006

Aira praecox 05/05/2003 15/05/2004 20/05/2005 29/05/2006
Arabidopsis thaliana 05/05/2003 15/05/2004 11/05/2005 09/05/2006
Cerastium glomeratum 05/05/2003 15/05/2004 11/05/2005 09/05/2006
Erophila verna 05/05/2003 15/05/2004 11/05/2005 09/05/2006
Myosotis discolor 05/05/2003 15/05/2004 11/05/2005 09/05/2006
Ornithopus perpusillus 29/05/2003 06/06/2004 15/06/2005 25/06/2006

Veronica arvensis 05/05/2003 15/05/2004 11/05/2005 09/05/2006
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4.2.3 Recruitment

Plots were monitored on a regular basis and anglsvesmoved (see chapter 2). The
recruits were never allowed to grow large enougfhot@er, to ensure that there was

no recruitment from in situ seed production.

To estimate recruitment, depending on the natuseedlling establishment for each
species, three different methods were chosen beerdurse of the experiment (4
years). As in monocultures, there were at leastgerids of seedling recruitment,
one in the autumn following transplanting in thensoer, and a second the following
spring. Almost all the autumn recruits died in Wiater due to cold temperatures in
most years. In years when autumn recruits surviekolwing recruitment, they were

removed before flowering stage.

Four transects running north, south, east and fr@steach seed parent were set up.
The transects were 2 cm wide and divided into armoalof 2 cm squares, within
which the number of seedlings were counted. Fopthtposes of estimating the
parametric attributes of the dispersal kernelpaithe seedlings within one of these
mini-quadrats were assumed to be at a distance3fdl .... or (2 1)-1 cm from the
parent plant.

When seedling densities were very low, the trandetetcted too few plants to form a
good image of the kernel. Instead, an A4 film (24) placed on top of each sector
with the location of each parent plant marked @gaper. Orienteering compass (HI-
GEAR, scale 1:50000) was used to show the posatiwhdirection of the recruits. At
the peak seedling emergence, all recruits weredrasing a permanent marker pen.
In the event that there were appearances of redarimore than one species in the
same sector, different color marker pens were tsémtate them. Back in the lab,
digitized the locations of the parent plant ancheafcthe seedlings using a flat-bed
digitizer, to produce vectors afandy coordinates. Finally, we used Pythagoras
theorem to convert these locations into distantesch seedling from the parent
plant.
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4.2.4 Statistical modeling

We used a linear mixed effects model to investigptxies effects, with year and plot

fitted as random effects. We used Imer in packagetl(Bates 2011) to fit the model.
Y ~ spp + (1] year) + (1]plot)

to estimate a fixed effect for species (spp, 7/8vend plot (10 levels).

The weeding data (counts) were analyzed using angfimPoisson errors, fitting the
number of neighboring plots (out of 8) on which Hpecies in question was allowed
to set seed. We hypothesized that the number weedeld increase with the number
of neighboring plots producing and dispersing se€ts five-number summary was
made for each species. Kendals rank correlatiamias done to compare the two

methods of recruitments sampling.

4.3 Results

4.3.1 Recruitment

The overall percentage recruitment from estimaési production by the parent
plant averaged across ten replicates and four yemssas followsA. praecox
116.5%M. discola 73.5%30. perpusilluss5.5%>C. glomeratunb2.4>/eronica
arvensis40.7%E. verna21%>A. thaliana5. Aira continued to produce tillers after
transplanting, so total recruitment was higher ttinestimated fecunditZerastium
andMyosotisalso showed an increased recruitment >100% reocenitin at least one

out of four years due to extended flowering (Seleld4.4).

4.3.2 Dispersal kernels

Transect data can be converted into probabilitysitglata by multiplying the seed
rain per unit area at a given distance (the vegfttransect data) by a multiplier,
which is the total ground area at each distanaa ftee parent (the annulus) divided
by the area of each quadrat on the transect. .Bightbws two plots of the same data:
the transect data are negative exponential, shommgptonic decline in seed rain

with distance, whereas the dispersal distancethéototal seed production of the
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parent (probability density) show a peak at 5nthia chapter, the data are presented

in transect form.
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Fig 4.3 Seed rain data, expressed as transec(ldfi) and probability density (right). In this
example, the quadrats are 1x1m and the transeahdes are in metres from the parent (at d

=0). The areato 1m igx1® = 7 and the annulus area between distane@sli+1 is
”iz - 71%,. The model assumes that seeds are dispersecciongtiass directions from the

i+1°
parent with equal probability. A map of the annukishown in the bottom left panel, with

the width of the annulus exaggerated for the pwmdsliustration. The parent plant (blue
circle) is located at coordinates (0,0). The afgdh®zone between two distances (the
“annulus”) is shown in red. A single quadrat asttlistance from the parent is shown by the
intersection of the dotted lines. The “multipliés’the area of the annulus divided by the area
of the quadrat.

The average dispersal kernel is shown for eachepetFig 4.3 as a transect away
from the parent (at x = 0) this is mean of 4 comspiiections and 4 years. Dispersal
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was greatest i€erastium glomeraturand least irOrnithopus perpusillugNote that
for all species maximum recruitment was not atahigin (location of the parent

plant) but at 3to 5 cm.
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Fig 4.4 Dispersal kernels for 7 species aggregateass years, compass directions and
replicatesCerastium glomeraturshowed consistently the highest mean and maximum
dispersal distances af@tnithopus perpusillusonsistently the lowest. Note that all kernels
had a maximum some distance (x-axis) away fronp#rent plant (maximum 3cm in At, Md
and Op, 5¢cm in the other 4 species). Note alsdlifferent scales on theaxis, reflecting the
differing fecundities and recruitment rates of species.
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Fig 4.5 Year effects on dispersal kernels as exifieghby the case oAira praecox The

modal distance (x-axis) varied from 3cm in 2003 2605 to 7cm in 2006. The 5-number
summary statistics for each year are given in Tdlle Note also the different scales onythe
axis, reflecting the differing fecundities and rgtment rates of the species.
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Fig 4.6 Year effects on dispersal kernels as exiéieghby the case dCerastium
glomeratum The modal distance (x-axis) varied from 3cm i02€ 7cm in 2003. The 5-
number summary statistics for each year are gindrable 4.4. Note also the different scales
on they axis, reflecting the differing fecundities andrmgtment rates of the species.
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Fig 4.7 Compass directions of seed dispersal an@ieed by Aira praecox Counts (y axis)
aggregated across plots and years. N=north, E=®&=astuth, W=west. There was no
significant compass effect for any species in aggryX — axis is dispersal kernel distances.

Cerastium glomeraturshowed consistently the highest seed disperdalntiss
(mean = 17.9 cm, se = 0.29), théeronica arvensigmean = 12.2 cm, se = 0.33). A
group of 4 specie€fophila verna, Arabidopsis thaliana, Myosotis discadadAira
praecoy had similar mean dispersal distances (10.7, 19.2,and 9.6 respectively),
but Ornithopus perpusillushowed significantly lower mean dispersal than @iiyne

other species (mean = 7.5 cm, se = 0.66, p < 0.001)
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Table 4.2 Linear mixed effects model for dispedsstance ¥, cm) with speciesspp as a
fixed effect and plotgl) and yearyr) as independent random effects, with 10 and 4deve
respectively. Dispersal distances were measure2llf@93 individuals. Of the random
effects, plots accounted for roughly twice as muatiation in dispersal distance than did
years. For the specigSerastium glomeraturhad significantly higher mean dispersal than
Veronica arvensi¢t = 27.02, p < 0.001), which in turn had sigrafntly higher mean
dispersal (t = 6.19, p < 0.001) than a group gfeces that were not significantly different
from one another (Ap, At, Ev, MdPrnithopus perpusillushowed significantly lower mean
dispersal than any of the other species (t = 2460.001).

Linear mixed model fit by REML

Formula: y ~spp + (1| yr) + (1] pl)

Al C Bl C | ogLi k devi ance REM.dev
161010 161090 - 80495 160989 160990

Random ef f ect s:

Groups Nane Vari ance Std. Dev.
pl (I'ntercept) 2.0135 1.4190
yr (I'ntercept) 1.0880 1.0431
Resi dual 112. 2559 10. 5951

Nunber of obs: 21293, groups: pl, 10; yr, 4

Fi xed effects:
Estimate Std. Error t val ue

(I'ntercept) 9. 8842 0.7395 13.367
SppAt -0. 1495 0.5144 -0.291
sppCy 8. 0103 0.2964 27.023
SppEv 0. 3343 0. 3562 0. 939
sppMl 0. 6516 0. 3485 1.870
sppOp -3.6124 0.6617 -5.460
sppVa 2.0160 0. 3257 6. 190
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Table 4.3 Estimated seed crop compared with sepdfipearances for all species aggregated
over 5 years. Estimated fecundity and recruitmesg summed over 10 replicates.

year species estimated fecundity estimated recenitm
2003 Aira praecox 3140 5681
2004 Aira praecox 4700 2460.65
2005 Aira praecox 1422.77 1010.81
2006 Aira praecox 362 2064.81
2003 Arabidopsis thaliana 9360 3801.33
2004 Arabidopsis thaliana 59712 4202
2005 Arabidopsis thaliana 30048 667
2006 Arabidopsis thaliana 93888 856
2003 Cerastium glomeratum 57372 17389
2004 Cerastium glomeratum 126672 51979
2005 Cerastium glomeratum 27384 38418
2006 Cerastium glomeratum 39228 23566
2003 Erophila verna 9198 9185
2004 Erophila verna 29736 6312
2005 Erophila verna 14154 3443
2006 Erophila verna 48972 3729
2003 Myosotis discolor 4696 3729
2004 Myosotis discolor 5980 708
2005 Myosotis discolor 6476 8601
2006 Myosotis discolor 5424 3546
2003 Ornithopus perpusillus 972 189.35
2004 Ornithopus perpusillus 3396 1414.79
2005 Ornithopus perpusillus 4386 3845
2006 Ornithopus perpusillus 4386 1839
2003 Veronica arvensis 5536 1811.13
2004 Veronica arvensis 35792 14446.61
2005 Veronica arvensis 33344 9094.91

2006 Veronica arvensis 20320 13285.8
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Table 4.4 Summary statistics on dispersal distaf@a} for each species and year from 10
replicates. 25% of seedlings were observed withenf' quartile and 75% of seedling within
a 3% quartile of the parent plant. These data are atendy the area of the annulus (see Fig
4.3).

species years

1st quartile median 3rd quartile maximum
Aira 2004 7 11 17 33
2005 7 11 15 29
2006 5 7 11 17
2007 9 13 19 33
Arabidopsis 2004 9 13 21 37
2005 3 7 11 17
2006 9 13 19 27
2007 1.26 183 2.65 5.99
Cerastium 2004 19 29 43 73
2005 17 27 39 71
2006 13 21 31 69
2007 15 27 41 73
Erophila 2004 9 17 25 63
2005 7 11 17 49
2006 4.34 7.36 10.61 20.71
2007 1.48 2.23 3.32 11.51
Myosotis 2004 7 11 19 35
2005 9 15 21 35
2006 9 13 21 39
2007 7 13 19 47
Omnithopus 2004 45 7.32 11.85 23.43
2005 7 11 15 21
2006 4.05 7.77 11.46 23.95
2007 119 171 243 4.68
veronica 2004 5 9 13 29
2005 11 17 23 47
2006 11 17 25 53
2007 9 17 25 47
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4.3.3 Plot to plot dispersal at Ashurst

The total number of weeds of our sown seven speemsved from all plots at
Ashurst over 5 years are shown in Table 4.5.

Table 4.5 Total number of weeds for the 7 species the course of the experiment from all

plots.

species total weeds
Aira praecox 4289
Arabidopsis thaliana 1380
Cerastium glomeratum 1730
Erophila verna 3042
Myosotis discolor 397
Ornithopus perpusillus 35
Veronica arvensis 206

Weed numbers were modeled as a function of the suwftmeighbouring plots that

had seed setting neighbours. None of the 6 spshtesed a significant effect.

Table 4.6 Maximum dispersal distances (cm) are ewetpfor the two methods of recruitment
sampling. Kendall's rank correlation: there is mikrity in the two measures of dispersal (p
=0.773, tan = 0.143).

Species transec{ mapping difference rank by furthedRkank by weedsg
Aira praecox 33 26 7 6 !
Arabidopsis thaliana 37 24 13 5 4
Cerastium glomeratun 73 17 56 1 3
Erophila verna 63 21 42 2 2
Myosotis discolor 47 24 23 4 5
Ornithopus perpusillus 21 24 -3 7 /
Veronica arvensis 53 27 26 3 6
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4 .4 Discussion

There was substantial variation in the seed digp&esnels of the seven species, as
reflected in significant differences in mean disgmmaximum distance and the
location of the percentiles. Some of the specielsramarkably similar kernels across
replicates within years and from one year to ancfig.Aira praecoy. Others
showed massive differences from year to year fgapidopsis thaliana, Erophila
vernaandOrnithopus perpusillis From the data at hand, it is not possible to
conclude whether these differences were due terdifices in the conditions
influencing seed dispersal (wind, rain, animahatt) or in the numbers of seeds
produced by the experimental plants (despite osir éforts to ensure similarity of
plant size and fruit number), or in the pre-reenaiht fates of the seeds (dormancy
differences, granivore activity, seed mortalityrrgaation rate, pre-emergence

seedling mortality).

In all years, seed dispersal was greatesCarastiumglomeratum with parents
producing extremely flat-topped (platykurtotic) pssal kernels with very high
values for median (data) and 3rd quartile dispgdsth). The maximum distance for
Cerastiumglomeratumwas often impossible to measure because seedddaaty
dispersed beyond the edge of the experimental. phthe other extreme, the grass
Aira praecox showed consistently tight and well-defidesgersal kernels (median =
11; 3rd quartile = 15). Even maximum dispersalatise, which is famously difficult
to quantify (“the seed that gets on a train”), wedl behaved foAira praecox(data

in Table 4.4).

Previous pilot trials with direct seed traps (esticky traps) indicated that any benefits
of direct estimation of the seed rain were outwetghy massive heterogeneity
between replicates and by the difficulties of emgyuniform rates of seed capture
across time in the sticky traps. We decided, foegeto forgo attempts to estimate
seed input directly, instead relying on seedlingesgpance as a surrogate for seed

rain.

It is possible there were differences in the siaé shape of the parent plants of each
of the 7 species transplanted from the greenhoarde year. However, an effort was
made to keep such differences to a minimum, botivden years and within years.
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Some species in some years continued to grow apibtluce more fruits following
the initial fecundity estimation, perhaps due teofarable weather. Seed dispersal
distances may vary from year to year with diffeeshm plant height or fecundity.
There was no evidence that seedlings of one spaffexted the shape of the
dispersal kernel of another species, despite ttetiat the seven species were grown
in the same 1Aplots.

In rare cases, a few parent plants were replacexttyones, either due to herbivore
damage (mainly birds) or below ground factors (@éss, etc). This was likely to
cause differences in the time of seed setting asdiply on subsequent seedling

recruitment.

Secondary dispersal (e.g. tumble weeds) was commmiost years fo€.
glomeratumand to a lesser extent fAr thaliana This could be one of the reasons

thatC. glomeratunexhibited the greatest dispersal.

There is a potentially important carry-over effebgt Bergelson (1991) referred to as
“skeletons in the micro-sites”. This is the natibat the dead body of the parent
plant takes up space directly that might otherlis®ccupied by offspring. Also by
dint of its still tenacious anchorage, the skeletan blow hither and thither in the
wind, and this can act as a powerful agent of distace, preventing seedling
establishment within a radius of the parental toots Thus, while most of the
parametric models for dispersal kernels are monoteclining from an origin
marked by the centre of the root of the parentselen of our species in all years
show significantly depressed seeding recruitmemeaiiately surrounding the parent.
As a result of this, recruitment peaks on transattsdistance of 3-5 cm, even though
it is possible that primary seed rain peaked diydmneath the centre of the parent

plant canopy.

Because of our protocol of using living plants esdssources (to increase the realism
of the source of seed release) we inevitably intcedan extra level of variation that
contributes part of the year effect (e.g. differaundities of similar sized

individuals from one year to the next, differentfeoral patterns of seed release

across time in different years, the possibiliticohtinued growth and flowering,
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following transplantation of the parent plantsome years (particularly in the case

of Aira praecox), and so on.

In terms of their overall population dynamics, dispersal data suggest that local
seed limitation is likely to be greatest #dira praecoxand least foCerastium
glomeratum The latter species is clearly capable of subistladispersal to distances
greater than our between-plot separation in theiryear population studies
(Chapters 6 and 7 & 8). In terms of coexistencelrarisms, increased levels of
intraspecific competition imposed by seed aggregadre likely to be ranked, from
most to least important, across species as follows:

Aira>Erophila>Cerastium>Veronica>Arabidopsis>Myosotis>@ithopus

This, in turn, would be likely to be consequentalcoexistence to the extent that
interspecific competitive ability (“dominance”) wiolbe ranked in the same order
(see Chapter 1). The dispersal data also prdwiabrider of effect sizes in response to
experimental seed redistribution: we should expezgreatest responseAira
praecoxbecause we would be putting seeds into placesenhey would otherwise

not get, and least i@erastiumglomeratumbecause its seeds would get these places

with or without experimental redistribution (seeapter 6).

In terms of abundance from weeded plots at Ashtirsty species were ranked as
follows (Table 4.5):
Aira>Erophila>Cerastium>Arabidopsis>Myosotis>Veronica>0ithopus

It is intriguing that the correlation between snsadble kernel-based estimates of
dispersal distances (e.g. mean distance or maxiohs®arved distance) and longer-
range (plot-to-plot) dispersal was so poor (Kergaflu = 0.143, n=7, p = 0.77).
This draws attention to the perennial problem withall scale experimental studies of
seed dispersal; it is always likely that the raregldistance dispersal events are going
to be most important in practice under field coodi$, but impossibly difficult to
parameterize accurately with reasonable level®sif @and effort. The tails of the
distribution are always poorly quantified (OkubdB29Kot 1996, Bullock and Clarke
2000, Cain et al. 2000, Clark et al. 2001, Bulletlal. 2006). The fact that larger-
scale dispersal was so poorly predicted by attedbof the kernels suggests strongly
that variation in seed number might be more imprlaan variation in dispersal rate

in determining the year effects in real field sitaas. Certainly the species that had
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the greatest plot-to-plot dispersal, as measurdtidoyweeding data from Ashurst,
were not the most fecund species (Aiga praecoy, so it is obvious that factors
other than mean short-distance dispersal distamtéodal seed production are
important in determining the observed rate of inmatiign. Plant stature (especially
height) is likely to be important, and this may Wweteract with the abiotic factors
influencing primary and secondary seed disperdahieur (wind speed, gustiness,

turbulence, and so on).

The picture is clearest f@rnithopus perpusillushis had the shortest mean dispersal
distance from the kernels and the lowest mean ftiturit would be predicted to

have the lowest rates of plot-to-plot dispersat} timis was indeed what we observed
from the weeding data (only 35 plants establisheglots where they were not sown;
compare this with 4,289 plants Aira praecox and 206 foieronica arvensisthe

next poorest plot-to-plot disperser (Table 4.5).

The other species show no clear patterns, eithtrfecundity or small scale dispersal
kernel behavior. This draws attention once agathé enormous uncertainties in
trying to predict dispersal over spatial scalegdathan those over which the

measurements were made.

It is a moot point whether the effort expendedenaloping precise and well-
parameterized small scale dispersal kernels isppaactical value for the purposes
of prediction. We are reminded of the problemsegdasy “the bee that got on a train”

when trying to predict pollen-flow distances frorartsgenic crops.
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Chapter 5

Testing the Pacala-Rees model of Competitive Exclios through saturation

sowing

Abstract

We test the hypothesis of Pacala and Rees that competitiveierdkilikely to be
observed in multi-species mixtures when seed of the superioettimis sown at
saturating densities. The model makes several assumptiensxistence of a limited
number of microsites in which seedling recruitment can ocaw;@ntest
competition for the occupation of these microsites. The dauakl take an extreme
form (presence of one seed per microsite guarantees occupanaebylang of the
superior competitor) or a more relaxed form (occupation listéery whose outcome
is stochastic, with probability proportional to the fexet of seeds occupying the
microsite that belong to a given species). We found little esédem competitive
exclusion in a single year. In several years and with severalespsoivn at high
densities, most of the species produced surviving adultspteaspite the intensity of
interspecific competition. There was no strong evidence ofheagpiee effect of the
order in which the seeds were sown for different species. Thpeaato be sufficient
niche differences in the timing of germination and growatid in plasticity of adult
size, that coexistence of these 7 species under field condginassurprising. Other
coexistence mechanisms (like heterogeneities in space and temlifferainces
between years) are likely only to make coexistence more likely.

5.1 Introduction

Simple lottery models of interspecific competitiosually make one of two
assumptions about the outcome of the struggle tampossession of a microsite
when the site is occupied by seeds of more tharspeeies. The “strong
assumption” is that the superior competitor wikegossession of the microsite
whenever it has one or more seeds in the microSites leads rapidly to competitive

exclusion in population dynamics models of intecsfp@competition. The “weak
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assumption” is that the probability of ownershiglod microsite in the next adult
generation is a simple lottery, with the probapibtf occupancy equal to the fraction
of all seeds in a microsite that belong to a gispecies. This means that the superior
competitor does not always win the contest forriqadar microsite. However,
because the superior competitor will typically berenabundant, it will tend to
produce the largest number of seeds, so that iatikence of a strong colonization-
competition trade-off, it will tend to win an in@sing proportion of microsites with
the passage of time. This, too, will lead to contipetexclusion, but exclusion takes
longer, and this buys time during which the infegompetitor might experience one

of its rare good years (Chesson 2000a).

The Competition-Colonization Model was formulatedstclearly by Hastings and
Tilman (1980, 1994). There are two fundamentalsdé&#st, species can be ordered
in terms of competitive ability into a perfect larecompetitive hierarchy, so that if
species A out competes species B, and speciescBropetes species C, then species
A is bound to outcompete species C. Second, tseagrade-off between competitive
ability and colonization ability. The simplest lgical mechanism for this would be

if the competitive species put most of its resosiioto leaves, whereas the less
competitive species put most of its resourcessetals (but there are numerous other
trade-offs that would produce the same outcomée Gompetition-Colonization
Model is based on the assumption that there isfaqienverse correlation between
competitive ability and colonizing ability. Analgsof the model indicates that with
this admittedly very strong assumption, there isimé to the number of species that
can coexist (Hastings, 1980). The superior cortgras always rare because of its
very low colonizing ability (low seed productionddar poor seed dispersal), and this
leaves plenty of space for the inferior competitorpersist in equilibrium (Crawley
and May 1987).

The model of Pacala and Rees (1998) produces kestghotheses about the outcome
of seed-to-seed competition for microsites duriegdéing recruitment. Specifically, if
seed of the superior competitor is sown in exdées) all microsites will contain
multiple seeds of the superior competitor and cdrmipe exclusion will soon be
observed. They do not specify exactly what “som@&ans, but the sense of the model

is clear enough.
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We tested this hypothesis using what we call autsdéibn sowing” approach. The
argument is simply that if we sow a sufficientlghidensity of seeds of the superior
competitor, then every microsite will contain adeone seed of the superior
competitor, and if the strong assumption is corrien we shall observe immediate
competitive exclusion. Repeating the experiment different years allows the
possibility of discovering effective competitiveatxsion by different species in their
“kind of year”.

If the physical location of the seed within the rogite is important in determining
the outcome of the contest for the microsite, ttienorder in which the seeds are
sown might influence the outcome. If the best @lfar a seed to be is in contact with
the soail (i.e. at the bottom of the stack of sedldsh there will be an advantage to
being sown first, whereas if there is an advantadeeing close to the surface (and

hence close to the light) then there will be ansati@ge to being sown last.

Species may exhibit density-dependent germinaiangblad 1969), with enforced
dormancy of an increasing fraction of the seedseas density increases. This
behaviour creates a refuge from mass morality stidely to be highly stabilizing to
long term population dynamics.

Because the sowing densities for this kind of expent are so high (of order of
thousands of seeds per metre square per yeapo#saility exists of observing
interesting post-seedling-recruitment density deenhbehaviour, including over-

compensating density dependent seedling mortéditynstance.

The experiment also addresses the fundamentaliguest to whether the concept of
“the superior competitor” is useful in real enviments that are both spatially and
temporally heterogeneous. After all, every spettias persists in a natural habitat
must pass the invasion criterion: it must exhibé &bility to increase when rare.
This means that, at least when it is scarce,at’good enough competitor” under at
least one combination of environmental conditioie. ask whether there is a
correlation between seed size, growth (biomassyemwductive performance

(lambda), which we might be able to wspriori to rank our species in terms of
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competitive ability. Equally, we could find thatropetitive exclusion is not the norm
under experimental conditions in the field, and thare is no need for a concept like

“the superior competitor” beyond the confines ofigle theoretical models.

5. 2 Materials and Methods

5.2.1 The plots and seed sowing

For the construction of the beds, the soil mixtse=d collection, method of seed

sowing, mulch and weeding are all described in @ah

5.2.2 Sowing densities

Seeds were sown in a single 25 cm x 25 cm quadtheicenter of a raised bed.
There were two sowing densities for each speciéisarsaturation experiment. The
first was a moderate sowing density identical ®riedium sowing density for
monoculture plots, (sector five of nine, see chapi.2) in the first year. The second
density was a saturation sowing which was at leé@simes the moderate sowing
density (Table 5.1). We used 14 raised beds ferakperiment: each of the seven
species was sown at saturation density eitherdirist. The other six species were
sown at moderate densities in a sequence thatnaependently randomized for each
plot. There was no replication due to the limitesnier of plots available (250 plots)

for all experiments.

Table 5.1 Sowing dates used in the experiment. kébedéa) and saturation (b) sowing
densities for each of the seven species. Eachiggiogsents an area of 625cm

(a) (a) (b) (b)

species seeds/plot Seed wt (mg) Seeds /plot  Se@dgjyt
A. praecox 250 38 30,000 4,500
A. thaliana 600 14 50,000 1,140
C. glomeratum 600 20 50,000 1,650
E .verna 600 14 50,000 1,165
M. discolor 250 50 15,000 3,000
0. perpusillus 125 125 15,000 15,000

\/ arvensis 600 60 50,000 5,000
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5.2.3 Estimating recruitment

Seedlings were counted on the dates shown in Babland the plots were harvested
on the dates shown in Table 5.3. For seedling spant A4 acetate sheet divided into
1cm x 1cm mini-quadrats was placed over the stuelg e the center 25cm x 25¢cm
of the plot. Within each of the thirty randomly setied min-quadrats, the numbers of
recruits of the seven species were counted. Thegbwas the same as in
monocultures, except that there were typically ssapecies per quadrat to count.
Although the species are ostensibly winter annwaisjival from autumn and winter
recruitment was very low due to seedling mortaigsulting from frost heave and low
temperatures. In years when autumn and winter teatyres were mild, as for
example in 2004, some adults from certain plotgigad and produced seeds the
following spring/summer. In most cases, seed prodinevas from plants originating
from spring recruitment. In the event when thereewe recruits to be sampled
within any of the thirty mini-quadrats (due to véoyv recruitment at low sowing

densities) all recruits were counted.

In some years, in some plots, the legu@eperpusillu formed a mat-like-
structure, making it difficult to sample seedliregruitment for the other 6 species.
When this was the case, the legume was rolled Wwébkminimum disturbance to

enable recording of the seedlings underneath.

Table 5.2 Recruitment count dates (2 per yearydturation plots from 2002 to 2007.

year count A praecox A thaliana C glomeratum  E&ern M discolor | O perpusillus V arvensis
2002/2003 fall NA NA NA NA NA NA NA
spring 20/02/2003 17/02/2003 17/02/2003 17/02/200320/02/2003| 20/02/2003 20/02/2003]
2003/2004 fall 13/10/2003 30/10/2003| 30/10/2003 16(2003 30/10/2003  13/10/2003 30/10/200
spring 05/03/2004 05/03/2004 05/03/2004 05/03/20Q4 10/03/2004 |  05/03/2004 10/03/2004
2004/2005 fall 09/09/2004 15/09/2004 15/09/2004 0021004 09/09/2004  09/09/2004 15/09/2004
spring 16/11/2004 16/11/2004 16/11/2004 16/11/200416/11/2004 | 16/11/2004 16/11/2004
2005/2006 fall 26/09/2005 26/09/2005| 26/09/2005 096005 26/09/2005  26/09/2005 26/09/200%
spring 10/04/2006 05/03/2006 05/03/2006 05/03/20Q06 05/03/2006 |  10/04/2006 05/03/2006
2006/2007 fall 16/08/2006 04/09/2006 04/09/2006 0042006 04/09/2006  30/08/2006 04/09/200
spring 06/03/2007 NA 05/03/2007 NA NA NA NA
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Table 5.3 Seed sowing and harvesting dates foratatn sowing plots from 2002 — 2007.

year activity Aira Arabidopsis  Cerastium Erophila Myosotis Ormifflus  Veronica
2002/2003  sown 16/10/2002 16/10/2002  16/10/2002 1QIBD02  16/10/2002  16/10/2002 16/10/2002
harvested 18/06/2003 16/06/2003  16/06/2003 2308 16/06/2003  15/07/2004 21/06/2003
2003/2004  sown 16/09/2003 16/09/2003  16/09/2003 0XBNO3  16/09/2003  16/09/2003 16/09/2003
harvested 29/06/2004 18/06/2004  18/06/2004  13008¥ 29/06/2004  23/07/2004 29/06/2004
2004/2005 sown 03/08/2004 03/08/2004  03/08/2004 0832004  03/08/2004  03/08/2004 03/08/2004
harvested 13/06/2005 06/06/2005 06/06/2005 0B0O& 09/06/2005  27/06/2005 13/06/2005
2005/2006  sown 16/08/2005 16/08/2005 16/08/2005 08BD0O5  16/08/2005  16/08/2005 16/08/2005
harvested 25/05/2006 18/05/2006  18/05/2006 O200&  18/05/2006 06/06/2006 25/05/2006
2006/2007  sown 21/07/2006 21/07/2006  21/07/2006 0722006  21/07/2006  21/07/2006 21/07/2006

harvested 18/06/2007 05/05/2007  08/05/2007 2P00%  05/05/2007  13/07/2007 05/05/2007

5.2.4. Statistical modelling

There were two classes of modeling. We analyzeditbeprincipal response
variables (recruitment, survival, fecundity, lamtaded biomass) for each of 14 plots
over 5 years. The model has two fixed effectsstheing density treatment (a three-
level factor; saturation sown first, saturation adast and moderate sowing density)
and species identity (a seven-level factor). Tlaeditted in a linear mixed effects
model with year and plot as random effects. Theehlmbks like this

lmer(y ~ treatnent * species + (1|year) + (1| plot))

with normal errors for biomass and lambda and Baigsrors for the count data
(recruits and survivors). We also fit, but do reyptort here, analyses with binomial
errors where we used proportion recruiting and priogn surviving as two-variable
response variables; the results were the sametlaghei count data.

Identity effects (the performance of a species wémmn at moderate densities as a
function of the specific identity of the specieattivas sown at saturation density)
were analyzed using a generalized linear model)(glith data from one species as
the response variable (recruitment, survival, feltynlambda or biomass) and the
identity of the species sown at saturation derestg six-level factor. Lambda of the 7
species was compared across the two sowing denitiperforming a liniar model

(Im).
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5.3 Results
5.3.1 Biomass

The biomass results are presented in full in T&ble This shows data from each of
the five years, broken down by species and by spweatment. The saturation
densities (levels 1 and 3) are unreplicated raw,dalile the medium sowing density
data (level = 2) are the average biomass calculatemks six different competitor
identities and two different sowing orders (i.ee thean of 12 numbers in each year).
The most striking feature of the data is the sebieyear interaction effects:
Ornithopusis most often the dominant species in terms @l fimomass, bu¥lyosotis
andAira have years of dominance. The other interestinghmss that for most
species, order of saturation sowing is unimportant there are some years when the
order of sowing has dramatic effects for one or $pecies. For instanc&rabidopsis
in 2004 and 2006 had more than 10 times the biombkes sown last than first, but
in 2007 it failed completely (zero biomass) whewsdast at saturation density.
These are profound year effects.

Overall, mean biomass was ranked as folldsiithopus(2019.9 mg) >Myosotis
(911.2) >Veronica(855.9), >Aira (661.6), >Cerastium(383.7) >Erophila (108.0) >
Arabidopsis(87.8). The effects of sowing density and omershown in Table 5.5.
The influence oDrnithopusswamps the analysis by inflating the variancetier
other species, even following log transformatiorhaf biomass.

Table 5.4 Linear mixed effects mode for biomasa &unction of species (sp) and sowing
treatment (levels) with years and plot as randdieces. The two random effects are roughly
equal in their effects on biomass variation (roydld% of the variance explained). The
significant effects are confined @rnithopus compared to sowing first at saturation densities
it had significantly lower biomass when sown at erade densities (t = 3.205) and
significantly higher biomass when sown last rathan first at saturation densities (t =

2.284).

Fi xed effects:
Estimate Std. Error t val ue

(I'ntercept) 1536. 2 1250. 8 1.228
| evel s2 -992. 7 1290.7 -0.769
| evel s3 -332.0 1753.7 -0.189
SpAt -1417.2 1753.7 -0.808
spCg -651.8 1753.7 -0.372
SpEv -1150.0 1753.7 -0.656
spM 703.0 1753.7 0.401
spOp 5967. 6 1753.7  3.403
spVa -947.0 1753.7 -0.540
| evel s2: spAt 930.7 1825. 3 0.510
| evel s3: spAt 639.0 2480. 2 0. 258
| evel s2: spCg 458. 1 1825. 3 0. 251
| evel s3: spCg -262.0 2480.2 -0.106
| evel s2: spEv 674. 3 1825. 3 0. 369
| evel s3: spEv 258.2 2480. 2 0. 104
| evel s2: spMd -414.9 1825.3 -0.227
| evel s3: spMdl  -1368.7 2480.2 -0.552
l evel s2: spOp -5849.6 1825.3 -3.205
| evel s3: spOp 5665. 5 2480. 2 2.284
| evel s2: spVa 1238.0 1825.3 0.678
| evel s3: spVa 1123. 2 2480. 2 0. 453
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5.3.2 Recruitment

Table 5.5 Seedling recruitment in the saturatiqggeeiments. The random effect for years
was more than 4 times as important than that fatiapvariation between plots. Not
surprisingly, seedling densities were significatigher following saturation sowing (levels 1
and 3) than from sowing at intermediate densitege(s = 2). OnlyOrnithopusshowed a
significant interaction with levels, being signdittly less abundant at intermediate sowing
rate (t=2.19, p < 0.05).

Li near m xed nodel fit by REM.
Formula: y ~ factor(levels) * sp + (1 | factor(year)) + (1 | plot)
Dat a: data
Al C BIC |ogLik deviance REM.dev

1961 2061 -956.3 1926 1913
Random ef f ect s:

Groups Nane Vari ance Std. Dev.
pl ot (I'ntercept) 0.12490 0.35342
factor(year) (Intercept) 0.53919 0.73429
Resi dual 2.95450 1.71886

Nunber of obs: 490, groups: plot, 14; factor(year), 5

Fi xed effects:
Estimate Std. Error t val ue

(I'ntercept) 7.26421 . 87127 8. 337
factor(l evel s)2 -2.78429 . 83684 -3.327
factor(l evel s)3 0.30138 . 13663 0. 265
SPAT -1. 85656 . 13701 -1.633
spCG -1.93288 . 13701 -1.700
SpEV -2.35299 . 13701 -2.069
spMD - 0. 69507 . 13701 -0.611
spOP 0. 34824 . 13701 0. 306
spVA -1.72335 . 13701 -1.516

.18806 -1.571
. 60744 -0.604
. 18806 0. 446
. 60744 0. 098
. 18806 -0.565
. 60744 -0.884
. 18806 0. 197
. 60744 -0.018
. 18806 -2.190
.60744 -0.176
. 18806 0.493
. 60744 0. 282

factor (| evel s)2: spAT - 1. 86685
factor (| evel s)3: spAT -0. 97063
factor(l evel s)2: spCG 0.52948
factor(l evel s)3:spCG 0.15702
factor(l evel s)2: spEV -0.67101
factor (| evel s)3: spEV -1.42027
factor(l evel s)2: spMD 0.23382
factor (| evel s)3: spMD -0. 02893
factor(l evel s)2: spOP -2.60142
factor(l evel s)3: spOP -0.28244
factor(l evel s)2: spvA 0.58587
factor(l evel s)3: spvVA 0. 45356

PR RPRRPRRPRRPRPRPRRRRPRPRPRPRRRLRRLRREOO
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5.3.3 Survival from seedling to adult
Survival responses are shown in Table 5.6.

Table 5.6 Survival modelled as a proportion withdonial errors. The two random effects
had quite different impacts with spatial effect®{g) much smaller than temporal (years).
Survival was significantly lower in the two cruaieand significantly higher i@rnithopus
andAira (the intercept). There were some curious intevactifects: for instance, Veronica
survived significantly better at moderate sowingsiees and at saturation densities when
sown last than when sown first at saturation dgnsit

CGeneralized linear mxed nodel fit by the Laplace approxi mation
Formula: y ~ levels * sp + (1 | years) + ( | plot)
Data: data
AlC BIC | ogLi k deviance
10745 10841 -5349 10699
Random ef f ect s:
Groups Nane Vari ance Std. Dev.
pl ot (I'ntercept) 0.032371 0.17992
years (Intercept) 0.154219 0.39271
Nunber of obs: 490, groups: plot, 14; years, 5

Fi xed effects:
Estimate Std. Error z value Pr(>|z|)
(Intercept) -5.13584 .18852 -27.24 < 2e-16 ***

| evel s2 3. 71969 05539 67.16 < 2e-16 ***
| evel s3 -0. 22527 07017 -3.21 0.00133 **
SpAt -2.72303 12055 -22.59 < 2e-16 ***
spCyg -0. 60519 07414  -8.16 3.26e-16 ***
SpEv -0. 85517 07795 -10.97 < 2e-16 ***
spMd -0. 95755 09782 -9.79 < 2e-16 ***
spOp 1. 12605 .06730 16.73 < 2e-16 ***
spVa - 1. 93396 09555 -20.24 < 2e-16 ***

. 14358 -7.98 1.50e-15 ***
. 14917 8.63 < 2e-16 ***
. 08604 -15.60 < 2e-16 ***
. 11678 -7.64 2.23e-14 ***

| evel s2: spAt -1.14539
| evel s3: spAt 1.28685
| evel s2: spCg -1. 34259
| evel s3:spCg -0.89175

[eNeoNololoNoNoloNolololoNololololoNoNoNeNe]

| evel s2: spEv -1.44789 .09129 -15.86 < 2e-16 ***
| evel s3: spEv -0.95816 . 11445 -8.37 < 2e-16 ***
| evel s2: spMd 0. 05471 . 10705 0.51 0.60933

l evel s3: spMd 0. 13483 . 14072 0.96 0.33802

| evel s2: spOp -2.38718 .08774 -27.21 < 2e-16 ***
| evel s3: spOp 0.19513 . 09650 2.02 0.04316 *

| evel s2:spVa 0.46541 . 10387 4.48 7.44e-06 ***
| evel s3:spVa 0.80041 . 12920 6.19 5.83e-10 ***

The order of sowing had subtle effects for somthefspecies (Table 5.4).
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Table 5.7 Biomass for species and years at eatttiad sowing treatments. First = saturation
density sown first (n=1); medium = moderate denstyn in a random sequence with a
different species sown at saturation density (n=l1&3t = saturation density sown last (n=1).

2003

sp 1 2 3
Ap 3323.0 351.50000 2571
At 379.0 56. 17083 428
Cg 55.0 156.41667 43
Ev 818.0 128. 33333 254
M 147.0 373.16667 359
Op 31613.4 1622. 08333 58050
Va 363.0 931.50000 1965
2004

1 2 3

Ap 645 314.33333 196
At 91 68.91667 1266
Cg 2303 615.66667 749
Ev 47 12.08333 33
Ml 5475 608. 25000 348
Qo 2032 272.58333 1921
Va 29 557.08333 2801

2005

Ap 552 163.16667 657
At 92 5.50000 154
Cg 0 151.16667 26
Ev 457 40. 66667 461
Ml 3290 1028. 16667 240
O 983 40. 83333 1576
Va 135 606.50000 1171

1 2 3
Ap 65 684. 66667 745
At 22 108. 45833 282
Cg 844 291.08333 434
Ev 395 110.62500 318
Ml 468 466.16667 422
o 2828 75.16667 2631
Va 1560 896. 66667 671

2007

Ap 3095. 80 1203. 56667 1852.00
At 10. 94 45. 94500 0. 00
Cg 1219.60 534.43333 199.80
Ev 213.80 47.13333 496. 20
Ml 1816. 00 1682.07417 1323. 66
00] 62.50 1296. 60833 8. 50
Va 858.60 1180. 30000 294.00
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5.3.4 Year effects

The biomass diMyosotis discolomwas remarkably unresponsive to seed sowing in
some years (2003, 2006, 2007) but there were substaffects of sowing order in
other years (2004 for instance, showed 15.7 fajthdni in first vs. last saturation
sowing and 2005 had 13.7 fold higher in firsthast). No other species showed such
consistent or large effects of sowing ordégronica arvensishowed very few
significant biomass effects, but the response deroof sowing was highly variable
(e.g. saturation last was peak in 2003, 2004 a0& 20ut lowest in 2006 and 2007 (t
= 2.05, p <0.05).

Arabidopsis thalianahowed extremely high variation in biomass witvieg order
and with years. In 2007, for instance, there wayg kv biomass from the saturation
sowing (first or last) compared with moderate sgewlsity (over-compensating
density dependence); in all the other years, bisrfrasn the saturation sowing was
significantly higher than from moderate seed dgndfioderate sowing densities

produced very low biomass in 2005.

Perhaps the most complicated responses were shothe lgras#\ira praecox
Biomass was patrticularly high in 2003 and 2007, paudicularly low when sown first
at saturation density in 2006. The most variabépoases to sowing order were
shown byCerastium glomeraturim 2003 and 2005 there was overcompensating
density dependence, with lower biomass in both &gl last saturation sowing, but in
2004 and 2007 there was much higher biomass fn@ttifian from last saturation
sowing. Across all 3 sowing densities, 2005 wasrg \ow year for biomass in

Cerastium glomeratum

There were year effects in the 3 different treatimevWwhenMyosotiswas sown first at
high density, mean seedling recruitment was ove020 4 of the 5 years. In 2003
there was no recruitment for this species at a#mbown first but there was also a
very low recruitment in the same year when sownh THsere was little difference for
Aira when sown first or last at high densiyrabidopsisshowed higher seedling
recruitment when sown lasterastiumhas slightly higher recruitment when sown last

unlike Erophilawhen recruitment was higher when sown first. Tivesis no
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recruitment in 2003 for both treatments for this@ps (CG)Erophila failed to

recruit in 2004 when sown lagdrnithopushas more abundant in recruitment when
sown first, although there was no recruitment i02@hen sown last despite 2000
mean seedling recruitments when sown first, asWessnicaexcept there was no
recruitment in 2004 when sown first compared wiib Ghean seedlings when sown
last. Five or six species have highest recruitnre@007 for both treatments

compared to the other 4 years.

For the intermediate sowing, again there was a gkect for all species in
recruitmentAira showed consistently mean seedling recruitment 80dor 4 years
and over 50 for one year; it has the highest reoent followed byMyosotis There
was no recruitment fohrabidopsisn 2003 and 2004. The highest mean recruitment
(28) was in 2006. Highest mean recruitment (144 kerastiumwas in 2004 and
2006 and the lowest was in 2003 and 2007. Therenwaiscruitment foErophilain
2004. The highest recruitment (63) was in 20@gosotisdiscolor showed mean
recruitment over 57 over the 5 year period withhlghest (178) in 2005. The best
year forOrnithopuswas in 2007 and the worst in 2003. It showed theskt
recruitment average aft&rabidopsis Veronicawas more abundant in 2004 (186)
and least abundant in 2007 (14).

According to field notes (from visual observatiotigre were no obvious differences
between sowing first or last for the saturated med here were year differences in

recruitment and final adult count for most speanesach of the 3 levels of sowing.
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Table 5.8 Year effects in the saturation experimesummed for recruitment (a), survival (b)
and biomass (c). Comparisons of recruitments betwears for all species across the 5 years
and effect size between years. Effect size in reoant was highest fderophila, however,
effects sizes in adult survival and also in Biomaese highest foOrnithopus

(a) Recruitment

effect  effect size
Species 2003 2004 2005 2006 2007 size rank

Ap 192.071 551.928 281.285 448.21 410.785 2.9 6
At 23.785 28.285 10.571 80.428 105.714 10 4
Cg 26.857 259.142 105.785 260.5 366.071 13.6 2
Ev 77.357 3 196.571 104.285 9 65.5 1
Md 52.357 484.785 565.642 437.428  425.57 10.8 3
Op 145.857 349.785 235.785 212.857 409.071 2.8 7
Va 150.357 202.5 96.785  340.857 425.714 4.4 5
(b) Survival
species 2003 2004 2005 2006 2007 Effect size  affeit
Ap 103.5 108 62.142 57.357 35.571 3.1 6
At 7.714 16.5 3.071 10.142 2.785 5.9 4
Cg 9.5 99.714 16.857 29.5 13.357 10.5 2
Ev 38.642 55 25.571 28.642 27.071 7 3
md 16.571 37.785 28.857 35.5 8.5 4.4 5
Op 93 49.785 12.857 78.357 4.785 19 1
Va 31.785 29.357 33.571 55.857 37.285 1.8 7
(c) Biomass
Species 2003 2004 2005 2006 2007 effect size  afieks
Ap 722.286 329.5 226.214 644.714 1385.04 6 4
At 105.789 156 22.285 114.679 40.162 7 3
Cg 141.071 745.714 131.429 340.786 559.471 5.7 5
Ev 186.571 16.071 100.429 145.75 91.1143 11.7 2
md 356 937.286 1133.43 463.143 1666.04 4.7 6
Op 7794.89 516 217.786 454.357 1116.45 35.8 1
Va 964.714 679.643 613.143 927.929 1094.01 1.8 7
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5.3.5 Size classes distributions
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Fig 5.1 Size distribution of adult plants of sowpesies. Ap = Aira praecox, At =
Arabidopsis thaliana, Cg = Cerastium glomeratuna,=EErophila verna, Md = Myosotis
discolor, Op = Ornithopus discolor, Va = Veronicavansis.Data combined over all sowing
rates and five years to illustrate average spetfests. Quadrat size (for data) = 625cm

The distribution of size plants across size classeshown for the combined dates
(all sowing rates and times) in Fig 5.The range of the size classes categories are 1-10.
All species showed the typical L-shaped size distron (as in monocultures) with
fewer individuals at higher size classes.
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Fig 5.2 Year effects (2003 - 2007 from top to boft@nd sowing density effects as
exemplified byVeronica arvensisThe range of the size classes categories ard ieBe is a
clear year effect on the three levels of seed spviuadrat size (for data) = 625tm
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5.3.6 Lambda
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Fig 5.3 Mean log lambda (seed out/seed in) platginst mean log sowing density
(intermediate or saturation sowing) for each ofdbeen species for all 5 years on saturation
plots. Log sowing densities values on the left hsidé are for intermediate sowing density
while those on the right hand side are for satomasowing.Ornithopushas a significantly
shallower slope than Arabidopsis and Erophila, Wiicturn, have a shallower slope than
Aira, CerastiumMyosotisandVeronica Line colors: Greer Aira, Blue =Arabidopsis
Orange =Cerastium purple =Erophila, Red =Myosotis Black =Ornithopus Violet =
Veronica. Quadrat size from which lambda was caltad is = 625cr
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Table 5.9 The effect of saturation sowing on lagllda for each specigdrnithopushas a
significantly shallower slope than Arabidopsis &rdphila, which in turn, have a shallower
slope tharAira, Cerastium MyosotisandVeronica

Im(formula = Inlambda ~ sp * Insowden)

Coefficients:

Estimate Std. Error t value Pr(>|t])
(I ntercept) 4.61210 0. 54265 8.499 3.43e-16 ***
SpAT 0.47718 0. 90793 0.526 0.599472
spCG 2.80038 0. 87292 3.208 0.001439 **
SpEV - 0. 06602 0.85699 -0.077 0.938635
spVD 1. 67056 0. 82889 2.015 0.044501 *
spOP -3. 04011 0.81800 -3.717 0.000230 ***
spVA 3.20699 0. 85269 3.761 0.000193 ***
| nsowden - 0. 74806 0.08443 -8.861 < 2e-16 ***
SpAT: | nsowden 0.13824 0. 12972 1. 066 0.287195
spCG | nsowden -0.15283 0.12765 -1.197 0.231888
spEV: | nsowden 0. 15302 0. 12467 1.227 0.220371
spMD: | nsowden -0. 18874 0.13028 -1.449 0.148172
spOP: | nsowden 0. 43417 0. 13307 3.263 0.001194 **
spVA: | nsowden -0.22229 0.12442 -1.787 0.074721

5.3.7 I dentity effects
5.3.7.1 Recruitment: dominant identity from saturatiowisg

Recruitment ofAira was significantly lower whe@erastiumor Myosotiswere sown
at saturation densities (86.65) than when any®bther 4 species was sown at
saturation densities (124.78, p = 0.0183). Rewrenit ofCerastiumwas significantly
higher when th&rophila (162.9) was sown at saturation densities than veimgrof
the other 5 species was sown at saturation deng812, p = 0.000463). In
comparingCerastiumwith Erophila, the recruitment o€erastiumwas significant (p<
0.0365).

There was significantly higher recruitmentibphila (33.4) wherAira, Cerastium
or Ornithopuswere sown at saturation densities than when trerg Arabidopsis
Myosotisor Veronica(mean = 11.17, p = 0.0267). However, there wastityeeffect

of saturation sowing oArabidopsisandOrnithopus

The only other significant effects of saturatiomvsay involvedMyosotisand
Veronica MeanMyosotisdensity was significantly lower (60.9) wh¥aronicawas
sown at saturation density (p = 0.0169; contvasbnicaagainst the other 6 species
(mean = 133.5, p = 0.0206). Medaronicadensity was lowest (60.6) whafyosotis
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was sown at saturation density but highest whiea was sown at saturation density
(160.8, p = 0.0437). The posteriori contrast gragmfAira andErophila against the
other species gave p = 0.00725 indicating thaVésonica density was high when
eitherAira or Erophila were sown at saturation densities, and low whebidopsis
Cerastium Myosotisor Ornithopuswere sown at saturation densitiésra and
Veronicaalways had at least one surviving adult on evéosyip every year, but
Cerastiumfailed in 2 casegrophilain 3 casesMyosotisin 4 cases, an@rnithopus
in 9 cases, andrabidopsisin 19 cases (out of a total of 70 plots: 14 trestita and 5

years).

5.4 Discussion

The experiment was inspired by the prediction afdkaand Rees that competitive
exclusion should follow rapidly (or be observediihigh proportion of cases) when
seed of the superior competitor was sown in excébe. hypothesis is that
recruitment is microsite limited, and that competitfor a finite number of microsites
occurs as a contest (or at least as a weightestypttvithin each microsite. Thus, in
the extreme form of the model, if at least one s#dte superior competitor is found
in every microsite, then each microsite will prodwcplant of the superior competitor
and competitive exclusion of all but one of theceg will occur after the first year.
In the less extreme version of the model, the werlottery predicts the same
outcome (exclusion of all but one species) but eveunspecified but extended
period, during which chance alone allows persistasfmne or more inferior

competitors in each microsite.

Our task, therefore, was to attempt to predictdeatity of the superior competitor,
then to convince ourselves that this species resrthm superior competitor over the
span of years that we waited for competitive exoluso be observed. Our results
represent as comprehensive a refutation of thethgs® as an ecological field
experiment is ever likely to provide. In no casedny replicate or in any year) did
one species prevent the recruitment and eventad|s& of all other species. In the
majority of cases, all seven species produced itdalts that survived to reproductive
maturity independent of the identity of the spedie was sown at saturation

densities. There were significant identity effemtsthe performance of some species,
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but they were quantitative rather than qualitative they did not usually result in

competitive exclusion, merely in reduced populaierel seed production).

Year effects were pronounced in this experimerggeating that concepts like “the
superior competitor’ may be too broad to be usdfat.our system of seven
coexisting species it may be preferable to ask uwtiech combinations of spatial

and temporal conditions does each species do be#te face of spatial and temporal
heterogeneity of the scale we have documentedesethxperiments, it may be naive
to assume that competitive exclusion would evesxyeected to be observed in such
short-term experiments, especially if it were comeloi with stabilizing processes such

as local dispersal and possession of a seed bank.

In short, there is no evidence from this studyuppert the extreme model of contest
competition within microsites (i.e. one seed of shperior competitor guarantees site
occupancy) and rather little to support the weidrdeerage lottery model. All
species get some individuals to adulthood and meduseed crop even in the face of
extreme interspecific competition from five othpesies sown at normal densities
and one species sown at saturation densities. Thareanking of suppressive effects
caused by the species sown at saturating denditiest, seldom matters whether these
seeds were sown first or last (see Table 5.5).

There was no support for the hypothesis that teegmce of seed of a superior
competitor in a microsite prevents recruitmentrdérior competitors. All species
showed recruitment on almost all plots, typicallyates that were independent of the
identity of the species that was sown at peak tieagbut see below for details of
those identity effects that were significantjraAandVeronicaalways had at least one
surviving adult on every plot in every year, drastiumfailed in 2 casegrophila

in 3 caseshMyosotisin 4 cases, an@rnithopusin 9 cases, andlrabidopsisin 19

cases (out of a total of 70 plots: 14 treatmentsSapears).
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Chapter 6

Two-species interaction: the dynamics of time sergeof 21 species pairs with and

without seed redistribution

Abstract

We studied replicated sets of all 21 pair-wise combinatidrseven annual plant
species over 5 generations. In half the plots we collected the betate ripening
and redistributed the same number of seeds at randomlowvevrtole of the 25cm x
25cm study plot. The other plots were controls in which seeds allowed to
disperse naturally. We tested the hypothesis that seed redigin would increase
the rate of competitive exclusion, by exposing the inferior etitapto the superior
competitor over the entire area (i.e. by removing local spagialge from
interspecific competition resulting from limited seed dispdrga putative superior
competitor). If this were to occur, then the abundance oftpergr competitor
should increase after redistribution (because it was preshodispersal-limited) and
the abundance of the inferior competitor should decrease r&tistribution
(because of greater negative impacts of interspecific competitivigct, in cases
where effects of seed redistribution were observed, it wasaftestobserved that
one species (or both) increased in abundance, and the otbelespvas unaffected.
As to population stability (measured by the standard dieviaf the log of seedling
population density) we did not record substantial numbétscal extinctions within
5 years, and only one species showed significant effecte mfehtity of the
competing species on the probability of a zero count (Aogdsis was significantly
more likely to be absent on any sampling occasion when ggomith the other
crucifer Erophila verna). This interaction would repay futldetailed field work, to
discover the mechanism(s) behind this effect (e.g. allelopatslyamed natural

enemies).
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6.1 Introduction

The principal aim of this chapter is to investigtte extent to which the dynamics of
two species competitive interactions can be undedsfrom the study of species
separately in monoculture. We have seen from @n&pthat monocultures of the
seven species grown in replicated monoculturesdein@ities over 5 years give
reasonably consistent estimates of population asg€¢lambda), and that density
dependence is observed to varying degrees acreskftbrent species in seedling
recruitment, seedling mortality, plant size andufedity. The question is how these
vital rates, determined entirely by intra-spedaifiteractions, are altered under the

influence of interspecific competition.

In pair-wise competition, simple models predicttthaguperior competitor will
competitively exclude an inferior competitor (Chapt), but these models typically
make no attempt to predict how long it will take émmpetitive exclusion to occur.
We hypothesize that if competitive exclusion wasotmserved within 5 years, then it
might be predicted to occur subsequently if oneigseexhibited significant
increasing trend in abundance over time while thershowed a significant

declining trend in abundance.

Alternatively, two species may coexist and exhilmittendency towards competitive
exclusion. This will occur when both species bdrfedim “rare species advantage”,
meaning that each species could invade a monoeuwfuhe other species with both
species persisting thereafter (Chapter 2, (Che2806a).

Neither the coexistence criterion derived from laotkolterra models of interspecific
competition (namely that intraspecific competitionst be more important than
interspecific competition for both species; seefita2), nor the R* theory (Tilman,
1982) make testable predictions about the wayrttwatoculture behaviour ought to
create rare species advantage and hence promaodisteoee. Indeed, the
monocultures do not even predict the identity efwinning and losing species,
unless the dynamics of the resource for which #reycompeting is modeled
explicitly. The present work is based on the agsiion that both competing species

pass the invasion criterion, and therefore that species could increase when rare,
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when growing on their own. This sets both specfésra trajectory of exponential
population growth, but it makes no prediction akibet population density (or the
biomass) at which the species would come to eqiuh That depends on the
context-specific details of the density dependendebited by both species (see Fig
6.1).

hirth ar death rate
hirth or death rate

N:l‘

density density

Fig 6.1 Two species with exactly the same vabfdambda at low density can have
contrasting equilibrium population densities (N8p&nding on the nature of the density
dependence they exhibit. Left: a low density efyuilim population because the birth rate
(solid line) falls rapidly with density. Right: agh density equilibrium population because
the birth rate (solid line) falls slowly with detsiThe death rate is assumed to be density
independent, and identical in both cases (dashell lEquilibrium population occurs when
the rates of birth and death are equal (i.e. aintieesection of the solid and dashed lines).
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The simplest prediction is that the winner in cotitms will be the species that
produces the greatest biomass in monoculture. Giestipn then arises as to whether
peak biomass is density dependent: the law of aohgteld suggests not (Harper
1977Db), but there are cases of over-compensatimgjtgelependence where
populations get “stuck” when grown at the highesgtyation densities and produce
relatively low biomass, and there are other cadesevthe species with the lowest R*

does not have the highest biomass (Tilman, 1982).

On the basis of the results of 5 years of monoceistudies (Chapter 2) we might

predict the following competitive hierarchies basedpeak biomass (mg):

Ornithopus perpusillug3683) >Aira praecox(1104) >Veronica arvensis (979)
Arabidopsis thaliang888) >Myosotis discolo772) >Cerastium glomeratur{v21)
> Erophila verna(368). Here (pairs): Op > Md > Ap > Va > Cg >AEv

However, there are several ways that species witled peak biomass might coexist

with species exhibiting higher biomass:

» grow earlier in the season and set seed beforetliee species reaches peak
biomass

e grow later in the season once peak biomass hasgass

» produce allelochemicals that interfere with thewgtoof the other species

* harbour a relatively benign pathogen that is vinute the other species

* live in the spatial gaps in the biomass of the oipecies

* rely on its own good years in which to do disprdpoately well

* prosper on rare spatial heterogeneities withirptbes (e.g. nutrient cold-

spots, or relatively dry places).

At the start of the study we had no evidence ofeshpathogens (except possibly
betweerErophila andArabidopsi3 and no evidence of allelopathy for any of the
species. The replicated 21 pairs of every possipéeies combination allow a strong
test of the hypothesis that there is consistentpatitive superiority between given
pairs of species and hence a deterministic hieyaacloss the 7 species.
Alternatively, the lack of consistent superioritygmt imply neutrality but could
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equally well be due to heterogeneity of outcomestdam local, small-scale

contingencies (e.g. micro-climate or density degeice).

The dynamics of each time series are assumeddavsn by “year effects” which

are experienced by both species, but which cawctafieir vital rates (dormancy,
germination, growth, survival and fecundity) infdient ways. The year effects could
also modify the density dependent interactionsiwigémd between species. The
central issue for this chapter is whether the péacts tend to hasten or to delay

competitive exclusion. The model underlying thaéjdime series is:

Nl,t+1 = I:1,tsl,t gl,t Nl,t

Ny = F585,0,:N,,

in which the fecundity (F), survival (s) and re¢tment (g) rates are both year-

dependent and density dependent, varying with Ndtand N2 ( e.g. proportional to
(1 - 013N1:- 012N2) Where the alphas are the absolute per-capitasipécific (911 )

and interspecific 912 ) competition coefficients; €eapter 1). The hypothesis is
that redistribution should cause the increase efspecies (the putative superior

competitor) and the decrease of the other spepigat{ve inferior competitor).

The chapter investigates 6 key questions:

1. Is there a characteristic pattern of densifgttaries across years (e.g. a trend
towards competitive exclusion of sown species)?

2. How similar are the time series for the sameigigeacross replicates?

3. How often is local extinction observed?

4. Are there consistent identity effects in terrhd@minance rank (e.g. if A> B and
B > C then A > C), and can we identify “superionmgmetitors”?

5. How does experimental seed redistribution ofl s#tect the outcome compared
with control replicates?

6. Are the years of peak abundance in paired caatibims predicted by the

monoculture and/or saturation data?
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7. Does seed-redistribution affect either mean [adfmun density or population
stability?

6.2 Materials and Methods

6.2.1 Site and the plots

The experiment was carried out in the herbivordasxre at Ashurst Silwood Park,

on 250 raised beds laid out in 10 columns of 25stow

For the construction of the beds, the soil mixtsezd collection, method of seed
sowing, mulch, monitoring of seedling appearaneegding and other demographic
measurements see chapter 2, 2.1. Species pagsalierated at random to plots,
with one replicate in each of four spatial blockkere were two experimental

treatments of each treatment and species-compoggee below).

6.2.2 Seed sowing

Seeds were sown in to 168 of the 250 plots bet#&&0/2002 and 04/10/2002 for
all species. Species were sown into a 25cm x 2figadrat in the center of each
raised bed (1m x 1m) lined by railway sleepers. 3twing densities fohrabidopsis
thaliana Erophila verna, Cerastium glomeratuemdVeronica arvensisvere 600
seeds each per plot. The sowing densitied\fgraecoxandM. discolorwere 250
seeds per plot. F@rnithopus perpusillushe sowing density was 125 seeds per plot.
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6.2.3 Estimating recruitment

Seedling appearances were monitored following sguwinmid-October until the
earliest batch of recruits for one bout of the jpgipeared on 06/12/2002. Apart from
the first year - when there was only one recruithfestimate in the spring of 2003
following sowing in mid-October 2002), at least tvezruitment estimates were made
for all species in subsequent years. Althoughhalldpecies are ostensibly winter
annuals, adult survival from autumn and winter ugorent was very low due to
seedling mortality as a result of frost heave anwdtemperatures. In years when
autumn and winter temperatures were mild, for exanmp2004/2005, there was
some of adults from 10 of the 168 plots, and ais»006/2007, the mildest and
wettest year with 15 of 168 plots having floweringiting plants from fall

recruitment.

A transparent acetate sheet marked with 30 randeeidcted 1cm x 1cm mini-
guadrats was laid over the 25cm x 25cm sown arézaumnts made of both species
within each of the 30 mini-quadrats. If all the mguadrats provided zero counts, but
the species was present elsewhere in the plot,diesence was noted, i.e.

the zero count did not mean local extinction is tase other than to indicate low
density. Dates of the counts are given in Table 6.1

Table 6.1 Recruitment count dates for all speciezmaich of the five years. Recruitment count
for Arabidopsis thalianavas made between 07/10/2004 and 10/10/2004 inff2004.

year season recruitment count dates species
2002/2003 fall none all
spring 15/01/2003 - 07/02/2003 all
2003/2004 fall 23/10/2003 - 14/12/2003 all
spring 13/03/2004 - 28/03/2004 all
2004/2005 fall 08/09/2004 - 16/09/2004 all
spring 15/03/2005 - 30/03/2005 all
2005/2006 fall 13/09/2005 - 16/09/2005 all
spring 10/04/2006 - 26/04/2006 all
2006/2007 fall 12/09/2006 - 21/10/2006 all
spring none all

Recruitment count foArabidopsis thalianavas made between 07/10/2004 and
10/10/2004 in fall of 2004.
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6.2.4 Seed redistribution

Half (84) of the plots were allowed to set seealsirally while the other half had
their seeds harvested during the ripening periaat pv seed setting at the end of the
growing season. This was done by selectively rengwhole plants to the base of
the main stem (to minimize substrate disturbariceome species, suchBsverna
fruit production was not uniform in that the lowgart of an individual plant had ripe
fruits while the upper half was still in flower. this case, ripe fruits were
systematically removed using fine scissors on alaedpasis and then collected in to
paper bags. Each time a harvest was completeddartizular species within each
plot, the total fruits were counted and fecundigsvealculated using the calibrated
seed number per fruit which was worked out at the sf the study (see, Table 2.1).
Instead of using the same seeds to redistributie ingx the plot, due to the risk of
non-fully ripe fruits not producing viable seeds,exact amount of seeds were
weighed out from locally collected freshly ripersskds for each species. Seeds were
sown back into the same plot within a short peabtime after fruits were removed

to minimize the time gap between natural seedngetthd seed redistribution.

6.2.5 Harvesting

At the end of the five years experiment, all seedrom the quadrats of all pair plots
were harvested in the spring and summer of 206 Table 6.2). All plants were
sorted in to seven size classes and their dry nddgtermined. Harvesting biomass,
estimating fecundity and allocating adults to sileessses were done in the same way

as for monocultures (see chapter, 2.4).
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below. Plots on the left-hand side column of didé refer to redistributed
plots while those on the right-hand side referdntrol plots for each pair. D1spl=harvest
date one for the first species in the pair. D2spitwdst date two for the first species in the
pair. D1sp2=harvest date one for the second spicths pair. D2sp2=harvest date two for

the second species in the pair. Abbreviated specie®s are: Apat Aira praecoxand
Arabidopsis thaliangair; cgev =Cerastium glomeraturandErophila verna mdop =

Myosotis discoloandOrnithopusperpusillts; va =Veronica arvensis.

pair dlspl d2spl dlsp2 d2sp2 plotd1spl&dlsp2 Ept d2sp2
apat 16/06/2007 20/06/2007 28/04/2007 08/05/2007 A25,523,H8 K23,A23,C1,F8
apcg 16/06/2007 20/06/2007 04/05/2007 16/05/2007 J1BPHK19 J19,A15,B5,G5
apev 16/06/2007 20/06/2007 14/04/2007 20/04/2007 G6,BB K17 H15,H6,A4,B23
apmd 16/06/2007 20/06/2007 21/05/2007 02/06/2007 C21Fps1 G21,K4,A8,,B20
apop 16/06/2007 20/06/2007 12/07/2007 23/07/2007 G1lEERF22 K14,A21,C7,H13
apva 16/06/2007 20/06/2007 02/06/2007 15/06/2007 K8 A2E23 Al14,G7,K25,E1
atcg 28/04/2007 08/05/2007 04/05/2007 16/05/2007 FAENDR22 G25,C10,G2,B25
atev 28/04/2007 04/05/2007 14/04/2007 20/04/2007 H19,B1®2 H25,H4,A17,D12
atmd 28/04/2007 04/05/2007 21/05/2007 02/06/2007 C24,B2H1 J5,H22,B11,C15
atop 28/04/2007 04/05/2007 12/07/2007 23/07/2007 F3,08,A18 K24,J9,A11,D14
atva 28/04/2007 04/05/2007 02/06/2007 15/06/2007 H20,E17,H11 H16,H3,C22,D4
cgev 04/05/2007 16/05/2007 14/04/2007 20/04/2007 D9K1,C16 K12,H23,D16,E4
cgmd 04/05/2007 16/05/2007 21/05/2007 02/06/2007 B1,48,G18 G11,K21,C12,C18
cgop 04/05/2007 16/05/2007 12/07/2007 23/07/2007 J8914,D18 K18,K5,D15,E3
cgva 04/05/2007 16/05/2007 02/06/2007 15/06/2007 A3,80,825 G16,K6,A24,E7
evmd 14/04/2007 20/04/2007 21/05/2007 02/06/2007 C3k2F1 J4,315,B17,C5
evop 14/04/2007 20/04/2007 12/07/2007 23/07/2007 J13/K26,D5 F23,K11,A12,C20
evva 14/04/2007 20/04/2007 02/06/2007 15/06/2007 K1,B%,824 G8,A5,019,G20
mdop 21/05/2007 02/06/2007 12/07/2007 23/07/2007 F5,&8148,F20 J23,H7,A6,A22
mdva 21/05/2007 02/06/2009 02/06/2007 15/06/2007 J22 D263 F24,C9,F6,D25
opva 12/07/2007 23/07/2007 02/06/2007 15/06/2007 G19,K13,D7 G9,K22,D11,E16

6.2.6 Statistical analysis

Linear regression of log (counts+1) against time wsed to assess the significance of

any trend in abundance over time. Linear mixedot$fenodels were used to test the

significance of identity effects and treatment ef$e with plot and year fitted as
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random effects. There are too few sampling occagsiomse formal time series
analysis models to establish temporal autocorgaidtinction Ni; = f(Ny).

In addition, proportion tests were performed on $hows” (6 sample comparisons).
The trends of mean recruitment abundance overware analysed using linear

model.

6.3 Results

6.3.1 Trends

Table 6.3. Effects of seed redistribution on megrabundance. In all 7 species, the effect of
seed redistribution was to increase mean log (sgpdbunt +1). This was significant as a
main effect (t = 3.88) but not significantly diftart across species when all species are
modelled together (for separate species analysed able 6. 4). There were more mean
seedlings in seed redistributed replicates tharetivere in control replicates for all species.

Ap At Cy Ev M o Va
contr ol 4.797170 3.094067 3.714358 4.512021 3.442653 2.471237 3.388096
redistributed 5.031195 3.562886 4.085030 4.513986 4.030297 2.564776 3.990713

Fi xed effects fromthe m xed effects nodel:

Estimate Std. Error t value
(Intercept) 4.74566 . 12288 38. 62
speci esat -1.58571 . 16256 -9.75
speci escg -1. 01449 . 16256 -6.24
speci esev -0.40118 . 16256 -2.47
speci esnd -1.17771 . 16256 -7.24
speci esop -2.39618 . 16256 -14.74
speci esva -1.22478 . 16256 -7.53
I evel st 0. 33704 . 08689 3.88 **

O OO OO0 OoOo
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Table 6.4. Effects of competitor identity anédeedistribution on mean log (seedling
count +1). Arabidopsis thaliangAt), Myosotis discolo(Md) andVeronica arvensigva)
were significantly more abundant following seedsttbution.Veronica arvensigva) was
more abundant when paired wilabidopsis thaliangAt), and individual species-contrasts
show thatArabidopsis thaliangAt) was significantly less abundant when pairethwi
Erophila verna(Ev) than with all species other thAira praecox(Ap), and Erophila verna
(Ev) was less abundant when paired v#itabidopsis thaliangAt) than withVeronica
arvensis(Va).

Ap

Estimate Std. Error t val ue

(Intercept) 4.94195 0.27409 18.031
ci dcg 0. 23597 0.35886 0.658
ci dev -0. 31453 0.35886 -0.876
ci drmd -0.19740 0.35886 -0.550
ci dop -0. 56427 0.35886 -1.572
ci dva -0. 02842 0.35886 -0.079
| evel st 0.23403 0.20719 1.130
At

(I'ntercept) 2.7853 0. 3125 8.912
cidcg 0.7148 0. 4092 1.747
ci dev -0. 6150 0.4092 -1.503
ci drmd 0. 6290 0. 4092 1. 537
ci dop 0.4678 0. 4092 1. 143
cidva 0. 6558 0. 4092 1. 603
| evel st 0. 4688 0. 2363 1.984 *
Gy

(I'ntercept) 3. 8316 0.3067 12.493
ci dat -0. 1455 0.4016 -0.362
ci dev -0.1990 0.4016 -0.496
cidnmd -0.1135 0.4016 -0.283
ci dop -0.5213 0.4016 -1.298
cidva 0. 2759 0. 4016 0. 687
| evel st 0. 3707 0. 2318 1.599
Ev

(I'ntercept) 4.707358 0.335985 14.011
ci dat -0.734372  0.439908 -1.669
cidcg - 0. 395627 0.439908 -0.899
cidnmd -0.441384 0.439908 -1.003
ci dop -0.018426  0.439908 -0.042
cidva 0.417792 0. 439908 0. 950
| evel st 0.001964  0.253981 0.008
wd

(Intercept) 3.6718 0.2851 12.880
ci dat -0.1739 0.3733 -0.466
cidcg -0.1984 0.3733 -0.532
ci dev -0.7225 0.3733 -1.936
ci dop -0. 2265 0.3733 -0.607
ci dva -0.0535 0.3733 -0.143
| evel st 0.5876 0. 2155 2.727 **
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(Intercept) 2.57041

ci dat
cidcg
ci dev
cidnd
cidva
| evel

Va

st

0. 14234
-0. 10317
-0.18042
-0.41613
-0. 03767

0. 09354

(I'ntercept) 3.30260

ci dat
cidcg
ci dev
cidnd
ci dop
| evel

st

0. 92522
-0.13121
- 0. 09956
-0. 05311
-0.12834

0. 60262

coooooo

coooooo

.29744 8
38944 0
38944 -0.
38944 -0.

.38944 -1.
38944 -0.

.22484 O

. 30610 10

. 40078 2.
40078 -0
40078 -0

.40078 -0

.40078 -0

. 23139 2.
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642
366
265
463
069
097
416

789
309 **
327
248
133
320
604 **

Table 6.5 Effects of seed redistribution on gapon stability as measured by the standard
deviation of log (seedling count +1). The effecseéd redistribution was teduce

population stability in 6 cases out of seven (the case beinlylyosotis discolgy;, with
significant reductions in stability in 2 cas€&efastium glomeraturand Erophila verna.

Ap
At

Cg
Ev
Yol

Op
Va

-0. 23135
-0.006702
-0. 27525
-0. 26324
0. 01606
- 0. 09693
- 0. 05498

0.13401
0. 10658
0. 09947
0.
0
0
0

12239

. 10492
. 08042
. 09400

-1.726
-0. 063
-2.767
-2.151
0. 153
-1.205
-0.585

.091 .
.95

. 00812 **
. 0368 *

. 879

. 234

. 562

eNoNoloNoNeNe)

Table 6. 6. Year effects on mean seedling cofmisAira praecox 2004 was the best year

and 2006 the worst; for At 2004 and 2003, for C§&and 2003, for Ev 2004 and 2006, for
Md 2005 and 2003, for Op 2004 and 2003, and fo2®@3 and 2006. Thus 2003 was both

best and worst, 2004 was best for 5 species anfl 26} for one. For three species, 2006

was the worst year, 2003 was the worst for foucigse

Ap

At

Cy
Ev
(Yol
04]
Va

281.
51.
122.
252.
98.
17.
187.

2003

42708 1000.
16842 204.
25000 238.
66316 1258.
18750 119.
63542 146.
35417 158.

2004

3333 243.
3299 98.
7917 194.
4124 248.
8958 166.
1458 61.
4792 106.

2005
67708
87500
12500
33333
15625
08333
92708

235.
125.
141.
230.
164.

61
92

2006
75000
78125
56250
81250
14583
. 28125
. 51042
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Table 6. 7. Trends in the times series for specigairs. Four of the species showed
significant downward trends in mean abundargaljidopsis, Cerastium, Erophikend
Veronicg but no species showed significant increase dwebtyears. The slopes of the linear
regressions and their standard errors (s.e.) were:

speci es sl ope S.e. t p

Ap -7.844e-07 5.577e-07 -1.407 0.1603

At -1.628e-06 2.836e-07 -5.740 1.79e-08 ***
Cg -1.333e-06 3.201e-07 -4.164  3.78e-05 ***
Ev -2.236e-06 8.230e-07 -2.717 0.00686 **
Ml 2.973e-07 2.046e-07 1.453 0.147

04 3.110e-08 1.629e-07 0.191 0.849

Va -2.402e-06 2.419e-07 -9.932 <2e-16 ***

The time series showed complex fluctuations ardbhedrend. Here, as illustration,
are the data and fitted linear trend Y@ronica arvensisThere was a decline in mean
recruitment abundance over time for this specigs§R2) as was the case for the
other 6 species.
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Fig 6.2 Linear trend in mean recruitment abundaer time (from a quadrat, 625¢m size)
for Veronica arvensis.
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6.3.2 Behaviours of pairs of species
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(b)
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Fig 6.3 (a) Time series of control replicatesAdina praecox(solid line)and Veronica
arvensis(dashed line) pair. The peaks are not synchrohetyseen the two species, or across
replicates. (b) Time series of seed redistribuggrdicates. The peaks are synchronous
between the two species in autumn 2006 in 3 ofitteplicates unlike in the control
replicates. Population density of both species werih 2007 in 3 of 4 replicates in seed
redistributed replicates in contrast to controlicges when density went up in 2 of 4
replicates. Each replicate is 625dm size.

Both species persisted on all 4 replicates of ¢ét@aiment. HoweveAira was
consistently more abundant on all replicates, wéeonicawas less abundant on
most replicatesAira showed only one peak recruitment on all replicatenost
years, except on control replicate, where thereewely 2 peaks between 2004 and
2006. The pair was rather more in synchrony ortréeged replicates compared with

control ones.
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Fig 6.4 Time series of control replicates faabidopsis thaliangsolid line) andCerastium
glomeratum(dashed line) pair. (a) The peaks are not syndushbetween the two species, or
across replicates. (b) Time series of seed rellig&d replicates. The pair was not in
synchrony between each other and across replidaiese was less variability in peaks
between the two species in 2006 -2007 season, wasmot the case in the control
replicates. Each replicate is 625dm size.

Both species persisted on all replicates. Howe®erastiumwas more abundant on 1
control and 3 treated replicat€®erastiumwas more abundant on one treated and 3
control replicates. Both species showed abundaname control replicate.

Both species persisted on all replicates. Howe@erastiumwas more abundant on 1
control and 3 treated replicat€erastiumwas more abundant on one treated and 3
control replicates. Both species showed abundan@me control replicate.

The pair was not in synchrony across the 4 re@s;axcept on 3 seed redistributed
replicates in later year€erastiumwas more abundant on treated replicates than
control replicates.
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1) Aira praecox and Arabidopsis thaliana

Both species persisted on all replicates but on@rfabidopsison treated replicate
with no recruitment count in the fifth year andcat® adults were recorded. There
was no clear effect of treatment for the pair altfiothere were fewer peaks on
treated replicates compared with control ones. @ agxs no clear synchrony across
the four replicates in each treatment for eachispeand also between species.

Aira was more abundant on all plots with year 2004 daigood year for this species

but there was no year that was goodXoabidopsis except on 2 treated replicates.

2) Aira praecox and Cerastium glomeratum

Both species persisted on all replicates. HoweAiea, was consistently the most
abundant species except on 1 control replicate y€he 2004 was particularly good
for Aira but year 2005 was good fArabidopsison 2 control and 2 redistributed
replicates. There was no clear effect of treatrfmnthe pair although there was
slightly more fluctuation on control replicates.erb was synchrony for the pair after
2004 on 2 control and 2 treated replicates butpecies disappeared and then

reappeared.

3) Aira praecoxandErophila verna

There appears to be no clear treatment effechfsipair and, both species persisted
on all replicates except on 1 replicate althouginglwere a few adultéira was more
abundant in 2004 on most replicates but year 20@Spwoor for both species on all
replicate except on 2 control replicatEsophila was more abundant in all
redistributed replicates in 2005 compared with @neplicates. In addition, the pairs
were in synchrony in 3 of the 4 redistributed regies, unlike in control replicates

which were less synchronous.

4) Aira praecoxandMyosotis discolor

Both species persisted in all replicates. The 28@¢d was the best fdtira on all

replicates although it did well in all years. Theras no year that was good for
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Myosotison all replicates except on 3 treated replicate2006.Myosotiswas more
abundant in redistributed replicates than on con¢qalicates. There was no clear
synchrony for the pair apart from on 2 redistrilolteplicates in 2006. There is an
indication of a treatment effect for the pair. bidéion, no species disappeared and
then reappeared even if there were 0 counts itlse&lsampling area (30, 1 x 1 square

cm) in some seasons.

5) Aira praecoxandOrnithopus perpusillus

Both species persisted on all replicates exce@ control replicatesAira was
consistently abundant on all replicates ©Guithopuswas very low on all replicates
except on 2 control replicates. Moreover, there syexchrony for the pair in only 1
control replicateAira showed peak recruitment in the fifth year (2006 4

control and 3 treated replicates. There was na tleatment effect for the pair except

on 2 treated replicates in the final year whéma recruitment density increased.

6) Arabidopsis thalianandErophila verna

Both species persisted on all replicates excet tveated replicate when both were
very low in earlier years. Howevekrabidopsiswas abundant on 2 control and 2
treated replicates unlikerophila which was abundant on all replicates with more
than one peak on most replicates. OveEibphilawas more than twice abundant in
recruitment density compared witltabidopsis None of the species were in
synchrony across the 4 replicates. However, there wore peaks in recruitment for

Erophilaon all 4 control replicates but with only one peakireated replicates.

7) Arabidopsis thalianandMyosotis discolor

Both species persisted on all replicates. Althatlngine was no clear synchrony for
both species across the four treatment replicatespé only 1 of 4 control replicates
showing synchrony in later years. Year 2004 wasgdngood for both species.
Overall,Arabidopsiswas more abundant thayosotis There was no clear effect of

treatment for the pair.
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8) Arabidopsis thalianandOrnithopus perpusillus

There was no synchrony across the four replicatethé species apart from 1 treated
replicate. In addition, both species persistedlbplats. Arabidopsiswas more
abundant and showed 2 peaks in 2004 and 2006 reatéd replicates. However,
Ornithopuswas more abundant on 1 control and 1 treatedcadpb between 2004
and 2006. Both species were more abundant acressetited replicates than on

control ones after 2005, except on 1 control repdc

9) Arabidopsis thalianandveronica arvensis

Both species persisted on all replicates. Moredhere was synchrony on 2 control
and 2 treated replicates for the pair. Howeve@ronicawas more abundant on all
control replicates compared with the treated omels gear 2004 was always good for
Veronicaon 4 controls and 1 treated replicates but the® o year that was
particularly good foArabidopsis

10) Cerastium glomeratundMyosotis discolor

Both species persisted in all replicates. Moreow®re was no clear synchrony across
all the replicatesErophila was more abundant on all replicates with 2004dain

good year for this species on 5/8 plots. On theraop year 2006 was good for
Cerastiumon most replicates. However, there was no cldaciebf treatment for this

pair.

11) Cerastium glomeratundMyosotis discolor

Both species persisted on all replicates. In aaldjtihere was synchrony on 2 control
replicates in later years and also on 3 of thadceanes for the pair. Moreover, both
species were more abundant on most treated regditia@n on control ones. One
control replicate had very low recruitment densutlyboth specieCerastiumshowed
peak recruitment in 2005 on 2 control replicatewideer, peak recruitment on treated

replicates occurred in 2006.
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12) Cerastium glomeratuandOrnithopus perpusillus

Both species persisted on all replicates. Intaofhd the pair was not in synchrony
across the replicates except on 3 treated replicatater years. 2006 was the best
year forCerastiumin at least 4 of the 8 plots. This species wag aidsre abundant in
6 of the 8 plots. HoweveQrnithopuswas abundant only on 3 of all plots with 2005
being the best year for this species on 2 contrdlztreated replicates. In one other
replicate, there was r@rnithopusrecruitment for 4 years in a row but it did appear

the last year.

13) Cerastium glomeratuandVeronica arvensis

Both species persisted in all replicates excefitttieae was neither recruitment in the
fifth year nor adults in 1 control replicate fortb@pecies and, similarly, one other
treated replicate with no recruitments or adultseronica Cerastiumwas more
abundant in all plots although year 2005 was goagllicontrol replicates while 2006
was best for 2 of the 4 redistributed replicates tii® other hand, 2004 was a good

year forVeronicaon all treated replicates and 1 control replicate.

14) Erophila vernaandMyosotis discolor

There was neither clear synchrony for the pairlbreplicates nor a clear effect of
treatment. Both species persisted on all replicabasept fotMyosotiswith neither
recruitments record in the fifth year nor adultedted) and for one control replicate
when no recruitment were recorded for three cocmtsecutively before the last
count. Erophilawas consistently the most abundant species quicadl with year

2004 always being good for this species on 6 db&but there was no year that was
good forMyosotisexcept on 1 treated replicate in 2004 and 2006.p&lr showed
lower density in 2006 and, thereafter on 3 complicates compared with treated

ones for the same period.
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15) Erophila vernandOrnithopus perpusillus

Both species persisted on all plots, except orplkcages with ndrnithopus
recruitment in the last 3 counts on one controlicafe, nor adults, and also none
from the other treated replicates in all 5 yeBrephilawas more abundant in all
plots and 2004 was good for this species, wheferarnithopus 2005 was always a
good year for most replicates. The pair was in Byaorty on 1 of the 4 control
replicates but none on treated ones. There wateno effect of treatment for this

pair.

16) Erophila vernandVeronica arvensis

Both species persisted on all replicates \Eitbphila being consistently abundant on
all replicates especially in 2004, which was alwgged for this species for most of
the replicates but there was no year that was gmoderonica There was no clear
synchrony for the pair across the replicates, eixae2 control and 1 treated

replicates in later years. Moreover, there wasleardreatment effect for the pair.

17) Myosaotis discoloandOrnithopus perpusillus

Both species persisted on all plots excepCiorithopuswith neither recruitment
records nor adults in the last 3-5 counts in 1d@ind 1 treated replicates.
Moreover, there was no clear synchrony for this, @gart from on 1 control replicate
after 2004 and 3 treated replicates after 280 sotiswas consistently abundant on
all plots with 2006 being a good year for 6 of 8tpl There was no clear effect of

treatment for this pair.

18) Myosotis discoloandVeronica arvensis

Both species persisted on all replicates. In aalditihey were in synchrony in 3 of the
4 treated replicates and on 2 of 4 control onek Mifosotisshowing abundance in at
least 6 of the 8 plots. Both species showed hidkasity in at least 2 of the treated

replicates compared with the control ones.
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19) Ornithopus perpusilluandVeronica arvensis

Both species persisted on all replicates ex@epbnicaon 1 control replicate with
neither recruitment nor adults at the last couat.®Brnithopus there were no
recruitments in the last 2 counts from 1 treatgdicate and also from one other
control replicate in the last 4 counts (only 1/8wts), with no adult recorded from
both plots. The species were not in synchrony adtues replicates except on 1 treated
and 1 control replicates. Similarly, there was leactreatment effect for the pair,
apart from 1 treated replicate when both speciegased in density after 2004. The
year 2006 was good f@rnithopuson 1 control and 3 treated replicates. On therothe
hand, 2004 was a good year for this species ortt3eot control replicates. For
Veronicg 2006 was good on 6 plots. This species was &igndant in 3 of the

treated replicates and on all control ones®utithopuswas abundant on 2 of the 4

treated and on 1 of the control replicates.

6.3.3 Population stability

There were very few significant effects on popwlatstability (log (seedling
count+1)). (See Table 6.5 for details of the sighénalysis).

6.3.4 | dentity effects on biomass

Table 6.8 Identity effects on mean biomass from7200

ap at cg ev md op va
ap NA 278.5714 213.2 172.1389 156.8611 299.4478 .2244
at 99.85185 NA 134.1774 122.1 82.26667 134.8421 .5IB9
cg 184.1852 173.3571 NA 119.4762 141.1852 246.26222.8966
ev 67.69048 36.39474 68.26316 NA 64.15833 101.97%%.39535
md 811.5116 482.0857 409.0526 564.2353 NA 784.58'B6.0526
op 864.7438 1784.469 1580.31 2704.677 845.56 NA 5123
va 209.037 175.0714 324.1765 257.6316 127.2667 417BIA

Biomass ofAira was significantly less when it was paired wiMlgosotisand also with
Erophila. Biomass ofArabidopsiswas significantly more when it was paired with

Ornithopus No species has an effect on the biomasSavastium Biomass of
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Erophilawas significantly more when it was paired w@mithopusbut it was
significantly less when it was paired wiinabidopsis Biomass oMyosotiswas
nearly less significant when it was paired wAlina. Biomass ofOrnithopuswas
significantly more when it was paired wilrtophila. Biomass oleronicawas nearly

more significant when it was paired wifterastiumand also withErophila.

Table 6.9 Log biomass of the 6 species when pairédAira praecox. The biomass of
Erophila andMyosotiswere significantly less when paired wailra. The biomass of

CerastiumandOrnithopuswas marginally more than that Aira.

Coefficients:
Estimate Std. Error t value Pr(>|t])

(I'ntercept) 4.95991 0.18801 26.381 <2e-16 ***
ci dcg 0. 04325 0. 28044 0. 154 0.8776

ci dev -0.61190 0.28889 -2.118 0.0352 *
ci drd -0. 63252 0.28889 -2.189 0. 0295 *
ci dop 0. 02504 0.27019 0. 093 0.9262

ci dva -0. 06917 0.27173 -0.255 0. 7993

Resi dual standard error: 1.316 on 246 degrees of freedom
Mul tiple R-squared: 0.04517, Adj usted R-squared: 0.02576
F-statistic: 2.327 on 5 and 246 DF, p-value: 0.04335
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Fig 6.5 Log biomass dfira when it was paired with the other 6 species. Blebiomass of
Aira was significantly less when it was paired waitophila and MyosotisAdult numbers of
this species were also less when it was pairedBEvibphila but this was not significant.
Quadrat size for biomass = 625tm

Table 6.10 Log biomass of the 6 species when trerg waired witlerophila verna.

Coefficients:
Estimate Std. Error t value Pr(>|t])

(Intercept) 3.76946 0. 15950 23.634 <2e-16 ***
ci dat -0.50782 0.23142 -2.194 0.0292 *
ci dcg - 0. 05595 0.23142 -0.242 0.8092

ci drd -0.37714 0.23477 -1.606 0.1095

ci dop 0. 49743 0.22693 2.192 0.0294 *
ci dva -0. 15196 0.22425 -0.678 0.4987

Resi dual standard error: 1.034 on 232 degrees of freedom
Mul tiple R-squared: 0.08928, Adj usted R-squared: 0.06965
F-statistic: 4.548 on 5 and 232 DF, p-value: 0.0005629
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Log biomass oErophila was significantly less when it was paired with Bicopsis.
However, it has significantly more biomass whewas paired with Ornithopus
(nitrogen fixing legume).
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Fig 6.6 Log biomass dErophilawhen it was paired with the other 6 species. Ble |

biomass of this species was significantly more wih&ras paired with the legume
(Ornithopug. Adult numbers of this species were also sigaiftty more when it was paired
with the same species. Both crucifers always shdvigdter adult numbers and biomass in the
presence of the legume, as waie andCerastiumperhaps benefiting from nitrogen fixing.
The two crucifer species never seem to do well botkecruitment, growth and biomass when
they are paired together. Quadrat size for biorme&25cni.

6.3.5 No-shows and Local extinctions

Some plots were scored as zero counts for onethrdfdhe sown species on certain
sampling occasions (these are called “no showshdorappearances). Following a
non-appearance, if a species was never recordsggudntly from that plot, this is

scored as a “local extinction”.
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Table 6.11 Non-appearances and local extinctioaci®p scored zero counts for recruitments
out of a total of eight counts over the course géars. There were 64 counts for each species
when paired with one other species. A 6-samplefoestquality of proportions showed
Arabidopsiswas highly significant (more) when paired wihophila but less when it was
paired withCerastium, Myosotiand,Veronica (p < 0.01).

species| ap at cg ev md op va| p -value

ap NA 9 5 11 9 13 8 0.45
at 28 NA 18 34 17 23 17 0.01
cg 17 20 NA 16 15 22 14 0.59
ev 13 22 16 NA 18 13 10 0.17
md 15 16 17 24 NA 17 16 0.52
op 30 28 30 33 37 NA 30 0.6[7
va 21 12 21 22 19 22 NA 0.37

Table 6.12 Non-appearance@mmithopuswhen paired with 6 other speci€nithopuswas
absent from 9 plots nearly equally split (4:5 ratito treated and control replicates. There is
no clear association of these non-appearing, boitt@pus never showed a no-show when
paired with Cerastium.

Aira Arabidopsis Cerastium Erophila Myosotis Vel@mi

2 1 0 2 2 2

Despite being the largest seed size, Ornithopugheamsost absent species from all
the seedling recruitment recordings compared \ighather 6 species, either due to

seed limitation or competition.

6.4 Discussion

The experiment was designed to test three hypahé¥¢hat competitive exclusion
would be observed within 5 years; 2) that the sesgaties would differ consistently
in their competitive abilities; and 3) that thiswld allow us to predict the identity of
a superior competitive in each of the 21 diffeqeait-wise mixtures. It turned out that
identifying a superior competitor was much lesaigtritforward than assumed by the
simple theoretical models. Certainly, we could ramkrage biomass across the
species, and there were some consistent identdgtef(species A performing better
when paired with species B than with species Q)t tBese niche differences did not

generally lead to increased rates of competitivatuskon, or even to enhanced
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downward trends in the population of what mightdnaeen thought of as the inferior

competitor.

The seed-redistribution part of the experimenegshe hypothesis that increased
rates of competitive exclusion of the inferior catifpr would follow redistribution

of the seeds of the superior competitor. This patieas not observed for any of the
21 species pairs. In fact, downward-trended fluatgecoexistence was the norm,
with most of the replicates behaving in broadlyimways (Table 6.7). Over the
course of five years, 4 species were lost from thefl68 plots in this experiment and
3 species were never lost in any plot. Contramhéopredictions of the hypothesis, the
species that we suspected would be the inferiompetitorincreasedn abundance
following seed redistribution.

Had we had more space and time it would have beeresting to redistribute the
seeds of species one at a time on different rdplicplots (as well as both and neither
as we did here). Then we could have explainedtrease in abundance following

seed redistribution in terms of relaxed inter-rara-specific competition.

The pairs experiments were started in 2002 andau® years (unlike the
monocultures and saturation experiments, which Wwegein afresh each year). This
means that in the pairs experiment, year effegigesent a potentially complex
interaction between time-varying drivers (like wea) and the states of the
interacting populations (their population densijt&se structures, seed banks, as such
like). Itis instructive, therefore, to compare @onclusions about “good years for
species A” across the various experiments. The gudhoe and saturation
experiments should indicate “pure good years” viremments dominated by
intraspecific and interspecific competition respesy whereas the pairs and the fine-
and coarse-grained mixtures are responding torlgatgrocesses (e.g. nutrient
depletion, natural enemies, allelopathic build-efo) and population performance

over previous years (e.g. densities of fresh addradeed).
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Chapter 7

Inter-specific competition in fine-grained mixtures

Abstract

We grew mixtures of seven species of annual plants ircaggdi plots with and
without seed redistribution. We hypothesized that seednibdison would increase
the rate of competitive exclusion, by exposing the inferior etitapto the superior
competitor over the entire area (i.e. by removing local spagifaigia from
interspecific competition resulting from limited seed dispdrga putative superior
competitor). We did not observe competitive exclusion over 5 iyeany of the
replicates. Where seed redistribution had significant efféotsas typically an
increase in population size and stability of all of theeracting species. This argues
against the presence of a seed-limited superior competitoritee¢lsp considerable
differences in species biomass when grown in monoculturee W no evidence of
development of spatial heterogeneity within the plots asudtresintraspecific

aggregation or interspecific separation.

7.1 Introduction

This chapter concentrates on the outcome of 7-epétierspecific competition in
replicated plots over 5 generations. Our hypotheais based on theoretical

modelling by Bolker and Pacala (Bolker and Pac8Rkv}). They reasoned that
competitive exclusion should occur more rapidlgaeds were gathered pre-dispersal,
then sown at random over the entire study areardti@nale is that limited dispersal
(a small seed shadow) by the superior competitionlgvcreate a spatial refuge for
the inferior competitor in which it would benefrofn rare species advantage and

hence coexist.

The theory for spatially explicit multi-species coetition (Chesson 2000a, Murrell
and Law 2003) is less well developed than it istfier classical fully-mixed case

(Tilman 1994, Levine and Rees 2002) but makes stardi predictions. For instance,
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in the limiting case of no dispersal and tempooaistancy, the theory predicts
competitive exclusion in the fine-grained case, emekistence in the coarse-grained
case, where spatial heterogeneity and niche difte®ensure that intraspecific
competition is more important than interspecific &t species (Chesson and
Neuhauser 2002).

Coexistence could result from any of the four atassf mechanism (Chapter 1) but
here we were particularly interested in testingrtile of the colonization competition
trade-off (Turnbull 1999, Stanton 2002) and theaetpf temporal heterogeneity
(“kinds of years, Chesson, 2007; Hastings, Tiln@8), Of course, with only 5 years
of field work, we were unlikely to discover the wsual year’ for any one of our
species, let alone all seven of them. Equally rtat obvious that we should expect to
observe competitive exclusion of even the leastp=iitive of the species in so short

a period of time.

The key questions in this chapter are as follows:

» Is there a characteristic pattern of density ttajees across years (e.g. a trend
towards competitive exclusion)?

* How similar are the time series across spatiaicafgs?

» How often is local extinction observed?

» Are there consistent identity effects in terms ofghance rank (e.g. if A> B
and B > C then A> C)?

* Are the peak years predicted by the monoculturéoarsaturation data?

» Does pattern converge between the fine and coaeseeg series over time?

* How does experimental seed redistribution affeetdhtcome?

Nevertheless, we embarked on the study in the bbpederstanding what we
observed to occur, rather than with the expectaifgeroving unequivocally that one

particular mechanism was responsible for coexigt@mehis system.
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7.2 Materials and Methods

We hypothesized that competitive exclusion woulduocand that the rate of

exclusion would be related to the relative supésiaf the eventual dominant.

7.2.1 Theplots

The plots were the same design of raised bedssasiloed in Chapter 2, with 1m x
1m interior dimensions within each plot. We carreed a multi-species competition
experiment containing all seven species. Diffep@ats experienced one of two levels
of seed redistribution (all or none). Within egotbt, the spatial scale was 7 times
greater than in the pairs experiment (chapter @) Wiquadrats arranged in a polygon
(Fig 7.1), each of area 625¢m

7.2.2 Seed sowing

For the construction of the beds, the soil mixtse=d collection, method of seed

sowing, mulch, monitoring of seedling appearancesvweeeding, see chapter 2.1.

Seeds for seven species were weighed into apptegratches in the same sowing
density as used for saturation plots of intermedsatving density (see chapter 5).
Seeds of each species were divided in to seven bgtthes before they were sown

evenly on 10/10/2002 in each of a sector of theaberal quadrats.

7.2.3 Redistribution

Seeds were collected pre-dispersal. In controbpk#eds were allowed to ripen and
dispersen situ. For the redistributed plots, the total crop cddseof each species was
estimated, and fresh seed was sown back at randentre sector from which they

were gathered from; the seven sectors were collectd redistributed separately.
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Apart from the first year - when there was only oaeruitment; estimated in spring

2003 following sowing in mid-October 2002, at letygd recruitment estimates were

made for all species in subsequent years, ondliarfd one in spring. There were 9

sampling occasions over a 5 year period (datesibtel7.1). For details of

recruitment sampling methods, see chapter 6.2.3.

Table 7.1Recruitment sampling dates for the multi-specigseerent in all 5 years
for all 7species. There were 2 counts (spring ardran) in each except in 2002/2003 when
there was only spring counts.

year count A praecox Athaliana  C glomeratum E verna M discolor  O.perpusillus V arvensis
2002/2003 1 NA NA NA NA NA NA NA
2 17/02/2003 17/02/2003 17/02/2003 17/02/2003 12003 17/02/2003 17/02/2003
2003/2004 1 29/10/2003  03/11/2003 29/10/2003 03/11/2003 29008 29/10/2003 03/11/2003
2 29/03/2004  29/03/2004 29/03/2004 29/03/2004  290WBt 29/03/2004 29/03/2004
2004/2005 1 15/09/2004  15/09/2004 15/09/2004 15/09/2004 28004 26/10/2004 26/10/2004
2 17/03/2005 17/03/2005 17/03/2005 17/03/2005 28005 26/03/2005 26/03/2005
2005/2006 1 27/09/2005  17/10/2005 17/10/2005 17/10/2005  ¥z00b 27/09/2005 17/10/2005
2 14/04/2006 11/04/2006 11/04/2006 11/04/2006 12(0m5 14/04/2006 14/04/2006
2006/2007 1 18/09/2006  10/10/2006 10/10/2006 10/10/2006  1R00B 18/09/2006 18/09/2006
2 06/03/2007 03/30/207 03/30/207 03/30/207 06372 06/03/2007 06/03/2007

7.2.5 Thefinal harvest at the end of the 5" year

In the summer of the final year (2007), all sespacies were collected from each of

the seven sectors during the ripening period, yncubelow the rosette level. The

harvest dates for the seven species waira:on 17/06/2007Arabidopsison
04/05/2007 Cerastiumon 07/05/2007Erophila on 23/04/2007Myosotison
06/05/2007Ornithopuson 15/07/2007yeronicaon 10/06/2007. Adult plants were

sorted in to seven size classes following theivést; in the same way as for

monocultures (see chapter 2, 2.4) and their biomessmined.
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7.2.6 Statistical modelling

There were too few sampling occasions to allowyaislof the counts using formal
time-series analysis to estimate autocorrelatiahpartial autocorrelation functions
(Crawley 2005). Instead, we used linear mixed éffewodels (Imer in R) to treat plot
and sampling occasion as random effects, and tovenhne temporal
pseudoreplication. Species and seed redistributere incorporated as fixed effects.
The response variablewas log (seedling counts +1).

lmer(y ~ species * treatnment +(1|sample) + (1| plot))

The count data were analysed again using Poissorsén a generalized mixed
effects model, but the results were always the samare not presented here. Also
data analysis was performed on trends in recruitrmeer time. Proportion test was
also carried out to compare no shows between teds (control against seed
redistribution).

7.3 Results

There was no clear pattern of density trajectamsss years in the control and
redistributed replicates. Peak years for recruitnimnsome species was low, for
others, and also the same species showed recrtipaaks in different years on
different replicates of the same treatment whidgests a good year for a particular
species doesn't necessarily manifest in all reEaSome species showed similar
recruitment time series in some replicates buimatl, both in control and

redistributed replicates. (See below).

Most of the species showed relativelydr recruitment rate in 2007 but there were
no recruitment and also adult records for only species from two control replicates
(one species from each replicate). For some spsua@sas At and Ev, low
recruitment (near extinction) in one or two yeaesvollowed by high recruitment in

subsequent years.
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7.3.1 Dominance rank by species

Table 7.2 Species ranked based on their dominaneeiuitment, adult, survival and
biomass from all sectors.

species Recruitment adults biomass

Aira 1 > 3
Arabidopsis 7 7 6
Cerastium > 6 4
Erophila 3 1 7
Myosotis 5 5 2
Ornithopus 4 4 1
Veronica 6 3 5

Aira is ranked in the top 3 for recruitment, adult seazand biomass. At the other
extreme Arabidopsisis last or next to last in the ranking. No spesieswed identical

ranking in all three.

7.3.2 Timeseries

There was considerable heterogeneity across réggidar the four plots on which

seed was spatially redistributed (Fig 7.1).
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Fig 7.1 Time series in log recruitment for eachhaf 4 redistributed replicates
summed over all sectors (plots D3, J3, J16 and Af8)egated across all-sectors for
each of the 7 species. Colour codes for each of thees areAira (green),
Arabidopsis(blue),Cerastium(orange) Erophila (purple),Myosotis(red),
Ornithopus(black) andviolet (violet). Most of the species showed recruitmezaks

in 2005.
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Fig 7.2Time series in log recruitment for each of theodAtool replicates summed over all
sectors (plots F7, C8, G14 and C19) aggregatedsalbsectors for each of the 7 species.
Colour codes for each of the 7 lines a&&a (green) Arabidopsis(blue),Cerastium(orange),
Erophila (purple),Myosotis(red),Ornithopus(black) andviolet (violet). Most of the species
showed recruitment peaks in 2005, as the the caeecseed redistributed replicates.

Mean density and relative abundance was simildaherplots were seed was allowed

to disperse naturally (Fig 7.2). Times of peak wéorent were different from those in

monocultures and saturation experiments. For exampl showed peak recruitment

in 2005 in this experiment but in monoculture aatligtion experiments, 2004 was

the best year for recruitment for this species.
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7.3.3 Trends in abundance over 5 years

Table 7.3 Trends in mean log seedling abundanceSoyears.

species slope s.e. t Sig. level
Aira -1.478 0.217 6.82 kk
Arabidopsis 0.787 0.188 4.19 hx
Cerastium -0.374 0.251 1.49 ns
Erophila -0.583 0.264 2.21 *
Myosotis 0.530 0.238 2.23 *
Ornithopus 0.445 0.253 1.75 ns
Veronica 0.442 0.214 1.97 *

Log mean seedling densities declined significaotgr 5 years i\ira andErophila
(Table 7.3). Two species showed no significantdirteend Cerastiumand
Ornithopug and three species showed significant increasetowe (Arabidopsis,

MyosotisandVeronicg.

7.3.4 No shows and extinction

Seed redistribution caused a significant redudtiahe number of cases of “no shows
(proportion test, p<0.00001). In one speckE®mphila verng, the number of no-
shows was greater on the redistributed plots (Talde In all the other 6 species, the

number 0s no shows was greater in control repkcate

Table 7.4 The frequency of “no show” counts of $iegd and adults.

species redistributed control No adults/sectar  No adulst/p|
Aira 48 56 0 0
Arabidopsis 175 225 13 0
Cerastium 82 92 4 0
Erophila 147 118 0 0
Myosotis 87 132 7 1
Ornithopus 90 161 14 2
Veronica 106 170 6 0
Total 735 954 44 3
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7.3.5 Treatment effects

Peak mean recruitment for 5 of the 7 species oedurrthe redistributed plots
compared with the control plots b@erastiumandErophila showed highest
recruitment in the control plot&rophila was the most abundant species in the control
plots whileArabidopsiswas the least abundant. In the redistributed ptb&spicture

is some what differenOrnithopuswas the most abundant whileronicawas the

least abundant.

We found no strong support for our hypothesis éxgierimental seed redistribution
would increase the rate of competitive exclusiomewthe 4 replicates of control
treatments are compared with the 4 replicateseatéd plots within the fine-grained
mixture, mean counted seedlings were higher inrdaged plots than in the control
plots for all species exceptophilawhere there were slightly more mean recruits in
the control plots. Again the picture is similanvtben fine-grained results are

compared with coarse-grained mixtures.

Table 7.5 Effects of seed redistribution on gapon stability in 7- species fine-grained
mixtures. Population stability of Arabidopsis wagngicant (p < 0.0369) compared with the
other species following seed redistribution.

Ap -0.1095 0.2268 -0.483 0. 646
At 0. 7965 0. 2981 2.672 0.036911 *
Cg -0.2342 0.3539 -0.662 0.532775
Ev -0.3667 0.2323 -1.579 0. 165
M 0. 2225 0.12623 1.763 0.128
O 0.4794 0. 2745 1.746 0.131

Va -0.09267 0.10859 -0.853 0. 426

Table 7.6 Effects of seed redistribution on megrabundance in 7-species fine-grained
mixtures. Seed redistribution increased mean rgweauit in 6 of 7 species, as shown below.

ap at cg ev nd op va
fgmc 4.065229 0.6518928 3.882548 3. 775685 2.603588 2.002111 1.991184

fgnr 4.857690 1. 7500905 4. 004336 3.121200 4.112872 3.653085 3.528596
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Table 7.7 Mixed effects model. The random effstiswed temporal variability to be
substantially more important than spatial varigpili he species effects of redistribution were
significant increases in mean log recruitmentAwoa (the intercept)Cerastium, Myosotis,
OrnithopusandVeronica and a significant decline férophila.

Li near m xed nodel fit by REML
Formul a: log(recruitscount + 1) ~ level * species + (1| plot) + (1
factor(year))
Dat a: data
AIC BIC |ogLik deviance REM.dev
15255 15404 -7604 15176 15207

Random ef f ect s:

G oups Narre Vari ance Std. Dev.
pl ot (I'ntercept) 0.17990 0.42414
factor(year) (Intercept) 1.27112 1.12744
Resi dual 3.59600 1.89631

Nurmber of obs: 3675, groups: plot, 15; factor(year), 5

Fi xed effects:
Estimate Std. Error t val ue

(I'ntercept) 3.51696 . 54249 6. 483
| evel fgnt 0. 54827 . 33322 1. 645
| evel fgnr 1. 34073 . 33322 4.024
speci esat -1. 80553 .17133 -10.538
speci escg -0. 25373 .17133 -1.481
speci esev -0. 36916 .17133 -2.155
speci esnmd -1.52064 .17133 -8.875
speci esop -2.09449 . 17133 -12.225
speci esva -1. 36560 .17133 -7.970

. 28412 -5.659
.28412 -4.583
. 28412 0. 250
.28412 -2.110
. 28412 0. 280

| evel fgnt: speci esat -1. 60781
| evel fgnr: speci esat -1.30207
| evel fgnt: speci escg 0.07105
| evel fgnr: speci escg -0.59963
| evel fgnt: speci esev 0. 07962

eNeolNeoNolNelNoNeoNolNeolNolNoNoNolNeolNolNolNolNolNolNolNol

| evel fgnr: speci esev -1. 36733 .28412 -4.812
| evel fgnt: speci esnd 0. 05900 . 28412 0. 208
| evel fgnr:speciesnd 0.77582 . 28412 2.731
| evel f gnt: speci esop 0. 03137 . 28412 0. 110
| evel fgnr: speci esop 0.88988 . 28412 3.132
| evel f gnt: speci esva -0. 70845 .28412 -2.493
| evel fgnr: speci esva 0.03650 . 28412 0.128
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7.3.6 Year effects

Table 7.8 Effect size is the largest recruitmeont all sectors mean divided by the smallest
recruitment mean.

species 2003 2004 2005 2006 2007 effect size
Aira praecox 21 323 515 130 245 25
Arabidopsis thaliana 0 13 24 148 24 148
Cerastium glomeratum 23 169 499 154 59 22
Erophila verna 23 204 487 97 15 32
Myosotis discolor 24 62 95 185 138 8
Ornithopus perpusillus 3 28 484 135 71 162
Veronica arvensis 33 54 41 34 81 3

Year effects on recruitment were highest@nithopus(162 fold) while Veronica

showed the smallest year effect (3 fold).

Overall, the specieaira, Cerastium Erophila andOrnithopushad higher mean
recruitment in 2005 than in any other year. Ondtier handArabidopsisand
Myosotiswere more abundant in 2006; wher®asonicawas more abundant in 2007.
ArabidopsisandErophila had similar mean recruitment, both in the firad st

years.

Peak mean recruitment for 5 of the 7 species oedurrthe redistributed plots
compared with the control plotSerastiumandErophila showed highest recruitment
in the control plotsErophila was the most abundant species in the control plats
Arabidopsiswas the least abundant. In the treated plotgititare was different:

Ornithopuswas the most abundant whileronicawas the least abundant.
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Fig 7.3 Recruitment of the 7 species across Esydatal recruitment across years from all
sectors shows peak years of 20054br, 2006 forArabidopsis 2005 forErophilaand
Ornithopus 2006 forMyosotis and remarkably uniform recruitment across tinte fo
Veronica In so far, a¥eronicahad a best year, it was in 2007 when several siperies did

very badly.

7.4 Discussion

Starting with a uniform spatial mixture of specie®, were interested to discover

whether spatial pattern would develop over the s®wof five years (Law, Murrell,

2003; Pacala, 1994), and if so, whether this iridat#he relative importance of
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limited dispersal, local resource depletion, ndtareemy build-up or allelopathy in
creating the observed small-scale patterning. Agiited out, the sectors within the
fine-grained plots were not significantly differattthe end of the 5 years. There was
no visual impression of within plot heterogeneiityher. The seed-redistribution part
of this experiment was designed to test the hymihibat competitive exclusion
would occur more rapidly following dispersal of theeds of the superior competitor

(see also the Pairs Experiment in Chapter 6).

The prediction was that seed redistribution wouldasce the dominant species to out
compete the inferior competitors resulting in estiion or a very low density.

However, results showed this was not the caseigspawreasing in abundance). If
anything, extinction or low recruitment and adwhdity occurred in either coarse-

grained or fine-grained control replicates.

Mean recruitment was higher on redistributed piloés on control plots for all
species except for Cg and Ev but there were moenradult densities for Ap, Cg, Ev
in control plots than on redistributed plots. Hoee\Cg, Ev, Md showed more mean
biomass in control replicates than on redistributgalicates suggesting, despite
having more adults, the biomass was lower but fdr fdwer mean adults in
redistributed replicates have higher mean biontems more adults in control
replicates. Mean biomass of Op was more than Ib#otedistributed replicates
compared with control replicates. The overall meamber of adult species between
the two experiments was marginal, but biomass wasiy4 times more in

redistributed replicates compared with control icgtés.
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Chapter 8

Inter-specific competition in coarse-grained mixtues

Abstract

We grew mixtures of seven species of annual plants irca¢gdi plots each divided
into 7 equal-area sub-plots that were initiated in 2003dwing monocultures of
each species within one sector of each plot. Over the next 5 ¢ensrapecies
dispersed from the plots where they were sown initially,cahahized other plots that
were previously monocultures of the other 6 species. We predietietth¢se
experiments would converge to the conditions exhibited by giois at the same
time with fine-grained mixtures of all seven species wehth of their 7 sectors.
This convergence was observed within 3 generations on aitaggs. The initial
protection from interspecific competition in the coarse-gedimixture was not
associated with any impact on the long-term rates of conygetikclusion (negligible
in all treatments) or relative abundance after 5 generatiohise results of this
experiment with 7 species competition are consistent witrethats of the 21 pair-
wise competition experiments carried out over the same pericisehiof species
does not appear to represent a guild in which competitiiéyaban be ranked in a
consistent manner (as required by the competition-colonizatiodel of species
coexistence). There is no “superior competitor” which predittaxcludes any of the
other species.

8.1 Introduction

The aim of this experiment was to determine theatff initial spatial pattern on the
outcome of inter-specific competition over 5 yedmsChapter 7 we saw that replicate
fine-grained species mixtures showed no exampt®wiplete competitive exclusion
over 5 years, but two of the seven species shoigaedisant negative trends in

seedling population size.

Our expectation was that populations sown initially adjacent monocultures (what
we call the ‘coarse-grained mixture’) would mordess rapidly become invaded by
species from other plots, the boundaries of thelnmonocultures would blur, and

the resulting larger multi-species population wobktome more and more spatially
homogeneous with time. Again, if there was contpetiexclusion, we predicted that
it would occur more rapidly on plots that wereiadly sown as fine-grained mixtures

(chapter 7) than on plots sown as coarse-graingtures (this chapter).
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The theory for spatially explicit multi-species coetition (Murrell and Law 2003) is
less well developed than it is for the classicHlfmixed case (Chesson, 200a)t in
the absence of dispersal it predicts competitiv@dusion in the fine-grained case, and
coexistence in the coarse-grained case. We predicat species will disperse at rates
predicted by the measured dispersal kernels (hapt@r 3) and that seed limitation

will be inversely correlated with mean disperséledences.

Coexistence could result from any of the four aassf mechanism (Chapter 1) but
here we were particularly interested in testingrtile of the colonization competition
trade-off (Pacala and Tilman 1994). Of course, witly 5 years of field work, we
were unlikely to observe competitive exclusion wém the least competitive of the

species, but we hoped to observe consistent tiarrésative abundance.
This Chapter concentrates on the following question

* How long does the system remember its spatial fyi3to
* Do the coarse-grained plots converge towards tieedrained case?
» If so, how long does this convergence take?

» Did species persist longer in the coarse-graineda

8.2 Methods
8.2.1 Seed sowing

For the construction of the beds, the soil mixtseed collection, method of seed
sowing, mulch, monitoring of seedling appearancesveeeding, see chapter 2, 2.1.
The materials and methods for coarse-grained nexdte the same as in to the

previous chapter (chapter 7), except that therengaseed redistribution.

Seeds of the 7 species were weighed into appreratthes to obtain the same
sowing density as for saturation plots of internagelsowing density (see chapter
5.2). Seeds of each species were sown on 07/1Dia0the of the 7 sector of the
hexagonal quadrat with each species appearingioribe centre of the hexagon in
one of the plots. There were 7 plots in all, difigronly in the identity of the species

sown into the center plot.
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8.2.2 Estimating recruitment

Seedlings were counted in 30 randomly located mpradrats (1cm x 1cm) in each of
the 7 sectors as described in Chapter 7. Datesedlling counts are shown in Table
8.1.

Table 8.1Seedling recruitment sampling dates for the cograeied experiment from 2003
to 2007. There were two such dates per year exc@®02/2003 when there was only one
count in the spring (count 2) but none in the autijoount 1).

year count A praecox Athaliana  C glomeratum E verna M discoloO perpusillus V arvensis
2002/2003 1 NA NA NA NA NA NA NA
2 17/02/2003 17/02/2003 17/02/2003 17/02/2003 2/2(D3 17/02/2003  17/02/2003
2003/2004 1 29/10/2003 03/11/2003 29/10/2003 02003 29/10/2003 29/10/2003 03/11/2003
2 29/03/2004 29/03/2004 29/03/2004 29/03/2004 294 29/03/2004  29/03/2004
2004/2005 1 15/09/2004 15/09/2004 15/09/2004 13003 26/10/2004 26/10/2004  26/10/2004
2 17/03/2005 17/03/2005 17/03/2005 17/03/2005 ZBM5 26/03/2005 26/03/2005
2005/2006 1 27/09/2005 17/10/2005 17/10/2005 12008 17/10/2005 27/09/2005  17/10/2005
2 14/04/2006 11/04/2006 11/04/2006 11/04/2006 42006 14/04/2006  14/04/2006
2006/2007 1 18/09/2006 10/10/2006 10/10/2006 1008  10/10/2006 18/09/2006  18/09/2006
2 06/03/2007 03/30/207 03/30/207 03/30/207 06372 06/03/2007  06/03/2007

8.2.3 Thefinal harvest (biomass)

In the summer of the final year (2007), all 7 sesavere collected from each of the 7
sectors during the seed ripening period, by cuthelgw the rosette level. The harvest
dates for the 7 species weddra on 17/06/2007Arabidopsison 04/05/2007;
Cerastiumon 07/05/2007Erophila on 23/04/2007Myosotison 06/05/2007;
Ornithopuson 15/07/2007yeronicaon 10/06/2007. Adult plants were sorted in to
different size classes following their harvestexactly the same way as for
monocultures (see chapter 2, 2.4).

8.2.4 Statistical modeling

We decided to measure spatial and temporal vaitiabiith different metrics, simply
for ease of remembering what we were quantifyig could easily have used the
same measures for both, and tests with simulatiedsth@w that the different
measures perform equally well in most practicajuginstances.

We measure temporal variability by the standardaden of the log of the counts+1
(see Chapter 6 for a justification of this). Tramsfiation involving log(count + 1))
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has recently come in for some bad press (Robef)2@it we feel that it retains its
usefulness for measuring temporal variability ipplation dynamics.

We measured spatial variability using the coeffitief variation (CV) of the
population counts, defined as the ratio of theddash deviation to the mean. This
dimensionless number is the inverse of the sigmaleise ratio. For low values of the
mean (close to zero), the coefficient of variatiah approach infinity, and hence is
highly sensitive to small changes in the mean.

The coarse-grained mixtures start out at sowing tivith 6 zeros (the unsown
sectors) and one very high number (the intermednaeoculture sowing rate). With
Cerastium for instance, we sowed 600 seeds in 625 smthe data within one plot
are 600, 0, 0, 0, 0, O, O; the mean is 85.71, énmnce is 51,429, and the CV at the
start of the experiment is 226.78 / 85.71 = 2.8%e expect that this value will
decrease to roughly the value observed in thednagied mixtures, as species spread
out from the sectors in which they were sown arldriee the rest of the plot.

As in pairs and fine-grained mixture, linear modak performed to asses the trend of
recruitment for all species over time. In additibgmass of all species was compared
between coarse-grained and fine-grained mixturés aviinear model. Mixed effects
model was performed with species and levels asl fetect, years and plots as
random effect to compare mean recruitment, mealsaalud mean biomass between

coarse and fine-grained mixture for all species.
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Time series plots for all 7 species in each ofalmeplicate plots are shown in Fig 8.1.

8.3.1 Big pattern
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Fig 8.1Recruitment time series for each species, perspioimed across all sectors for each
of the 7 plots with coarse-grainedira (green) Arabidopsis(blue),Cerastium(orange),
Erophila (purple),Myosotis(red), Ornithopus(black) andveronica(violet).

Aira, Cerastium & Erophilaare the most abundant (highest recruitment) spétie

most of the 7 plotdviyosotis, ArabidopsiandVeronicaare the next abundant

(intermediate recruitment) species in most of taéspOrnithopusis the least

abundant (low recruitment) species in most plossirAfine-grained mixtures, most

species showed peak recruitments in 2005 tharher gears.
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8.3.1.1 Trends in recruitments

model<-Im(log(recruits+1)~sp*time,subset=(treat=gic))

Table 8.2 Trends in recruitment. There was a diganit upward trend in seedling numbers of
Aira, Arabidopsis, Cerastium, MyosoasdVeronica(p = 0.000225), but no trend in
Erophilaor Ornithopus No species showed a significant down trend imdance.

Coef ficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 1.9371468 0.2636947 7.346 2.60e-13 ***
SpPAT -1.5020470 0.3729206 -4.028 5.77e-05 ***
spCG -0. 7579000 0.3729206 -2.032 0.042206 *
spEV 0.4793129 0.3729206 1.285 0.198786
spMD -1.7748184 0.3729206 -4.759 2.03e-06 ***
spOP -0.8168239 0.3729206 -2.190 0.028574 *
SpVA -1.2874306 0.3729206 -3.452 0.000563 ***
time 0. 0007892 0.0002137 3.694 0.000225 ***
SpAT:time  -0.0002389 0.0003022 -0.791 0.429144
spCG tinme 0. 0005736 0.0003022 1.898 0.057745
spEV:time  -0.0006912 0.0003022 -2.288 0.022230 *
spMD: ti e 0. 0001810 0.0003022 0.599 0.549137
spOP:time  -0.0008729 0.0003022 -2.889 0.003891 **
spVA:time  -0.0001551 0.0003022 -0.513 0.607826

Resi dual standard error: 2.122 on 3073 degrees of freedom
Mul tiple R-squared: 0.1375, Adj usted R-squared: 0.1339
F-statistic: 37.7 on 13 and 3073 DF, p-value: < 2.2e-16

8.3.1.2 Biomass

model<-Im(biomass~sp,subset=(treat=="cgm"))

Table 8.3 Biomass @rnithopusperpusillus Ornithopusshowed significantly more

biomass than any of the other species, as predithesiwas also true in monocultures.

Coefficients:
Estimate Std. Error t value Pr(>|t])

(I'ntercept) 54.54 20. 14 2.709 0.00679 **
SPAT -45. 66 28.48 -1.604 0.10891
spCG -29.30 28.48 -1.029 0.30358
SpEV -50. 58 28.48 -1.776 0.07582
spMD 15. 80 28. 48 0.555 0.57894
spOP 76. 36 28. 48 2.682 0.00737 **
SpVA -45. 65 28.48 -1.603 0.10904

Resi dual standard error: 422.8 on 3080 degrees of freedom
Mul tiple R-squared: 0.01011, Adj usted R-squared: 0.008186
F-statistic: 5.245 on 6 and 3080 DF, p-value: 2.192e-05
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8.3.2 No-shows

The frequency with which each species was recoadexro in the recruitment
assessments are shown in Table 8.4.

Table 8.4 Number of zero recruits from 7 plots heaith 7 sectors, and with 7 seedlings
counts for each species (343 sectors). The filst ggxruitment was not included in the
census other than to estimate recruitment for spehies in the sector it was sown in. Just
under a third of all seedling recruitment recordihgve zero records. Unlike in fine-grained
mixture, Veronicahas the highest number of zero records. Noneeo$plecies went extinct
from any of the 7 plots, based on fifth year renagint and adult data, which was not the case
in the fine-grained mixture experiment. Howevegréhwere sectors where neither
recruitments nor adults were recorded in fifth &indl year (2007) except fdkira. In doing
proportion test, the following proportions of spesctomparisons for the number of cases
when there were no recruitments from 49 sectoat ieast the last 2 counts nor adults, were
significant (p=0.05). 7:0, 8:0, 11:2, 11:0.

species No recruits No adults/sectors Extinction/plot
Aira 39 0 0
Arabidopsis 175 2 0
Cerastium 60 2 0
Erophila 98 2 0
Myosotis 169 7 0
Ornithopus 188 8 0
Veronica 152 11 0
total 881 32 0

8.3.3 Year effects

In this experiment, the good years show a simpitepa

2005 was best in recruitment faira, Cerastium Erophila andOrnithopus while

Veronica MyosotisandArabidopsiswere more abundant in 2006 (Table 8.5).
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Table 8.5 Year effects on mean recruitment foséicies, per sector in each of the 5 years.

Species 2003 2004 2005 2006 2007
Aira 50.43 207.14 106.61 44.1 15.31
Arabidopsis 4.69 20.04 36.17 20.88 1
Cerastium 9.58 187.43 227.32 57.03 23.81
Erophila 39.34 289.65 354.19 67.82 4.68
Myosotis 18.31 10.04 40.25 30.02 15.31
Ornithopus 5.55 45.1 39.61 5.13 2.13
Veronica 31.27 22.01 51.28 36.85 2.55

The biggest difference between good and bad yeargéruitment was shown by
Erophila (76 fold differences) in recruitment between 2608 2007. The smallest
year effects were from Myosotis, with only a 4-falifference between bad and worst
(2004 versus 2007).

8.3.4 Dispersal in coarse-grained mixture and convergence to fine-grained

8.3.4.1 Dispersal in coarse-grained mixture

The species ranked as follows in terms of coloopadf unsown plots after 1 year:

Aira>Erophila>Cerastium>Veronica>Arabidopsis>Myosotis>@ithopus

Table 8.6 Dispersal of the 7 species away from wlieey were originally sown based on
seedling recruitment counts from all sectors (&2)n the 2° year (2004) are ranked. When
Aira was compared witrnithopus it was more than 11 times likely to invade neigtitg
sectors. Total recruitment for Aira where it was/savas 2.34 times than the 6 sectors
combined. By the Byear, there was more than 6 times recruitmeng@toss where this
species was not sown, which is nearly 1/7 whichmag¢here was an even distribution in all
sectors.

species counts effect size rank
Aira praecox 2668 NA 1
Erophila verna 1257 2.1 2
Cerastium glomeratum 923 2.9 3
Veronica arvensis 838 3.18 4
Arabidopsis thaliana 399 6.69 5
Myosotis discolor 377 7.08 6
Ornithopus perpusillus 231 11.55 7
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After 5 years, the situation is shown in Table &verall,Erophilawas the most
numerous colonist and Arabidopsis the least nunge®y the final year (2007),
Ornithopushad the highest biomass aaphila the lowest (Table 8.7).

Table 8.7 Species ranked by their mean recruitroeert the course of 5 years, adults and

biomass in the fifth year (200 rophilawas ranked first in an overall recruitment as \asl|
in adult numbers.

overall
species recruits 2007 recruits adults biomass
Aira 2 3 2 3
Arabidopsis 7 7 7 6
Cerastium 3 1 5 4
Erophila 1 4 1 7
Myosotis 5 2 6 2
Ornithopus 4 6 3 1
Veronica 6 5 4 5

8.3.4.2 Convergence to fine-grained mixture

Table 8.8 Log seedling recruitment counts fronsatitors in each of the three levels for all
species and years. Seedling counts between coaised and fine-grained were not
significantly different from 2005 onwards. Howevtitere were significant differences in
2003 and 2004 between the two levels as expectmdibe seeds of the coarse-grained
mixture were sown in only one of the 7 sectors canag with fine-grained ones which were
sown in all sectors. The only difference betweearse and fine-grained in seed sowing is
that there were 1/7 of coarse-grained mixture seeds in each of the 7 sectors in fine-

grained mixtures. Overall, the sectors in coarsérgd mixture became heterogeneous as in

fine-grained mixture from the third year onwards.

years 2003 2004 2005 2006 2007

species fgmc fgmt cgm fgmc  fgmt cgm fgmc  fgmt cgm gmé fgmt cgm fgmc  fgmt cgm
Aira 2.33 237 0.70 4.72 486 1.89 4.94 512 4.82 2.69.793 3.56 1.92 246 215
Arabidopsis 0.00 0.00 0.29 0.23 029 0.73 0.66 1.28 1.16 0.72.533 1.66 0.11 0.85  1.09
Cerastium 1.95 218 0.36 2.01 3.05 112 5.69 3.75 4.56 2.83.973 4.75 1.69 158 1.68
Erophila 2.13 204 074 2.37 2.08  1.46 5.15 204 535 2.34.072 3.96 0.72 0.75 0.24
Myosotis 2.18 2.28 0.46 1.40 2.08 0.83 1.57 2.93 0.65 2.02.354 224 2.08 2.69 1.76
Ornithopus 0.44 0.36 0.35 1.60 1.55 0.72 2.49 511 2.18 1.61.783 1.02 0.66 2.50 0.51
Veronica 2.89 2.74 0.65 0.50 2.30 0.92 1.15 2.15 1.51 1.05.701 1.75 1.02 2.90 1.67
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Table 8.9 Comparison of mean biomass from all se@nd the effect size between coarse-
grained mixture and fine-grained mixture for tHéhfand final year.

species cgm fgm effect size (fgm/cgm)
Aira praecox 61 36 0.6
Arabidopsis thaliana 12 10 0.9
Cerastium glomeratum 32 38 1.2
Erophila verna 5 8 15
Myosotis discolor 91 101 1.1
Ornithopus perpusillus 131 249 1.9
Veronica arvensis 11 27 2.3

Cgm = coarse-grained mixture, fgm = fine-grainedtore

Except forAira andArabidopsis all species had more biomass in fine-grained
mixture with the highest effect shown Wgronica in contrast witiMyosotiswhich is

only marginal. The difference in biomass betweenZtmixtures is minimal.

The interesting contrast between coarse-grainetunedand fine-grained mixture
experiment is that, exceprabidopsis the mean counted seedlings in the final year
was marginally higher in fine-grained mixture fosgecies. The prediction had been
that there would fewer recruits of most species {thferior competitors”) and more
of one species (the “superior competitor”).

Table 8.10 Mean biomass (mg) comparisons of Cagnaieed mixture replicates between
sectors for each species with their effects siebs.effect size in mean biomass was
substantially high foMyosotisandOrnithopus

species Sectors

1 2 3 4 5 6 7 total effect size
Aira 59.18 48.86 56.01 63.32 4199 54.04 58.38 381.78 511
Arabidopsis 13.49 5.33 9.27 490 8.63 9.43 11.08 62.14 2.75

Cerastum 27.78 30.19 17.88 16.51 39.05 1158 33.68 176.67 .37 3
Erophila 8.53 3.13 197 3.67 248 4.68 330 27.75 4.34
Myosotis 14153 3596 13.32 2.69 86.10 157.56 55.26 492.4158.56
Ornithopus 385.74 348.69 4.21 2526 3510 28.97 88.34 916.3091.72

Veronica 8.20 1990 3.05 271 632 1857 350 62.25 7.33
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8.3.4.3 Mixed-effects model

Mean recruitment, adults and biomass as respomsdbles were modeled against
levels (coarse or fine-grained) and species asl ®@ffects, with plots and years as
random effects. In comparing fine-grained with seagrained mixtures for
recruitment, adults and biomassyosotisandOrnithopushave significantly more
mean recruitment in fine-grained mixture (p = 0.08)ere were no significant
differences in mean adult numbers between the éwel$.Aira had significantly
higher mean biomass in coarse-grained mixture cogdpaith fine-grained mixture
(p = 0.05). Comparing the three levels (coarseng@ifine-grained control, fine-
grained seed redistributedjeronica Arabidopsis OrnithopusandMyosotishave
significantly more mean recruitments in seed reihisted replicates compared with
control replicates. In additiohyosotisandOrnithopushave also significantly more
biomass in fine-grained plots compared with cognsgred mixturesvVeronica
showed significantly more adults in seed redistedyplots compared with control
replicates and also compared with coarse-grainetuneai plots (0.05)Aira have
significantly more biomass in control replicatedioé-grained mixture compared
with coarse-grained mixtures (p = 0.08ynithopusshowed significantly more mean
biomass in seed redistributed replicates compargdoentrol ones and also
compared with coarse-grained mixturésronicashowed significantly more mean
biomass in seed redistributed replicates comparddocarse-grained mixtures (p =
0.05).

8.3.4.4 Coefficient of variation in grained mixtures tiseeies
Convergence

The time course of convergence of the coarse-gigiws towards the condition of

fine-grained plots, is shown in Fig 8.2 and Fig.8.3
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Fig 8.2 Spatial coefficient of variation (CV) ines#ling recruitment for 3 specieifa
praecox, Cerastium glomeratuendMyosotis discolgrfor each of the 3 levels (cgm, fgmc
and fgmt). By year 3, the coefficient of variatibetween coarse-grained and fine-grained
mixtures were almost identical. cgm = coarse-gidifgmc = fine-grained-mixture (control),
fgmt = fine-grained mixture (seed redistributedy. €sd/mean. Year 1 - 5 = 2003 — 2007.
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Fig 8.3 Spatial coefficient of variation plotteda@gst years in each of the 3 levels. Prior to
year 3, CV was much higher in cgm compared with.fggm = coarse-grained mixtures,
fgmc = fine-grained-mixture (control), fgmt = firgrained mixture (seed redistributed). CV =
sd/mean. Year 1 - 5 = 2003 — 2007.



mean recrutmert

Fig 8.4 Mean recruitment per plot (from 7 quasiFaB25 crin size) of the 7 species

cgm
i
1
il
2 - 1
7] J H
P
|
o
.
o
o [
[= ' !
[T 1 1
| 1
: |
| |
| |
: |
H 1
o 1 !
= f 1
=+ : \
| 1
f \
: |
| |
f |
: |
o ' 1
&7 | !
h 1
: 1
| 1
f [
: |
|
| |
S - 0 "
& | L
| |
h |
H |
| |
h |
: |
1 |
g !
=2
;6 'rq\ .
I L .
. : N T
. I -
_af o ,f"a-—// . H'\-\na
Eo=cg=sl - [
o &= o A

2003 2004 2005 2006 2007

years

mean recruitment

180

fgmc
o
= -
7]
[]
= -
3]
o
2
E
o
E
2
B
[=]
- [
=] f @
0, o
T E
o
T
no
! [
! 1
2 oo
[ ! L
! [
! L
! L
[}
i
i [
L} !
[]
(= o [
— ¢ y
4 [
£
; _’,&\ u
; I -
ra s
S - ,E"-\—\—e
-
F-ze-8-1 ]
o Eé==-5=% - —a

2003 2004 2005

2006 2007

YEars

BO0

500

400

300

200
|

100
|

o -

fgmt

2003 2004 2005 2008 2007

years

plotted against years for coarse and fine-grainixtune. Four of the specie&ophila verna,
Cerastium glomeratum, Aira praecardOrnithopus perpusillyshad their peak recruitment
in 2005 for coarse-grained mixture and for finekged mixture (control). In fine-grained
mixture two of the four species had their peakuiderent.Aira praecox(green line),
Arabidopsis thaliangblue ling@, Cerastium glomeraturforange ling Erophila verna(purple
line), Myosotis discolofred line),Ornithopus perpusillugblack line),Veronica arvensis

(violet line). Cgm = coarse-grained mixture, fgméine-grained mixtures control, fgmt =
fine-grained mixtures seed redistributed.
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8.3.5 Stability in recruitment

Table 8.11 Population stability between fgm and c@here were small differences in
population stability between the fine (fgm) andrseagrained mixtures (cgm) at the whole-
plot scale (i.e. averaged across sectors withit).plte species are significantly different
(ArabidopsisandMyosotisare less variable than the other 5 species; p% @ut there is no
significant difference between fine and coarsergraimixtures.

sp cgm fgm

Ap  2.278551 2.068725
At 1. 760086 1.743738
Cg 2.449016 2.299688
Ev 2.753515 2.424259
M 1. 895131 2.186275
Op 1.766274 2. 326056
Va  1.950965 1. 966180

8.4 Discussion

The coarse-grained plots conform to the main ptextis, in that their structure
converged to that of the fine-grained plots witBiyears. The order of species
colonization, however, was not as predicted bydispersal kernelsAjra was best,
not worst).MyosotisandOrnithopusshowed significant differences in mean adult
numbers between sectors of coarse-grained mixtone 2 replicates each and
Arabidopsisfrom 1 replicateOrnithopuswas the only species which showed
significant differences in recruitment between golys on one control plot (G14,
fine-grained control). This particular replicatesy@eculiar compared with the other 3
control replicates. Mean recruitment, adult denaitg biomass were much lower for
most of the species in most of the sectors in mbdte yearsOrnithopuswas highly
variable between sectors compared with the othexiep. This could be due to the

build-up of allelopathy in the soil.
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Species are ranked based on recruitment courtte ifityear, following ' year

recruitment, away from where they were originathyvs (Table 8.6):
Aira>Erophila>Cerastium>Veronica>Arabidopsis>Myosotis>@ithopus

Species are ranked by their mean dispersal distamteseed dispersal experiment:

Cerastium>Erophila>Veronica>Myosotis>Arabidopsis>Air&rnithopus

Ornithopusshowed significant differences between sectorafse-grained mixtures
in at least one replicate whilgabidopsisin at least 4 replicates.

We were also interested to discover whether mohw@d of certain species were
more invasible, and if so, whether the identityhadir immediate neighbours was

consequential in determining the rate of invasion.

In general, most of the sectors were invaded bythgear but in some subplots there
was no recruitment in the first year following sagrimainly those dominated by
Ornithopus(slow growing sp). By the end of the experimenyéars), subplots had

all 7 species. In the last year of seedling cotlvete were no subplots without any of
the 7 species (no complete extinction). On avethge were 6.49 species per plot
(out of 7) by the end of the fifth year (2007).

After two years, the initially coarse-grained subtp were indistinguishable from the
fine-grained mixtures both in spatial pattern amdpecies’ relative abundances for
most of the species. There was no evidence thaitéal period during which
intraspecific competition outweighed interspecdampetition was either a benefit or
a hindrance to invasion. There was a ranking ims$sof invasibility as measured in
the second year after sowing as the proportionl oéeruits belonging to species

other than the sown ones (see Table 8.6).
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Adults and biomass abundances in coarse-graineimjxanked by adult density

from the most abundant to least abundant:
Ap>E> Op> At> Cg>Md>Va

Ranked by biomass from largest to the smallest:
Op>Md>Ap> Cg>At>Va>Ev

There was a significant difference in mean abunédmtween coarse-grained and
fine-grained mixtures for all species (more abundacoarse-grained). However,

spatial heterogeneity in abundance (CV) was sicguifi only forVeronica.
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Chapter 9

Overall discussion

This combination of experiments throws light onesaVissues bearing on
coexistence in this guild of 7 annual plants specieerhaps most importantly, all
species passed the invasion criterion when sowawaand medium densities in the
experimental universe we had created in the rdiseld. It would have been possible
that we had mis-designed the soil mixture by makinigr example, too nutrient-
poor or insufficiently water-retentive. This s#te scene for detecting the factors

associated with competitive exclusion.

The plots turned out to be reasonably similar lnatgrnally and across blocks within
the Ashurst experimental area. We saw little evtgan any of the experiments of the
kind of within-plot spatial heterogeneity that midfe assumed to be a cause of
coexistence (e.g. in the fine-grained 7-speciesurgs, we saw no evidence of spatial
clumping, even after 5 years (Murrell 2003). Therre consistent differences
between the four blocks at Ashurst (Fig 2.2) witd sunny, drier south-west quarter
having consistently lower densities@fnithopusandVeronicathan the shaded,
moister north-east quarter, but competitive exolusvas not routinely observed in

any of the four blocks.

Overall, in fact, competitive exclusion was verjdeen observed, either in time series
experiments with two species or all seven speoies), saturation experiments that
were startedle novoeach year. Whatever the coexistence mechanisnig begthey
are clearly highly effective, at least over periofl§ive years.

Biomass effects were revealing in the contrast ofiocultures (intra-specific
competition) and interspecific competition plotat(gation experiments, pairs and
multi-species plots). Simple models predict thatbiomass of a mixture will be
equal to the biomass of the superior competitontEst competition) or to the average
of the two monoculture biomasses (scramble comge}it Departures from these
simple model expectations point to more interestipgamics involving, for instance,

some form of synergy (e.g. over-yielding or undeiding; Loreau & Hector, 2001).
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One of the most interesting findings from the manre experiments was the
generally low prevalence of density thresholds Wweldich plant performance was
density independent. We found that plants weree&pcing intraspecific
competition even at very low shoot densities. Timding was reinforced during
weeding, when we would routinely find that indivadsi with very small shoot
systems (say 2cm tall) would have very extensiwe sgstems (of order 10cm
radius). Clearly, these plants were competing hpdar soil resources, as the design
of the plots had intended, although we have no evdnowing the relative
importance of competition for mineral nutrientsdlikitrogen and phosphorus and
competition for water. The existence of largeryaféects in plant performance
argues for the importance of some weather effacid,some of these might be
resource related (e.g. the timing and intensitsaoffall), but others are clearly more
direct in their effects on plant demography (thevatence of killing frosts, and

episodes of soil-heave during winter that couldogt-tiny seedlings).

As discussed in the preceding chapters, thereoareniechanisms of coexistence:
colonization competition trade-off (Pacala and &imL994), Janzen-Connell density
dependent attack by natural enemies (Pacala avd&yra992), spatial heterogeneity
(Chesson 2000a) and temporal heterogeneity witbrage effect and sub-additivity
(Chesson 1994). All of these are based on one o mohe differences that can
produce the necessary rare species advantage bly alhcoexistence is to be

understood (the celebrated Lotka-Volterra coexistesriterion).

One of the most important traits affecting dispeasal establishment is seed size
(Turnbull et al 1999). Across our seven speciesphserved a very clear correlation
between seed size and seed number (Fig 9.1): dugespwith the largest seeds
showed the lowest annual seed production per iddali This is potentially important
in several coexistence mechanisms, but perhapsaisasty in the competition-

colonization trade-off.
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Fig 9.1Mean log seed number per plant plotted againsséagl size (fresh weight mg) for

the 7 species. There is negative correlation betveeed size and mean seed number per
plant (fecundity).Ornithopus perpusillutas the largest seed size and the fewest seeds per
plant. As seed size increases, seed number desrgadicantly (slope=-0.7, p<0.005). This
is in line with the competition-colonization tradé-(seed side versus seed number) which is
one key element for species coexistence.

It is much less obvious whether one would expeetaionship between seed size
and biomass, but again, our species show a veay phtern with biomass increasing
with seed size (Fig 9.2). Our species fall inteethbroad categories: species with very
small seeds and very low biomagsgbidopsis, ErophilaandCerastiun); species

with medium-sized seeds and intermediate biom@&isa,(MyosotisandVeronicg;
andOrnithopus perpusillusvith very large seeds and very high biomass. @rbtsis

of Fig 9.2 one would predict a competitive hiergrblased on mature plant biomass,
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which ought to be able to identify a superior cotiipe(Ornithopus perpusillysand
inferior competitorsArabidopsis, ErophilaandCerastiun), and this in turn, leads to

predictions about the outcome of pair-wise comjpetiexperiments.

8.0

logimean biomass)
70
L
s

6.5
o

| | | | | | |
1.0 1.5 20 2.5 3.0 3.5 4.0

log(seed size)

Fig 9.2 Log (mean biomass (mg) per 25cm x 25cnupiaplotted against log (seed size
(fresh weight in mq)); slope = 0.5; p < 0.00ynithopus perpusilludas the largest seeds and
the highest biomass compared with the other 6 speSiee text for details.

There has been substantial progress in understatitgrrelative importance of the
four mechanisms in recent years. When this rebBegas in the planning stage
(Ratcliffe 1999), the colonization competition teadff was the most fashionable of
the mechanisms (Pacala and Crawley 1992, Pacalaiaman 1994, Bolker and
Pacala 1999, Chesson 2000a), and there is a stiisliéerature on experiments that
lend some support to this mechanism. For instaatdagh density, large-seeded
species outcompete small seeded species (Coorak2€02a). On seed limited sites,
the addition or introduction of seeds will leadhe establishment of the more
competitive species, whereas establishment in re@gehps will favour the colonizing
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species (Turnbull et al. 2000). Although evidernoarnf studies within functional
groups suggests that seed size does trade-offshigai@d number and dispersal of
these seeds, and that seed size is correlatea¢ovitpetitive ability among seedlings,
the available evidence suggests long-term coexistenunlikely without other forms
of niche differentiation (Coomes and Grubb 200&;nbull et al. 2004).

Other studies report that the seed-size seed-nutmgaler-off alone is not sufficient for
coexistence among species, but depends on growmdjtmons (Paul-Victor and
Turnbull 2009). A seed sowing experiment showed ith unsown areas, small
seeded species tend to do better than large sepdeis; however large seeded
species tend to win when they come in contact sntlall seeded species (Turnbull
1999). Density dependent mortality of seedlings e@amonly observed in our
experiments, especially in large-seeded specig®dtighest sowing densities (e.qg.
MyosotisandOrnithopug, pointing to an important role for intraspecificmpetition
between newly-germinated seedlings for these speelative to smaller-seeded
species such asrabidopsisandCerastiumThis is one possible mechanism, amongst
others, for the coexistence of the 7 species. Sirfihdings were reported in other

experiments involving agricultural wild plant spegi(\WWassmuth et al. 2009).

Spatial and temporal heterogeneity have receivadiderable attention as potential
mechanisms favouring coexistence. In temperatesignad communities, invasion of
resource-rich and pathogen-free sites are sonteeofrtportant biological drivers of
community assembly (Petermann et al. 2010). Anspeties in the Sonoran desert
were able to adapt to climate changes through @samgphenology and phenotypic
plasticity, and also through photosynthetic resewrse efficiency as well as
demographic variability (Angert et al. 2007, Angetral. 2010). On the other hand,
species abundance can depend on geographic rasigjepand on demographic
variability of the species (Gerst et al. 2011). t&bparocesses may slow down
competitive exclusion and hence promote coexistemea in the absence of evident
trade-offs or frequent disturbances. Weak compstitave been found to increase
their fitness when grown in the neighbourhood ofspecifics, and that for the
weakest competitors, species identity is not imgurandall other species are best

avoided through intraspecific aggregation (StrOID2). The importance of spatial
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pattern for competitors might not only depend ampbsition within the hierarchy but
also on the identity of neighbour species, spedi@sacteristics, below ground

interactions and other non-spatial factors (Monpez005).

Niche differentiation amongst plant communitiesdoexistence is clearly more

likely than neutral theory (Silvertown 2004, Turtibat al. 2005, Aarssen et al. 2006,
Purves and Turnbull 2010). However, a neutral @ut is possible where seed mass
affects survival rather than competition; otherwegelusion is likely (Turnbull et al.
2008b).

Functional trade-offs (morphological and physiotagidifferences, differences in
resource up-take and allocation between specieg)tha ability to determine species
coexistence via the storage effect (Angert et@D72 Angert et al. 2009). Most of our
species showed non-identical timing in recruitméotyering and seed production.
For exampleErophilawas always much earlier in recruitment and flomgri
compared with the next most closely related spgéiesbidopsis thalianpwhich

was at least a week behind in these traits, affhavhen the two species came into
contact, one but not both of them typically did Malthoughwhichspecies
performed better was idiosyncratic). One reasotdcoe that one or both of them
release allelopathic compounds during germinatraia recruitment, which can be
harmful both for the same species, when densitesery high, or against the other
species. Another reason might be thedbidopsis thaliananight invest in defensive
compounds against predators at the expense of wedkgowth (Paul-Victor et al.
2010).

There is a debate as to whether relative growth(RGR) of plant species is one
measure of the outcome of plant competition. Pexliais is a useful metric in
considering the potential rate of population inseea empty habitats, however, plant
growth analysis is likely to be a better way of erslanding underlying differences in
species’ phenology (Turnbull et al. 2008a, Reed.2010). We did not make any

within-season plant size measurements.

In some annual-plant species, year-to-year enviesrah variations exert major

influences on population sizes and spatial strest¢€oomes et al. 2002b). Some of
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our species (for exampl€erastium glomeratujrshowed high density in recruitment
and adults survival in some years in monocultusasguite the opposite in other
years (what we call “year effects”). Of course, ryeffect might interact with plant
density and other factors, or climatic differenaéme could result in significant year-

to-year differences in performance.

Colonization-competition trade-ofDuring the pilot studies for this project (Raftei
1999) there was a clear expectation that the catiggetolonization trade-off would
be a important component of coexistence. That i wud designed explicit tests of
seed dispersal and seed-limitation into the wdkspite our initial expectations, and
the findings of several other recent studies (Lexand Rees 2002, Stanton 2002,
Turnbull 2004, Cadotte et al. 2006), we founddittbmpelling evidence to support
the hypothesis that competition-colonization prgesswere of central importance.
First and foremost, we found no evidence on whaciéntify a superior competitor,
let alone to rank all seven species by their ipecgic competitive ability (as
required by the simplest colonization-competitiood®als for coexistence; Pacala and
Tilman 1994). Moreover, our seed-sowing experimardgated that recruitment was
seed-limited for all species, even at the highestdies (at least in terms of seedling
numbers; some species showed overcompensatingyddapendence in final adult
biomass). Our seed redistribution work with paitd aeven-species mixtures was
focused directly on testing the competition-colatian model. If this mechanism was
important then the superior competitor would bergjty seed limited, and
redistributing its seed should lead to an increasts population, and a
commensurate decline in the population(s) of themspecies (the inferior
competitor(s)). In the minority of cases, wheredigfind a response to seed
redistribution, it was typically the case tlaith species increased in abundance
following redistribution of their seed (rather thame increasing and the other

decreasing).

There is n@ priori reason to expect a relationship between see@siz®iomass.
For a given biomass, plants would be expectedattetoff seed size against seed
number, and that is certainly what our seven spatoe(Fig 9.1). It turns out,
however, that there is a highly significant cortiela between seed size and adult

biomass for our seven species (Fig 9.2). Thiyin might lead to a prediction that
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seed size would be correlated with competitiveighiind that the largest-seeded
species would outcompete any of the others byafihtaving the highest biomass.
The likely reason that peak adult biomass is notetated with interspecific
competitive ability for our seven species, is tihaty differ so greatly in phenology.
For instance, the peak biomass of the smallesiep@&rophilaandArabidopsi$

occurs well before the peak in biomass of the ktrgpecies@rnithopus.

Based on our direct measurements of the dispeesaéls, it should bAira that is the
most seed limited, and hence the most likely tthieesuperior competitor, with
Cerastiumas the least seed limited, and hence the lea$y bikdoe the superior
competitor. As it turned ouBjira showed itself to be theestmedium range (plot-to-
plot) disperser, not the worst (as predicted bystnall scale measurements of

dispersal kernels within plots).

Spatial heterogeneitylt is possible that there was within-plot spakiaterogeneity,
despite our best efforts at homogenizing the instidostrate. It is highly likely,
however, that within plot heterogeneity developapidly in those experiments that
were not started afresh each year (the pairs anfiné and coarse-grained mixtures).
Of course, we had no control over this spatial toggeneity, so it is impossible to
ascribe a relative importance to spatial heteragyeaad temporal heterogeneity in

these long-running, time-series treatments.

Janzen Connell effect There were no herbivore or pathogen exclusiestments in
any of our experiments, so we have no direct wagssessing the importance of this
mechanism for coexistence. It would make an idgaictfor future research,
especially for the closely related taxa (&gophila andArabidopsig. From our
knowledge of the shoot systems of the seven spetisdikely that if selective
distance-dependent herbivory is important in cderise, that it is mediated by

below-ground natural enemies rather than by sheeddrs or granivores.

Temporal heterogeneityYear effects such as the timing and intensitgagifall, high
temperature or low temperature (the prevalencelloigkfrosts or frost heave of the
topsoil) will interact with density dependence, anidht weaken interspecific
competition between species, enhancing the liketlhaf coexistence. In addition, the
prevalence of seed banks over several years coujiflec storage effect and also the

existing of differing seed dispersal distancesltave a stabilizing effect among
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species. Phenological differences and physiologjaaith differences among
species, and in recruitment and flowering (earliiophila vernaandArabidopsis
thaliana intermediate irCerastium glomeratupMyosotis discolouandAira
praecox.and late irvVeronica arvensigandOrnithopus perpusillus might lead to less
competition and the coexistence of multiple spedreaddition to year effects,
history effects and the interactions between hysamd year effects (e.g. the size of
the seed bank, its dormancy composition and cotopédientity effects) are feasible
only in the time series experiments, but can ahprte coexistence.

The saturation experiment provided convincing evadethat the predictions of the
Pacala and Rees model do not apply to this guikkwén species. We did not observe
competitive exclusion of any “inferior competitonshen seed of a “superior
competitor” was sown in excess. There were alveaysigh survivors, and these
survivors managed to produce enough seed, fopihaes to pass the invasion

criterion @ > 1) even under the most extreme interspecific cortipetas seedlings.

The seed bank work reinforced out view that seedtdare likely to play an
important role in coexistence, by acting as annasce against total failure of one or
more cohorts in a row. The seed banks did notappebe especially long-lived (we

got no seedlings five years after sowing) but theyprobably long-lived enough.

Another form of rescue effect can occur through igration of seed. Perhaps the
most striking result of our detailed work on disgsrkernels was how hopeless these
were at predicting longer-distance dispersal. Theding data from Ashurst provide a
uniquely detailed record of plant immigration atcale of 1m to 10m. While the
species that was the worst plot-to-plot disperger big-seeded legun@rnithopus
perpusillug was perfectly predicted from the dispersal kemaik, the other 6

species were not. It is likely that variation lre thumber of seeds produced is at least
as important (if not more important) than the plmbity density function for the
dispersal distance of any one seed. Our work resefowhat many workers have said
before us that understanding the tails of the dggddkernel (the rare long distance

events) is paramount.

The pairs experiments introduced time series dyosutoi the picture. Now, it is not
just year effects that are important but histofg&s and the interactions between

history and year effects. Thus the size of the ®aad, its dormancy composition and
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competitor identity effects can all interact wittopesses that might be expected to
exhibit trends through time: resource depletiotured enemy build up, accumulation
of allelochemicals, and so on. The most strikirguls from the pairs experiments
were the paucity of strong identity effects (thelearly is no universally superior
competitor in this guild of seven species, degbigeoverwhelming biomass
superiority of the legum®rnithopus perpusillys The manipulative part of the pairs
experiment, seed redistribution to test Bolker Badala’s hypothesis, had subtle and
slightly counter-intuitive results. Redistributiofseed did not hasten competitive
exclusion as predicted, but instead (where it hgdedfect at all) tended to increase
the abundance of both species (rather than incazase the putative seed-limited

superior competitor - and reduce the other - tiatpue inferior competitor).

The seven species interspecific competition expanisiwere important in assessing
the prevalence of emergent spatial patterning piagxing coexistence (Law et al,
Murrell et al; 2003, 2004). Would initially homageous communities develop
spatial clumps of species in which intraspecifimpetition was relatively more
important than interspecific competition? Whenateated spatial heterogenedy
novothen how long would this spatial structure last aould it delay the onset of
competitive exclusion? We did not observer anyléscy towards the emergence of
spatial clumping, and the sectors within our fimahged plots were remarkably
uniform in total and relative abundance of specié® course grained structure that
we created experimentally disappeared within trs fivo years, so that by year 3

there was no significant difference between thesmand the fine-grained plots.
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Fig 9.3 Box plots showing log biomass faira praecoxin comparison with the other 6
species in mean monoculture biomass from interned@aving, mean saturation biomass
from intermediate sowing, mean pairs biomass (2#3&) and mean fine-grained mixtures
biomass (2007 data). Abbreviations: ApA#ira paired withArabidopsis ApCg =Aira with
pairedCerastium ApEv =Aira paired withErophila, ApMd = Aira paired withMyosotis
ApOp=Aira paired withOrnithopus ApVa =Aira paired withVeronicg gramix=Aira in

both grained mixtures, mono@sira monoculture, saturira in saturation sowing. Df
(degree of freedom) = 81 (4+14+15+48). Boxes shmnnterquartile range with the median
shown as a solid line. Whiskers extend to the ssti#ind largest observations or 1.5 times
the interquartile range, whichever is the smallznagvley 2002), n=81. Asterisks indicate the
level of significancep < 0.05=*. DF = 8 and 72Mean biomass (average per 625cm
guadrat) ofAira praecoxwas significantly higher when paired withabidopsis, Cerastium,
VeronicaandOrnithopus,and lower withErophila andMyosotis.Not surprisingly, mean
biomass ofAira praecoxwas highest when it was grown in monoculture.
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Table 9.1 Comparison of mean biomass (mg/625between monoculture sowing (5 years
average) and saturation sowing (5 years averagkalan between pairs species and 7 species
mixture (fine-grained), both of which are time ssrexperiments with one year only data.

The ratio of monoculture over saturation is high¢o 10 fold for 5 of the 7 species.

Similarly, the ratio of pairs over fine-grained rire is higher in only 1 species and also
marginally higher in 2 species. Abbreviations: msmweculture, s=saturation, p=pair, f=fine-
grained.

species Monoculture saturation m/s ratio pairs finegrained p/f ratio

Aira 521.025 543.446 0.958 235.740 284.742 0.827
Arabidopsis 599.7 56.998 10.521 112.161 69.591 1.611
Cerastium 452.643 349.753 1.294 182.377 265.857 0.685
Erophila 698.466 67.7683 10.306 62.357 52.210 1.194
Myosotis 3478.66 831.564 4,183 523.894 709.511 0.738
Ornithopus 1325.95 661.455 2.004 1642.99 2243.180 0.732
Veronica 834.55 834.41 1.000 191.104 187.610 1.018

One would expect to observe more adults and/or &$snper species in monocultures
compared with pairs, and also more biomass peliespecpairs compared with a 7-
species mixture. This was the case for some spetiel af\rabidopsis but for

other species, biomass was either the same ormeagginally lower; in some cases
total biomass increased with an increase in specieger. There is a substantial
literature about some forms of resource complenngimiaspecies mixtures, leading to
increased productivity with increased species eslsn(Naeem et al. 1996). The
species with the highest biomass in monoculturs do¢ always exhibit the highest
biomass in a species mixture, as influenced byddetity of its competitor(s)

(Hector 1998), and performance of a species in mature is not always a good
predictor of its relative performance in mixtur@ogcher et al. 2007). It is not clear
how exactly this complementarity, when it exissspperating or what other
mechanisms might be involved. One possible explam#ébr a better performance of
a species in mixtures compared with monoculturedkse differentiation and resource
partitioning in space and time (Tilman et al. 2Q@&) example via differing rooting
depths or phenologies (Berendse 1982), amongst wibehanisms. It is plausible
that there are other mechanisms, and these wowktdeesting in any related future

work.
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Table 9.2 Mean biomass (mg/6253mmomparisons between four experiments from one yea
data (2007) for each specieAira, ArabidopsisandErophila have always more biomass

in monocultures compared with the other three raylécies experiments. However, the two
supposedly superior competitokdyosotisandOrnithopus showed more biomass in the
presence of other species compared with when iromdture.Cerastiumhas less biomass in
pairs compared with when in monoculture but shomede biomass in saturation sowing and
grained mixtureVeronicahas more biomass when it was sown with the 6 ajhecies
compared with when it was a monoculture. Howeitdras less biomass when it was paired
with any of the 6 species.

species monoculture saturation Pairs grained raxtur
Aira 1782 1204 234 476
Arabidopsis 110 46 102 93
Cerastium 215 534 182 310
Erophila 622 47 62 56
Myosotis 413 1682 524 842
Ornithopus 1051 1297 1643 2183
Veronica 241 318 191 172

Table 9.3 Number of species (out of 7) showing bestworst seedling recruitment in each of
2 seasons for 5 years.

best spring/autumn worst spring/autumn
monoculture saturation pairs grained monoculture turadon pairs grained
Year bs ba bs ba bs ba bs ba ws wa ws wa ws wa wa W
2003 2 0 1 0 2 0 1 0 0 0 1 0 2 0 6 0
2004 2 0 0 0 5 0 0 0 1 5 2 7 0 5 0 4
2005 2 2 0 3 0 5 5 4 3 1 4 0 4 0 0 1
2006 1 0 0 4 0 2 1 2 3 1 0 0 1 0 1 1
2007 0 5 6 0 0 0 0 1 0 0 0 0 0 2 0 1

Every year was both the best and the worst fagastlone parameter of one species.
In just one case (worst autumn recruits in satomath 2004) was the same year the
worst for all 7 species. Abbreviations: bs = bgsirgy, ba = best autumn, ws = worst
spring, wa = worst autumn, grained = Coarse aretdimined combined. The table
summarizes scores of best spring, best autumn @t wpring, worst autumn for each
experiment type in each year. The column valuegutiee headings: bs, ba, ws and
wa add up to 7 as they are scores coming from gpecies. For example: in 2007,
autumn was best for recruitment with a score air®bfof the 7 species compared
with saturation with O score, pairs with O scord gnained mixture with 1 score. In

2004, autumn was worst for recruitment in saturagigperiment with a score of 7 out
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of 7 compared with a score of 5 each in monoculame pairs, and with a score of 4
in grained mixtures. There is no clear pattern wlaeparticular season is best or

worst for all species in all 4 experiments duedaryeffects.

Table 9.4 Spatial and temporal heterogeneityérfitist year percentage recruitment from 4
different experimentsAira showed the highest recruitment in all 4 experimevith the highest
percentage coming from seed dispersal experimieisti§t partly because seedling recruitment
was higher than estimated fecundity in some yearsome replicates as a result of continuous
fruiting following initial estimate). On the othband,Arabidopsishas the lowest recruitment
compared with other species. Seed sowing for ted banks and monocultures are not identical.
Seedling recruitment from the seed dispersal expari was from naturally set seeds and hence
is estimated rather than counted.

first year % recruitment seed bank seed dispersal onogulture
species Pound Hill  Ashurst Walled garden Ashurst
Aira praecox 15 74 100 36
Arabidopsis thaliana 2 6 13 8
Cerastium glomeratum 1 35 68 24
Erophila verna 3 25 38 15
Myosotis discolor 3 63 72 50
Ornithopus perpusillus 12 13 48 44

Veronica arvensis 1 38 42 29
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Fig 9.4 Biomass (mg) in 2007 across all the erxpants (on a log scale) for 25cm x 25 cm
quadrats for each of the seven species (colourdcasiéndicated in the legend). Contrasting
monoculture and saturation plots shows the expeaetiattion in biomass under intense
interspecific competition for three species, Gubithopusis unaffected (orange bar) and
three specie€erastium(green) Veronica(mauve) andyosotis(blue) actually hatigher
biomass on the saturation plot. For the pairsgtieas a general increase in biomass of most
species following seed redistribution (pairc vdartpabut this pattern was not repeated in a
comparison of the seed redistributed fine-grainetsg{fgmc vs. fgmt). The coarse-grained
plots tended to have higher biomass for most spdkan the fine-grained plots (cgm vs.
fgm). Cgm = coarse-grained mixtures, fgm = finehged mixtures, fgmc = fine-grained
mixtures (control), fgmt = fine-grained mixtureg¢s redistributed).

Comparisons with Ratcliffe (1999)

Mapping turned out to be immensely time consummpgiliot trails (Ratcliffe 1999).
While it would have been good to have maps ideinigighe specific identity and size
of the neighbours of every individual, it is notvatus that we would have learned a
great deal more about the kinds of density deperedérat were important than we
got from plot-level counts or destructive biomaasipling. Although there is an
advantage in mapping using an automated mappingelef’every individual plant
from recruitment to adult so that a detailed deraphy is recorded, when the density
of some species is likely to be very high thigkslly to be difficult to do. The use of
30 mini-quadrats within the 25cm square experiniantd proved to be satisfactory
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in estimating seedling densities and was a trementime-saver when seedling

densities were very high (i.e. many thousands padrat).

She found that intraspecific competition was mareriportant in regulating
fecundity of her species, while interference frotimen species played a more
important role in regulating survival (Ratcliff®@49). Most of the species in our
study were identical to hers, and our findingshia $aturation experiment were in line
with her findings in terms of interspecific compietn. In her results over 3 years,
seed establishment, seedling survival and seediptiod were subject to major “year
effects”, and we observed a similar pattern from®years study of the 7 annual
species. She reported thdta praecoxandMyosotis discolowere good competitors,
while Veronica arvensiflowered much later than most of the spedizastiumand
Arabidopsiswere highly fecund. The only important differenee found was that
Erophila vernashowed low fecundity in Ratcliffe’s experiment, @vbas in our
experiments, this species was as fecund and campeds the other species. In
general, however, most of the findings from the s&ts of experiments were in
agreement especially in terms of the relative irtgpare of the four mechanisms of

coexistence in our experimental annual plant sgecie

9.3 The ideal next experiment

Would we use the same species again? The speeresalwell-behaved and easy to
work with. The only important problem was the temceof Ornithopus perpusillus

to keep growing and to delay fruiting and seneseaviten conditions permitted,
which meant that fecundity was difficult or impdssito measure for this species in
certain years before the plots had to be dismaatheldrebuilt for the next growing
season. In such cases, we had to be content vatit Blomass as a measure of
performance for that species. Also, the tenden®rafthopus perpusilluso form an
unrooted but dense mat above the plot gave cespaicies that could tolerate, or
possibly even benefit from a nurse effect, an athgaover others that were

intolerant of the shade cast and/or more humidanignate created.
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Was the plot size appropriate? The use of 25crareqgample areas within a 1.5m
square plot worked well in terms of access, ta@hipnumbers and reproducibility.
The design of the plots, using wooden railway stegmwas effective, and the sleepers
formed a convenient edge for kneeling on during ibeoing or for standing on during

weeding.

Would it be worth mapping all the individuals? ppéng turned out to be immensely
time consuming in pilot trails. While it would habeen good to have maps
identifying the specific identity and size of theighbours of every individual, it is

not obvious that we would have learned a greatmeaé about the kinds of density
dependence that were important than we got fromlel@l counts or destructive

biomass sampling.

The use of 30 mini-quadrats within the 25cm sqeaperimental unit proved to be
satisfactory in estimating seedling densities and wtremendous time-saver when
seedling densities were very high (i.e. many thodsaer quadrat). With hindsight, it
is obvious that we should have counted all thelgeglin the 25cm quadrat when
counts in the 30 mini-quadrats fell below someghodd value (say, five individuals
in total), and we recorded as zero a number of ladipas that were clearly not

locally extinct.

Is it useful to redistribute the seeds of all theaes, or should the redistribution be
done one species at a time? One species at a tie e more informative, but

requires more space and man power than we hadhblall

What about the substrate and the nutrient supplyf® very low nutrient supply
proved to be ideal in that plants were small angufation sizes were correspondingly
high. It is likely that some of the species (Atabidopsis thaliana, Cerastium
glomeratun) are capable of attaining much greater size thay &chieved in these
experiments (e.g. when they grow as arable webds}he other five species were
the same size as one is used to seeing in otloeintstances. In any event, all of the
species comfortably passed the invasion criterith thie prevailing nutrient supply,

and grew large enough to compete with one anotrer at low sowing densities.
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Was the gravel mulch a problem or a benefit? Tarebts of the gravel mulch in
terms of protection of the soil surface from erasienhanced water retention and
reduced need for weeding were very substantiak didwn-side was the potential for
negative impacts on the youngest seedlings. ibssiple that a seedling germinating
immediately beneath the centre of one of the stamghkt not have had the
carbohydrate reserves to allow it to grow out fnemaderneath. However, there is
nothing to suggest that seedlings lacked the hyidrstuength to escape or that they
were crushed by the weight of the stones. It ssjibe that the stones acted to impose
density dependence on seedling recruitment, byicesy the surface area through
which shoot extension was possible (i.e. in thesdsgiween the stones). If this was a
partial cause of the observed density dependenseeidling recruitment, then it
certainly did not prevent the appearance of vegy lhiensities of seedlings of all of
the species. The seedlings overtopped the graviehnaithin a week or so of
appearance, and it is unlikely that the mulch hadsabsequent impact on plant

performance.

We know from other work in Silwood Park that sonfenp species do spectacularly
well when protected from certain enemies (Egptuca rubravhen protected from
soil pathogens by fumigation). The experimentatesysis ideally suited to the
implementation of a factorial exclusion experimenivhich fungicides, insecticides,
nematicides and molluscicides are employed inlg-fitbssed design at the whole-
plot scale. It might be sensible in such an expeni to exclude birds with a netting
roof and walls, and to try to exclude rodents witktal barriers. We suffered
interference from grey squirrels on certain plotsome years, but birds (mostly

jackdaws) were the most consistent nuisance.

Some of the species might have been substantiag eompetitive if freed from
their herbivores by selective exclusion of fungaihmgens, nematodes, mollusc or
insects using pesticidegeronicaarvensis suffered from a smut fungus in one
particular year (2005) and this could have hachgperct on fecundity and its ability to
compete with the other species. SimilaByophila siliques suffered from bird and
insect predation in 2 of the five years.
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Controlling the development of bryophytes on danpgets in years 4 and 5 would
have been good if this could have been achievdtbwitsoil disturbances
(mechanically) or without effects on the experina¢piots (using moss-killing
herbicides). This is one example, where problemsac&se in long-term field

experiments.

9.4 Conclusions

The answers to the questions posed in Chapter dsdmlows:

Chapter 2 Monocultures

How does seedling recruitment vary with seed density across spadiggears?

Very substantially, and in many more cases thaexpected, in a density dependent

manner.

How does seedling survival vary with seedling density acppsses and years?

In a consistently density dependent manner, but stibstantial year-to-year variation

in the mean.

How do mature plant size and biomass vary with plansitheacross species and

years?

The classic size hierarchy (many small individwald a few large ones) developed at
the highest sowing densities in all species. Atdodensities, the size distribution
was much less skew, approaching a normal distabut the lowest densities sown.

How does fecundity vary with mature plant size across spetiEgears?

The per-unit-biomass seed production was systeatlgtimore variable than

expected, and fecundity was typically a decelegation-linear function of biomass
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for most species and most years. The text-bodknmadf a linear relationship
between seed production and shoot biomass waonohonly found for these

species.

How does total seed production vary with biomass acrossiepand years?

Substantially, both in mean fecundity and in tregsl of the allometric relationship

between fecundity and biomass.

How does lambdal(= net multiplication rate, calculated as seed output/sepdt)

vary with seed input across species and years?

The pattern of density dependence in lambda vavitdspecies and with years. The
existence of a threshold density below which lamivda density independent was
observed in a minority of years for most speci®eme species continued to pass the
invasion criterion even at the highest sowing dessive used. There was no

evidence of Allee effects (low density density-degence) in any of our species.

What plant traits are associated with density-dependencg@addependence in
lambda?

None. All of the species showed similar variapilit density dependence.

Chapter 3 Seed banks

What is the time course of seedling appearance across yeamiinseason within

years?

Seeds stopped appearing from the seed bank afiat 4tyears. The time course

typically did not follow the classic exponentialode predicted by simple models.

How do these patterns differ with species?
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Rather little, but there is a clear ranking of seg@n terms of maximum delay

between sowing and seedling appearance.

Is there any immigration to unsown blank plots that mighmis-interpreted as

recruitment from seed bank?

Not at Pound Hill where we did the main seed batgeament, but certainly at

Ashurst where we repeated it.

Chapter 4 Dispersal

How do dispersal kernels differ across years and species atnas§resumably

different) years?
Consistent differences in mean, mode, maximum anciptiles of dispersal
distances across species. Some species showelittlegear to year variation in

kernel (e.gAira) others showed massive variation (&gabidopsi$.

Is there a parametric model that best describes these dispensedls across species

and years?

Apparently not. All species showed initial incsea in seedling density with distance

along transects, and the degree of skew and ksnsie substantial across species.

How does appearance of seedlings relate to estimated seed ithagpecies and

years?

Very much inArabidopsis not at all inAira.

Are there any special adaptations for seed dispersal irspeacies (e.g.

tumbleweeds)?

Cerastium glomeraturturns out to be an outstandingly effective tumided; and by

far the best disperser of the 7 species.
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In multi-year population studies, does immigration of de@ah adjacent plots

contribute to coexistence (e.g. a rescue effect?)

The weeding data from Ashurst indicate a clearanagry of candidates for the rescue

effect, from strong iira to negligible inOrnithopus

Chapter 5 Saturation sowing

Which of the 7 species could be said to be the ‘superior camsti

Our prediction that the species with consisteritg/highest biomas©¢nithopug

would exclude the other species turned out to éarlyl wrong. These experiments
provide a convincing demonstration that for thespé&cies, there is no single superior
competitor. Coexistence appears to be the norntamgetitive exclusion was

seldom if ever observed.

What is the relative performance across years of species dosatuaation densities,

and does this provide evidence for over-compensating density ésper?d

There was little evidence of over-compensating dgdgpendence for most species,

but there were some dramatic year effects whesenhs observed.

Is there a difference in demographic performance betweersfivging and last
sowing for the species sown at saturation density?

It was uncommon for a consistent difference attable to sowing order to be

observed.

Does the performance of a species that is sown at lowtdelepend upon the

identity of the species sown at saturation density, and tthasesary with years?

Significant identity effects were far less commoabserved than we expected at the

outset. There were strong year effects in the onécof saturation sowing.
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Do any species suffer competitive exclusion within a groveaga in any of the

years or in any of the replicates within years?

No.

How does the distribution of plant sizes at maturityywaith sowing density across

species and years?

Most species showed the classic high-density L-athajze distribution in the
saturation experiments. There was often massivéafitgrof seedlings of the species
sown at saturation densities.

Chapter 6 Two-speciestime series

Is there a characteristic pattern of density trajectories acyesss (e.g. a trend
towards competitive exclusion of one of the two species)?

Most species showed fluctuating abundance withifssgnt negative trends in most
cases. Whether these negative trends represesatlyestages of competitive
exclusion, or rather the result of gradual (e.gcsgsional) changes in the
environment provided by the plots cannot be sepdraih the data available.

How similar are the time series for the same species acrobsates?

Not very similar at all in most cases.

How often is local extinction observed?

Very rarely.

Are there consistent identity effects in terms of dominance(eagkif A > B and B >
Cthen A>C)?

No.
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How does experimental redistribution of seed affect the outcompared with

control replicates, where seed is naturally dispersed (preblymia clumps around
adult plants?

In the minority of cases where significant effestre observed, one of the pair of
species increased following seed redistributionthbetother species did not decline in

abundance.

Are the years of peak abundance in paired combinations enderies predicted by

the monoculture and/or saturation data for the same years?

Seldom. Year effects were often different in tinge series experiments and the one-

off yearly experiments.

Chapter 7 Seven-species time-series sown as fine-grained mixtures

Is there a characteristic pattern of density trajectories acyess's (e.g. a trend

towards competitive exclusion of one or more species)?

No.

How similar are the seven parallel time series across spagdicates?

Not very.

How often is local extinction observed?

Seldom if at all. We would have expected some ‘mons” by chance alone,
especially if species drifted to low densities.

Are there consistent identity effects in terms of dominance(eagkif A > B and B >

Cthen A>C)?

No.



208

Are the peak years of species abundance by the behavior of pdeblycthe

monoculture and/or saturation data for the same years?

Yes and no. It varies with species.

How does experimental seed redistribution affect the outcome?

It does not affect the outcome in terms of coeriste but redistribution had

significant effects on population density (someifpes, some negative).

Chapter 8 Seven-species time-series sown as coarse-grained mixtures

How long does the system remember its spatial historymMnieh species were sown

where)?

For two years. The initial heterogeneity was unctetde by year 3 of the experiment

across all replicates.

Do the coarse-grained plots converge towards the fine-gracasd?

Yes, rapidly.

If so, how long does this convergence take?

Three years.

Did species persist longer in the coarse-grained thanerfitie-grained case, as
predicted by the Lotka-Volterra criterion?

There was no difference in persistence.

Finally we re-assess the four mechanisms of camast for these 7 species in
Silwood Park.
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Which of the four classes of coexistence mechanism appeaingbrtant in this 7-

species system?

1. Spatial heterogeneity with resource partitioningry little evidence of spatial
heterogeneity effects, not least because the plets constructed to be as internally
homogeneous as possible. There was no evidenogradpecific aggregation leading
to spatial pattern formation in either the pairsha 7-species time series. It is very
likely that there was resource partitioning basedliéferences in root system
structure but we have no data on this. There wastpbf evidence of phenological
niche partitioning across the seven spedshila vernaconsistently first to ripen

seedOrnithopus perpusillugast).

2. Colonization competition trade-o#xtensively investigated but little evidencetof i
either from seed redistribution experiments, dispkernels or seed bank
experiments. Despite huge differences in mean lsspthere was no clear
competitive hierarchy, and no clear correlatiomaetn seed-limitation and

competitive ability.

3. Selective herbivory acting in a frequency dependent manner; et@l sfEnsity
dependence in regeneration niche (the so-called Janzen-Connell:effeatyidence,
but shared soil pathogens might explain some opé#trns in the interactions

between the two crucifergrophila vernaandArabidopsis thaliana

4. Temporal variability in recruitment combined with a storagiect and sub
additivity. Abundant evidence that year effects are all-péveaand, most
interestingly, that the nature of the year effeets be context specific (e.g. the same
years had different effects in intraspecific contp®t (monocultures) and
interspecific (saturation sowing) settings. Alseayeffects can be expressed
differently in time series studies (where historeffects add to, and interact with
weather effects) than in one-off studies restagteaty year. There was little or no
evidence on sub-additivity (this is exceptionatighy to demonstrate in field
experiments), but there was convincing evidencgafge via the seed bank and

through rescue effects deriving from immigratiorseéd.
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