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Abstract:

1. The outcome of competition between individuals often depends on body-size. These
competitive asymmetries can drive variation in demographic rates, influencing the
ecology and evolution of life-histories. The magnitude and direction of such asymmetries
differ among taxa, yet little is known empirically about how adaptation to resource
limitation alters competitive asymmetries.

2. Here, we investigate the relationship between size-dependent competitive ability and
adaptation to resource limitation.

3. We examined size-dependent competition in two ecotypes of Trinidadian guppy,
adapted to high or low levels of resource competition. Using aquaria-based competition
experiments, we describe how the size and ecotype of competitors influence somatic
growth rate, whilst controlling for the confounding effect of niche differentiation. We
replicated our study across two independent evolutionary origins of the ‘competitive’
ecotype.

4. The two ‘competitive’ ecotypes differed markedly in size-dependent asymmetry,
indicating that adaptation to resource limitation alone is insufficient to explain changes in
size-dependent competitive asymmetry. For one origin, the ecotype adapted to resource
limitation was a superior competitor over a wide range of size pairings.

5. The equivalence of competitors varied over five-fold, dependent on size and ecotype;
in three of four populations, larger individuals had a competitive advantage.

6. Our results demonstrate that competitive asymmetry has strong effects on somatic
growth. Because somatic growth contributes to demographic parameters, intraspecific

trait variation is likely to play a key role in regulating demographic rates. Our findings imply
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that the evolution of size-dependent asymmetries under conditions of intense competition

is likely to be constrained by niche availability, although further research is needed to
verify this.
Keywords: density-dependence, ecotypes, individual differences, interaction

surface, intraspecific competition, size-dependent, somatic growth rate, trait

variation.

Introduction

“All animals are equal, but some animals are more equal than others” — Animal Farm,

George Orwell

Competitive interactions for limited resources have long been thought to play a
major role in the regulation of populations (e.g. Gause 1934; Hairston, Smith & Slobodkin
1960; Connell 1983). Empirical investigations of competition often envision total numbers
of individuals as the important determinant of the level of competition experienced (e.qg.
Jenkins et al. 1999; Svanback & Bolnick 2007; Bassar et al. 2013). However, individuals
are rarely equal in competitive ability. Where individuals differ in competitive ability
through phenotypic trait values, competition is said to be asymmetric (Weiner 1990).
Differences in competitive ability are frequently described between species (Lawton &
Hassell 1981; Schoener 1983) and between distinct life-history stages (Schroder, van

Leeuwen & Cameron 2014). Asymmetric competition can significantly alter ecological
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and evolutionary dynamics. For example, asymmetric competition among life-history
stages can modify the age structure of populations and drive life-history evolution (de
Roos, Persson & McCauley 2003), whilst asymmetry between species can lead to the
extinction or displacement of one species, or an evolutionary ‘arms-race’ between species
(Law, Marrow & Dieckmann 1997).

In species without clearly defined life-history stages, asymmetry may result from
differences among competitors in the values of quantitative traits. Body size is one such
trait (Schoener 1983; Ward, Webster & Hart 2006). Many size-dependent traits relate
directly to two factors that determine the competitive ability of an organism: a.) the impact
an individual has on local resource availability, and b.) its ability to tolerate resource
depletion (Persson 1985; Goldberg 1990; Werner 1994). Larger individuals often have an
advantage with respect to a.): they are often better at acquiring resources and are able
to outcompete smaller individuals (Weiner 1990). By contrast, smaller individuals may
have an advantage with respect to b.): they have lower per capita resource requirements,
which may allow them to better tolerate resource depletion (Persson 1985). In the wild,
examples exist of both larger individuals being competitively superior (e.g. Jenkins et al.
1999; Boaventura, Da Fonseca, & Hawkins 2003; Donahue, 2004), and of smaller
individuals having a competitive advantage (e.g. Marshall & Keough 1994; Werner 1994;
Bystrom & Andersson 2005). Theoretical work has shown that when competitive
asymmetry depends on body size, shifting competitive dominance from small individuals
to large ones can lead to a doubling of generation time, through a reduction of growth rate
and survival in juveniles, but increased survival and fecundity in adults (Bassar et al.

2016). Such competitive asymmetry can in turn influence population dynamics and the



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

timescale of evolution (Bassar et al. 2016). Despite the significant ecological and
evolutionary consequences of size-dependent asymmetry, many studies of natural
populations assume that competition is symmetric with respect to body size and model
demographic rates as a function of the total population size or density: conspecifics are
assumed to be ecologically equivalent (Hassell 1975; Connell 1983; Schoener 1983;
Gurevitch et al. 1992; Bassar et al. 2010a).

Of course, competitive ability can evolve. Because species differ in the strength
and direction of size-dependent asymmetries, we suggest that the relationship between
size and competitive ability may also evolve. Although size-dependent asymmetry is
considered a population-level parameter, it ultimately arises from how the competitive
ability of individuals changes during growth (Werner 1988). What factors might contribute
to the evolution of such ontogenetic changes in competitive ability, and therefore of size-
dependent asymmetry? One candidate is resource limitation. Where they exist, size-
dependent asymmetries are strongest under conditions of resource limitation (Post,
Parkinson & Johnston 1999), yet such conditions alone may not drive the evolution of
such asymmetries: if resource acquisition is independent of body size, competition will be
size-symmetric by definition. The degree and mode of adaptation to resource limitation
may differ among populations: how then does adaptation to resource limitation influence
size-dependent competition? To address this question, we compare the degree of size-
dependent competitive asymmetry in ancestral and derived populations differentially
adapted to conditions of resource limitation.

Trinidadian guppies (Poecilia reticulata) represent an excellent system for testing

how asymmetries within and among populations are influenced by body size and local
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adaptation to resource limitation. Guppies inhabit streams and rivers throughout Trinidad,
along gradients of predation intensity. In downstream regions guppies live in high-
predation habitats alongside several predatory species, such as the pike cichlid
(Crenicichla alta) and the wolf fish (Hoplias malabaricus). These large predatory fish are
restricted to downstream regions by the presence of barrier waterfalls. Above barrier
waterfalls, guppies exist in low-predation habitats with one other fish species present, the
killifish (Rivulus hartii), a competitor to and occasional predator of guppies. Increased
predation rates in downstream localities leads to reduced densities of guppies compared
to upstream locations: the absolute density of guppies in low-predation habitats is
approximately twice that of high-predation habitats (Reznick & Endler, 1982), whilst
differences in population size structure mean that the biomass density of guppies in low-
predation habitats is four-fold higher than in high-predation habitats (Reznick, Butler &
Rodd 2001). The lack of predators in low-predation locations shifts the nature of
population regulation between these populations from top-down, via predation (as in high-
predation) to bottom-up regulation through resource competition (as in low-predation)
(Torres-Dowdall et al. 2012; Bassar et al. 2013). Guppies of both ecotypes are
omnivorous, consuming invertebrates, detritus, and algae, however low-predation
habitats have lower resource availability (Reznick, Butler & Rodd 2001) and lower
resource quality, i.e. fewer invertebrate prey available as food for guppies (Zandona et al.
2017).

These changes in the predation risk and population densities ultimately drive
differences in the life histories of these two ecotypes. Low-predation guppies are larger

at maturity, commit fewer resources to reproduction, have lower reproductive frequency,
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and produce a smaller number of larger offspring per litter than high-predation guppies
(Reznick & Endler 1982). These differences have a genetic basis (Reznick 1982) and are
consistent across independent river watersheds (Reznick, Rodd & Cardenas 1996).
Genetic analyses of nuclear and mitochondrial sequences support the parallel,
independent evolution of the low-predation ecotype following invasion of guppies from
ancestral high-predation habitats across multiple river watersheds in Trinidad (Alexander
et al. 2006): the life-histories of guppies in low-predation habitats have consistently,
repeatedly, and independently diverged from those of the ancestral high-predation
guppies. Changes in predation risk alone cannot explain the difference in life-histories
between guppy ecotypes; instead, in low-predation guppies the increased population
densities and strong density regulation of natural populations support the argument that
limited resource availability drives the evolution of the low-predation life-history (Reznick
et al. 1996; Reznick, Butler & Rodd 2001; Reznick et al. 2012; Bassar et al. 2013).
Furthermore, low-predation guppies are less sensitive to increases in population density
than high-predation guppies (Bassar et al. 2016), and life-history changes such as larger
offspring size confer a competitive advantage at high population densities (Bashey 2008).
Thus, the weight of evidence suggests that low-predation guppies are adapted to
resource limitation. Several traits that evolve in the low-predation ecotype are size-
related, suggesting that increased size plays an important role in adaptation to
competition through resource limitation. As such, guppies provide an excellent model for
investigating the effect of size and local adaptation to resource limitation on competitive

asymmetries.
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Here, we employ an experimental approach to test whether competitive ability
changes dependent on population- and individual-level traits (ecotype and body size,
respectively) in Trinidadian guppies. Under the assumption that low-predation guppies
are adapted to resource limitation, we expect a population-level competitive advantage
of the low-predation ecotype. If adaptation to resource limitation increases size-
dependent asymmetry, we would expect low-predation guppies to have a stronger
positive relationship between competitive ability and body size. We discuss our findings
with respect to potential mechanisms underlying local adaptation to increased levels of

competition, and to the ecology and evolution of competitive asymmetry.

Methods
Experimental design

We performed aquaria-based competition trials to determine if ecotype- and size-
based competitive asymmetry operates in Trinidadian guppies, and whether size-based
asymmetries differed between high-predation and low-predation ecotypes. We
determined competitive asymmetry by the impact of the ecotype and body-size of an
individual on the somatic growth rate of its competitor(s). This provides an indirect
measure of an individual’'s trait-dependent impact on resource availability. We chose to
measure the effect on somatic growth since fithess and thus demographic rates are very
sensitive to this parameter in guppies (Bassar et al. 2013). Each tank contained either
two or four guppies, simulating the two-fold difference in absolute population densities
typical between natural high-predation (low density) and low-predation (high density)
populations (Reznick & Endler, 1982; Bassar et al. 2013). Guppies were categorized into

four size classes (+1.5mm): 10mm, 14mm, 18mm, and 22mm. These size classes broadly
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represent different life-history stages in female guppies: juveniles (10mm), newly-
reproducing adults (14mm), and established, mature adults (18mm and 22mm),
representing most of the natural size variation seen in wild populations of guppies of both
ecotypes (Rodd & Reznick, 1997). Each tank contained either one or two size classes of
fish, and one or both ecotypes, in all possible unique pairings at each density, giving 72
competition trials (Fig 1). Note that whilst we describe the experimental design in terms
of discrete size-classes, analysis of the effect of individual and competitor body size on
somatic growth was performed by regression, i.e. size is analysed as a quantitative trait.
Simulation studies have shown that such a design is sufficient to be able to estimate the
degree of body size asymmetry in growth rate (Bassar et al. 2016). All tanks received the
same amount of food which was held constant over the 28-day trial. The tanks provided
a homogenous habitat, preventing any size- or ecotype- dependent niche differentiation.
This controlled approach allows us to directly quantify competitive asymmetry, which
would be confounded by the contrasting effect of niche differentiation in natural
environments. We performed the experiment twice, using fish from different watersheds

to test the repeatability of the effects across two independent origins of the low-predation

guppy ecotype.

Fish populations and housing

We collected guppies from two independent watersheds in the Northern Range
mountains, Trinidad, representing two independent origins of the guppy ecotypes. In the
Aripo watershed, we collected low-predation fish from the Naranjo tributary. We collected

high-predation fish from the Aripo river, downstream from Haskin's Falls. In the Quare
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watershed, we collected low-predation fish from the Quare-2 tributary, and high-predation
fish from the main stem of the Quare river, accessed below the pump-house on the Hollis
Reservoir Road. These sites are well established examples of low-predation (i.e.
resource-limited) and high-predation (i.e. resource-abundant) habitats (Magurran 2005).
We collected fish using butterfly nets and returned them to our field station in plastic
bottles of medicated water (0.150ml/L of Stress Coat®, Mars Fishcare North America,
PA, USA; 0.075ml/L of AmQuel Plus®, Kordon LLC, CA, USA). We treated fish with a
salt bath (sea salt 25¢/L, for 15 minutes) to rid them of ectoparasitic infections and with
antibiotics (either tetracycline at 0.187g per 20L, or furan at 1.25g per 20L) to control
bacterial infections. We kept stock fish in glass tanks at densities of approximately 1.5
fish per litre of water. We provided constant aeration to each tank under ambient
temperature and light levels. We fed stock fish twice daily, with either live Artemia brine
shrimp nauplii, dried bloodworms or flaked fish food. We replaced the water in each tank

every other day.

Experimental setup

Only female guppies were selected for the competition trials because they occur
over a wider range of body sizes than males; females have indeterminate growth,
whereas the growth of males ceases at maturity. Prior to the trials, fish were
anaesthetised with MS-222 and given a unique subcutaneous coloured elastomer implant
(Northwest Marine Technologies, WA, USA). Standard length (SL) was measured with
digital callipers as the distance from the tip of the snout to the hypural plate, recorded in

to the nearest 0.01mm. Mass was recorded to the nearest 0.001g. These measurements
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were recorded at day 0, day 14, and day 28 of the experiment. Guppies give birth to live
young and increase in mass significantly during pregnancy. Whilst we visually selected
non-gravid females for our trial, guppies are able to store sperm. Thus, pregnancy status
was unclear at the end of the trial, which could introduce substantial variation into growth
measurements. By contrast, change in SL reflects food resources allocated to growth,
rather than reproduction. Initial SL was strongly correlated with the natural log of initial
mass (adjusted R?=0.96). Whilst we chose to focus on change in SL as our measure of
growth, we also report on change in mass for the purpose of comparison with other
studies. For both watersheds, mean initial SL and standard deviation for each size class
of fish (N=108 for each size class) were 10mm: mean=10.36mm, s.d.=1.08mm; 14mm:
mean=14.31mm, s.d.=1.19mm; 18mm: mean=17.93mm, s.d.=1.01lmm; 22mm:
mean=21.56mm, s.d.=1.26mm. During the trials, fish were housed in plastic tanks (2L
capacity: 120x110x180mm) containing approximately 1.5L of stream water and received
constant aeration at ambient temperature and light conditions. Fish were added to tanks
according to treatment, in random order. Water was replaced every other day. Offspring
produced during the trial were removed from the tank daily. Fish that died or that displayed
symptoms of illness during the trial were replaced by another of the same size and
ecotype, in order to maintain the treatment within the tank. Growth data from replacement
fish were not used in the analysis. Potential variation in feeding behaviour, due to
differences in perceived number (or size) of competitors, was controlled by visually

isolating tanks from one another with opaque barriers between tanks.

Feeding regime

11
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We chose live Artemia brine shrimp nauplii as a food source for the competition
trials, due to their motility and the ease with which they can be reared and quantified in
the lab. Brine shrimp nauplii are a close approximation of the natural invertebrate prey of
guppies, and are readily consumed by all size classes of guppy in the lab (personal
observation, T. Potter). Brine shrimp were reared in 4L plastic containers of stream water
with 25ppt sea salt added, at a starting density of 1g of cysts per litre. Constant aeration
was provided, and containers were kept at ambient light and temperature levels. Brine
shrimp were harvested 36 hours after initial hydration of cysts, by syphoning into a fine
mesh net. Harvested brine shrimp were rinsed with fresh water and allowed to drain. To
guantify the food source, rinsed brine shrimp were loaded into a graduated syringe, and
added to fresh water to give a stock density of 0.1ml of brine shrimp per ml. During
feeding, a homogenous distribution was maintained by constant swirling of the mixing
vessel.

Each tank, regardless of treatment, received the same quantity of brine shrimp,
representing a fixed carrying capacity. The quantity of brine shrimp provided per tank was
determined on the basis of previous guppy-diet research (Auer, 2010) and preliminary
trials to ensure all brine shrimp could be consumed by the fish in the tank within a few
minutes. The trial tanks of two or four 10mm size class fish were fed a range of diets
(100-350ul of shrimp-water mixture, at 50ul increments), with tanks visually inspected for
remaining brine shrimp after one hour of feeding. The ration was considered to be limiting
if no brine shrimp were observed at this time. The largest limiting ration was 250ul, and
this ration was deemed appropriate for use in the competition trials. Each tank received

250ul of shrimp-water mixture in the morning of each day for the duration of the trial. We
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assumed that competition was exploitative in our experiment. The mode of competition
can shift from exploitative to interference with decreasing resource availability (Holdridge,
Cuellar-Gempeler & terHorst 2016), which could influence asymmetry. However,
environmental homogeneity, and the small size and rapid dispersal of food through the

tank in our experiments limited the potential for interference competition.

Modelling individual growth

Somatic growth of fish can be described by one of several types of growth curves
and the choice of the growth curve assumed may influence the estimates of competitive
asymmetry. Therefore we first tested which growth curve most accurately describes
somatic growth (length and mass) from a separate experiment where low-predation and
high-predation guppies were raised on ad libitum food from birth and measured for mass
and SL every other day over a sixty day period (see Supplementary Information for
details). For both males and females and for mass and length the Gompertz growth model
provided the best fit to the growth data.

To estimate the degree of competitive asymmetry from the competition
experiment, we followed the modelling approach outlined in (Bassar et al. 2016) and
(Bassar, Travis & Coulson 2017). To begin, we used a growth model that estimates the
change in somatic size assuming growth follows a Gompertz curve, including a quadratic
term to improve model assumptions of heteroscedasticity. This model is:

Gj (ln(zj')

where G is the mean change in SL or mass of fish of initial standard-length z and ecotype

n(z)) ~ Boj + Boyin(z) + B2 1n(z)” Eqn.1

j at time t. The parameters B,;, B,;, and B,;2 together describe the growth of size z and

13
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ecotype j fish in the absence of competitive effects. Adding density dependent growth and

competitive asymmetries means modifying the model to incorporate density effects:

Gj (ln(zj’)|ln(zj)) ~ Boj + ﬁzjln(zj) + B,j2 ln(zj)2 + B 2 a(zj,xj) Njx + Buj Z a(zj,xi)nix.Eqn.Z
The parameter By; describes the decrease in the growth increment with increasing
density of fish of the same size and ecotype. The interaction surface, a(zj,xi), describes
how the strength of competition is modified by different sizes and ecotypes of fish, with z;
denoting the body size of the focal individual of the j th ecotype and x; denoting the body
size of a competitor of the i th ecotype. The term n;, is the number of individuals of
ecotype j of size x. The summations in the last two terms are done across all sizes in the
population.

We modelled the interaction surface two ways. Both assume that all individuals
compete for the same resources. The first model for the interaction surface is based on

competitive abilities changing linearly on the log scale (Bassar, Travis & Coulson 2017):

enj+¢j(ln(xj)—ln(v))
ai(7,x:) = i+ bin(z)-In()

_ e77ji+¢j(1n%)_¢i(ln%)_ Eqn.3

Equation 3 is derived from the idea that competitive ability within an ecotype (or species)
can be described as a monotonic increasing (or decreasing) function of size z. The
parameter n; describes the competitive ability of an individual of size v, which is a
constant set by the researcher, as in covariate centering. The size-competition coefficient
¢; describes how competitive ability increases or decreases with body size. Dividing
ecotype j's competitive function by the competitive function for ecotype i yields a surface

that describes the proportional change in competitive ability between individuals of
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different sizes and ecotypes. This new parameter, the ecotype-competition coefficient n;
then represents the difference in competitive ability between the two ecotypes.

An alternative formulation of the interaction surface that is common in the plant
literature (Weiner 1990) is:

% Eqn.4
aﬁ(zj,xi) = ﬁ qn-

Competitive asymmetry by ecotype can be included by multiplying equation 4 by eji so

that:

x]‘¢j
aji(z), x;) = eV . Eqn.5
;Pi

The advantage of this formulation is that the ¢ values can be directly interpreted with
respect to the trait value. For example, when ¢ =1 competitive ability is directly

proportional to the trait value.

Statistical analysis

Model parameter estimates were obtained by maximum likelihood estimation,
using the function mle2 of the package bbmle (Bolker 2017) in the R environment (R Core
Team 2017). We tested five hypotheses relating to competitive asymmetry as a function
of body size and ecotype: 1. Competition is asymmetric as a function of the ecotypes
(n;), and competitive ability changes with body size differently between ecotypes (¢;
and ¢;); 2. Competition is asymmetric as a function of the ecotypes (n;;), and there is a
common relationship between size and competitive ability among ecotypes (i.e. a single
value of ¢); 3. Competition is symmetric with regards to ecotype, but competitive ability

changes with body size differently between ecotypes (¢; and ¢;); 4. Competition is

15
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symmetric with regards to ecotype, and there is a common relationship between size and
competitive ability (¢); 5. The null hypothesis, in which we assumed competitive symmetry
within and between ecotypes, i.e. individuals are competitively equivalent. For each
model, optimal starting values for each parameter were selected by cycling through a
range of start values and selecting those which resulted in the lowest global log-likelihood
score. In all models, we allowed the parameters describing density-independent growth
and the density-dependent parameter to vary based on ecotype. Models were centred at
18mm or 0.125g. Model assumptions of heteroscedasticity were confirmed from plots of

the residuals against predicted values.

Results
Data collection

In total, we obtained growth data for 281 fish over the course of both sets of
competition trials (Aripo = 152; Quare = 129). Somatic growth rates observed were typical
of those seen in wild populations (Bassar et al 2013), suggesting that the food-level used
was generally well-calibrated to reflect natural food availability. The exception was for
Quare low-predation fish of the 22mm size class, in which negative growth was observed
at high densities (two-tailed z-test, z=-3.63, p<0.001). In the Aripo trials, fish that died or
were replaced due to illness during the experiment were smaller, and from high density
treatments (GLM with logit-link function, density: Estimate=0.35, S.E=0.17, P=0.04; body-
size: Estimate=-0.09, S.E=0.04, P=0.01). In the Quare trials, density and body-size had
no detectable effect on mortality. Fish that died were more likely to be of the low-predation

ecotype (GLM with logit-link function, ecotypelLP: Estimate=1.00, S.E=0.29, P=0.001).
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The overall replacement rate of fish that died or were removed due to ill health was 35%.
We accept that this rate is high, however the imbalance of design resulting from taking
no growth data on replacement fish did not bias model parameter estimates: we simulated
the experiment for both watersheds, with a.) the full, balanced design (no replacement),
and with b.) the imbalanced designs that arose from replacement of fish in the physical
experiments. Model parameter estimates did not differ between a.) and b.) in the
simulations, but z-scores were higher in a.). However, this difference did not change the
interpretation of results obtained experimentally. On this basis, we conclude that fish

replacement did not bias our model parameter estimates.

Interaction surface model selection

When considering growth as change in standard length, the proportional form of
the interaction surface gave a better fit to the data than the exponential form. This was
true for fish from both watersheds (Table 1) (difference in AIC scores between best-fitting
proportional form and exponential form: Aripo AAIC = 4.22; Quare AAIC = 3.62). Further
discussion of the results refers to those obtained with the proportional form of the
interaction surface, where growth is defined as change in standard length. For
comparison with other studies, the Supplementary Information provides results using
change in mass as the measure of growth and employing the exponential form of the
interaction surface.

Including the interaction surface in the model greatly improved the fit of the data

compared to the null model, in which we assumed competitive equivalence of guppies
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both within and between ecotypes (comparisons between poorest-fitting interaction
surface model and null model: Aripo: AAIC =16.12; Quare: AAIC = 8.93) (Table 1, Fig 2).

The best-fitting functional form of the interaction surface differed between
watersheds. In the Aripo watershed, the difference in AIC scores between the best and
next-best fitting models was small (Table 1), indicating uncertainty with regards to the
best fit. However, we argue that selection of the simpler model with the size-competition
coefficient ¢ common to both ecotypes (Table 1; hypothesis 4) is justified, since in the
larger models (Table 1; hypotheses 1-3) the estimates for the additional parameters (n;,

¢;, and ¢;) were highly non-significant (P>0.35).

Interaction surface results: Aripo

In the Aripo watershed, the simplest hypothesis was supported (Table 1:
hypothesis 4): ecotypes share a common degree of size-dependent competitive
asymmetry, and there is no evidence of ecotype-dependent asymmetry. The size-
competitive coefficient is approximately equal to 1 (Table 2: ¢ = 1.089, S.E = 0.246,
P<0.001), meaning that competitive ability increases proportionately to body size in Aripo
guppies. As such, competitor size strongly influences individual growth rates at high
population density (Fig 3a), but not at low population density (Fig 3b), and this is true for

both ecotypes.
Interaction surface results: Quare
In the Quare trials, the full model provided the best fit to the data (Table 1:

hypothesis 1): ecotypes differed in the degree of size-based competitive asymmetry, and
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there is asymmetry as a function of ecotype. Low-predation guppies display much weaker
size-dependent competitive asymmetry than high-predation guppies (Table 2: A¢= -
1.407, S.E = 0.428, P=0.001). For high-predation Quare guppies, competitive ability
increases more than proportionately to body size (Table 2: ¢yp= 1.771, S.E = 0.400,
P<0.001), whereas for low-predation Quare guppies, competitive ability is essentially
symmetric, since it is not statistically different from zero (Table 2: ¢;p,=0.364, S.E = 0.226,
P=0.054). We found statistically significant competitive asymmetry between ecotypes in
Quare guppies (Table 2: n;;= 4.136, S.E = 1.202, P<0.001) which interacts with the size-
dependent competitive asymmetry of the high-predation ecotype, influencing the growth
rates of individual fish at high population densities (Fig 4a, Fig 4b.). For both low- and
high-predation guppies, growth is suppressed to a greater extent by low-predation rather
than high-predation competitors, when competitors are smaller than ~19mm (Fig 4a, Fig
4b).

The interaction of the traits (size and ecotype) of a focal individual with those of its
competitors means that describing the competitive equivalence of low- and high-predation
Quare guppies is quite complex (Fig 5). For example, when the size of competitors varies,
the competitive equivalence of a low-predation guppy compared to a high-predation
guppy ranges from 0.6 to 3.3, a greater than five-fold difference. Low-predation guppies
were competitively superior (equivalence > 1) over approximately two thirds of the

potential competitor size pairings in the range of 10mm-22mm.

Discussion
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We performed size-structured competition trials to determine whether intraspecific
trait variation affects somatic growth, which is a key contributor to demographic
parameters. We asked how competitive ability changes with body-size in Trinidadian
guppies, and whether competitive asymmetry differed between ecotypes adapted to
different degrees of competitive intensity. Our results demonstrate the importance of
including intraspecific trait variation when estimating demographic rates: including
competitive ability via body size significantly improved the fit of our model to the data
(Table 1, Fig 2), and had major effects on estimates of somatic growth rates (Fig 3, Fig
4). When ecotype effects were present, the equivalence of competitors varied more than
five-fold across the range of sizes typically seen in guppy populations (Fig 5).

Competitor size has significant effects on growth rate in guppies at high population
densities. This was true whether we considered growth as change in standard length or
mass, and in trials with guppies from different river watersheds, in three of the four
populations we tested (Aripo high- and low-predation, and Quare high-predation). The
size competition-coefficient was greater than 1, meaning that larger guppies have a
disproportionate competitive effect on smaller guppies. By contrast, smaller guppies have
little competitive impact on larger guppies. Asymmetry favouring large individuals can
have significant consequences for the ecological dynamics of populations (de Roos &
Persson 2003; Bassar et al. 2016). Are natural populations of guppies likely to be
regulated by asymmetry? The effect of competitor body size on somatic growth was much
reduced in the low-density treatments (Fig 3b). This suggests that at low-population
densities, typical of natural high-predation populations, the traits of conspecifics have a

limited impact on somatic growth and thus fitness in guppies. However, at high population
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densities, typical of low-predation habitats, strong asymmetry resulted in greater than two-
fold variance in somatic growth rates (Fig 3a).

Asymmetry favouring larger individuals can modify the age and size structure of
populations: juveniles take longer to reach maturity and have a lower probability of
surviving the juvenile period and recruiting to maturity; adult life-span and fecundity
increase, resulting in a higher ratio of juveniles to adults within the population (de Roos &
Persson 2003). How does this theoretical prediction match our measurements of
asymmetry, and observations of size-structure in guppy populations from the literature?
Low-predation populations typically have an evenly-distributed size- and age-structure
(Rodd & Reznick 1997; Reznick, Butler & Rodd 2001), which would correspond to minimal
changes in competitive ability with body size. Our results from the Quare low-predation
guppies are in agreement with this hypothesis, since competition is essentially symmetric
with regards to size in these fish. However, in the Aripo low-predation guppies, we found
strong size-dependent asymmetry favouring larger individuals. One possible explanation
for this paradox is that Aripo low-predation populations might display ontogenetic niche
shifts. When adults and juveniles occupy different niches, competition between life-
history stages within a population is reduced (Werner & Gilliam 1984). If adults and
juveniles do not compete strongly with each other, then adults would not strongly
suppress juvenile growth rates and recruitment. This effect would decouple size-based
competition from the life-history stage-dependent dynamics described by de Roos and
Persson (2003), and would explain the evenly-distributed population size structure,
despite strong size asymmetry. An alternative explanation could be of increased mortality

of juveniles in low-predation habitats (i.e. at high population densities), however mark-
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recapture work has shown that mortality risk for all size classes of guppy are uniformly
lower in low-predation habitats (Reznick et al. 1996).

We found that both ancestral populations (the high-predation ecotypes) displayed
strong competitive size-asymmetry, which influenced growth rates at high densities. High-
predation guppies have high metabolic requirements, associated with the fast pace of
their life-history strategy e.g. high reproductive rate, and continued growth following
maturation at a relatively smaller size (Auer et al. 2018). As such, the metabolic demands
on adult high-predation guppies may select for increased competitive ability with size.
How does competitive asymmetry evolve in response to increased population density and
resource scarcity? In the low-predation populations, competition was symmetric with
regards to size in the Quare population, but strongly asymmetric favouring larger
individuals in the Aripo population: the relationship between local adaptation and size-
asymmetry was not consistent between ecotype pairs. This indicates that adaptation to
resource scarcity alone is insufficient to explain changes in the relationship between
competitive ability and body size in guppies.

We expected that the low-predation ecotype would have a population-level
competitive advantage over the high-predation ecotype. We found contrasting results
between watersheds: in the Aripo, we found no evidence of asymmetry as a function of
ecotype; in the Quare, the low-predation ecotype were competitively superior over the
majority of the range of body sizes considered. Again, these contrasting results between
these independent origins of the guppy ecotypes highlight that there are different
mechanistic routes to adaptation to resource scarcity, which could result from differences

between watersheds in factors such as available genetic variation, or niche availability.
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In our experiments, we deliberately limited the potential for niche differentiation, so as
to accurately quantify size- and ecotype-dependent asymmetries. In natural systems,
however, niche differentiation is likely. For example, natural shoals of guppies have been
shown to be assorted by body length (Croft et al. 2003), generating niche differentiation
among size classes. Although we did not test this directly, our results in conjunction with
theory suggest that the potential for niche differentiation is likely to play an important role
in the evolution of competitive asymmetry. Where competitive ability increases with size,
selection should favour ontogenetic niche differentiation, such that different sizes and
ages do not compete strongly. Under this scenario, we would expect the Aripo low-
predation population (strongly size-asymmetric) to display ontogenetic niche
differentiation. However, if there is no potential for niche differentiation, selection should
favour a reduction in asymmetry. Under this scenario, we would expect the Quare low-
predation guppies (size-symmetric) to display significant niche overlap between ages and
sizes. One way to test this idea would be to perform mark-recapture experiments with
density manipulation in pairs of Quare and Aripo low-predation streams. The degree of
size-dependent niche differentiation p; can be estimated by its inclusion within the
interaction surface of the somatic growth model, whilst fixing the size-dependent

competition coefficient ¢;to the values obtained in this experiment. This approach would
allow the disentangling of the contrasting effects of p; and ¢; on somatic growth, and

could be further verified through stomach content analysis, or behavioural observations
of habitat use and foraging in the field.
Our experiment was limited to comparisons between two independent evolutionary

origins of the low-predation ecotype. We found contrasting patterns between ecotype
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pairs, suggesting different mechanisms underlying local adaptation to resource limitation.
Whilst many ecotype studies consider two origins (e.g. Schluter et al. 2004; Bassar et al.
2010b; Zandona et al. 2011), further replication would allow a better understanding of
local factors leading to the differences among sites observed here.

In summary, our work highlights the importance of considering intraspecific trait
variation and the consequences of asymmetric competition when defining demographic
rates and using them to generate predictions about life-history evolution. We found that
competitors were not equal: competitive equivalence among individuals varied over five-
fold dependent on population- and individual-level traits. Adaptation to resource limitation
alone was insufficient to explain differences in size-dependent competitive ability between
populations. Our findings raise questions with regards to the role of niche availability in
the evolution of competitive asymmetry, and subsequently on demographic rates. We

have briefly outlined one experimental approach that could address these questions.
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687 Tables & Figures

Table 1. Likelihoods and AIC values for the various models of somatic growth, for
both watersheds. Lowest AIC scores are given in bold type. The hypotheses tested
by the models are: 1. Competition is asymmetric between ecotypes (1;;) and ecotypes
differ in how competitive ability changes with size (¢;, ¢;); 2. Competition is
asymmetric between ecotypes (n;;) and competitive ability changes with size in the
same manner between ecotypes (¢); 3. Competition is symmetric with regards to
ecotype, and ecotypes differ in how competitive ability changes with size (¢;, ¢;); 4.
Competition is symmetric with regards to ecotype, and competitive ability changes
with size in the same manner between ecotypes (¢). The null hypothesis is that there
is no effect of ecotype or size on competitive ability.

Hypothesis Exponential Model Proportional Model
Model -2logLike AIC Model -2logLike AIC
Aripo
xd)]
1 eMiit®jxj—¢izi  _.510.20 -486.20 enﬁ% -514.50 -490.50
Zprt
x: P
2 eMit®xj—bz; 50935 -487.35 e"ji’—¢ -513.71 -491.71
Zj
xd)]
3 ePiXj=bizi -509.62 -487.62 ’—¢ -513.82 -491.82
Z;prt
x:®P
4 ePxj=%zi -509.02 -489.02 ’—¢ -513.24 -493.24
Zi
null null -492.38 -474.38 null -492.38 -474.38
Quare
x¢]
1 eit®ixXj—¢izi  .486.83 -464.83 enﬁ% -490.45 -468.45
Zirt
x:®P
2 eMiit®xj—¢zi 476,73 -456.73 enﬁf_qb -477.92 -457.92
Zi
x¢]
3 e®jxj—bizi -474.70 -454.70 ]_¢ -476.69 -456.69
Zirt
x: P
4 ePxj=Pzi -474.27 -456.27 ]_¢ -474.97 -456.97
Zj
null null -463.76 -447.76 null -463.76 -447.76
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Table 2. Parameter estimates from the best models of the change in standard length
(mm) using the proportional form of the interaction surface, for high-predation (HP) and
low-predation (LP) ecotypes. B, is the model intercept; g, is the body size coefficient;
B,z is the quadratic body size coefficient; Sy is the density coefficient; ¢ is the size
asymmetry coefficient common to both ecotypes;n;; is the ecotype asymmetry
coefficient; ¢,p and ¢, p are the size asymmetry coefficients for HP and LP ecotypes,
respectively; A¢ is the difference between ¢, and ¢, . N.B. The quadratic term £,zLP
for the Quare watershed was not significant, and thus removed from the model. For the
Aripo model, adjusted R?=0.85; for Quare, adjusted R?=0.90.

Watershed
Aripo Quare

Parameter Est SE y4 P Est SE Z P

Bo LP 0.204 0.017 12.300 <0.001 0.127 0.017 7.582 <0.001
p. LP -0.305 0.035 -8.790 <0.001 -0.312 0.022 -14.457  <0.001
B,2LP 0.291 0.075 3.877 <0.001 - - = =
By LP -0.042 0.005 -8.576 <0.001 -0.034 0.005 -6.989 < 0.001
Bo HP 0.162 0.017 9.419 <0.001 0.100 0.016 6.342 <0.001
B, HP -0.247 0.035 -7.001 <0.001 -0.270 0.029 -9.415 <0.001
B,2HP 0.422 0.079 5.374 <0.001 0.397 0.056 7.028 <0.001
By HP -0.027 0.005 -5.388 <0.001 -0.020 0.005 -4.352 <0.001
(0] 1.089 0.246 4.435 <0.001 - - - =
Nji - - - - 4.136 1.202 3.440 0.001
bup - - - - 1.771 0.400 4.424 <0.001
bLp - - - - 0.364 0.226 1.611 0.054
A - - - - -1.407 0.428 -3.289 0.001
sigma 0.043 0.002 17.194 <0.001 0.033 0.002 15.670 <0.001
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Figure Legends

Figure 1. Experimental design of the competition trials. Somatic growth was measured
over 28 days, with two ecotypes, low-predation and high-predation, and four size classes
of fish tested: 10mm, 14mm, 18mm, and 22mm. Each bold outlined square represents a
single tank, housing fish according to either a.) low or b.) high density treatment,
respectively. In the low population density treatment, each unique combination of two fish,
of each size class and ecotype were paired in a tank. The high population density
treatment consisted of four fish, of one or two size classes, and one or two phenotypes.
In total, there were seventy-two tanks, in which a total of 216 guppies of a range of sizes,
two different ecotypes, and at two different levels of population density were competing
for a limited food source. The amount of food provided in each tank was held constant.
The experiment was performed twice, using guppies from two independent evolutionary

origins of the low-predation ecotype.

Figure 2. Predicted vs observed somatic growth, for guppies from a.) the Aripo, and b.)
the Quare, for (i) the best fitting model, and (ii) the null model. Values are corrected for
the density independent component of growth (Egn. 1), and thus describe the effect of

competitors on somatic growth.

Figure 3. How is somatic growth influenced by competitor size at low and high population
densities? Somatic growth is plotted as a function of competitor body size, simulated from
parameter estimates of the best fitting model (solid lines) for the Aripo watershed

experiment (Table 2), and from the null model (dashed lines) in which competitive
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symmetry is assumed. Note that because competition-coefficients did not differ between
ecotypes, functions are only shown for the low-predation ecotype, at a.) high, and b.) low
population densities, at four initial standard length size-classes:(i) 210mm, (ii) 14mm, (iii)
18mm, and (iv) 22mm. Growth is defined as change in standard length (mm) over a 28-

day period. Shaded regions represent 95% prediction intervals.

Figure 4. How is somatic growth influenced by both the ecotype and size of competitors?
Somatic growth is modelled as a function of competitor body size, with lines denoting
whether competitors are homotypic (solid) or heterotypic (dashed) with regards to
ecotype. Functions are plotted for a.) the low-predation ecotype (LP) and b.) the high-
predation ecotype (HP), at high population density. At low density, there was no effect of
competitor traits on growth. Functions are plotted for individuals of size (i) 10mm, (ii)
14mm, (iii) 18mm, and (iv) 22mm. Somatic growth is defined as change in standard
length (mm) over a 28-day period. Estimates were simulated from model coefficients for
somatic growth for the Quare competition trials (Table 2). Shaded regions represent 95%
prediction intervals. N.B. Predicted growth for 22mm low-predation guppies was negative

at a high density of low-predation competitors, which is unlikely in natural populations.

Figure 5. The competitive equivalence of two ecotypes (low-predation: LP; high-
predation: HP) is plotted as a function of the size of competitors. Equivalence is with
respect to the LP ecotype: the scale describes the number of high-predation guppies of
size x that would be competitively equivalent to one low-predation guppy of size z. Where

equivalence is greater than 1, the low-predation ecotype is competitively superior; where
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743  equivalence is less than 1, the high-predation ecotype is competitively superior.
744  Competitive equivalence is determined from the interaction surface of the somatic growth
745 model, using the coefficients of ¢;, A¢;, and n;; obtained from the Quare competition trials
746  (Table 2).
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