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Evolution of life history traits can occur rapidly and has the potential to inﬂuence ecological processes, which can also be
shaped by abiotic and biotic factors. Few studies have shown that life history phenotype can aﬀect ecological processes as
much as commonly studied biotic ecological variables, but currently we do not know how the ecological eﬀects of life history phenotype compare in size to the eﬀects of abiotic factors, or whether the ecological eﬀects of phenotypes are sensitive
to variability in abiotic conditions. Using a factorial mesocosm experiment we compared the ecosystem eﬀects of guppy
Poecilia reticulata life history phenotypes in two light treatments representing a four-fold diﬀerence in light levels, which
was comparable to upstream–downstream diﬀerences in light availability in Trinidadian streams. Light and phenotype
had signiﬁcant eﬀects on similar aspects of ecosystem function. Whereas light had a stronger eﬀect on ecosystem structure
(algal and invertebrate stocks) than phenotype, phenotype and light had nearly equal eﬀects on many ecosystem processes
(nutrient recycling, nutrient ﬂuxes, ecosystem metabolism and leaf litter decomposition). Light had a stronger eﬀect on
most guppy life history traits and guppy ﬁtness than diﬀerences between phenotypes. The eﬀect of light on these traits was
consistent with higher availability of food resources in the high light treatments. Interactions between light and phenotype
were weak for the majority of response variables suggesting that abiotic variability did not alter the mechanisms by which
phenotypes aﬀect ecosystem function. We conclude that subtle phenotypic diﬀerences in consumers can aﬀect ecosystem
processes as much as meaningful variability in abiotic factors which until recently were thought to be the primary drivers
of ecosystem function in nature. However, despite its eﬀects on traits and the ecosystem, light did not alter the eﬀect of
guppy phenotype on ecosystem function.

Characterizing interactions between ecological and evolutionary processes is of interest to ecologists because
rapidly evolving or locally adapted populations can
inﬂuence temporal or spatial variation in population,
community and ecosystem processes or states (Post and
Palkovacs 2009, Reznick 2013). An important question is
whether the eﬀects of evolutionary processes on ecological
variables are meaningful, especially when compared to
the biotic and abiotic drivers of ecological processes. To
this end, a few studies have compared the eﬀect sizes of
phenotypic variation within species to the eﬀect sizes of
biotic variables (e.g. density and presence/absence of species) and demonstrated that evolutionary processes can
have ecological eﬀects that are equal to or larger than
the eﬀects of doubling population density or adding a
species to the community (Palkovacs et al. 2009, Bassar
et al. 2010).

Most studies examining the eﬀects of evolution on ecological studies have focused on population and community
states or processes (Bailey et al. 2009, Reznick 2013). Studies
examining the eﬀects of evolution on local ecosystems are
less common, but have revealed that evolution can signiﬁcantly alter ecosystem standing stocks (e.g. algal biomass),
and ecosystem processes (e.g. primary production)(Harmon
et al. 2009, Bassar et al. 2010). However, ecosystem function
is also aﬀected by abiotic factors such as light and nutrient
availability that can vary temporally and spatially. Currently
we do not know how evolutionary eﬀects on ecosystem function compare to the eﬀects of manipulated abiotic variables,
and whether these evolutionary eﬀects are consistent across
abiotic gradients.
In this study we assess the eﬀect of guppy life history phenotype on ecosystem function under two light treatments.
We chose light because it is an important limiting factor in
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aquatic ecosystems, and because it varies dramatically and
consistently among sites containing diﬀerent guppy life history phenotypes. Guppies on the island of Trinidad live along
a gradient of ﬁsh community types. At the one extreme in
downstream locations, guppies live with a variety of predatory species (including Hoplias malabaricus and Crenicichla
spp.) that consume guppies (hereafter: high predation or
HP communities). At the other extreme, in upstream locations, they live only with the killiﬁsh Rivulus hartii, which
are thought to be only mild predators of juvenile guppies
(hereafter: low predation or LP communities) (Reznick et al.
1996a, b, Torres Dowdall et al. 2012). High predation guppies typically grow faster, mature earlier, reproduce more
frequently and produce smaller oﬀspring than LP guppies
(Magurran 2005). Decades of research in this system have
shown that life history trait diﬀerences between HP and LP
phenotypes are heritable (i.e. they are evolved diﬀerences),
and that they can evolve rapidly (within four years) after
HP guppies are transplanted from HP sites to upstream sites
containing only killiﬁsh (Reznick and Endler 1982, Reznick
et al. 1990, Reznick and Bryga 1996).
Guppy HP and LP phenotypes have distinct eﬀects on
ecosystem function that are mediated by phenotypic diﬀerences in diet selectivity and nutrient recycling (i.e. excretion
rate)(Palkovacs et al. 2009, Bassar et al. 2010, Zandona et al.
2011). High predation guppies consume more invertebrates
and excrete more nitrogen (N) per capita than LP guppies,
which consume more algae and detritus and excrete less N
per capita (Palkovacs et al. 2009, Bassar et al. 2010). However, in Trinidadian rivers light limits some of the ecosystem
processes that are aﬀected by guppy phenotype (e.g. primary
production and nutrient ﬂuxes) (Grether et al. 2001, Kohler
et al. 2012, Moslemi et al. 2012). Although light is a limiting variable in a large number of aquatic ecosystems (Gosselin et al. 1990, Hill et al. 1995, Karlsson et al. 2009), it
is particularly interesting in Trinidadian rivers because it is
confounded with the presence or absence of predators. As
in other river systems, canopy openness and light availability increase downstream in Trinidadian rivers, which means
that HP sites are typically more productive and have more
abundant standing stocks than LP sites (Vannote et al. 1980,
Reznick et al. 2001, Kohler et al. 2012). Light availability
can also vary dramatically within sites of the same predator
regime (Grether et al. 2001, Moslemi et al. 2012). Light limits
algal and invertebrate standing stocks, which are important
food resources for guppies (Grether et al. 2001). Laboratory
experiments have shown that changes in resource availability can aﬀect some guppy life history traits (age at maturity,
oﬀspring size) and growth rates (Grether et al. 2001, Arendt
and Reznick 2005). Light can therefore aﬀect ecosystem
function either directly by enhancing primary production,
standing stocks, and nutrient ﬂuxes, or indirectly by altering
guppy life history phenotype or by acting as a selective agent
on guppy ﬁtness.
Our goals were to: 1) test the eﬀects of light and guppy
predation phenotype on guppy life history traits, population growth rates and ecosystem function, 2) test whether
the eﬀect of guppy phenotype on ecosystem function varied
between light treatments, and 3) compare the relative eﬀect
sizes of light and guppy phenotype for all response variables.
Using a factorial mesocosm experiment we crossed HP and
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LP phenotype treatments with two light levels that approximated natural diﬀerence in light between HP and LP sites.
We assessed the relative eﬀects of light, guppy phenotype,
and their interactions on guppy life history traits, population
growth rates and ecosystem function metrics using general
linear models. A signiﬁcant interaction between phenotype and light would suggest that the ecosystem eﬀects of
guppy life history phenotype were not consistent under
variable light conditions. Likewise, signiﬁcant interactions
between light and phenotype in guppy traits or population
growth rates would suggest that light could modulate the
ecosystem eﬀects of guppies by altering the phenotype or
ﬁtness of guppies. Finally we measured and compared the
relative eﬀect sizes of light and guppy phenotype on all
response variables in order to assess whether phenotypic
diﬀerences in life history traits had meaningful eﬀects
on ecosystem function, which can also be inﬂuenced by
abiotic variability in natural ecosystems.

Methods
Experimental design
Eight ﬂow-through cinder block channels were built adjacent to Ramdeen Stream, a tributary of the Arima River
(Trinidad), and were laterally divided into 16 experimental
units (mesocosms, 3.0  0.5 m) (Palkovacs et al. 2009, Bassar et al. 2010, 2013). Water was fed to the mesocosms from
a nearby ﬁshless spring, with discharge maintained at 75 l
h1, and channel depth at ∼15 cm. The ﬂow rates were lower
than average ﬂow rates of many 2nd and 3rd order streams
in Trinidad, but they were comparable to ﬂow rates obtained
in other guppy experiments (Palkovacs et al. 2009). Because
the mesocosm channels were fed from a natural spring similar to those that feed Trinidadian streams, the ﬂow rates we
observed in the mesocosms reﬂected natural variability in the
water supply in Trinidad at the time of our experiment (May
– late dry season). The bottom of each mesocosm was prepared using a commercial gravel and sand mix that was rinsed
to remove silt. The mesocosms were seeded with insects from
a nearby stream (St. Patrick’s Creek in the Arima River, GPS:
10°68′46.1″N 61°29′11.9″W), which were allowed to acclimate in the mesocosm for ∼ 1 week prior to the experiment
(see Supplementary material Appendix 1 for more details).
The experimental design consisted of crossing a light
treatment (low versus high) with guppy phenotypes (LP versus HP) in a full factorial, complete random block design
divided across four blocks (Supplementary material Appendix 1). The light treatment was created by ﬁtting each channel with a box-shaped shade tent (2 m tall, 1.5 m wide and 3
m long). Twenty percent grade black agricultural shade cloth
was used for the high light treatment, and 80% black agricultural shade cloth was used for the low light treatment.
Light levels were measured using light meters set to record
every 15 min immediately above the water surface.
Guppies were collected from High predation (HP)
and Low predation (LP) locations in the Aripo River
∼ 5 days before the experiment began (HP location
GPS: 10°66′56.8″N, 61°22′78.9″W, LP location GPS:
10°69′04.8″N 61°23′68.9″W). These same source popula-

tions were used in previous eco-evolutionary studies (Bassar
et al. 2010), and their diets and life history traits had been
previously described (Reznick and Endler 1982, Zandona
et al. 2011). In each location light was measured over a period
of three days using light meters set to record every 30 min
to provide a point of comparison with the mesocosm light
treatment. Each guppy was measured for standard length,
weighed to the nearest 0.001 gram and marked with colored elastomer to identify individuals for growth rate measurements. Twelve guppies (six males and six females) were
added to each mesocosm, which roughly corresponds to the
density of guppies in HP sites (Reznick and Endler 1982,
Reznick et al. 2001). The initial biomass of guppy populations was constant across treatments (∼ 1.3 g wet mass). The
average initial body size of guppies in each mesocosm was
the same (∼14 mm). The light treatment boxes were erected
on the same day as the guppies were introduced.
Response variables
Guppy life history, demographic rates and ﬁtness

At the end of the experiment (28 days) guppies were
removed with dipnets, and were sacriﬁced in an overdose of MS-222, then preserved. Guppies were then
weighed, and measured for standard length. We analyzed
the responses of life history and demographic rates to the
experimental treatments using general linear models and
model selection procedures. We then used the parameter
estimates from these models to parameterize an integral
population projection model (IPM). The IPM modeled demographic rates as functions of continuous traits
such as body size to provide an estimate of population
growth rates (λ), which in the context of this experiment was interpreted as a measure of absolute ﬁtness
(Easterling et al. 2000). Details of this modeling approach
were described previously in Bassar et al. (2013).
Demographic rates needed to parameterize the IPM
included the mean (and variance) of somatic growth rate,
mean (and variance) of oﬀspring size, fecundity (deﬁned
as oﬀspring number), probability of reproduction over the
interval, and the probability of survival as estimated from
ﬁeld studies (Bassar et al. 2013). Somatic growth rate was
deﬁned as the change in standard length from the beginning
to the end of the experiment. Because guppies reproduce
every 22–25 days, fecundity was estimated by counting the
number of oﬀspring in each dissected female after the end
of the experiment. Oﬀspring size was calculated as the dry
mass of all developing embryos, which was converted to a
size measurement based on known length-mass regressions
of guppy embryos. Female size at maturity was estimated as
the smallest size of females that became pregnant during the
experiment. Reproductive allotment, an important life history trait that was not used in the IPM, was calculated as the
proportion of body mass dedicated to embryos.
A generalized linear mixed model framework was used to
obtain parameter estimates for each demographic rate. Spatial
block, light, phenotype and the interaction between light and
phenotype were entered as ﬁxed eﬀects. Standard length at the
beginning of the experiment and all interactions between length
and the treatment variables were entered as ﬁxed covariates.
When estimable, mesocosm number was entered as a random

eﬀect on the intercept to account for having multiple measures
for each experimental unit (mesocosm). Somatic growth and
oﬀspring size were modeled with normally distributed errors.
Probability of reproduction was modeled as a binomial probability (0 or 1) with a logit link function. Fecundity was modeled as a Poisson distribution. Fecundity and oﬀspring size were
natural log transformed. Embryo stage of development (0 to
50) was included as a covariate in the analysis of oﬀspring size
and reproductive allotment.
To determine the most parsimonious models the Akaike
information criterion (AICc) was for used for models of
somatic growth rates and oﬀspring size, while quasi AICc
(QAICc) was used for fecundity and probability of reproduction. In cases where there was no best model, parameter estimates of the models that explained a minimum of
95% of the cumulative relative likelihood among models
were averaged (Burnham and Anderson 1998). Maximum
likelihood estimators were used for the model selection
procedures, but restricted maximum likelihood procedures were used to obtain the ﬁnal model parameters
for all models. Results of the model selection procedure
were reported in the Supplementary material Appendix 2
Table A1–A4.
The IPM was parameterized using model averaged parameters and the averaged standard errors, which reﬂected
both the uncertainty of each model and of the model
selection process (Supplementary material Appendix 1
Table A5). In cases where there was a signiﬁcant interaction between a predictor variable and body size, parameter
estimates were calculated at three sizes: 12, 18 and 24 mm
standard length. The sizes were chosen to reﬂect diﬀerent
life stages of the ﬁsh: 12 mm is the size of older immature
ﬁsh, 18 mm is approximately the size that females reproduce for the ﬁrst time and 24 mm is the size of older ﬁsh
that are reproducing for the second or more times. These
values did not represent categories, rather they were point
estimates at the values of the size covariate to show eﬀects
at diﬀerent values of the covariates.
The IPM was used obtain population growth estimates
(λ), stable size distributions, and reproductive values. Stable
size distributions and reproductive values were used to calculate sensitivities of λ, but were not discussed further in
the manuscript (Supplementary material Appendix 2 Fig.
A2–A3). A life table response experiment (LTRE) framework
(Caswell 1989) was used to decompose the eﬀect of each
treatment on λ in order to understand the relative eﬀects
of each size-speciﬁc demographic parameter (Supplementary
material Appendix 2 Fig. A4) (Bassar et al. 2013).
Ecosystem function

Ecosystem function response metrics were broadly divided
into ecosystem structure metrics (e.g. algal and invertebrate
biomass) or ecosystem process metrics (e.g. nutrient ﬂuxes,
guppy-mediated nutrient recycling, ecosystem metabolism,
and leaf litter decomposition). Unless noted, general linear
models (GLM) were used to assess the eﬀects of light, phenotype and their interaction on ecosystem function. The
models included block, light, phenotype and an interaction between light and phenotype as ﬁxed eﬀects. The block
eﬀect was removed from the analysis when not signiﬁcant
(p  0.05).
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Algal standing stocks, accrual rates and diversity

On the ﬁrst day of the experiment, 10 (5  5 cm) unglazed
ceramic tiles (previously ashed for 2 h at 500°C) were
randomly placed in each mesocosm. Two randomly chosen
tiles were removed each week to measure algal stocks and
diversity. Algal standing stocks (mg chl m2) were measured
from a 5 ml subsample of the algal slurry using ﬂuorescence.
The changes in algal biomass through the experiment were
analyzed using a linear mixed model approach that is similar to repeated measures ANOVA, but was more powerful
because it modeled error terms more accurately (Supplementary material Appendix 1). On the last day of the experiment
algae (from a 1 ml slurry subsample preserved in formalin)
were then identiﬁed to the level of species (or morphospecies), and diversity metrics (species richness, evenness, Shannon–Weiner index) were computed as previously described
(Bassar et al. 2010).

were measured once an hour (for ∼ 20 h) using an optical
oxygen probe. The measurements were conducted from the
downstream end of each mesocosm and from the head-tank
inﬂow beginning one hour after sunrise and continuing
hourly until midnight. Gross primary production (GPP)
was calculated as the rate of day-time O2 production, while
community respiration (CR-24) was calculated as the daily
rate of O2 consumed per area (Bott 2007). The measurements were corrected for physical evasion of dissolved gasses
following Bassar et al. (2010). GPP was expressed either by
area (Areal GPP, mg O2 m2) or as biomass-speciﬁc GPP
(mg O2 mg chl1). Net daily metabolism (NDM) was calculated as the diﬀerence between Areal GPP and CR-24. The
responses of these metrics to phenotype and light treatments
were analyzed using a GLM on log-transformed data (or raw
data for CR-24).
Nutrient ﬂuxes

Leaf litter decomposition

We assessed how light and phenotype aﬀected the ability of
stream ecosystems to process external (allochthonous) subsidies using leaf pack assays. On the ﬁrst day of the experiment, 10 bagless (i.e. not covered with mesh) leaf packs were
randomly placed in each mesocosm. The leaf packs contained ∼ 4 g of dried fresh black stick leaves Pachystachys coccinea collected from trees in the riparian zone of the Arima
River. Two packs, chosen at random were subsampled on
ﬁve diﬀerent days during the course of the experiment. They
were gently rinsed to remove any settled organic matter or
invertebrates, then dried and weighed. Dried masses of the
two leaf packs were averaged and corrected for handling loss
(Bassar et al. 2010). Leaf litter decomposition (k, percent of
leaf mass decayed day1) was analyzed using a non-linear
model, and the eﬀects of light and phenotype were tested
by constructing contrast matrices (Supplementary material
Appendix 1).
Invertebrate standing stocks

Invertebrates were collected immediately after guppies were
removed on the ﬁnal day of the experiment. The entire
area of mesocosm benthos was agitated thoroughly, and
suspended material was collected using a kick net (63 μm
mesh) and then preserved. Animals were identiﬁed to genus
wherever possible (or otherwise, family), and then measured.
Biomass was computed using length-mass regressions (Bassar et al. 2010, Heatherly 2012). Invertebrates were analyzed
(using a GLM) either as total biomass (mg DM m2), or as
the biomass of two size fractions: small ( 1 mm) or large
( 1 mm). In addition to these whole assemblage analyses,
chironomid biomass (either total or size fractionated) was
analyzed separately because chironomids are prevalent in
guppy diets (Zandona et al. 2011). Details of invertebrate
community composition are in Supplementary material
Appendix 3.
Ecosystem metabolism

Metabolism, deﬁned as the rate of O2 production and consumption in each mesocosm, was measured on day 23 of
the experiment using the two station method (Hauer and
Lamberti 2006). Dissolved O2 concentration (mg O2 l1),
water temperature (oC), and barometric pressure (mm Hg)
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Nutrient ﬂuxes were deﬁned as the rate of nutrient (nitrogen
(N) or phosphorus (P)) movement through the mesocosms,
either through uptake by the mesocosm benthos, or by export
from the mesocosm. On day 27 of the experiment water samples were collected from the inﬂow and outﬂow of each mesocosm, and then were ﬁltered (25 mm, pre-combusted at 450oC
Whatman GFF ﬁlter) and refrigerated until analysis (within
24 h). Ammonium nitrogen and soluble reactive phosphorus
were analyzed using standard methods (Holmes et al. 1999,
Parsons et al. 1984, Taylor et al. 2007). Fluxes (μg N or μg
P h1 m2) were calculated by multiplying the diﬀerences
between inﬂow and outﬂow nutrient concentrations by the
total water volume in the mesocosms, and then dividing the
outcome by the product of residence time and benthic surface area of each mesocosm.
Guppy-mediated nutrient recycling

Nutrient recycling was deﬁned as the rate at which guppies
excrete dissolved inorganic nutrients (N or P). On day 27
of the experiment excretion rates (ammonium μg N ﬁsh1
h1 and soluble reactive phosphorous μg P ﬁsh1 h1) were
measured for three guppies spanning a range of representative sizes from each of mesocosm, as previously described
(Bassar et al. 2010). Excretion rate was analyzed as a linear
mixed model with spatial block, phenotype, light treatment
and the interaction between phenotype and light as categorical ﬁxed eﬀects, and natural log-transformed body mass
as a covariate. Mesocosm number was entered as a random
eﬀect on the intercept to account for multiple ﬁsh being
measured from each mesocosm (Supplementary material Appendix 1). Males and females (the female category
included immature ﬁsh) were analyzed separately because
previous experiments have shown that they have diﬀerent
patterns of nutrient recycling (Bassar et al. 2010). Furthermore, female guppies continue to grow throughout their
lives while males cease growing at maturation; juvenile guppies were grouped with females because they also are growing
and allocate resources similarly to females (Magurran 2005).
These models were then used to estimate nutrient excretion
rates for all individuals in the populations based on their size
as outlined in the IPM section, and the total contribution
of guppies to nutrient recycling was estimated as the sum of
these individual rates in each of the mesocosms.

The relative contributions of light and phenotypes to the
response variables

Guppy life history traits and absolute ﬁtness

The relative eﬀects of light and phenotype on each of the
response variables were compared using a newly developed
method (Ellner et al. 2011). This method calculated the relative contribution of phenotypic and ecological processes to
the observed variable as the average of the observed eﬀect of
each treatment variable across the other, using the following
equations:

Light signiﬁcantly increased the somatic growth rates of
both LP and HP guppies (Table 1, Supplementary material Appendix 2 Fig. A1). Neither the eﬀect of phenotype
nor the interaction between phenotype and light were
signiﬁcant (Table 1, Supplementary material Appendix 2
Fig. A1). High light also increased guppy fecundity (Table
1, Supplementary material Appendix 2 Fig. A1), and HP
guppies were signiﬁcantly more fecund than LP guppies
(Table 1, Supplementary material Appendix 2 Fig. A1).
The interaction of light and phenotype was not signiﬁcant (Table 1). Oﬀspring of LP guppies were signiﬁcantly
larger than HP guppies (Table 1, Supplementary material
Appendix 2 Fig. A1). Neither the eﬀect of light nor the
interaction between light and phenotype were signiﬁcant
(Table 1), although there was a trend towards smaller
oﬀspring sizes under high light (Supplementary material Appendix 2 Fig. A1). None of the treatment eﬀects
signiﬁcantly inﬂuenced the probability of a reproduction (Table 1), despite observed diﬀerences in the means
between phenotype treatments, especially at smaller sizes
(Supplementary material Appendix 2 Fig. A1). Neither
light nor phenotype had a signiﬁcant eﬀect on reproductive allotment (p  0.05 in all eﬀects, Supplementary
material Appendix 1 Table A6).
Light signiﬁcantly increased the absolute ﬁtness of both
phenotypes as evident from population growth rates (Table
2, Fig. 1). However, HP guppies had signiﬁcantly higher
ﬁtness than LP guppies across both light treatments, and
the interaction between phenotype and light was not signiﬁcant (Table 2, Fig. 1). Fitness estimates were driven
primarily by diﬀerences in the somatic growth rates of
small guppies (12 mm), which were signiﬁcantly elevated
in high light (Supplementary material Appendix 2 Fig.
A4), and by fecundity, which increased with light, and
which was higher in HP than in LP guppies (Supplementary material Appendix 2 Fig. A4). Total guppy biomass
(mg wet weight m2) was signiﬁcantly higher under high
light compared to low light (p  0.001, F1,12  50.29,
Table 3), but neither phenotype (p  0.931), nor the
interaction between light and phenotype were signiﬁcant
(p  0.511).

contribution of light  1/2 [(XHLHP – XHLLP)
 (XLLHP – XLLLP)]
contribution of phenotype  1/2[(XHLHP – XLLHP)
 (XHLLP – XLLLP)]
Where X was the marginal mean, HP and LP were high and
low predation phenotypes, and HL and LL were high and
low light, respectively. The relative contributions of light
and phenotype for each response variable were calculated as
the contribution of each divided by the sum of their contributions. Relative contributions were only estimated for
response variables where light and/or phenotype were signiﬁcant. In cases where size was included as a covariate, the
relative contributions were calculated based on marginal
means computed for an average body size (18 mm guppy).
Marginal means of all response variables are listed in Supplementary material Appendix 4.

Results
Light levels
The light treatment resulted in a four-fold, signiﬁcant difference in light levels between high and low light treatments
(∼68  106 and ∼16  106 lumen ft1 day1, respectively;
p  0.001, F1,15  38.7). The light levels in the high light
treatment were similar to average light levels observed in the
Aripo HP site (∼ 82  106 lumen ft1 day1), but levels in
the light treatment were lower than observed in the Aripo
LP site (∼ 35  106 lumen ft1 day1). Despite diﬀerences
in light, water temperature diﬀerence between the high and
low light mesocosms were very small at ∼ 0.2oC.

Table 1. Lower (0.025) and upper (0.975) conﬁdence intervals of experimental treatment effects on guppy life history traits at small (12 mm),
medium (18 mm) and large (24 mm) sizes. Values that do not overlap zero are considered signiﬁcant and are represented in bold. Means are
reported in the Supplementary material Appendix 2 Table A1 (somatic growth), Table A2 (fecundity), Table A3 (probability of reproduction)
and Table A4 (offspring size). Trends are reported in Fig. A1.
Effect
(a) 12 mm
Phenotype
Light
Interaction
(b) 18 mm
Phenotype
Light
Interaction
(c) 24 mm
Phenotype
Light
Interaction

Somatic growth

Fecundity

Probability of reproduction

Offspring size

(2.756, 0.461)
(1.247, 4.178)
(0.4, 0.888)

(0.003, 0.023)
(0.001, 0.036)
(0.006, 0.005)

(0.004, 0.014)
(0.002, 0.021)
(0.007, 0.007)

(ⴚ0.926, ⴚ0.552)
(0.387, 0.004)
(0.246, 0.13)

(0.525, 0.188)
(1.609, 2.311)
(0.104, 0.604)

(1.126, 2.605)
(1.65, 3.116)
(0.781, 0.698)

(0.005, 0.112)
(0.015, 0.123)
(0.006, 0.091)

(ⴚ0.926, ⴚ0.552)
(0.387, 0.004)
(0.246, 0.13)

(0.532, 0.941)
(0.984, 2.367)
(0.162, 0.667)

(2.246, 5.463)
(3.272, 6.513)
(1.589, 1.445)

(0.001, 0.007)
(0.002, 0.007)
(0.001, 0.005)

(ⴚ0.926, ⴚ0.552)
(0.387, 0.004)
(0.246, 0.13)

1185

Table 2. Median and conﬁdence intervals of the effects of phenotype, light and their interaction on ﬁtness, measured as population
growth rate (λ). Effects in bold are signiﬁcant at the 0.05 level, twotailed (i.e. conﬁdence intervals do not overlap with zero).
Quantile
Effect
Phenotype
Light
Interaction

0.025

Median

0.975

0.058
0.472
0.173

0.191
0.606
0.060

0.319
0.738
0.057

Algal standing stocks, accrual rates, and diversity
Light had a signiﬁcant positive eﬀect on algal standing stocks
(Light: p  0.001, Table 3, Fig. 2), which were also marginally higher in HP compared to LP treatments (Phenotype:
p  0.049, Table 3). The eﬀect of light and phenotype on
algal standing stocks both changed through time (Day 
Light: p  0.01, Day  Phenotype: p  0.049, Table 3).
Phenotypic diﬀerences were more apparent in weeks 2 and
3 of the experiment than in week 4 (Table 3, Fig. 2). The
interaction between light and phenotype was not signiﬁcant
(Day  Phenotype  Light: p  0.266).
The algal assemblage was composed primarily of diatoms
(∼70% of the community), green algae and cyanobacteria
(combined at∼15% of the community). Green algae and
cyanobacteria were grouped as a single category for the analysis because they showed similar responses to the experimental treatments. Under high light conditions the proportion
of diatoms declined from ∼80% to ∼60% of the total algal
biovolume (p  0.02, Table 3) and the proportion of green
algae and cyanobacteria increased from ∼10% to ∼20% of
the total algal biovolume (p  0.02, Table 3). Guppy phenotype did not have a signiﬁcant eﬀect on the composition of
algae, but diﬀerences between light treatments were slightly
smaller in LP guppies compared to HP guppies (Phenotype
 Light: p  0.051)(Table 3).
Invertebrate standing stocks
Dipterans, especially chironomids, dominated the invertebrate community (∼80% of the total biomass), followed
by odonate larva (Supplementary material Appendix 2).

Population growtn rate
(l)

2.3
2.1

HP
LP

1.9

Ecosystem metabolism
Light enhanced Areal GPP (p  0.045), which was also
higher in HP compared to LP mesocosms (p  0.040, Table
3, Fig. 3c). The interaction between light and phenotype
was not signiﬁcant (p  0.385, Table 3). Low light conditions enhanced biomass GPP relative to high light conditions (p  0.009, Table 3, Fig. 3d). The eﬀects of phenotype
on biomass GPP were not signiﬁcant (p  0.923). Community respiration (CR-24) was higher in HP compared to
LP mesocosms (p  0.037, Table 3, Fig. 3e), but was not
aﬀected by light (p  0.143, Table 3). Interactions between
light and phenotype were not signiﬁcant (p  0.220). Net
daily metabolism (NDM) was enhanced by light (p  0.031,
Table 3), and was higher in HP compared to LP mesocosms
(p  0.049, Table 3). The interaction of light and phenotype
was not signiﬁcant (p  0.330).
Nutrient ﬂuxes
Light did not have a signiﬁcant eﬀect on N ﬂux (p  0.567,
Table 3), but N ﬂux was signiﬁcantly higher in HP compared to LP mesocosms (p  0.020, Table 3, Fig. 3f ). The
pattern indicated that HP mesocosms had a stronger tendency towards N export, whereas LP mesocosms had a
stronger tendency towards N uptake (i.e it had higher N
demand). In contrast, P ﬂuxes were marginally lower in high
compared to low light (p  0.057, Table 3, Fig. 3f ), and were
not aﬀected by phenotype (p  0.862, Table 2, Fig. 3g). The
negative sign on P ﬂuxes in high light indicated that there
was more mesocosm demand for P under high light compared to low light. There were no signiﬁcant interactions
between phenotype and light in either N ﬂux (p  0.279) or
P ﬂux (p  0.785, Table 3).

1.7
1.5

Leaf litter decomposition

1.3

Leaf litter decomposition was faster in HP than in LP treatments (p  0.04, Fig. 3h). Light, and the interaction between
light and phenotype were not signiﬁcant (p  0.752 and
p  0.651, respectively).

1.1
LL

HL
Light treatment

Figure 1. The eﬀect of light and guppy phenotype on guppy
absolute ﬁtness, measured as population growth rate (λ). HP refers
to high predation guppy phenotype, and LP refers to low predation
guppy phenotype. HL is the high light treatment, and LL is the low
light treatment.
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Under high light conditions total invertebrate biomass
and total chironomid biomass both increased (p for both
analyses  0.001, Table 3). Phenotype did not have a signiﬁcant eﬀect on total invertebrate or chironomid biomass
(p  0.200, Table 3). However, some diﬀerences were evident
between phenotype treatments when the data were divided
by size. The biomass of the large ( 1 mm) total invertebrates
and large chironomids ( 1 mm) was higher in HP than in
LP mesocosms (p  0.02 and 0.038, respectively, Table 3,
Fig. 3a). In contrast, phenotype did not aﬀect the biomass
of the total smaller invertebrates ( 1 mm) (p  0.05,
Fig. 3b) or of the small chironomids ( 1 mm, p  0.05,data
not shown). The interaction between light and phenotype
was not signiﬁcant for any of these variables (Table 3).

Guppy-mediated nutrient recycling
Both light and phenotype had signiﬁcant eﬀects on nutrient
excretion, but these eﬀects varied across guppy body sizes

Table 3. The effect of light and phenotype on ecosystem function. Values for all tests except leaf litter decomposion are F ratios with degrees
of freedom as subscripts. For leaf litter decomposition the values are t values with degrees of freedom as subscripts. The number of stars
indicates signiﬁcance: $ is p  0.10, * is p  0.05, ** is p  0.01, and *** is p  0.001.
Variable
Guppy biomass
Algal standing stocksa
% diatoms
% green algae and cyanobacteria
Total invertebrate biomass
Total chironomid biomass
Small invertebrate ( 1 mm)
biomass
Small chironomid ( 1 mm) biomass
Large invertebrate ( 1 mm) biomass
Large chironomid ( 1 mm) biomass
Areal GPP
Areal CR24
Biomass GPP
NDM
N ﬂux
P ﬂuxb
Leaf litter decomposition
Total N recycling
Total P recycling

Light

Phenotype

Light  Phenotype

50.291,12***
1181,9***
6.71,12*
6.81,12*
45.11,12***
38.01,12***
61.81,12**

0.011,12
5.21,9*
1.51,12
1.51,12
2.01,12
2.01,12
0.21,12

0.4851,12
0.71,9
4.61,12$
4.51,12$
1.31,12
1.21,12
2.01,12

0.11,12
7.01,12*
6.91,12*
5.31,12*
5.51,12*
0.01,12
4.81,12*
7.31,12*
0.11,9
2.08,61*
69.91,12***
0.21,12

2.41,12
0.21,12
0.61,12
0.21,12
1.61,12
0.21,12
1.11,12
1.31,12
0.11,9
0.41,61
16.81,12**
0.61,12

56.31,12**
23.71,12**
7.91,12*
4.81,12*
2.41,12
4.61,12**
6.21,12*
0.31,12
8.81,9$
0.3 1,61
1391,12***
45.81,12**

analysis also had a Block effect (F ratio  4.73,9**), a Day effect (34.23,25***), a Day  Block effect (4.13,25**), a Day  Light effect
(8.23,25**), a Day  Phenotype effect (33,25*), and a Day  Phenotype  Light effect (1.43,25) b this analysis also had a signiﬁcant block effect
(4.73,9*)
aThis

and between sexes. Large female guppies ( 24 mm) excreted
N at higher rates than small female guppies ( 12 mm)
(p  0.001, F1,12  58.23, Fig. 4, Supplementary material
Appendix 2 Table A7). The eﬀects of phenotype on female
guppy N excretion became more pronounced with increasing body size (Phenotype  Size: p  0.057, F1,11  4.53,
Fig. 4a, Supplementary material Appendix 2 Table A7).
For larger ( 24 mm) guppies HP females excreted more
N per ﬁsh than LP guppies (p  0.027, F1,12  6.38, Fig. 4,
Supplementary material Appendix 2 Table A7), and more at
high light compared to low light (p  0.006, F1,12  11.29,
Fig. 4a, Supplementary material Appendix 2 Table A7).
Large female guppies also excreted P at higher rates than

smaller guppies (p  0.002, F1,12  16.44, Fig. 4b, Supplementary material Appendix 2 Table A7), but P excretion was
not signiﬁcantly aﬀected by any other variables (Supplementary material Appendix 2 Table A7). None of the treatments
signiﬁcantly aﬀected N or P excretion in males (Supplementary material Appendix 2 Table A7).
Both light and phenotype had a signiﬁcant eﬀect on the
total contribution of guppies to N recycling (i.e. total excreted
N and P from the entire guppy population in each mesocosm). In general light availability increased total N excretion
(p  0.001, Table 3, Fig. 4c), and HP populations excreted
more N per hour than LP populations (p  0.001, Table 3).
There was a signiﬁcant interaction between light and phenotype in total N excretion suggesting that the eﬀect of light
on total N excretion was stronger for HP guppies than for
LP guppies (Phenotype  Light: p  0.002, Table 3). Light
signiﬁcantly enhanced the total contribution of guppies to P
recycling (p  0.001, Table 3, Fig. 4d), but neither phenotype (p  0.650, Table 3), nor the interaction between light
and phenotype were signiﬁcant (p  0.445, Table 3).
The relative contributions of light and phenotype to
response variables

Figure 2. The eﬀects of light and phenotype on algal standing stocks
over the duration of the experiment. High predation (HP) phenotypes are in squares and low predation (LP) phenotypes are in triangles. High light (HL) treatments are in white symbols, and low
light (LL) treatments are in black symbols. Values are least square
(i.e. marginal mean)(standard error).

The responses of guppy somatic growth, population growth
(ﬁtness), fecundity, and ﬁnal biomass to increased light availability were ∼2  larger than the phenotypic diﬀerences of
these traits (Fig. 5). However, phenotypic diﬀerences in oﬀspring size were larger than the eﬀect of the light treatment.
The eﬀect of light was on average 4  the eﬀect of phenotype
on ecosystem structural metrics, but the impact of light and
phenotype on the abundance of large invertebrates were nearly
equal (Fig. 5). Likewise, the impact of light and phenotype on
ecosystem processes were nearly equal, and in some cases (e.g.
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LL
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2.0
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1.0
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0
–250
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–50
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Light treatment

Figure 3. The eﬀects of light and phenotype on ecosystem function. HP is the high predation phenotype, and LP is low predation phenotype. HL is high light, and LL is low light. Values are marginal means (standard error).

leaf decomposition), phenotype had a much stronger eﬀect
than light, explaining ∼87% of the observed eﬀect (Fig. 5).

Discussion
Our study shows that both light and guppy phenotype can
signiﬁcantly aﬀect ecosystem function. Whereas light has a
much stronger eﬀect on ecosystem structure (e.g. standing
stocks) than phenotype, light and phenotype are equally
important in shaping many ecosystem processes such as
nutrient recycling and primary production. These ﬁndings
indicate that phenotypic diﬀerences within a species, which
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are typically ignored in ecosystem studies, can aﬀect ecosystem processes as much as variability in abiotic conditions
that limit numerous aspects of the ecosystem. The absence of
interaction between light and phenotype for ecosystem function, life history traits, and absolute guppy ﬁtness suggests
that the eﬀects of guppy phenotype on ecosystem function
are not inﬂuenced by light availability, and that light does
not modify the ecosystem eﬀects of guppy life history phenotype by modifying guppy traits or ﬁtness.
The diﬀerence in light between the high light and low
light levels in the experiment is comparable to diﬀerence
in light levels observed in HP and LP locations in the
Aripo River. The eﬀect of light on algal standing stocks,
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HP-LL
LP-HL
HP-HL

0.5
0.0
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–1.0

Total N excretion rate
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(mg P.hr–1)
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(a)
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(d)
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Fecundity *
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Offspring size *
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Total final guppy biomass

Algal standing stocks *
Total invertebrate biomass
Small invertebrate biomass (<1mm)
Large invertebrate biomass (>1mm)*

Figure 4. The eﬀects of light and phenotype on individual nutrient recycling rates (a and b) and total (i.e. population level) nutrient recycling
rates (c and d). Panel a represents ammonium N excretion rates by female guppies. Panel b represents soluble reactive P excretion rates by female
guppies. Panel c represents total contribution of guppies in each treatment to N recycling. Panel d represents the total contribution of guppies
in each treatment to P recycling. High predation (HP) phenotypes are in squares and low predation (LP) phenotypes are in triangles. High light
(HL) treatments are in white symbols, and low light (LL) treatments are in black symbols. Values are least square means (plus standard error).
Because of signiﬁcant interactions between body size and the experimental treatments, least square means were estimates by centering the
general linear models at three diﬀerent size classes (small guppies  12 mm, medium guppies (∼18 mm), and large guppies ( 24 mm)).

Ecosystem Process

Relative contributions
(% of total effect)

1.0

0.5

Leaf littler decomposition *
Areal GPP*
Biomass GPP
Areal CR24*
NDM*
N flux*
N excretion rate*
Total N recycling rate*
Total P recycling rate

0.0

Light
Phenotype

Figure 5. The relative contributions of light and guppy phenotype
to observed diﬀerences in guppy traits, ﬁtness and ecosystem
function (structure and process metrics) as speciﬁed on the x-axis.
Response variables are deﬁned in the method section. Only response
variables with a signiﬁcant eﬀect of either light or phenotype
are shown. Stars indicate a signiﬁcant phenotype eﬀect. The relative
contributions are calculated using marginal means, which were
estimated at body size  18 mm for N excretion and fecundity.
The relative contribution was averaged across all four days of algal
sampling for the algal standing stock metric.

algal composition, GPP, invertebrate biomass, consumermediated N recycling and P ﬂuxes are largely consistent
with previous studies (Grether et al. 2001, Kiﬀney et al.
2004, Moslemi et al. 2012). Likewise, the eﬀect of guppy
phenotype on algal standing stocks, GPP, and nutrient
recycling is consistent with other studies, and with a scenario where LP guppies consume more algae and recycle
less N than HP guppies (Bassar et al. 2010, Zandona
et al. 2011). Our results for invertebrate biomass and leaf
litter decomposition diﬀer from some previous experiments,
which showed a reduction of invertebrate biomass and leaf
decomposition rates in HP mesocosms (Bassar et al. 2010).
However, the eﬀects of guppy phenotype on these variables
are generally inconsistent, with some studies reporting no
eﬀects of phenotype on invertebrate or leaf litter (Palkovacs et al. 2009). Currently we do not understand why the
eﬀects of guppies on invertebrates and leaves diﬀer between
experiments, but one potential candidate is diﬀerences in
invertebrate diversity within the artiﬁcial channels, which
can be driven by diﬀerences in light shading methods, differences in the timing of the experiments (dry versus wet
season), or by diﬀerences between the locations of invertebrate assemblages used to seed the experiments (example
St. Patrick’s creek (this experiment) versus Ramdeen stream
(Palkovacs et al. 2009)).
Nonetheless we found that whereas both light and phenotype altered primary production rates, only phenotypes
aﬀected leaf litter decomposition. This suggests that whereas
light acts primarily on autochthonous (internal or algal based)
pathways, guppy phenotype acts on both autochthonous and
allochthonous (external or leaf litter based) pathways. External subsidies are a signiﬁcant source of energy for stream
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communities, and characterizing how streams are connected
to adjacent systems through subsidies is an important goal
for stream ecologists (Allan and Castillo 2007). Phenotypic
diﬀerences can potentially alter connections between stream
systems and adjacent environments by changing the rates at
which external subsidies (i.e. leaves) are processed.
Species eﬀects on ecosystem function are thought to be
context speciﬁc, meaning that their strength can be modulated by background environmental conditions or disturbance events (Kurle and Cardinale 2011). In contrast to
this we ﬁnd that the interactions of light and phenotype for
all ecosystem response variables are either not statistically
signiﬁcant or relatively weak. Likewise, although light has
a large eﬀect on life history traits, there are no interactions
between phenotype and light in life history traits and ﬁtness. Guppy life history traits are aﬀected by the availability
of light, indicating that there is some plasticity in guppy
phenotypes that allowed their traits to vary with environmental conditions (Table 1). However, one reason interactions between light and phenotype are largely absent is that
life history traits, ecosystem-eﬀect traits (e.g. nutrient recycling rates), and ﬁtness of both LP and HP guppies show
similar and equal responses to light variability (Fig. 2, 3).
The lack of interaction between phenotype and light when
it comes to guppy ﬁtness is particularly interesting because
it clariﬁes the processes that cause the evolution of the LP
phenotype. Life history traits characteristic of LP guppies
evolve when HP guppies are transplanted from HP sites to
upstream sites that are free from guppies and guppy predators
(Reznick et al. 1997). The mechanism that causes the evolution of the LP phenotype is currently unknown (Reznick
et al. 2012, Bassar et al. 2013). Early studied assumed that
predators in HP sites were thought to feed primarily on large
guppies, while R. hartii in LP sites was thought to feed primarily on juvenile guppies (Reznick et al. 1996a). A shift
in size speciﬁc mortality from large guppies (in HP sites) to
small guppies (in LP sites) would cause LP-like life history
traits to evolve, but mark–recapture studies showed that size
speciﬁc mortality did not diﬀer between LP and HP sites
(Reznick et al. 1996a). Since the LP phenotype predictably
evolves when HP guppies are transplanted into previously
guppy-free environments (Reznick et al. 1990,1997), and
since they do so while also retaining ample genetic variation
(Carvalho 1993), something in nature must tip the balance
in favor of the LP phenotype. One candidate is per capita
resource availability, which is lower in LP compared to HP
populations. Not only is light availability, which limits guppy
food items (algal and invertebrate standing stocks), lower in
LP compared to HP environments, but guppy density is
also typically higher in LP compared to HP communities
(Reznick et al. 1996a, 2001). If LP phenotypes are ﬁtter than
HP phenotypes under reduced resources, then such conditions might cause the LP phenotype to evolve when HP guppies are transplanted into guppy free, upstream locations.
Two recent ﬁndings generally support an interaction
between resource availability and ﬁtness as a mechanism for
the evolution of LP guppies: The trophic morphology and
feeding behavior of LP guppies suggests that they are more
eﬃcient at acquiring resources than HP guppies (Palkovacs
et al. 2011), and while the ﬁtness of LP guppies is higher
than HP guppies at high population densities. This ﬁtness
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advantage disappears at low population densities (Reznick
et al. 2012, Bassar et al. 2013). Had we observed a signiﬁcant interaction between light (which controls resources)
and phenotype in guppy ﬁtness we would have provided
support for the hypothesis that LP guppies were ﬁtter under
low light conditions compared to HP guppies. Instead we
found that HP guppies retain their ﬁtness advantage at varying levels of resource supply (controlled by light) however,
guppy density in this experiment was low, comparable to
guppy density in HP environments, and likely similar to
the density guppies in the early stages of introduction from
HP to guppy-free, LP sites. Our data show that lower per
capita resources produced by lower light conditions might
not tip the balance in favour of LP guppies in the early
stages of guppy introduction when guppy densities are low.
However it is possible that light availability becomes more
important as densities increase. A better understanding of
the mechanisms driving guppy evolution will require mesocosm experiments to compare the eﬀects of light availability
on the ﬁtness of HP and LP guppies under high and low
guppy density conditions.
Our study demonstrates that intraspeciﬁc diﬀerences in
life history phenotype, which are largely ignored in ecosystem studies, can aﬀect key ecosystem processes as much as
meaningful changes in abiotic variability, and that assessing how the ecological eﬀects of phenotypes vary across
environmental gradients can help us clarify evolutionary
mechanisms. Our ﬁndings therefore motivate for a stronger
integration between evolutionary biology and ecosystem
science in experiments and ﬁeld studies.
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