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Abstract

Environments are changing rapidly, which renders many local populations susceptible
to extinction unless they can adapt to these changes. Studies of rapid adaptation
commonly document the evolution of individual traits. Overall adaptation however, is a
function of fitness itself, rather than the individual traits that contribute to fitness.
Although numerous studies provide evidence for the evolution of specific traits on
contemporary time scales, no published studies of wild animal populations have
examined the evolution of a major fitness component following environmental change.
My research demonstrates that an introduced population of guppies (Poecilia reticulata)
has adapted to its new environment in less than ten years (13-26 generations). This
adaptation consists of several phenotypic traits that have changed in the expected
direction. Most critically, the introduced population now has higher survival than its
ancestral source population when both are tested together in the introduction site. These
results show that important components of fitness can evolve rapidly in populations, and
that this evolution might influence the persistence of populations in the face of

environmental change.



Résumé

L’environnement change rapidement, rendant les populations susceptibles de
disparition, 2 moins qu'elles ne s’adaptent. La capacité d’une population a persister face a
des changements environnementaux est déterminée par sa valeur adaptative, qui dépend
de plusieurs traits. Alors que plusieurs études ont démontré 1’évolution de traits sur de
courtes périodes, aucune a ce jour n’a encore examiné 1’évolution de la valeur adaptative
totale. Ma recherche démontre qu’une population de guppies (Poecilia reticulata)
introduite s’est adaptée a son nouvel environnement en moins de dix ans. Cette
adaptation est le résultat du changement de plusieurs traits phénotypiques dans la
direction prédite. Plus précisément, les individus de la population introduite ont
maintenant une plus grande chance de survie que les individus de la population d'origine
lorsqu'ils sont ensemble au site d’introduction. Ces résultats montrent que des
composantes importantes de la valeur adaptative peuvent évoluer rapidement dans des

populations qui subissent des changements environnementaux.
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of the research reported in the thesis.
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General Introduction

Many organisms are currently experiencing environmental change (Reed et al. 2003).
If they are to persist as viable populations, they will need to alter their geographic
distribution (i.e. migrate to more benign environments), or adapt to the changes.
However, as many populations cannot alter their distribution owing to natural
environmental barriers (e.g. mountains or waterfalls), or human caused habitat
fragmentation, their ability to adapt becomes critical to their persistence. The study of
how, and how fast, organisms adapt to new environments can help us better understand
how environmental change and evolutionary potential might limit, generate, and sustain
biological diversity.

Since Darwin published ‘On the Origin of Species’ in 1859, many studies have
measured the strength of natural selection in the wild, finding that it can sometimes be
strong (reviews: Endler 1986; Kingsolver et al. 2001). Accordingly, many populations
appear to have undergone contemporary evolution, often called ‘rapid’ evolution,
demonstrating that organisms can rapidly adapt to changing environments (reviews:
Hendry and Kinnison 1999; Kinnison and Hendry 2001; Reznick and Ghalambor 2001;
Stockwell et al. 2003). Instead of requiring thousands of years, organisms have the
potential to adapt in twenty years or less. For example, Losos et al. (1997) showed that
over a 10-14 year period certain populations of lizards (4nolis sagrei) rapidly diverged
from each other following experimental introductions to different islands. In another
example, Grant and Grant (1995) studied the adaptation of a population of medium

ground finches (Geospiza fortis) to environmental changes in their habitat (brought on by



12

a severe drought). The drought caused size-selective mortality as a result of changes in
the food supply: larger birds with deeper beaks survived better (i.e. had higher fitness)
than smaller birds because they were able to eat the larger and harder seeds that were
available after the drought. In yet another classic example, Reznick et al. (1996)
introduced guppies (Poecilia reticulata) that were adapted to a high predation
environment into a novel low predation environment. The introduced populations were
then allowed to adapt for approximately 11 years (20-40 generations). Subsequent
sampling showed that the introduced guppies had evolved adaptive differences (e.g.
increased size and older age at maturity) that paralleled those generally seen in low
predation guppies (Reznick et al. 1996). Adaptive evolution of other traits such as colour
(Endler 1980; Endler and Houde 1995; Houde 1987; and Houde 1997) and behaviour
(Magurran 1998) has also been documented in guppies.

Although numerous studies provide evidence for the contemporary adaptation of
specific traits, few studies examine the rate of overall adaptation (i.e. the evolution of
fitness). Yet, it is this composite rate that will determine whether or not a population can
persist in the face of environmental change. Fitness is perhaps the best single measure of
contemporary adaptation (Barker 1963; Travisano et al 1995; McGraw and Caswell
1996), and it is one of the most central concepts in evolutionary biology (Barker 1963;
Brommer at al. 2004). However over the past few decades it has been defined in a
number of ways (De Jong 1994; McGraw and Caswell 1996). Here, I define fitness as the
differential contribution of individuals or genotypes to future generations (Barker 1963),

which will be a function of variation in viability and/or reproductive success.
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Theory describes the evolution of fitness as a cycle of increase from natural selection
and decrease from various degrading forces such as mutation, immigration, or
environmental change (Fisher 1958; Burt 1995). This cycle continues until a relative
constant mean population fitness is achieved and the best way to quantify this is to
measure mean fitness as it changes in populations experiencing the degrading forces.

The few studies that have measured the evolution of fitness have been done so in a
laboratory, greenhouse, or other types of controlled setting (e.g., Bennett et al. 1992;
Rainey and Travisano 1998). The model systems typically used have been bacteria and
Drosophila because these organisms are easy to study in the lab due to their small size
and short generation times (e.g., Elena and Lenski 1997; Lenski et al. 1991; Travisano et
al. 1995; Travisano and Lenski 1996). For example, Lenski et al. (1991) assessed the rate
at which fitness changed in Escherichia coli populations. Twelve replicate populations
were founded from a single bacterial strain (ancestral source) and allowed to evolve for
approximately 2000 generations in a novel environment. The authors concluded that
mean fitness increased by about 37 % from the ancestral source, and therefore showed
that fitness does indeed evolve when organisms experience environmental change. Some
studies have also measured the reverse evolution of fitness, revealing the return of
adapted organisms to their ancestral phenotypic states (Burch and Chao 1999, Crill et al.
2000; Teotonio et al. 2001, 2002).

The results of these laboratory studies have enriched our understanding of how fitness
evolves. However, if we are to understand how fitness evolves in nature we must study
adaptation in natural populations. One powerful method for such work is to examine

adaptive evolution in organisms introduced to new, but natural, environments. In such
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experiments, the evolution of fitness can be assayed by comparing the fitness of the
introduced population to that of the ancestral source population, when both are tested
together in the introduction site. This approach is valid under the assumption that the
source population is a good representative of the ancestral population (from where the
introduced population were derived). This is the case if the source population has not
undergone any major environmental changes, and if the population is large enough to
prevent substantial genetic drift. No published studies thus far have explored this method
however, because it is difficult to find systems in the wild where it is possible to compare
source and derived populations at the same time. Advantages of this method, compared to
laboratory studies, include the ability to make predictions based on traits in populations
that have already naturally colonized the same environments, and the assurance that the
observed evolution is ecologically relevant. An experimental introduction of guppies
between neighbouring watersheds in Trinidad performed nine years ago currently
provides an outstanding opportunity to study the evolution of fitness in the wild. This is
the goal of my thesis.

There are several advantages to studying Trinidadian guppies (Poecilia reticulata) in
the wild. Guppies in nature have relatively short generation times (110-210 days), small
body sizes, and are easily captured and observed. In addition, guppies have shown
demonstrable evidence of adaptation to different selective environments (Endler 1980,
1995; Houde 1997; and Reznick and Endler 1982). Specifically, they can be separated
into two basic types: high predation and low predation (Endler 1995; Reznick et al.
1996). High predation populations coexist with predatory fishes that have a strong effect

on guppy survival, whereas low predation populations are exposed only to weak
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predators that have little influence on guppy survival (Reznick and Bryga 1987; Reznick
et al. 1996; Reznick et al. 1997).

My research focused on two rivers on the Northern Range mountains in Trinidad: the
Yarra and the Damier (see map in Appendix 1). In 1996, D. Reznick transplanted guppies
from the Yarra to the Damier (which previously lacked guppies) in three controlled
introductions. The first two introductions were of low predation Yarra guppies into the
high-predation environment in the Damier, but these were unsuccessful, and the fish were
extinct within a year (D. Reznick pers. obs.). The third introduction was of high-
predation Yarra guppies into the low-predation environment in the Damier. By the
following year, guppies had colonized not only the low predation environment, but they
had also moved over a barrier waterfall and colonized the high predation environment
below it. These guppies have thus been adapting to their new selective environments for
about 9 years: i.e. 15-30 generations (depending on the life history characteristics of
Damier guppies). This introduction thus gave me the rare opportunity to examine the
evolution of fitness by comparing the survival of the ancestral (Yarra) and introduced
populations of Yarra fish (hereafter termed Damier fish) when tested together in the
introduction (Damier) site.

This thesis examines the adaptive evolution of specific traits and of important
components of fitness using three steps. First, I confirm that the high and low predation
environments in the Damier do indeed differ in parallel with those in previously studied
watersheds. Second, I test for the adaptive divergence of male colour and female life
history traits by examining wild-caught individuals from the two Damier environments.

Third, I test for the evolution of fitness by comparing the survival of the introduced
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populations (Damier) to that of the source population (Yarra), when both are tested
together in the Damier.

The methods, discussion, and results for each step are compiled in the following
manuscript submitted to the journal Nature. As manuscripts submitted to certain
competitive peer-reviewed journals have to be very concise, I have added various
material as appendices at the end of the thesis to provide more information about certain

sections of the paper.
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Abstract

Environments are changing rapidly, which renders many local populations susceptible
to extinction' unless they can adapt to these changes. Whether or not a population is able
to persist in the face of environmental change is primarily determined by its overall
adaptation (i.e. fitness), a composite function of many individual traits. Although
numerous studies provide evidence for the evolution of individual traits on contemporary
time scales®™, no published studies of wild animal populations have examined the
contemporary evolution of fitness. We here demonstrate that an introduced population of
guppies (Poecilia reticulata) has adapted to its new environment in less than 10 years.
This adaptation consisted of several phenotypic traits that have changed in the expected
direction. Most critically, the introduced population now has higher survival than its
ancestral source population when tested in the introduction site. These results show that
important components of fitness can evolve rapidly in populations that experience

changing environments.
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Text

Theory predicts that selection constantly increases fitness whereas mutations and
environmental change constantly decrease fitness, leading to a relatively constant mean
population fitness at equilibrium™®. Here we are concerned with a situation where the
environment changes dramatically, such as when a population is introduced to a new
environment or when the local environment changes abruptly. Both of these scenarios are
common in human-disturbed landscapes. When environmental change is too extreme, the
reduction in fitness may cause population extinction’. Under less dire conditions, fitness
should steadily improve through time as selection drives adaptive evolution. This
increase in fitness should proceed at a rate approximately equal to the additive genetic
variance for fitness™®. But can this process actually be observed in natural populations
facing abrupt environmental change?

Previous work on the evolution of fitness components has been conducted in
laboratory, greenhouse, or other controlled settings. The model systems typically used are
bacteria and Drosophila because these organisms are small and have short generation

times® !

. Although these studies have enriched our understanding of how fitness can
evolve, an understanding of how natural populations adapt to environmental change
requires studies in nature. One powerful method for doing so is to introduce organisms to
new, but natural, environments and then measure associated changes in major fitness
components.

We used such an experimental introduction to study the adaptation of wild guppies

experiencing a dramatic shift in selection. Natural guppy populations can be divided into

two general types, those that experience high levels of predation and those that
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experience low levels of predation'*'. High predation populations are usually found in
the downstream portions of rivers, where they coexist with predatory fishes that have a
strong effect on guppy demography. Low predation populations, in contrast, are typically
found above barrier waterfalls, where they coexist with few predators that rarely prey on
guppies'>!*. This contrast in predation regime has driven the evolution of a broad suite of
differences in morphology, behaviour, and life history'2. For example, high predation
males are less colourful than low predation males, presumably because crypsis reduces
predationls. High predation females mature at an earlier age and have more but smaller
offspring than do low predation females'®. This adaptive divergence between high and
low predation guppy populations has proceeded in parallel in many separate watersheds,
which provides convenient replication and allows testable predictions regarding
evolutionary change.

In prior experimental introductions'>!"!8

, guppy populations showed expected
patterns of adaptation for specific traits (such as life-history traits) after 4-11 years (6.9-
18.1 guppy generations)'’. The present paper details evolution in a previously unstudied
introduction, the first on the north slope of the Northern Range mountains of Trinidad. In
1996, D. Reznick transplanted around 100 guppies from the high predation environment
of the Yarra River into the low predation environment of the Damier River, which
previously did not contain guppies. Within a year, guppies had become established in the
low predation environment and also colonized the high predation environment below a
barrier waterfall. By 2004, Damier guppies had been adapting to these environments for 9

years, i.e. 15-30 generations depending on the specific life history characteristics of

Damier guppies.
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We used this Damier introduction to quantify the evolution of a major fitness
component (survival), as well as several specific traits that may influence adaptation. Our
first task was to confirm that the low and high predation environments in the Damier
differ in mortality rates consistent with the predation dichotomy in previously studied
watersheds (i.e., divergent selection was the same as in other studies). Our next task was
to examine adaptive divergence between the Damier environments in a set of tréits (male
colour and female life history) that previous work has shown to respond to divergent
selection between high and low predation environments. Our final task was to test for the
evolution of a major fitness component by comparing the survival of the introduced
populations (Damier high and low predation) to that of their ancestral source population
(Yarra high predation) in the introduction sites (Damier).

If divergent selection in the Damier is consistent with that in other streams, guppies
should have substantially lower survival rates in the high predation environment than in
the low predation environment'®. Mortality in the high predation environment would
primarily be the result of fish predation, whereas mortality in the low predation
environment could result from predation by birds, prawns, or killifish (Rivulus hartii), or
from starvation owing to greater competition®®. To test whether survival differed as
expected, we conducted a within-site mark-recapture study® in March of 2004 (see

Methods). Consistent with previous work in other rivers'**°

, we found that guppies in
high predation sites did indeed have lower survival than guppies in low predation sites
(Fig. 1, Table 1). Also consistent with previous work'®, males had lower survival than did

females (Fig. 1, Table 1). Given that divergent selection in the Damier is similar to that in

other streams, so too should be the pattern of phenotypic divergence.
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Based on previous work and adaptive expectations, we predicted that several
phenotypic traits would diverge between the two Damier environments. Since we studied
wild-caught individuals, the observed patterns might reflect a combination of genetic and
environmental effects. Genetic differences do seem likely, however, given that
phenotypic differences in previous studies had a genetic basis'*!>?'. First, we predicted
that male colour, particularly orange and black, would be more pronounced in the low-
predation environments because sexual selection would favor increased colour in the
absence of opposing natural selection '>**. Analysis of wild caught males suggested no
appreciable divergence in orange (P = 0.072) and a slight divergence in the amount of
black (P = 0.035), but in the opposite direction from predicted (analysis in Appendix 4).
Second, we predicted that adult females from low predation environments would produce
more but smaller offspring, and have higher reproductive allotment'®*. Consistent with
this prediction, high predation Damier females produced significantly more (P = 0.001)
and smaller (P < 0.001) embryos than did low predation Damier females (see Methods;
Fig. 2; Appendix 4). More specifically the two populations had similar embryo numbers
for small females, but significantly different embryo numbers for large adult females.
This result is hence agreeable with previous studies. In contrast, the two populations did
not differ in female reproductive allotment (P = 0.708, Fig. 2; Appendix 4). Reproductive
allotment however, has not been proven consistently in past studies and thus could
explain why it was the only life-history trait that had not diverged significantly in our
system14’24.

Phenotypic divergence in the Damier thus matched adaptive expectations for two

important life-history traits (offspring size and number) but not for female reproductive
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allotment and male colour. This lack of divergence suggests the intriguing possibility that
the details of selection in our system differed somewhat from that in other studies. One
possible reason for such differences is that the north slope (our introduction) and south
slope (most previous work) differ in the specific predator species (main predator species
in the north slope is the Giant Goby Gobiomorous dormitator, main predator in the south
slope is the Pike Cichlid Crenicichla alta)®, which may impose qualitatively different
selection on some traits. Another possibility is that differences in canopy openness
between the two Damier environments (Appendix 3) influences productivity, and may
therefore influence the evolution of male colour or female reproductive allotment'**°.

Having documented divergent selection and concurrent adaptive divergence of some
traits we would expect the evolution of major fitness components. To test for this
possibility, we performed a mark-recapture transplant experiment in the spring of 2005
(see Methods). Here we released high and low predation guppies from both the Damier
and Yarra rivers into the Damier. Three groups of fish were released into the Damier low
predation environment: Damier low predation fish (DL), Yarra high predation fish (YH),
and Yarra low predation fish (YL). Similarly, three groups were released into the high
predation environment: Damier high predation fish (DH), YH fish, and YL fish. Two and
four weeks after release, the experimental fish were recaptured and identified by their
marks.

If fitness has evolved as expected in the Damier, several predictions should hold. In
the Damier high predation environment, DH fish should have the highest survival owing

to local adaptation. YH fish should have the next highest survival because they are

adapted to a high predation regime, but not to the specific river. YL fish should have the
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lowest survival because they are adapted to a different predation regime and to a different
river. In the Damier low predation environment, the same logic predicts that DL fish
would have the highest survival, followed by YL fish, and then by YH fish. If fitness has
not evolved, Damier fish should have similar survival as their ancestral source population
(YH) in each environment.

Our results are generally consistent with the evolution of fitness (Fig. 3). For adults,
we evaluated these predictions by fitting alternative models to the data with the Program
MARK? (see Methods; Appendix 5). Two models were nearly equivalent in their ability
to explain our results. Properties common to both models were that survival was lower in
the high predation locality than in the low predation and lower in males than in females,
patterns consistent with earlier studies'>!°. In the best model, DH and YH fish had
significantly higher survival than YL fish in the high predation locality. This result is
explained by the fact that the DH and the YH fish are already adapted to a high predation
locality so their survival is much higher than the YL fish that are adapted to the alternate
predation regime. There is no significant survival difference between the DH and YH fish
in the high predation environment probably due to the Damier fish not being completely
adapted to their environment (However the DH females did have approximately 8 percent
higher survival than the YH females, no difference for males (Figure 3)). Fish from all
three localities (DL, YH, and YL) had equivalent survival in the low predation locality.
In the second best model, which fit the data essentially as well as the “best” model
(AQAIC, = 1.1), DL and YL fish had higher fitness than YH fish in the low predation
environment probably because of the same excuse listed above. Juvenile survival data

were based on groups, not individuals, and on a single recapture interval, so data were
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analyzed with generalized linear models (see Methods; Fig. 3). In the high predation
environment, DH juveniles tended to have the highest (although marginally non-
significant) survival (DH vs. YL, P =0.059; DH vs. YH, P = 0.089), whereas the two
Yarra groups did not differ in survival (P = 0.912). In the low predation environment, DL
and YL juveniles had higher survival than the YH juveniles (DL vs. YH, P = 0.004; YH
vs. YL, P = 0.006), whereas the two low predation groups did not differ in survival (P =
0.887).

In summary, observed patterns of survival suggest the adaptive evolution of a major
fitness component in response to predation regime: DL fish had higher survival than their
ancestors (YH fish) in the low predation environment. This fitness component also
appears to have diverged in response to river-specific selection: DH fish had (marginally)
higher survival than their ancestors (YH fish) in the high predation environment (Fig. 3).
The changes in survival were presumably driven by the adaptive evolution of specific
traits, and indeed some traits (offspring size and number) diverged in the expected
direction. And yet some traits (male colour and female reproductive allotment) did not
diverge as expected. Perhaps the adaptive evolution of some traits is constrained (for
currently unknown reasons), or occurs under more sporadic phases of strong selection
that have not yet acted. If so, future adaptive changes in such traits should yield
additional improvements in components of fitness. In addition we only looked at a small
number of traits, other potential traits which could have diverged based on previous
studies include behavioural traits, swimming ability and various reproductive traits '#*"2%,

Our study was motivated in part by curiosity as to the circumstances under which

adaptive evolution might allow population persistence in the face of environmental
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change. A number of studies have documented the adaptive evolution of specific traits
following a disturbance® but such observations do not allow predictions regarding
population persistence. The reason is that changes in individual traits may contribute little
to changes in overall fitness. To make predictions about population persistence, we need
data on changes in fitness itself, or at least some major components of fitness. In the
present study, we have shown how such information can be gathered by comparing the
survival of ancestral and descendent populations in the descendent population’s home
environment. Although survival is clearly a major component of fitness, other fitness
components are also important. Lifetime reproductive success, for example, should be

particularly critical®

. Future genetic assignment of parents to offspring may allow
analyses based on this more inclusive fitness surrogate.

Understanding the evolution of fitness in disturbed populations might ultimately
allow a predictive framework for evolutionary conservation biology. For example, the
relative contributions of evolution and environmental change to the vital rates of
populations could be compared®, thus revealing whether evolution can offset
environmental change. Studies of the adaptive evolution of specific traits remain useful
but these are insufficient for this more inclusive predictive framework. For the moment, it

seems critical for more studies to examine how major fitness components in natural

populations evolve following environmental disturbance.

Methods
Selective regimes in the Damier were characterized in April 2004. We collected 268

fish (182 females and 86 males) from three pools in the low predation environment, and
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181 fish (120 females, 61 males) from five pools in the high predation environment.
Collections were made on three consecutive days and we attempted to collect all the fish
in each pool (see Appendix 2)"*. Adults were anesthesized (MS-222 [3-aminobenzoic
acid ethyl ester]), digitally photographed on a grid-ruled background with standard
illumination®, and individually marked by subcutaneously injecting an elastomer dye'>.
The marked fish were allowed to recover for two days in tanks and were then released
back into their capture sites on April 1, 2004. The same sites were then resampled and the
captured fish identified two weeks later over three consecutive days. To sample any
emigrants, we also collected fish from pools above and below the study sites. The data
were analyzed using generalized linear models with PROC GENMOD in SAS (version
8.02) with a logit link and a binomial error structure.

Data on male colouration was obtained from the above digital photographs following
established methods®. In brief, we used the program Scion Image to measure fish body
length and area, and the number and size (length, height, and area) of all spots of a given
colour. The total area of the body covered with orange spots and with black spots (each In
transformed) was then compared between Damier high predation (N= 52 fish) and
Damier low predation (N= 75 fish) males in ANCOVA with total body area as a
covariate.

Characterization of life-history phenotypes also followed standard methods™. In
March 2004, female guppies were collected, killed with an overdose of anaesthetic
(MS222), and preserved in 5% formalin. They were then dissected and their embryos
removed and classified according to stage of development'*. For each female, we then

determined fecundity (number of developing embryos), embryo size (average dry mass of
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individual embryos), and reproductive allotment (total dry mass of embryos / (total dry
mass of embryos + total somatic dry mass of female))'. Life history data were analyzed
using ANCOV As with site (Damier high predation vs. Damier low predation) as a fixed
factor and either In-somatic mass (embryo number) or stage of development (embryo
weight and reproductive allotment) as covariates.

The mark-recapture transplant experiment was conducted March to April 2005. Three
pools in the high predation environment and three pools in the low predation environment
were chosen. Capture, marking and recapture methods were the same as in 2004. In total,
150 YH adults (75 males and 75 females) and 150 YL adults (75 males and 75 females)
were marked and released into both the high and the low predation environments in the
Damier. Damier fish (94 from the high predation environment and 111 from the low
predation environment) were released back into the same environment they were
collected from. However, to control for pool effects, each Damier fish was placed in a
different pool from the one in which it was initially captured. All adult fish were released
March 17, 2005, and were then recaptured over three consecutive days at two recapture
intervals (starting March 30, 2005 and April 15, 2005). We also gave 206 juveniles (fish
less than 14 mm and greater than 10 mm) a cohort mark to distinguish them by body size
and population. We released 47 DL juveniles, 42 YL juveniles, and 18 YH juveniles into
the low predation environment. We released 54 DH juveniles, 28 YL juveniles, and 17
YH juveniles into the high predation environment. All juvenile fish were released on
March 17, 2005, and were recaptured over three consecutive days starting on March 30,

2005.
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Data for individually-marked adults for the 2005 experiment were analyzed with the

Program MARK?®, which takes advantage of the two recapture intervals to generate an

independent estimate of mortality rate, as well as the probability that an individual was

alive but not recaptured during the first time interval. To apply this program, we fit

alternative models to the data, then judged the best model on the basis of the Quasi-

Akaike-Information-Criteria corrected for sample size (QAIC,). Two models turned out

to be nearly equivalent based on the small difference in QAIC, values (see Appendix 5),

so the results for both are interpreted. Data for batch marked juveniles for the 2005

experiment were analyzed using generalized linear models with PROC GENMOD in

SAS (version 8.02) with a logit link and a binomial error structure.
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Table 1: Results of statistical analysis of the 2004 adult survival data comparing the
Damier high and low predation environments (using local fish). First shown are results of
the full model; with males, females and their interaction. Second shown are results

comparing predation regimes in separate analyses for males and females.

Source 7 P
Full model

Predation 20.22 <0.001
Sex 7.05 0.008
Interaction 1.00 0.318

Effects of predation in sex-specific models

Males 12.64 <0.001

Females 7.61 0.006
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Figures

Captions:

Figure 1. Survival of females (white bars) and males (black bars) from high predation (H)
and low predation (L) environments in the Damier, when tested over a two week period

in their home environments. The bars are standard errors.

Figure 2. Life history phenotypes of females captured from the Damier high predation
(squares) and low predation (circles) environments. The top panel shows the number of
embryos with respect to the size of the female. The middle panel shows the average size
of embryos dissected from females with respect to their stage of development. The
bottom panel shows reproductive allotment (proportion of dry body mass composed of
embryos) with respect to stage of development. Lines are least-squares regressions
through each population separately. Raw values are shown here but statistical inferences

are based on natural logarithms (see Supplementary Information).

Figure 3. Survival of females (white bars), males (black bars), and juveniles (grey bars)
in high predation (upper panel) and low predation environments (lower panel) in the
Damier. Experimental groups are Damier high predation fish (DH), Damier low
predation fish (DL), Yarra high predation fish (YH), and Yarra low predation fish (YL).
Survival estimates for the individually marked adults were derived from a Program
MARK analysis that included all main effects and interactions. Survival estimates for the
batch marked juveniles were derived using generalized linear models with PROC

GENMOD in SAS (version 8.02).
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General Conclusions

Can adaptation save populations from extinction? My thesis addressed this question by
studying Trinidadian guppies introduced into two divergent environments: high predation
and low predation. This dramatic and abrupt environmental change caused the adaptive
evolution of several traits, particularly offspring size and number. Moreover, the
adaptation led to a substantial improvement in survival, and hence fitness, of the
introduced fish. This inference was made by comparing the survival of individually-
marked guppies from the ancestral (source) population and the derived (introduced)
population in the new (introduction) site. The academic merits of the overall study
include an increased understanding of how adaptation can save populations experiencing
these changes. At present, we have no information on this topic in wild populations, thus
my research will improve our knowledge of how environmental change influences
biological diversity.

An issue which should be addressed in the future is studying the evolution of fitness
using other fitness components such as lifetime reproductive success (LRS). LRS is a
major fitness component because it incorporates not only parental survival, but also
offspring production, and offspring survival (Benton and Grant 2000). Genetic
assignment of parents to offspring could allow future analyses based on this more
inclusive fitness surrogate. My previous research has centered on the question of whether
fitness really evolves in the wild on short time scales. However, another issue to address
in the future would be to compare the rate of the evolution of fitness with the rate of the

evolution of individual traits influencing fitness. This will allow us to make predictions
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regarding how these rates of evolution will influence population persistence in the face of

environmental change, which could have major implications for conservational biology.
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Appendices
Appendix 1: Map of Trinidad

Map of Trinidad showing research sites. The two study rivers (darker shaded) that are
circled in the first picture are the Yarra and the Damier (the third river is the Marianne).
The circle is magnified in the second picture. The stars show the locations of the high
predation localities, the donuts show the locations of the low predation localities, and the
plus shows the location of the Damier waterfall, which acts a barrier to large guppy

predators. Similar barriers exist in the much bigger Yarra river.
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Appendix 2. Mark-recapture methods

Our inferences regarding survival rates in the Damier river were made using mark-
recapture methods, which could cause potential sources of bias. The surviving fish were
identified by visible marks placed on their bodies, which may bias our results if these
marks influence survival. However, previous studies showed that these marks do not
affect short-term predation and have little to no effect on the survival of guppie:sl’2 .
Another potential source of bias is that fish may become difficult to recapture once they
are released. However, according to previous work, it is easy to catch essentially all of
the fish within a pool or stream (recapture rate is generally > 90 %) . Moreover,
guppies return to their normal activities quite soon after a disturbance to their
environment®, and their emigration rate over short periods of time in the streams seems to

be very low'. This allowed us to place guppies in a particular location and later recapture

those that remain alive in, or close to, that same location.



47

Appendix 3. Damier habitat features

High and low predation sites often differ in stream size and canopy openness™,
which causes a difference in stream productivity and can influence life-history
evolution™®. Damier high and low predation environments did not differ in stream size
(neither water depth nor stream width differed), but the high predation environment had a
more open canopy than the low predation environment (Table 1).

Physical habitats were quantified in April 2005 using the methods of Millar et al.®. In
the high predation and low predation sites, we established eleven evenly-spaced transects
covering 200 m of stream. This distance spanned all introduction pools and sections
upstream and downstream of these pools. At each transect , we measured the wetted
width of the stream and water depth. Water depth was measured three times, one at each
of three equidistant points along each transect. Canopy openness was measured using a
concave spherical densiometer at eight of the transects. Densiometer readings were taken
facing each cardinal direction while standing in the middle of the stream channel. The

data (log transformed) were analyzed with a single factor ANOVA having two levels

(Table 1).
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Table 1. Comparison of habitat features between high and low predation environments in

the Damier.

Low Predation  High Predation F P
Canopy openness (%) 9.00 17.71 10.015 0.006
Stream width (cm) 385.91 331.82 0.689 0416
Water depth (cm) 20.15 21.33 0.023  0.881

Table notes: Values in the “low predation” and “high predation” columns are mean

values for untransformed data.
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Appendix 4. Divergence in specific traits

As a supplement to the information in the manuscript regarding the differences in male
colour and female life-history traits, I have added the results from the data analyses.
ANCOVAs were used to analyze both male colour (Table 2) and female life history
(Table 3). The information generated is listed in the form of two tables. Table 2 shows
the comparison of the areas of black and orange spots on male guppies between high and
low predation Damier environments. Table 3 shows the comparison of female life history

traits between high and low predation fish in the Damier.
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Table 2. Comparisons of major features of male colouration between high predation and

low predation environments in the Damier.

Orange area Black area
N (high/low) 52/75 52/75
With interaction
Site 1.90 3.94°
Covariate 15.11° 2.95°
Interaction 1.65 4.21°
Without interaction
Site 1.22 4.55°
Covariate 15.21¢ 271
Adjusted means
High predation 2.30 mm? 2.00 mm®
Low predation 2.11 mm? 1.58 mm®

Table Notes: Shown first are sample sizes (high predation site/low predation site), F
ratios from the full model with the interaction, F ratios from the model without the
interaction, and adjusted means as antilog transformed adjusted means from the analyses
of In transformed data. The covariate in each case is total body area. Significance levels:

2P <0.10,° P <0.05,°P<0.01,and * P <0.001.



Table 3. Comparisons of female life history traits between high predation and low

predation environments in the Damier.

Embryo Embryo Reproductive
number mass allotment
N (high/low) 35/37 35/37 35/37
With interaction
Site 9.76° 18.54¢ 0.40
Covariate 92.97¢ 10.64° 6.88"
Interaction 7.64° 0.96 0.86
Without interaction
Site 12.47° 51.88¢ 0.14
Covariate 97.36° 10.14° 6.50°
Adjusted means
High predation 4.15 | 0.729mg  0.139
Low predation 2.83 0961 mg 0.135

Table Notes: Shown first are sample sizes (high predation site/low predation site), F

ratios from the full model with the interaction, F ratios from the model without the
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interaction, and adjusted means as antilog transformed adjusted means from the analyses

of In transformed data. The covariate for embryo number is female mass and the

covariates for embryo mass and reproductive allotment are stage of development.

Significance levels: * P <0.10,° P <0.05,° P <0.01, and ¢ P <0.001.
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Appendix 5. Program MARK analyses of individually marked adults

The program MARK’ can be used to estimate survival rates from individually marked
animals that have been censused over at least two recapture intervals. The program uses
maximum likelihood methods to distinguish between the probability that an individual
died during a given interval versus the probability that it was alive but not recaught. The
critical observation over two recapture intervals is an individual that was not recaught
after the first interval but was recaught after the second interval, which indicates that it
had been alive earlier but evaded capture. Because we had two recapture intervals in
2005, we were able to estimate survival and the probability of being caught if alive for
the first recapture interval. Comparisons of survival between the two capture intervals
were not made because survival and recapture probabilities are not separable for the last
interval.

The first step in the analysis was to fit a fully parameterized model to the data, for
both survival and recapture probabilities. The main effects in our model were the
introduction site (Damier High (DH), Damier Low (DL)), sex, and the site of origin of
the released fish (DH, Yarra High (YH), and Yarra Low (YL) for the DH site; DL, YH,
and YL for the DL site). We then analyzed the three two-way interactions and one three-
way interaction among these main effects. This yielded a model that estimates survival
and recapture probabilities for each of the 12 available combinations of introduction site,
site of origin, and sex. To assess the goodness of fit for this model we conducted a
bootstrap test with 1000 iterations. All bootstrapped iterations yielded deviances and c-
hat values less than the estimated values from the data — indicating significant

overdispersion. We calculated a c-hat correction factor of 3.00 (estimated c-hat divided
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by the mean of the bootstrapped c-hat values: 3.18/1.06). This is an extreme correction
factor but one within the acceptable limits. Because of the need to correct for
overdispersion, model selection was made by comparing Quasi-Akaike Information
Criteria (QAIC, ). The rank order of the candidate models was not affected by altering
the c-hat correction between values 2.5 and 3.5.

The best models were ones that assumed an equal probability of recapture of the
different groups in the two locations. The mean probability of recapture if alive during a
single census interval was 89%. Other important main effects were that mortality was
higher in the Damier high predation environment than in the Damier low predation
environment and higher in males than females. The only significant interaction was
between the site of origin and the site of introduction. This interaction occurred because
YH fish had higher survival that YL fish in the high predation site, but lower survival in
the low predation site. These results simplified our analysis because we could look at the
effect averaged across sexes and focus on the predictions that survival in the low
predation site would follow the pattern DL > YL > YH and that survival in the high
predation site would follow the pattern DH > YH > YL. We therefore present a relevant
subset of the models in Table 4.

Model 1 assumes that there is no difference among any of the treatment groups in
survival. Model 2 (the full model used for the goodness of fit test) includes all main
effects and interactions and allows all recapture probabilities to be unique. Model 3 (1=
introduction site, S=sex and O=site of origin) includes all main effects and interactions
but assumes that the recapture probabilities are the same for all groups. Note that we ran

a series of intermediate models that considered heterogeneity among groups in recapture
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probability, such as differences among sexes or among fish from high versus low
predation environments, and that all of these models fit less well than Model 3. Model 4
is the same as Model 3 except that it excludes the three way interaction. Model 5
includes only the main effects and excludes all interactions. Model 6 includes all main
effects and two of the two-way interactions. Model 7 includes all main effects and the
interaction between the site of origin and the introduction site. This model comes closest
to the a priori predictions stated in the text. The O*I interaction is caused by YH fish
having higher survival than YL fish in the high predation locality but lower survival in
the low predation locality. Models 8 and 9, which represent the best fit to the data,
represent a different way of evaluating the data, since they postulate relative
survivorships within each introduction site rather than including the O*I interaction. In
both models, we fitted different survival probabilities in the high and low predation
introduction sites. In Model 9, we assumed that the survivorships of the YH and DH fish
were equal and different from the YL fish in the high predation site, then that the YL, YH
and DL fish had equal survivorships in the low predation site. In Model 8, the
survivorships if YL and DL were equal and different from YH. By the criteria of White
and Burnham (1999)", Models 8 and 9 should be considered as equally good descriptions
of the data. Model 8 comes closest to the a priori predictions stated in the text, which are
that the introduced fish should have the highest fitness in their respective habitats,
followed by the Yarra fish derived from a similar predation environment, then the Yarra

fish derived from a different predation environment.
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Table 4. Results of Program MARK analyses of survival data in the 2005 mark-recapture
transplant experiment. Model 8 and 9 which represent the best fit to our data are in bold.

See above text for details.

Model QAICc AQAICc #Par QDeviance

9. {Phi(Sex+(YHDH=DHDH+YLDH)+ 579.6 0 5 20.1

(YLDL=DLDL=YHDL)p(.)}

8. {Phi(Sex-+(YHDH=DHDH+YLDH)+ 580.7 1.1 6 19.2
(YLDL=DLDL+YHDL)p(.)}
7. {Phi(S+O+P+O*P)p(.)} 584.6 5.0 8 19.0
6. {Phi(S+O+P+O*P+S*P)p(.)} 585.6 60 9 18.0
5. {Phi(S+O+P)p(.)} 585.7 6.1 6 242
4. {Phi(S+O+P+S*O+O*P+S*P)p(.)} 589.6 99 11 17.9
3. {Phi(S+O+P+S*O+O*P+S*P+S*O*P)p()} 593.3 136 13 17.5
2. {Phi(g) p(g)} 609.1 29.5 23 12.7

1. {Phi()p()} 625.7 46.1 2 72.2
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