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Abstract

Background: Research on the evolution of traits in regard to predator-prey relationships can illuminate the
effects of migrating species and invasive species on native populations, which is increasingly relevant with
heightened anthropogenic environmental disturbances shifting territories of native species.

Methods: We used a replicated field experiment to test the effects that predators have on the phenotype
of Anolis smaragdinus in the Bahamas. It was predicted that A. smaragdinus would rapidly evolve over six
generations to have shorter fore and hind limb lengths due to the presence of the predator, Leiocephalus
carinatus, driving A. sagrei and A. smaragdinus into higher habitats, which selects for shorter limb lengths.

Results: ANCOVAs were performed for male and female A. smaragdinus, where only two of the thirteen mea-
sured traits, ulna length and third toe length in females, were found to have a significant year by treatment
interaction between 2011 and 2017. We observed a general reduction in mean trait size when predators
are present. Therefore, predators may be driving A. smaragdinus to higher perching sites which selects for
smaller limb length. Also, it was found that populations of A. smaragdinus may be able to evolve in as little
as six generations when predators and competitors are present.

Limitations: A longer study is needed to see if other trait changes would become significant over time, since
the residual means are trending in one direction. Another suggestion is to do a study with fewer experimen-
tal islands and larger founder populations. This would violate the meaning of a true founder population;
however, it may allow A. smaragdinus to become fully integrated within the new environment and lead to a
smaller chance of extinction.

Conclusion: The study showed that the introduction of predators may cause significant phenotypic changes
in female A. smaragdinus’ ulna and third toe length, while also showing a general reduction in mean trait size
when predators are present. Therefore, predators may be driving A. smaragdinus to higher perching sites
which selects for smaller limb length. However, the study did not show a significant change in either the fore

limb length or the hind limb length between 2011 and 2017 which was predicted originally.

Introduction

With a rapidly changing climate, species are being driven into predator-oc-
cupied territories to remain in optimal environmental conditions (1). It is
essential to study how species interact with each other when they have
previously been ecologically naive, since the interactions between inva-
sive and native species can affect each group’s behavior, morphology, and
survival rates (2). Research on trait evolution resulting from predator-prey
relationships can illuminate the effects of migrating species and invasive
species on native populations, which is increasingly relevant with height-
ened anthropogenic environmental disturbances.

There are many examples of directional trait changes in prey species, such
as the directional evolution of the peppered moth towards more dark-
ly-colored wings in the presence of high smog levels (3-4) and the evolu-
tion of Mullerian mimicry in butterflies (5-6). These classic studies exem-
plify a directional evolutionary response caused by increased predation on
organisms that are not adapted to a novel or changing environment. These
are just some of the possible mechanisms that prey species have evolved
to escape predation; another mechanism is behavioral change. It has pre-
viously been shown that when predators are introduced to prey, the latter
change their use of habitat (7-8). This mechanism was illustrated by stud-
ies showing crayfish moving to more protective habitats in response to the
presence of predators (9-10). Therefore, prey are able to adjust their use of
habitat as a strategy to avoid predation.

Anolis is a genus that has been studied extensively with regard to mor-

phology and behavior in the Bahamas (11). Anolis species have repeatedly
radiated into different ecomorphs, which are adapted to different micro-
habitats (15-17). The species Anolis smaragdinus and Anolis sagrei are two
different ecomorphs which have developed said adaptations (18). A. sagrei
is a competitive species that is able to reach high population densities, is
highly invasive, and can outcompete many native species of lizards (19-
21). It is part of the trunk-ground ecomorph, signifying that it perches on
the lower trunks of trees and on objects on the ground. A. smaragdinus
is part of the trunk-crown ecomorph., as it has a tendency to occupy the
uppermost trunks of tall trees and the lower canopy. Consequently, it is
better adapted to perching and running on smaller branches (22) and it is
larger than A. sagrei (23).

Previous research has found that A. sagrei moves to higher vegetation to
escape the predator, Leiocephalus carinatus, (24). Similarly, A. carolinen-
sis will partition its habitat when A. sagrei is introduced as a competitor
species (25). A. smaragdinus is subgroup of A. carolinensis (26); therefore,
they are in the same ecomorph and are highly related. Shorter limbs of A.
carolinensis and A. smaragdinus help increase manoeuvrability on branch-
es; previous research has found that in A. sagrei natural selection favours
shorter hind limbs when they occupy higher perches (27). However, that
study did not look at the changes in limb length over multiple genera-
tions. Another study has found that the toe pads of A. carolinensis evolve
rapidly when A. sagrei are introduced (28). Literature regarding predator
introduction and the consequent habitat shift of A. sagrei on other species
of lizard, such as A. smaragdinus, is lacking. It has been suggested that
two closely co-occurring related species could diverge when interactions
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are negatively occurring (29). Therefore, we predict that A. smaragdinus
will rapidly evolve over six generations to have shorter fore and hind limb
lengths due to the presence of the predator, L. carinatus, driving A. sagrei
and A. smaragdinus into higher habitats, which selects for shorter limb
lengths due to competition. Additionally, by using a portable x-ray ma-
chine to measure changes in A. smaragdinus’ traits between 2011 and 2017,
we will be able to obtain more precise measurements compared to using a
tape measure or a caliper since gravidity can affect growth (30).

Methods

Field Site

16 small islands located near Staniel Cay, in Exuma Bay of Grand Baha-
ma Bank (26.17°, -76.44°) were chosen for our experiment. These islands
have been used for experimentation since 1977 (31). Islands were included
in the study if they met the following criteria: presence of robust Anolis
sagrei (brown anole) population; absence of any other detectable lizard
or top-predator species; and presence of trees more than two meters tall
which are deemed necessary to support Anolis smaragdinus (green-anole)
populations (32). A. sagrei was censused on the 16 islands in May 2011,
during which time no other lizard species were detected.

Islands were given one of four treatments: control islands had only A.
sagrei on them as the native lizard species, and the remaining experimental
islands had A. sagrei with L. carinatus and A. smaragdinus; A. sagrei with
only A. smaragdinus; or A. sagrei with only L. carinatus. Island treatments
were assigned by a random coin flip. Islands were first stratified by size and
measured in terms of vegetated area, such that two replications of each
treatment would be assigned to the eight smallest and the eight largest
islands. A. smaragdinus were collected from Staniel Cay by noose since L.
carinatus were absent on this island; thereby both Anolis were ecologically
naive to the predator, L. carinatus. On other islands these lizards co-exist,
therefore they were not evolutionarily naive.

Field Work

In 2011, experimental islands were surveyed for initial lizard species and
populations that were present. A. smaragdinus was caught opportunisti-
cally from Staniel Cay with a noose and pole or by hand and kept captive
for a couple of days. We used Isoflurane to anesthetize the lizards (33)
and x-rayed them using a portable x-ray machine. After x-rays were taken,
the lizards were weighed, and a small piece of tail tissue was obtained for
DNA sequencing. A. smaragdinus was assigned randomly in groups of ten
or eleven to islands with five to seven L. carinatus of unknown sex. These
numbers were chosen to simulate colonization by small founder popula-
tions (34).

In 2017, we surveyed the lizard populations on the experimental islands
and caught A. smaragdinus to measure phenotype traits with a portable
x-ray scanner, holding them captive for a maximum of 24 hours. After
x-rays were taken, the lizards were weighed and a small piece of tail tissue
was extracted for DNA sequencing. In order to prevent the immediate re-
capture of individuals, each lizard was marked with nail polish that would
be removed with the lizards next molting. When catching lizards, bodies
were checked for nail polish and tail integrity to ensure no recapture of in-
dividuals. A. smaragdinus were found on only two of the four experimental
islands at the time of measurement.

Analysis

One researcher measured skeletal traits related to locomotion and niche
using the Object] plugin for Image] (35; Fig. 1). Measurements were taken
on both sides of the A. smaragdinus sagittal plane in order to average the
measurements. If a lizard had an abnormality, such as a missing claw, then
only the data from the undamaged side of the lizard was used for that
specific measurement.

R (v. 1.1.456) (36) was used to prepare the data for analysis. Sagittal plane
measurements that were averaged were converted into millimeters. A.
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smaragdinus were checked for recapture by looking at the Euclidean dis-
tance between measurements of each island by sex, and if this value was
zero then the x-rays and field notebook data was analyzed. Additionally,
only adult lizards (male snout-vent length (SVL) > 45.0 mm; 37) were used
in subsequent analyses. Due to unclear literature regarding size cut-offs for
adult females, a threshold was obtained using graphical analysis which de-
termined a cut off of SVL > 37.5 mm. After data cleaning, there were a total
of 39 lizards removed based on SVL measurements and field data. Analy-
sis of Covariance (ANCOVA) was used to evaluate changes in phenotype
measurements over time with respect to experimental treatment. Since A.
smaragdinus are sexually dimorphic (38), analysis was separated by sex.
We pooled lizards by treatment, whether a L. carinatus was present or ab-
sent, and used linear models of the form trait ~ SVL + year*treatment with
the uncorrected size measurements. The year by treatment interaction was
used to test whether predation caused phenotypic evolution.

In order to examine the phenotypic trait changes more generally, we
looked at the changes in the relative size-corrected traits through time by
treatment. Size corrections were performed using SVL as a covariate for
body size where the relative trait measurements were the residuals from
sex-specific linear regressions of trait by SVL. These measurements were
compared to the residual lengths means of each trait to determine the di-
rection of trait change found in the ANCOVA.
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Fig. 1. Object J Screenshot of Vector Measurements of Skeletal Traits.

Measured traits include snout-vent-length (SVL), head width, head

length, pectoral width, right and left humerus, right and left ulna,

right and left third toe, right and left forelimb, pelvic width, right and

left femur, right and left tibia, right and left fourth toe, right and left
hind limb, and ruler.

Results

In 2011, we analyzed 78 lizards and in 2017, we analyzed 83 lizards; 84
female and 77 male (N=161) x-rays of A. smaragdinus were used for this
study. For both males and females, measured traits tended to become
smaller between 2011 and 2017 on islands with predators and larger on
islands without predators. When predators were present on the islands, the
means of the residual lengths of the traits decreased from 2011 to 2017 in
all traits for the males except their pelvic width, humerus, and SVL (which
all increased). When the predators were absent, the means of the residu-
al lengths increased in all traits except for head width, pelvic width, and
femur length, where they decreased. In females the means of the residual
lengths of traits decreased from 2011 to 2017 for all traits except for pelvic
width and pectoral width when predators where present. When predators
were absent, all the means of the trait residual lengths increased in females.

We performed ANCOVAs for male A. smaragdinus, where none of the
thirteen measurable traits were found to have a significant year by treat



ment interaction between 2011 and 2017 (p > 0.05) when using the uncor-
rected traits. ANCOVAs were conducted for female A. smaragdinus to de-
termine if there was variation between the trait measurements on a year by
treatment interaction between 2011 and 2017. Only two of thirteen mea-
sured traits were found to have a significant year by treatment interaction:
third toe length (F1,79 = 4.292, p = 0.0415; Fig. 2) and ulna length (F1,79 =
4.231, p = 0.043; Fig. 2). The rest of traits were not found to be significant
on a year by treatment interaction basis (p > 0.05).
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Fig. 2. Violin Plot of the Mean Size Corrected Traits, Third Toe Length

and Ulna Length. This plot looks at the change in the mean size cor-

rected trait in millimeters between years 2011 and 2017 for females
on islands with or without predators.

Discussion

We used a replicated field experiment to test the effects that predators have
on Anolis smaragdinus phenotype in the Bahamas. It was predicted that A.
smaragdinus would rapidly evolve over six generations to have shorter fore
and hind limb lengths due to the presence of the predator, L. carinatus,
driving A. sagrei and A. smaragdinus into higher habitats, which selects for
shorter limb lengths. ANCOVAs were performed for male and female A.
smaragdinus. Only two of the thirteen measured traits were found to have
a significant year by treatment interaction between 2011 and 2017: ulna
length and third toe length in females.

In general, mean residual lengths of the traits decreased about one mil-
limeter from 2011 to 2017 when predators were present. Notable excep-
tions are SVL in males and pelvic width and pectoral width in females,
where the mean residual lengths increased. When predators were absent
the traits tended to increase in their mean residual lengths. However, in
males none of these differences were significant, and in females only the
changes in the third toe length and ulna length were significant on p < 0.05
in the ANCOVA; we did not find a significant change in the whole fore
limb or the full hind limb in the ANCOVA. A possible explanation for the
reduction in limb length trends is that when a predator is introduced into
A. smaragdinus’ habitat, the lizards change the way they use their habitats.
This would coincide with previous research in that lizards will begin to
perch higher to avoid the predator (39). Another possible reason for the
reduction in the mean residual trait lengths between 2011 and 2017 is that
islands are generally populated by a small population of colonizers that are
especially susceptible to genetic drift. Over a period of six generations, it
is possible for extremely small founder populations to experience genetic
drift due to the founder effect. However, previous research has found that
Anolis maintains genetic diversity over seven generations in small pop-
ulations on Dominica (40). Also, the mean residual lengths of the traits
tended to increase in predator absent islands. This may be explained by
the lack of predators preying on A. sagrei and A. smaragdinus, which usu-
ally forces A. smaragdinus into higher vegetation and selects for smaller
phenotypes (41). Furthermore, A. smaragdinus were transplanted from

very large islands with very tall vegetation to smaller islands. Therefore,
the changes we see may be due to adapting to new, smaller islands rather
than the predator’s effects. Previous research has found that natural selec-
tion can adjust morphology of lizards after exposure to habitats of different
structures (42).

We may not have found significance in many traits in the ANCOVA due
to the low population size of A. smaragdinus and high population densities
of A. sagrei in our experiment. In order to simulate a founder population,
we only transplanted 10-11 A. smaragdinus on to each island, simulating
a colonization event. This gives a low statistical power for our ANCOVA.
Additionally, only two out of four experimental islands had A. smarag-
dinus remaining on them. Therefore, our results are conditional that the
lizards survive to establish a colony from 2011 and 2017. Furthermore,
all experimental islands had high density populations of A. sagrei. Even
though they are less adapted to arboreal habitats, their sheer density may
have led to interspecific competition between them and A. smaragdinus
for habitat space, leading to them outcompete A. smaragdinus.

Our research has shown that phenotypic traits can change significantly in
as little as six generations when strong enough selection is present. This
coincides with previous research showing that the interaction of species
can cause phenotypic changes granted that the selection is strong enough
on the trait (43). However, another study found that when birds and
snakes were introduced to A. sagrei populations, selection did not alter
phenotypic traits (44). Therefore, different types of predators may have dif-
ferent effects on prey and competitive species. Additionally, a longer study
is needed to see if other trait changes would become significant over time,
since the residual means are trending in one direction. Another suggestion
is to do a study with fewer experimental islands and larger founder pop-
ulations. This would violate the idea of a true founder population being
a small group of members; however, it may be relevant as populations of
species are migrating or invasive species are introduced into new habitats.
Furthermore, it would ensure success of the A. smaragdinus and it would
limit confounding variables thereby increasing colonization success (45).
One technical advantage of our study is that we used x-ray measurements
to compare the differences in limb lengths between 2011 and 2017. This
gave us more precise measurements than measuring the outer limbs with
a measuring tape or caliper since the bones themselves were measured
and not the bones and tissue. Lastly, this allowed us to measure traits not
frequently looked at like pectoral width and pelvic width.

Conclusion

Our study shows that the introduction of predators may cause significant
phenotypic changes in female A. smaragdinus’ ulna and third toe length.
It also shows a general reduction in mean trait size when predators are
present. Therefore, predators may be driving A. smaragdinus to higher
perching sites which selects for smaller limb length. Our study did not
show a significant change in either the fore limb length or the hind limb
length between 2011 and 2017. Therefore, we show that populations of
A. smaragdinus may be able to evolve in as little as six generations when
predators and competitors are present. This is relevant since anthropogen-
ic environmental disturbances may push invasive species and predators
into new territories, therefore affecting the morphology of other species.
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