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Introduction

Abstract

One consequence of human-driven habitat degradation in general, and habitat
fragmentation in particular, is loss of biodiversity. An often-underappreciated
aspect of habitat fragmentation relates to changes in the ecology of species that
persist in altered habitats. In Bahamian wetlands, ecosystem fragmentation
causes disruption of hydrological connectivity between inland fragmented wet-
lands and adjacent marine areas, with the consequent loss of marine piscivores
from fragmented sections. We took advantage of this environmental gradient to
investigate effects of ecosystem fragmentation on patterns of resource use in the
livebearing fish Gambusia hubbsi (Family Poeciliidae), using both population-
and individual-level perspectives. We show that fragmentation-induced release
from predation led to increased G. hubbsi population densities, which conse-
quently led to lower mean growth rates, likely as a result of higher intraspecific
competition for food. This was accompanied by a broadening of dietary niches
via increased interindividual diet variation, suggesting a negative effect of pre-
dation and a positive effect of intraspecific competition on the degree of diet
variation in natural populations. Our results therefore indicate that habitat frag-
mentation can greatly impact the ecology of resilient populations, with poten-
tially important ecological and evolutionary implications.

perspective has received much less attention than other
aspects of ecological change in degraded ecosystems (Estes

Human-induced habitat degradation often results in pop-
ulation declines and loss of biodiversity (Saunders et al.
1991; Fahrig 2003; Foley et al. 2005; Fischer and Linden-
mayer 2007). Top predators are especially susceptible,
with predator declines associated with altered community
structure and ecosystem function. Predator declines also
lead to fundamental shifts in the ecology of individuals
that persist in degraded ecosystems. This individual-level
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et al. 2011).

Previous work has demonstrated major impacts of
predatory release on the evolution of life-history traits,
secondary sexual traits, and functional morphological
traits of prey species (Langerhans et al. 2007; Reznick
et al. 2008; Walsh and Reznick 2009; Riesch et al. 2013;
Martin et al. 2014). Resource use by prey species may also
vary across predation gradients via behavioral changes in
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prey caused by the presence (or absence) of predators. For
example, in the presence of a predator, prey individuals
may concentrate in a safer, homogeneous microhabitat,
potentially constraining their food niche (Eklov and
Svanback 2006). Alternatively, predators can reduce prey
density through direct consumption, so that predation
release should result in higher densities and increased
intraspecific competition among prey (Bassar et al. 2010).
In turn, niche width is expected to expand as competition
becomes stronger and preferred resources become scarce
(optimal foraging theory [OFT]; Stephens and Krebs
1986). Predation release, therefore, is expected to cause
niche expansion in prey, either because prey individuals
can occupy previously unexplored microhabitats or expe-
rience increased intraspecific competition for food.

Regardless of the mechanism underlying niche expan-
sion (behavioral or density dependent), it can be achieved
via increased individual niches (OFT) or increased inter-
individual variation — also known in the literature as
“individual specialization” (Bolnick et al. 2003; Aratjo
et al. 2011) or “niche variation” (Van Valen 1965; Bolnick
et al. 2007). Increased interindividual variation is
expected when differences in phenotype or experience
among individuals cause them to differ in their rank pref-
erences for resources, so that population niche expansion
may result in higher niche variation (Svanback and Bol-
nick 2005). Niche variation has been demonstrated to
have important ecological and evolutionary implications
(Bolnick et al. 2003, 2011), and a growing literature has
investigated how resource gradients and ecological inter-
actions such as intra- and interspecific competition affect
the degree of niche variation in natural settings. Available
empirical examples suggest a positive effect of resource
diversity and intraspecific competition and a negative
effect of interspecific competition on the degree of niche
variation (reviewed in Aradjo et al. 2011), but there is
only a single study of the effect of predation on niche
variation (Ekl6v and Svanback 2006).

Ecosystem fragmentation represents a pervasive anthro-
pogenic impact across the planet and provides a major
source of declines in top predators (Turner 1996; Vito-
usek et al. 1997; Dirzo and Raven 2003). Although terres-
trial ecosystems have dominated the focus of discussions
on fragmentation (Harrison and Bruna 1999; Debinski
and Holt 2000; Fahrig 2003), aquatic ecosystem fragmen-
tation is also common and can similarly affect biodiver-
sity (Nilsson et al. 2005; Pringle 2006). For example, in
Caribbean coastal systems, disruption of hydrological con-
nectivity between wetlands and adjacent marine areas
causes the severe reduction or extirpation of marine pisci-
vores (Layman et al. 2004, 2007; Valentine-Rose et al.
2007a,b; Rypel and Layman 2008). This loss of top preda-
tors may have important impacts on the ecological attri-
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butes of the resilient species that persist in disturbed
areas.

In the present study, we used the poeciliid fish Gambu-
sia hubbsi (Fig. 1) as a model for understanding the con-
sequences of human-induced ecosystem fragmentation on
niche variation. Specifically, we used a path analysis
approach to investigate factors influencing patterns of diet
variation in Gambusia. We predicted that (i) habitat frag-
mentation should reduce the density of piscivores; (ii) as
a consequence of predation release, Gambusia should
increase in density and experience stronger intraspecific
competition for food; and (iii) populations in fragmented
areas should show more diet variation.

Materials and Methods

Study system

We examined wetlands on Abaco Island, Bahamas. These
systems, locally called “tidal creeks,” are characterized by
a relatively narrow creek mouth that provides the primary
conduit for tidal exchange (semi-diurnal tidal regime,
~0.8 meter tidal amplitude). Creeks typically broaden
moving landward from the mouth, grading into expanses
of shallow (<1 m at low tide) wetlands with red man-
grove (Rhizophora mangle) as the primary emergent vege-
tation. These systems generally have small watersheds
with little freshwater input, being dominated by marine
waters with predictable tidal flow, and characterized by
marine flora and fauna.

One of the most common forms of habitat alteration in
coastal wetlands, including tidal creeks, is fragmentation.
In the Bahamas, fragmentation typically results from roads
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Figure 1. Female (top) and male (bottom) Gambusia hubbsi
inhabiting one of the studied tidal creeks in Abaco, Bahamas.
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constructed across a tidal creek, usually near the creek
mouth. These roads greatly reduce hydrological connectiv-
ity, that is, the water-mediated transfer of matter, energy,
or organisms within or between elements of the hydrologi-
cal cycle (Pringle 2001, 2003a,b). In some cases, water-flow
conveyance structures, such as culverts, mitigate these
hydrological impacts. As a consequence, Bahamian tidal
creeks show a broad gradient of fragmentation. At one
extreme, natural, unfragmented tidal creeks exhibit high
connectivity to adjacent marine areas. At the other extreme,
wetlands are completely fragmented, resulting in isolated
systems with no connectivity. The dramatic changes in bio-
tic characteristics of fragmented tidal creeks include an
overall reduction in the abundance of marine piscivores,
fewer basal resource pools, and a simplification of food web
structure (Layman et al. 2004; Valentine-Rose et al. 2007a,
b; Valentine-Rose and Layman 2011; Valentine-Rose et al.
2011; Table Al in the Appendix S1).

Data collection

We surveyed 13 tidal creeks across the gradient of frag-
mentation (Table A2 in the Appendix S2). We measured
10 variables (abiotic and structural aspects) at each site to
capture features of tidal creeks that may be directly influ-
enced by fragmentation (Table A3 in the Appendix S2).
Measurements were made multiple times per year, and
we used the mean of annual averages based on 3-6 years
of sampling at these sites (between 2006-2012), with the
exception of distance to creek mouth, ecosystem size, tur-
bidity, and mangrove perimeter which were measured
once in 2010.

Relative piscivore and Gambusia densities

We quantified the abundance of piscivorous fishes
(Table Al in the Appendix S1) and Gambusia in the
study sites. We estimated piscivore density between three
and seven times per site between 2009 and 2010 and
Gambusia density during two separate surveys for 12 of
the 13 sites (July 2009 and March 2010). We found sig-
nificant repeatability in both density estimates [piscivore
intraclass correlation coefficient: r = 0.83, P < 0.0001;
Gambusia: r = 0.72, P =0.0025 (following Lessells and
Boag 1987)]. This indicates that our density estimates
confer a reasonable level of confidence for comparing rel-
ative densities across sites. Piscivore abundances were esti-
mated with underwater visual census (Nagelkerken et al.
2000; Layman et al. 2004), which provides relative esti-
mates of predator abundances in Bahamian tidal creeks
(Valentine-Rose et al. 2007b). Gambusia densities were
estimated visually using quadrats of 0.25 m? area. Further
details on these methods are given in the Appendix S3.
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Growth rates

Changes in the densities of Gambusia can potentially lead
to changes in the degree of intraspecific competition for
food. Higher intraspecific competition is expected to
depress individual growth rates (Svanback and Bolnick
2007). In order to evaluate this possibility, we measured
the ratio of RNA-to-DNA concentration (RNA/DNA) as
a proxy for growth rate. Faster growing fish synthesize
more proteins and hence have a higher RNA titer per cell,
whereas the concentration of DNA in cells is constant
through time (Dahlhoff 2004). As a consequence, RNA/
DNA has been shown to be tightly correlated with growth
rate in several fishes (Caldarone et al. 2001; Ali and
Wootton 2003; Dahlhoff 2004).

In 2009, 24-91 fish were collected with dip nets from
each of 11 populations (Table A4 in the Appendix S4).
Upon collection, individuals were euthanized in eugenol,
and a ~5 mg sample of muscle tissue was immediately
removed from the caudal peduncle and preserved in
RNAlater (Ambion®; Life Technologies, Austin, TX).
Tissue samples were refrigerated for ~24 h and then fro-
zen at —20°C until RNA/DNA quantitation. We quanti-
fied RNA/DNA in muscle tissue, following Bolnick and
Lau (2008). In the laboratory, individuals were weighed
(0.01 g) and dissected. Upon dissection, age class (juve-
nile vs. adult) and sex were determined by gonad inspec-
tion. To ensure that our standardized tissue-removal
procedure did not introduce any bias to our estimates of
body size, we also calculated standard length (SL) for 445
fish in our dataset and examined the correlation of these
two estimates of body size. We found very high log-log
correlation between mass and SL (r = 0.98, P < 0.0001),
indicating that our weight measurements provided
unbiased estimates of body size for comparison among
individuals.

Gut contents and stable isotopes

In 2009, we performed gut content analysis in three rep-
resentative sites to obtain preliminary patterns and assess
power for detection of interindividual diet variation
within sites. The sites chosen were Sand Bar (n = 35 indi-
viduals), Sandy Point (n = 64), and the upstream portion
of Double Blocked (n = 48). We chose these sites because
they are representative of an unaltered, moderately con-
nected, and totally fragmented area, respectively, spanning
the range of fragmentation of Bahamian estuaries
(Table A2 in the Appendix S2). As indicated by simula-
tions, we had power to accurately estimate the degree of
interindividual diet variation with samples as small as 12
individuals (Fig. Al in the Appendix S5). Using these
results as a guide, we then collected fish in 2010 from 13

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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tidal creeks across the connectivity gradient, examining 12
individuals from each site (Table A4 in the Appendix S4),
providing for our primary investigation of the effects of
fragmentation on patterns of diet variation. For the sake
of comparisons among populations, we used individuals
from the same age class and sex (adult females). Speci-
mens were immediately euthanized and preserved in 95%
ethanol upon collection. In the laboratory, individuals
were dissected for removal of guts. Gut contents were
analyzed under a stereo microscope. Prey items were
counted and identified to the lowest feasible taxonomic
level.

We complemented gut content analysis with stable iso-
topes, which reflect longer term trophic relationships.
Because the variation in isotope values among individuals
of a population provides a measure of variation among
their diets (Aradjo et al. 2007), stable isotopes can be a
useful tool in measuring interindividual diet variation
that can be used in conjunction with gut content analysis
(Layman et al. 2012). We analyzed 6"°C and '°N stable
isotope values of 14-64 fish from each of 10 populations
(Table A4 in the Appendix S4). For stable isotope analy-
sis, specimens were frozen upon collection. We measured
stable isotopes of the whole fish after removing their
digestive tract by dissection. Fish were dried, ground to a
fine powder, encapsulated, and analyzed at the Yale Earth
System Center for Stable Isotopic Studies (ESCSIS).

Data analysis
Growth rates

We calculated population means for growth rate (RNA/
DNA) separately for each age class/sex because RNA/DNA
differed among males, females, and juveniles. For females
and juveniles, growth rate was body size dependent (sig-
nificant positive association with log mass; P < 0.001 in
both cases), and thus, we calculated marginal means from
a general linear model including log mass as a covariate
to control for body size (for females we additionally
included the interaction between population and log mass
because there was some variation in the strength of the
relationship among populations; results are qualitatively
similar if excluding this interaction). For males, there was
no association between body size and growth rate
(P = 0.89), and thus, site means were used in analysis.

Gut contents and stable isotopes

Resource use was quantified as proportions based on the
number of diet items found in gut contents. We quanti-
fied the diversity of resources consumed by each popula-
tion (niche width) and the extent to which individuals

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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are specialized in relation to the population. We mea-
sured the population niche width with Roughgarden’s
(1979) total niche width (TNW), which is Shannon’s
diversity index applied to the population diet proportions
obtained from gut content analysis. In order to quantify
the degree of individual specialization, we used the IS
index (Bolnick et al. 2002), which is the average overlap
between each individual’s niche and the population niche,
being 1 in the absence of individual specialization (indi-
viduals overlap completely with the population) and
assuming lower values as individuals’ niches become
smaller subsets of the population niche (higher individual
specialization). In order to make this index more intui-
tive, we used V =1 — IS, so that in the absence of indi-
vidual specialization V equals zero, assuming higher
decimal values as individuals become more specialized
(Bolnick et al. 2007).

We used a Bayesian approach based on multivariate
ellipse-based metrics of the stable isotope data as an esti-
mate of diet variation (Jackson etal. 2011). This
approach is especially useful when comparing populations
with different sample sizes (Layman et al. 2012). The
analysis generates standard ellipse areas (SEA), which are
bivariate equivalents to standard deviations in univariate
analysis. Larger areas correspond to a more diverse isoto-
pic niche, that is, a larger proportion of isotopic niche
space occupied (in this case, bivariate 6"°C or 6"°N space)
because of more variation among individuals.

Effects of habitat fragmentation

To summarize environmental variation among sites in
abiotic and structural features, we conducted a principal
components analysis (using the correlation matrix) with
the 10 variables measured for each site. We retained the
first four PC axes, accounting for more than 90% of the

Table 1. Results of principal components analysis of the 10 environ-
mental variables measured at 13 tidal creek systems in the Bahamas

Variable PC1 PC2 PC3 PC4

Mean tidal range (m) 0.83 0.44 0.28 0.14
Maximum tidal range (m) 0.86 0.38 0.28 0.13
Distance to creek mouth (m) —0.66 0.35 0.16 —0.45
Ecosystem size (m?) 0.24 0.63 0.64 —-0.24
Maximum water depth (cm) —-0.32 0.44 -0.14 0.75
pH -0.71 0.20 0.54 0.21
Salinity (ppt) 0.90 -0.31 0.09 -0.01
Conductivity (mS) 0.79 —0.45 -0.07 —0.04
Turbidity (NTU) —-0.17 -0.71 0.49 0.40
Mangrove perimeter (%) 0.25 0.76 —0.51 0.11

Percentage of variance 40.50 24.81 14.09 10.66

PC loadings > [0.6] in bold type.
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Figure 2. Relationship between environmental
Increasing variation and degree of fragmentation of 13
fragmentation tidal creeks in Abaco, Bahamas. Sites were
> ordered by PC1-scores and a brief description

variance (Table 1). We found that PC1 exhibited a direct
and clear association with degree of fragmentation
(Fig. 2), but other PCs exhibited no such relationship
(not presented). PC1 captured much of the variance in
the data, with positive scores associated with higher
salinities, greater tidal fluctuations, greater conductivity,
and (more weakly with) lower pH and a shorter distance
to the creek mouth. Altogether, our four PCs summarized
environmental variation both associated with, and inde-
pendent of, ecosystem fragmentation. We used these four
PCs in analyses described below.

We used path analysis (e.g., Kline 2005) to investigate
direct and indirect effects of environmental variables
(4 PCs) on piscivore and Gambusia densities (log;,-trans-
formed) and Gambusia diet and growth rate. We con-
structed a full path diagram based on hypotheses
regarding how environmental variation might lead to diet
variation in Gambusia. Our full path diagram included
potential pathways leading from: (i) all four environmen-
tal PCs to piscivore density, (ii) all four environmental
PCs and piscivore density to Gambusia density, and (iii)
all four environmental PCs, and either piscivore density or
Gambusia density (but not both) to each diet and growth
rate variable. We did not include paths from both pisci-
vore and Gambusia density simultaneously because of
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of their fragmentation status is given on the
x-axis. Overall, PC1-scores map onto the
degree of fragmentation. See Table A2 for
details on the sites.

multicollinearity among these variables (Variance Inflation
Factors up to 12.09 in those cases; VIFs > 10 are typically
considered problematic, for example, Myers 1990). We
employed model selection using Akaike information crite-
rion corrected for small sample sizes (AIC.; Akaike 1992;
Burnham and Anderson 2002) to select the best subset of
paths leading to each endogenous variable. Multicollinear-
ity was generally low in considered models (all VIFs < 10),
with the highest VIF in the final analyses being 1.23.

All path coefficients were calculated as standardized
(partial) regression coefficients estimated using 1000
bootstraps of the dataset. We assessed significance of
direct effects (path coefficients) and total effects (sum of
direct and indirect effects) using a bootstrap approxima-
tion obtained by constructing two-sided bootstrapped
confidence intervals. These bootstrapping approaches pro-
vide more accurate estimates of path coefficients and their
errors for datasets with relatively small sample sizes (Bol-
len and Stine 1990; MacKinnon et al. 2004). Path analysis
was conducted with Amos version 18 (Arbuckle 2003).
We conducted the path analysis in multiple steps due to
varying sample sizes for some variables (i.e., stable iso-
topes and RNA/DNA data were not available for all sites),
and because growth rate data was analyzed separately for
each age-sex category.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Results

We found that habitat fragmentation of Bahamian tidal
creeks caused a sharp decrease in piscivore and an
increase in Gambusia densities (Table 2). This trend was
accompanied by an overall decrease in growth rates in
fragmented areas. Diet variation tended to be higher in
fragmented areas, which was associated with a shift from
a diet mainly composed of copepods to the inclusion of
additional aquatic and allochthonous invertebrates
(Fig. 3).

We selected the best subset of paths for our path analy-
sis based on AIC,, which resulted in a total of nine direct

Habitat Fragmentation and Diet Variation

paths out of a total of 30 possible paths. In many cases,
the best model was selected unambiguously, but in some
cases multiple models exhibited similar AIC, values
(within 2 AIC, units; Appendix S6). In all cases, we
selected the top model. Only three cases resulted in highly
ambiguous results (pathways to male RNA/DNA, SEA,
and Gambusia density), and in every case the next-best
model was a subset of the best model—we chose the
more complex model as we wished to identify any envi-
ronmental factor that might play an important explana-
tory role.

The resulting path analysis identified many strong
relationships, with all paths but one being statistically

Table 2. Number of piscivores, Gambusia densities, RNA/DNA ratios (females/males/juveniles), total niche width (TNW), the V index of individual
specialization, 8'C and ¢"°N [mean (SD)], and stable isotope standard ellipse areas (SEA) of the 13 studied areas

Piscivores Gambusia

Site Connectivity  (ind/0.3 ha) ~ (ind/m?) RNA/DNA ™w Vv 813C 5N SEA
Sand Bar High 316 0 2.94/1.45/2 .45 1.27 0.52 —-17.6 (1.15) 6.5 (0.39) 1.34
Twisted Bridge High 365 0 1.90/0.92/1.41 0.61 0.16 —15.22 (0.64) 7.1(0.37) 0.70
Cherokee Sound High 56 0.3 2.75/1.19/1.92  0.86 020 —-17.29(0.92) 6.8(0.52) 1.23
Blue Holes High 18 0.3 1.65/1.17/1.70 1.02 0.33

Treasure Cay High 78 0.2 1.49/1.05/1.53 1.49 0.40 —18.9 (0.75) 7.3 (0.46) 1.05
Crossing Rocks Intermediate 40 7.6 1.34/0.80/1.20 1.88 0.60 —15.0 (1.07) 8.3(0.43) 1.54
Sandy Point Intermediate 1 15.8 1.35/1.06/1.59 1.23 0.43 -16.8 (1.31) 6.5 (0.41) 1.73
Indian River West Intermediate 163 2.3 1.42/0.92/1.53 1.55 0.50 —22.5(0.79) 9.3(0.19) 0.51
Loggerhead Creek Intermediate 4 7.4 1.27 0.52

Indian River East None 0 12.8 1.66 0.60

Stinky Pond None 0 5.1 1.98/1.20/1.38 1.35 0.38 —23.0 (2.55) 7.6 (0.95) 7.57
Double Blocked-Down None 10 4.5 1.59/1.28/1.31 0.97 0.44 —23.1(0.53) 8.1 (0.49) 0.83
Double Blocked-Up None 0 10.7 0.16/0.51/0.66 1.81 0.55 —25.7 (2.35) 8.1 (0.65) 4.91

For males we present RNA/DNA site means; for females and juveniles we present marginal means from a general linear model including log mass

as a covariate.
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Figure 3. Diet composition of the 13 analyzed 0.00 -
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standardized path coefficients, and line thickness reflects the strength
of the path. Solid lines represent positive effects, and dashed lines
represent negative effects. f: females; m: males; j: juveniles. total
niche width (TNW), V, and standard ellipse areas (SEA) as in Table 2.

significant (Fig. 4, Table 3). Examination of total effects
of all factors revealed many indirect effects in addition to
direct effects (Table 3). The most ubiquitous factor exhib-
iting significant total effects was environmental PCI,
which described features strongly associated with tidal-
creek fragmentation (Fig. 2). This variable was signifi-
cantly associated with every endogenous variable in the
path analysis, in line with our a priori predictions of the
effects of habitat fragmentation of Bahamian estuaries on
piscivore and Gambusia densities and its consequences on
Gambusia growth rates and diet variation (Table 3). The
primary results of our path analysis can be summarized as
follows: (i) habitat connectivity has a positive effect on the
density of piscivores; (ii) density of piscivores in turn has a
negative effect on the density of Gambusia; (iii) Gambusia
density has a negative association with growth rate in all
age-sex categories; (iv) Gambusia density has a positive
association with diet variation; and (v) stable isotope
variation is more influenced by predators than Gambusia
density. We also identified other environmental factors
important in affecting Gambusia diet variation, such as
ecosystem size, water pH, turbidity, and surrounding

M. S. Araujo et al.

mangrove habitat. Importantly, the proximate mechanisms
of Gambusia and predator densities provided better expla-
nations than hydrological connectivity per se, including
unmeasured factors co-varying with connectivity (i.e., no
direct effects of PC1 on diet or growth variables). In sum-
mary, results indicate that more highly fragmented sites
tended to have reduced piscivore density, increased Gam-
busia density, reduced growth rates, and increased trophic
niche diversity.

Discussion

In the present study, we found evidence that habitat frag-
mentation of Bahamian tidal creeks results in loss of
piscivorous fish, likely allowing for increased population
densities of Gambusia and higher levels of intraspecific
competition for food. As a result, populations in frag-
mented areas show a broadening of their food niche,
which is achieved via increased interindividual diet varia-
tion. In the following paragraphs, we elaborate on the
mechanisms driving this pattern and its potential ecologi-
cal and evolutionary consequences.

Environmental impacts of human-induced ecosystem
fragmentation in Bahamian tidal creeks were captured by
a single PC in our dataset (see Fig. 2) describing the dra-
matic, direct consequences of fragmentation. Our path
analysis revealed that habitat fragmentation (PC1) had a
strong direct effect on a single measured variable only,
piscivore density, but that this effect cascaded to produce
significant indirect effects on all measured aspects of
Gambusia populations. This suggests that predatory
release provides the primary mechanism underlying
changes in the population ecology of Gambusia following
fragmentation.

We found strong evidence that predatory release in
more fragmented localities resulted in increased Gambusia
densities—a finding consistent with prior work in other
poeciliid fish systems demonstrating higher densities and

Table 3. Summary of total effects (combined direct and indirect effects) revealed by path analysis

Gambusia

PC1 PC2 PC4 Piscivore density density
Effect on B P B P P B P B P B P
Piscivore density 0.79  0.004
Gambusia density -0.65 0.007 —0.33 0.046 -0.83  0.009
Total niche width (TNW) -035 0.018 -0.18 0.025 -0.44  0.017 0.53 0.018
Individual specialization (V) ~ —0.40  0.015 —0.20  0.029 -0.50 0.02 0.61 0.018
Isotopic Ellipse Area (SEA) —0.55 0.025 037 0.173 -0.70 0.012
Female growth rate (RD) 0.44  0.003 0.22 0.005 —0.50 0.003 0.55  0.003 -0.67  0.002
Male growth rate (RD) 0.32  0.011 0.16  0.007 -0.54 0.016 0.40  0.012 -0.49  0.006
Juvenile growth rate (RD) 0.43  0.002 0.22 0.007 —0.56 0.001 0.55  0.003 -0.67 0.002
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lower mortality rates in sites with lower predator densities
(Reznick and Bryant 2007; Johnson and Zuaniga-Vega
2009; Heinen et al. 2013). Alternatively, increased Gambu-
sia densities might result from greater resource productiv-
ity (unmeasured in this study), which happened to
negatively co-vary with piscivore density. We find this
explanation unlikely, as such co-variation is not known
or expected to exist, growth rates of Gambusia were
lower, not higher, in fragmented sites, and previous work
on Gambusia inhabiting blue holes on Andros Island,
Bahamas has demonstrated much higher densities in the
absence of piscivorous fish and no relationship between
Gambusia density and measures of resource productivity
(Heinen et al. 2013).

The observed trend of higher trophic niche diversity in
fragmented areas could be explained by three different pri-
mary mechanisms. First, the underlying cause might not
have been captured by our path analysis, in which increased
diet diversity resulted from increased diversity of the
resource base available to Gambusia following fragmenta-
tion. Available studies, however, point to a general simplifi-
cation of food webs and energy-flow pathways, as well as a
reduction in species richness, in Bahamian fragmented
estuaries (Layman et al. 2007, 2010; Valentine-Rose et al.
2007a). Therefore, we find this mechanism unlikely,
although we acknowledge that we cannot definitively rule it
out without the quantification of resource pools available
to Gambusia across the fragmentation gradient.

Second, predatory release in fragmented areas, resulting
in increased Gambusia densities, can result in elevated diet
variation via increased levels of intraspecific competition.
Our results strongly support this notion, as sites with
greater Gambusia densities experienced (i) reduced growth
rates, (ii) increased population niche width, and (iii)
increased individual diet specialization. Our findings,
therefore, add to the growing literature, suggesting a posi-
tive effect of intraspecific competition on diet variation
(reviewed in Aratjo et al. 2011). It is not clear how inter-
specific competition, which is also expected to affect the
degree of individual specialization (Bolnick et al. 2010),
should change with fragmentation and impact Gambusia,
but available data suggest it should generally be weak. Red-
ear herring (Harengula humeralis) and hardhead silversides
(Atherinomorus stipes), which are planktivores and possible
competitors, have rather low densities in most sites and
show reduced densities in fragmented areas (Table Al in
the Appendix S1); sheepshead minnows (Cyprinodon
variegatus) increase in abundance in fragmented areas, but
show relatively little dietary and microhabitat overlap with
Gambusia (see Martin and Wainwright 2011, 2013).

Finally, increased diet diversity could result from behav-
ioral changes in Gambusia, rather than density-mediated
effects of predatory release. Specifically, predators can alter

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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diet patterns of prey species via predator-induced prey
behaviors, such as refuge use or reduced overall activity
(Werner et al. 1983; Eklov and Svanback 2006). We found
support for this mechanism in the present study from the
strong direct effect of piscivore density—not Gambusia
density—on isotopic variation. This finding could reflect
behavioral changes in Gambusia associated with predation
intensity, such as shifts in habitat use or shoaling behavior.
Indeed, observations during this study, and previous work
on Gambusia in both tidal creeks and blue holes, suggest
that Gambusia individuals remain relatively restricted to
shallow, near-shore, regions in high-predation localities,
but exploit offshore waters in low-predation sites where
they utilize much more of the available water column
(Heinen et al. 2013). Moreover, recent experimental work
in a congener, G. affinis, demonstrated that reduced shoal-
ing intensity, as occurred in the absence of predators, led
to increased diet diversity and specialization (C. Filla, A.
M. Makowicz, R. B. Langerhans, unpubl. manuscript).
Thus, more dispersed habitat use (reduced shoaling, off-
shore use) in fragmented sites with reduced piscivore den-
sity might have led to the opportunity to feed on prey that
may have different §'°C and 6'°N signatures. This result
suggests that predator-induced behavioral changes mani-
fest as longer term dietary effects (captured by stable iso-
topes), whereas recent feeding patterns (revealed by gut
contents) are better predicted by Gambusia densities. Thus,
our results suggest that both density-mediated and behav-
ior-mediated effects of predatory release, subsequent to
habitat fragmentation, may be responsible for driving
changes in patterns of diet diversity and specialization in
Gambusia.

We acknowledge that the variation among consumers’
stable isotopes will not only depend on diet variation but
also on the variation among isotope baselines, which we
did not quantify. However, fragmentation of Bahamian
tidal creeks results in a dramatic reduction of the diver-
sity of basal resource pools, which is reflected in smaller
ranges of 6'°C of food webs in fragmented areas (Layman
et al. 2007). Therefore, the variation in baselines among
sites is unlikely to explain the trend of higher isotope var-
iation in Gambusia in more fragmented areas. This trend,
which corresponds closely with gut content data, is likely
a reflection of actual diet variation.

Might the observed patterns of resource use in Gambu-
sia have ecosystem-level consequences? Previous experi-
mental studies on the Trinidadian guppy Poecilia
reticulata have shown that differences in the diets of pop-
ulations inhabiting low- versus high-predation environ-
ments can substantially change ecosystem structure and
function — such as standing stocks of producers and con-
sumers, as well as primary productivity and nutrient flow
(Palkovacs et al. 2009; Bassar et al. 2010; Marshall et al.
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2012). Therefore, the changes in resource use and popula-
tion densities of Gambusia associated with habitat frag-
mentation observed in this study can potentially impact
important ecological aspects of Bahamian estuarine eco-
systems in ways that are currently not known.

Another implication of our findings concerns the
potential local adaptation of Gambusia populations, with
implications for evolutionary diversification (Langerhans
et al. 2007). Several poeciliid species are known to experi-
ence divergent natural selection between predation
regimes on body morphology, body color, life histories,
and physiological performance capacities, with subsequent
evolutionary divergence, and even speciation, in some
systems (Langerhans et al. 2007; Reznick et al. 2008; Lan-
gerhans 2010; Heinen et al. 2013; Riesch et al. 2013; Mar-
tin etal. 2014). By creating novel predator-free
environments, habitat fragmentation may drive divergent
selection on multiple Gambusia phenotypes, and this
study suggests such selection may additionally relate to
trophic morphology due to divergent diets. Ecologists are
becoming increasingly aware that populations may show
rapid evolutionary responses to habitat degradation
(Smith and Bernatchez 2008; De Ledn et al. 2011; Frans-
sen 2011; Sih et al. 2011). The study system examined
here appears ripe for investigation of contemporary evo-
lution driven by human activities, as fragmentation leads
to strong ecological differences with known selective
effects, and fragmentation of wetlands via road construc-
tion is widespread.

Acknowledgments

We thank the Bahamas Department of Fisheries for col-
lecting permits and Friends of the Environment for logis-
tical support. C. Hammerschlag-Peyer, Z. Jud, F. Tobias,
C. Villegas, and L. Yeager provided help during labora-
tory processing. Jacob Allgeier assisted with Bayesian
niche ellipse analysis. We thank the Associate Editor and
three anonymous reviewers for their useful comments.
Funding was provided by CAPES (BEX 4496/08-6), FA-
PESP (2010/15567-8), and National Science Foundation
(OCE 0746164 and DEB 0842196).

Conflict of Interest

None declared.

References

Akaike, H. 1992. Information theory and an extension of the
maximum likelihood principle. Breakthroughs in statistics.
Springer, New York. Pp. 610-624.

Ali, M., and R. J. Wootton. 2003. Correlates of growth in
juvenile three-spined sticklebacks: potential predictors of

3306

M. S. Araujo et al.

growth rates in natural populations. Ecol. Freshw. Fish
12:87-92.

Aragjo, M. S., D. L. Bolnick, G. Machado, A. A. Giaretta, and
S. F. Reis. 2007. Using d"*C stable isotopes to quantify
individual-level diet variation. Oecologia 152:643—-654.

Araujo, M. S., D. I. Bolnick, and C. A. Layman. 2011. The
ecological causes of individual specialisation. Ecol. Lett.
14:948-958.

Arbuckle, J. L. 2003. Amos 5.0 [computer software]. SPSS,
Chicago, IL.

Bassar, R. D., M. C. Marshall, A. Lopez-Sepulcre, E. Zandona,
S. K. Auer, J. Travis, et al. 2010. Local adaptation in
Trinidadian guppies alters ecosystem processes. Proc. Natl
Acad. Sci. USA 107:3616-3621.

Bollen, K. A., and R. A. Stine. 1990. Direct and indirect effects:
classical and bootstrap estimates of variability. Sociol.
Methodol. 20:115-140.

Bolnick, D. I., and O. L. Lau. 2008. Predictable patterns of
disruptive selection in stickleback in postglacial lakes. Am.
Nat. 172:1-11.

Bolnick, D. I, L. H. Yang, J. A. Fordyce, J. M. Davis, and
R. Svanbick. 2002. Measuring individual-level resource
specialization. Ecology 83:2936-2941.

Bolnick, D. I., R. Svanbick, J. A. Fordyce, L. H. Yang, J. M.
Davis, C. D. Hulsey, et al. 2003. The ecology of individuals:
incidence and implications of individual specialization. Am.
Nat. 161:1-28.

Bolnick, D. I., R. Svanback, M. S. Aratjo, and L. Persson.
2007. Comparative support for the niche variation
hypothesis that more generalized populations are also more
heterogeneous. Proc. Natl. Acad. Sci. U.S.A. 104:10075—
10079.

Bolnick, D. I, T. Ingram, W. E. Stutz, L. K. Snowberg, O. L.
Lau, and J. S. Paull. 2010. Ecological release from
interspecific competition leads to decoupled changes in
population and individual niche width. Proc. Biol. Sci.
277:1789-1797.

Bolnick, D. I., P. Amarasekare, M. S. Araujo, R. Biirger, J.
Levine, M. Novak, et al. 2011. Why intraspecific trait
variation matters in community ecology. Trends Ecol. Evol.
26:183-192.

Burnham, K. P., and D. R. Anderson. 2002. Model selection
and multi model inference: a practical information-theoretic
approach, Springer, New York.

Caldarone, E. M., M. Wagner, J. S. Ogner-Burns, and L. J.
Buckley. 2001. Pp. 1-11. Protocol and guide for estimating
nucleic acids in larval fish using a fluorescence microplate
reader. Northeast Fisheries Science Center, Woods Hole,
MA.

Dahlhoff, E. P. 2004. Biochemical indicators of stress and
metabolism: applications for marine ecological studies.
Annu. Rev. Physiol. 66:183-207.

De Ledn, L. F., J. A. M. Raeymackers, E. Bermingham, J.
Podos, A. Herrel, and A. P. Hendry. 2011. Exploring

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



M. S. Araujo et al.

possible human influences on the evolution of Darwin’s
finches. Evolution 65:2258-2272.

Debinski, D. M., and R. D. Holt. 2000. A survey and overview of
habitat fragmentation experiments. Conserv. Biol. 14:342-355.

Dirzo, R., and P. H. Raven. 2003. Global state of biodiversity
and loss. Annu. Rev. Environ. Resour. 28:137-167.

Eklov, P., and R. Svanback. 2006. Predation risk influences
adaptive morphological variation in fish populations. Am.
Nat. 167:440-452.

Estes, J. A., J. Terborgh, J. S. Brashares, M. E. Power, J. Berger,
W. J. Bond, et al. 2011. Trophic downgrading of planet
earth. Science 333:301-306.

Fahrig, L. 2003. Effects of habitat fragmentation on
biodiversity. Annu. Rev. Ecol. Evol. Syst. 34:487-515.

Fischer, J., and D. B. Lindenmayer. 2007. Landscape
modification and habitat fragmentation: a synthesis. Glob.
Ecol. Biogeogr. 16:265-280.

Foley, J. A., R. DeFries, G. P. Asner, C. Barford, G. Bonan, S.
R. Carpenter, et al. 2005. Global consequences of land use.
Science 309:570-574.

Franssen, N. R. 2011. Anthropogenic habitat alteration induces
rapid morphological divergence in a native stream fish.
Evol. Appl. 4:791-804.

Harrison, S., and E. Bruna. 1999. Habitat fragmentation and
large-scale conservation: what do we know for sure?
Ecography 22:225-232.

Heinen, J., M. Coco, M. Marcuard, D. White, M. N. Peterson,
R. Martin, et al. 2013. Environmental drivers of
demographics, habitat use, and behavior during a
post-Pleistocene radiation of Bahamas mosquitofish
(Gambusia hubbsi). Evol. Ecol. 27:971-991.

Jackson, A. L., R. Inger, A. C. Parnell, and S. Bearhop. 2011.
Comparing isotopic niche widths among and within
communities: SIBER — Stable Isotope Bayesian Ellipses in R.
J. Anim. Ecol. 80:595-602.

Johnson, J. B, and J. J. Zuniga-Vega. 2009. Differential
mortality drives life-history evolution and population
dynamics in the fish Brachyrhaphis rhabdophora. Ecology
90:2243-2252.

Kline, R. 2005. Details of path analysis. Principles and practice
of structural equation modeling. Guilford, New York, Pp.
123-164.

Langerhans, R. B. 2010. Predicting evolution with generalized
models of divergent selection: a case study with poeciliid
fish. Integr. Comp. Biol. 50:1167—1184.

Langerhans, R. B., M. E. Gifford, and E. O. Joseph. 2007.
Ecological speciation in Gambusia fishes. Evolution 61:2056—
2074.

Layman, C. A, D. A. Arrington, R. B. Langerhans, and B. R.
Silliman. 2004. Degree of fragmentation affects fish
assemblage structure in Andros Island (Bahamas) estuaries.
Carib. J. Sci. 40:232-244.

Layman, C. A, J. P. Quattrochi, C. M. Peyer, and J. E.
Allgeier. 2007. Niche width collapse in a resilient top

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Habitat Fragmentation and Diet Variation

predator following ecosystem fragmentation. Ecol. Lett.
10:937-944.

Layman, C. A., D. A. Arrington, P. A. Kramer, L.
Valentine-Rose, and C. P. Dahlgren. 2010. Indicator taxa to
assess anthropogenic impacts in Caribbean and Bahamas
tidal creeks. Carib. J. Sci. 46:12—18.

Layman, C. A., M. S. Aratjo, R. Boucek, C. M.
Hammerschlag-Peyer, E. Harrison, Z. R. Jud, et al. 2012.
Applying stable isotopes to examine food-web structure: an
overview of analytical tools. Biol. Rev. 87:545-562.

Lessells, C., and P. T. Boag. 1987. Unrepeatable repeatabilities:
a common mistake. Auk, 104:116-121.

MacKinnon, D. P., C. M. Lockwood, and J. Williams. 2004.
Confidence limits for the indirect effect: distribution of the
product and resampling methods. Multivar. Behav. Res.
39:99-128.

Marshall, M. C., A. J. Binderup, E. Zandona, S. Goutte, R. D.
Bassar, R. W. El-Sabaawi, et al. 2012. Effects of consumer
interactions on benthic resources and ecosystem processes in
a Neotropical stream. PLoS One 7:e45230.

Martin, C. H., and P. C. Wainwright. 2011. Trophic novelty is
linked to exceptional rates of morphological diversification
in two adaptive radiations of Cyprinodon pupfish. Evolution
65:2197-2212.

Martin, C. H., and P. C. Wainwright. 2013. Multiple fitness
peaks on the adaptive landscape drive adaptive radiation in
the wild. Science 339:208-211.

Martin, R. A., R. Riesch, J. L. Heinen-Kay, and R. B.
Langerhans. 2014. Evolution of male coloration during a
post-pleistocene radiation of Bahamas mosquitofish
(Gambusia hubbsi). Evolution 68:397—411.

Myers, R. H. 1990. Classical and modern regression with
applications. PWS Kent, Boston, MA.

Nagelkerken, I., M. Dorenbosch, W. C. E. P. Verbeck, E.
Cocheret de la Moriniere, and G. van der Velde. 2000.
Importance of shallow-water biotopes of a Caribbean bay
for juvenile coral reef fishes: patterns in biotope association,
community structure and spatial distribution. Mar. Ecol.
Prog. Ser. 202:175-192.

Nilsson, C., C. A. Reidy, M. Dynesius, and C. Revenga. 2005.
Fragmentation and flow regulation of the world’s large river
systems. Science 308:405-408.

Palkovacs, E. P., M. C. Marshall, B. A. Lamphere, B. R. Lynch,
D. J. Weese, D. F. Fraser, et al. 2009. Experimental
evaluation of evolution and coevolution as agents of
ecosystem change in Trinidadian streams. Philos. Trans. R.
Soc. Lond., B, Biol. Sci. 364:1617—1628.

Pringle, C. M. 2001. Hydrologic connectivity and the
management of biological reserves: a global perspective.
Ecol. Appl. 11:981-998.

Pringle, C. 2003a. The need for a more predictive understanding
of hydrologic connectivity. Aquat. Conserv. 13:467-471.

Pringle, C. 2003b. What is hydrologic connectivity and why is
it ecologically important? Hydrol. Process. 17:2685-2689.

3307



Habitat Fragmentation and Diet Variation

Pringle, C. 2006. Hydrologic connectivity: a neglected
dimension of conservation biology Pp. 233-254 in K. R.
Crooks and M. Sanjayan, eds. Connectivity conservation.
Cambridge Univ. Press, Cambridge.

Reznick, D., and M. Bryant. 2007. Comparative long-term
mark-recapture studies of guppies (Poecilia reticulata):
differences among high and low predation localities in
growth and survival. Ann. Zool. Fenn. 44:152-160.

Reznick, D. N., C. K. Ghalambor, and K. Crooks. 2008.
Experimental studies of evolution in guppies: a model for
understanding the evolutionary consequences of predator
removal in natural communities. Mol. Ecol. 17:97-107.

Riesch, R., R. A. Martin, and R. B. Langerhans. 2013.
Predation’s role in life-history evolution of a livebearing fish
and a test of the Trexler-DeAngelis model of maternal
provisioning. Am. Nat. 181:78-93.

Roughgarden, J. 1979. Theory of population genetics and
evolutionary ecology: an introduction. Macmillan, New
York, NY.

Rypel, A. L., and C. A. Layman. 2008. Degree of aquatic
ecosystem fragmentation predicts population characteristics
of gray snapper (Lutjanus griseus) in Caribbean tidal creeks.
Can. J. Fish. Aquat. Sci. 65:335-339.

Saunders, D. A., R. J. Hobbs, and C. R. Margules. 1991.
Biological consequences of ecosystem fragmentation: a
review. Conserv. Biol. 5:18-32.

Sih, A., M. C. O. Ferrari, and D. J. Harris. 2011. Evolution
and behavioural responses to human-induced rapid
environmental change. Evol. Appl. 4:367-387.

Smith, T. B., and L. Bernatchez. 2008. Evolutionary change in
human-altered environments. Mol. Ecol. 17:1-8.

Stephens, D. W., and J. R. Krebs. 1986. Foraging theory.
Princeton Univ. Press, Princeton, NJ.

Svanbidck, R., and D. L. Bolnick. 2005. Intraspecific
competition affects the strength of individual specialization:
an optimal diet theory model. Evol. Ecol. Res. 7:993—-1012.

Svanbidck, R., and D. L. Bolnick. 2007. Intraspecific
competition drives increased resource use diversity within a
natural population. Proc. R. Soc. Lond. B Biol. Sci. 274:839—
844.

Turner, I. M. 1996. Species loss in fragments of tropical rain
forest: a review of the evidence. J. Appl. Ecol. 33:200-209.

Valentine-Rose, L., and C. A. Layman. 2011. Response of
fish assemblage structure and function following

3308

M. S. Araujo et al.

restoration of two small Bahamian tidal creeks. Restor.
Ecol. 19:205-215.

Valentine-Rose, L., J. A. Cherry, J. J. Culp, K. E. Perez, J. B.
Pollock, D. A. Arrington, et al. 2007a. Floral and faunal
differences between fragmented and unfragmented
Bahamian tidal creeks. Wetlands 27:702-718.

Valentine-Rose, L., C. A. Layman, D. A. Arrington, and A. L.
Rypel. 2007b. Habitat fragmentation decreases fish
secondary production in Bahamian tidal creeks. Bull. Mar.
Sci. 80:863-877.

Valentine-Rose, L., A. L. Rypel, and C. A. Layman. 2011.
Community secondary production as a measure of
ecosystem function: a case study with aquatic ecosystem
fragmentation. Bull. Mar. Sci. 87:913-937.

Van Valen, L. 1965. Morphological variation and width of
ecological niche. Am. Nat. 99:377-390.

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M.
Melillo. 1997. Human domination of Earth’s ecosystems.
Science 277:494-499.

Walsh, M. R., and D. N. Reznick. 2009. Phenotypic
diversification across an environmental gradient: a role for
predators and resource availability on the evolution of life
histories. Evolution 63:3201-3213.

Werner, E. E., J. F. Gilliam, D. J. Hall, and G. G. Mittelbach.
1983. An experimental test of the effects of predation risk
on habitat use in fish. Ecology 64:1540—1548.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Appendix S1. List of potential piscivorous predators and
competitors of G. hubbsi.

Appendix S2. Characterization of the studied sites.
Appendix S3. Details on the methods used to estimate
relative abundances of piscivorous fishes and G. hubbsi
across the studied areas.

Appendix S4. Sample sizes used in RNA/DNA, stable iso-
tope, and gut content analyses.

Appendix S5. Determination of sample sizes required to
accurately estimate the IS index of individual specialization.
Appendix S6. Model Selection Results.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



10

11

12

13

14

15

16

17

18

Supporting Information

Ecosystem fragmentation drives increased diet variation in an endemic livebearing

fish of the Bahamas

Marcio S. Aratjo*, R. Brian Langerhans, Sean T. Giery, and Craig A. Layman

*Email: msaraujo@rc.unesp.br

Appendix 1: List of potential piscivorous predators and competitors of G. hubbsi.
Appendix 2: Characterization of the studied sites.

Appendix 3: Details on the methods used to estimate relative abundances of

piscivorous predators and G. hubbsi across the studied areas.

Appendix 4: Sample sizes used in RNA/DNA, stable isotope and gut content

analyses.

Appendix 5: Determination of sample sizes required to accurately estimate the IS

index of individual specialization.

Appendix 6: Model selection results.



19

20

21

22
23
24
25

Appendix 1

List of potential piscivorous predators and competitors of G. hubbsi

Table Al: Primary species of potential predators and competitors of Bahamas
mosquitofish found in the studied-areas and the expected effect of habitat fragmentation
on their abundances (Layman et al. 2004; Valentine-Rose et al. 2007a; Valentine-Rose et
al. 2007b; Valentine-Rose and Layman 2011; Valentine-Rose et al. 2011; unpubl. data).

Scientific name

Common name

Effect of fragmentation on

abundance

Predatory fish

Lutjanus griseus Gray snapper Negative

Lutjanus apodus Schoolmaster Negative

Lutjanus cyanopterus Cubera snapper Negative

Lutjanus jocu Dog snapper Negative

Sphyraena barracuda Great barracuda Negative

Strongylura notata Redfin needlefish Negative

Caranx latus Horse-eye jack Negative
Potential competitor fishes

Cyprinodon variegatus Sheepshead minnow Positive
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28
29
30
31
32
33
34
35
36
37
38
39
40
41

42

43

Lophogobius cyprinoides  Crested goby Positive

Gerres cinereus Yellow fin mojarra Negative
Eucinostomus spp. Mojarra Negative
Harengula humeralis Redear herring Negative
Atherinomorus stipes Hardhead silverside Negative
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estuaries." Caribbean Journal of Science 40: 232-244.
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and C. A. Layman (2007a). "Floral and faunal differences between fragmented
and unfragmented Bahamian tidal creeks." Wetlands 27: 702-718.
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function following restoration of two small Bahamian tidal creeks." Restoration
Ecology 19(2): 205-215.
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Bulletin of Marine Science 80: 863-877.
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production as a measure of ecosystem function: a case study with aquatic
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Appendix 2

Characterization of the studied sites

47  Table A2: Characterization of the degree of fragmentation of the 13 sites sampled. Sites
48  are ordered from higher to lower PC1 scores (see Figure 2 in the main text).

Site Fragmentation status Brief description

Sand Bar No blockage Intertidal mangrove wetland
Twisted Bridge No blockage Intertidal mangrove wetland
Cherokee Sound No blockage Intertidal mangrove wetland
Blue Holes No blockage Small, rocky cove lined by

Treasure Cay

Crossing Rocks

Sandy Point

0.65m? culvert

0.20m? culvert

0.20m? culvert

mangroves

Blocked by dirt road with a culvert
allowing significant water flow.
Piscivores move through culvert

readily.

Shallow, rocky margin of an
intertidal wetland blocked by a road
with a culvert allowing water flow at

high tide only.

Upper edge of an intertidal wetland




Indian River-West side

Loggerhead Creek

Indian River-East side

Stinky Pond

Double Blocked-Downstream

Natural restriction

Porous road material

Complete fragmentation

Complete fragmentation

Complete fragmentation

blocked by a road with a culvert that
allows water flow primarily at high

tide.

Deep, pond-like system that has a

distant connection with the ocean.

Back rim of an intertidal wetland
blocked by a road. Seepage through
coarse rocks under the road provides

some connectivity.

Shallow mangrove wetland
completely blocked by the main

highway.

Pond-like system with shallow
wetland around the perimeter;
periodically overwashed with marine
waters in extreme storm events; a
culvert runs under road, but typically

is completely blocked with debris.

Shallow, pond-like, system that is
separated from marine waters by

mangrove intrusion; some water




exchange through mangrove roots at

the highest tides.

Double Blocked-Upstream Complete fragmentation ~ Shallow mangrove wetland

completely blocked by a road.
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51  Table A3: Characterization of the 10 environmental variables measured at the 13 study sites.

Site Mean tidal Maximum tidal Distance to creek Ecosystem Maximum water pH Salinity (ppt) Conductivity (mS) Turbidity Mangrove
range (m) range (m) mouth (m) size (mz) depth (cm) (NTU) perimeter (%)

Sand Bar 0.51 0.67 120 100000 75 7.2 353 55.7 0.89 100
Twisted Bridge 0.88 1.13 130 500000 150 8.3 35.9 25.8 0.84 100
Cherokee Sound 0.50 0.75 340 350000 45 7.4 30.9 52.0 1.42 100
Blue Holes 0.53 0.73 1500 500000 200 7.5 317 46.9 1.90 70
Treasure Cay 0.46 0.64 1000 250000 180 8.1 35.0 54.7 1.01 100
Crossing Rocks 0.05 0.16 20 9000 40 7.3 35.6 42.8 2.77 40
Sandy Point 0.05 0.15 950 4000 40 7.7 36.2 56.8 1.30 60
Indian River-West 0.26 0.39 1600 3000 220 7.7 154 414 1.10 100
side

Loggerhead Creek 0.16 0.31 150 1500 70 8.4 31.0 53.9 13.60 10
Indian River-East 0.02 0.08 1150 110000 50 7.9 2.6 3.5 1.00 90

side




Stinky Pond 0.02 0.06 400 50000 450 8.4 4.1 3.8 3.34 90

Double Blocked- 0.01 0.03 3100 60000 180 8.7 7.2 12.7 2.08 95
Downstream

Double Blocked- 0.01 0.05 3250 500000 100 8.9 1.4 0.3 2.36 40
Upstream

52 Note: We used the mean of annual averages based on 3-6 years of sampling at these sites (between 2006-2012), with the exception of
53  distance to creek mouth, ecosystem size, turbidity and mangrove perimeter which were measured once in 2010.
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Appendix 3

Details on the methods used to estimate relative abundances of piscivorous fishes

and G. hubbsi across the studied areas

We used underwater visual census (UVC; Nagelkerken et al. 2000; Layman et al. 2004),
which provides relative estimates of predator densities in Bahamas tidal creeks
(Valentine-Rose et al. 2007b; Valentine-Rose et al. 2011). In sites with water depths too
shallow for UVC, we conducted predator surveys from above water by slowly walking
the survey areas. In these shallow areas, all piscivores are readily visible from above
water allowing for equally robust estimates of relative predator density. Visual surveys

were conducted in an area of ~0.3ha in each site.

To estimate density of G. hubbsi, we performed surveys using 0.25m’ quadrats (n
= 25-30/site). The quadrat was held ~0.5 m above the water to visualize the survey area.
After 1 minute, the number of G. hubbsi swimming within the quadrat boundaries was
recorded. To minimize disturbance to fish, the quadrat was held by a 1-m long handle.
Piscivore density was estimated between three and seven times per site between 2009 and
2010 and Gambusia density during two separate surveys for 12 of the 13 sites (July 2009

and March 2010).

Valentine-Rose, L., C. A. Layman, D. A. Arrington and A. L. Rypel (2007b). "Habitat
fragmentation decreases fish secondary production in Bahamian tidal creeks."
Bulletin of Marine Science 80: 863-877.
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Valentine-Rose, L., A. Rypel and C. A. Layman (2011). "Community secondary
production as a measure of ecosystem function: a case study with aquatic
ecosystem fragmentation " Bulletin of Marine Science 87(4): 913-937.

Layman, C. A., D. A. Arrington, R. B. Langerhans and B. R. Silliman (2004). "Degree of
fragmentation affects fish assemblage structure in Andros Island (Bahamas)
estuaries." Caribbean Journal of Science 40: 232-244.

Nagelkerken, 1., M. Dorenbosch, W. C. E. P. Verbeck, E. Cocheret de la Morini¢re and
G. van der Velde (2000). "Importance of shallow-water biotopes of a Caribbean
bay for juvenile coral reef fishes: patterns in biotope association, community
structure and spatial distribution." Marine Ecology Progress Series 202: 175-192.
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Appendix 4

Sample sizes used in RNA/DNA, stable isotope and gut content analyses

Table A4: Number of specimens of Gambusia hubbsi analyzed for RNA/DNA, stable
isotopes (SI), and gut contents in the comparison between 13 populations across a

gradient of habitat fragmentation in Abaco, Bahamas. Populations were sampled in the

summers of 2009 (RNA/DNA and SI) and 2010 (gut-contents).

Site RNA/DNA SI Gut contents™
Sand Bar 46 35 12
Twisted Bridge 41 15 12
Cherokee Sound 42 15 12
Blue Holes 67 12
Treasure Cay 81 15 12
Crossing Rocks 40 16 12
Sandy Point 87 64 12
Indian River-West side 91 14 12
Loggerhead Creek 12
Indian River-East side 12

11



Stinky Pond

Double Blocked-Downstream

Double Blocked-Upstream

79

24

88

17

15

48

12

12

12

97  *Adult females.
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Appendix 5

Determination of sample sizes required to accurately estimate the IS index of

individual specialization

The representative sites chosen for this preliminary analysis were Sand Bar, Sandy Point,
and the upstream area of Double Blocked (Double Blocked-Upstream; Table A2). We
implemented a bootstrap procedure to evaluate the sample sizes required to obtain
reliable estimates of the IS index of individual specialization (Bolnick et al. 2002). IS
represents the average degree of overlap between individuals' resource distributions and
the overall population resource distribution. When individuals are ecologically identical,
IS =1, decreasing towards lower decimal values as individuals' niches become
increasingly smaller subsets of the population niche and individuals are more
heterogeneous. For each of the representative three populations, individuals from
empirical samples were randomly sampled with replacement in order to build null
populations of varying sizes (1-500 individuals), after which IS values were calculated.
For each sample size, we calculated 1000 replicates, and then estimated average IS values
and their standard errors. These randomizations indicated that it is possible to generate
reliable estimates of IS in this system with as few as 12 fish per population, regardless of
the degree of fragmentation of the site. This cut-off value guided examination of
individual specialization across the 13 sites subsequently sampled. We would like to note
that we were not interested in complete measures of diet variation, but instead relative
estimates of variation across the fragmentation gradient. Any bias in estimation of diet

variation within sites should be similar across all populations, since we standardized

13
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122

123

124
125
126

127

sample sizes. Simulations were implemented in C language, the codes of which are

available upon request.

Bolnick, D. I, L. H. Yang, J. A. Fordyce, J. M. Davis and R. Svanbick (2002).
"Measuring individual-level resource specialization." Ecology 83(10): 2936-2941.

14



128

129
130
131
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134
135
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139

140

Figure Al: Simulations testing the effect of sample size on the estimates of individual
specialization (IS). Empirical samples from (a) Sand Bar (n = 35), (b) Sandy Point (n =
62), and (c) the upstream portion of Double Blocked-upstream (n = 47) were
bootstrapped to generate null populations with sizes varying from 1 to 500 (only 1-30
shown). For each null population, IS was calculated. For each sample size, 1000 null
populations were simulated, after which average values for the index (blue line) and
standard errors (SE; red line) were calculated. Note rapid leveling off of estimates of IS
and standard errors with small increases in sample size. Very minimal increases in
parameter estimation occurred above a sample size of approximately 10-12 fish for any
of the three sites.

1.2 a
1 1%

0.8

0.6

0.4

0.2

1.2 b

0.8
0.6

0.4

IS and SE (IS)

0.2

1.2 C

0.8
0.6

0.4 e s
0.2
5 f“""“-n-”— - ——— _—
0 5 10 15 20 25 30 35
Sample Size

15



141

142

143

144

145

146

147

149

150
151

Appendix 6

Model Selection Results

We only present up to the 10 best models in each case. Selected models are presented in
bold type. Colors in figures represent levels of connectivity (following Fig. 2): high

connectivity (blue), intermediate connectivity (yellow), and no connectivity (green).

Logio piscivore density:

Model AIC, AALE8
PC1 30.87 0.00
PC1 +PC2 32.40 1.53
PC1 +PC4 35.13 4.26
PC1 + PC3 35.18 4.31
PC1 + PC2 + PC4 37.88 7.02
PC1 +PC2 + PC3 37.94 7.08
PC1 + PC3 + PC4 40.68 9.81
PC2 43.17 12.30
PC4 44.09 13.22
PC3 44.11 13.24

log,, piscivore density
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152

153

154

155

156

157

158

159

160

161

Logig Gambusia density:

Model AIC, AAIC,

PC2 + log Piscivore density 6.47 0.00

log Piscivore density 7.32 0.85

PC1 +PC2 8.22 1.74

PC1 + PC2 + log Piscivore density 8.66 2.18

PC2 + PC4 + log Piscivore density 9.47 3.00

PC4 + log Piscivore density 10.06 3.58

PC1 + PC2 + PC4 10.50 4.02

PC3 + log Piscivore density 11.03 4.55

PC2 + PC3 + log Piscivore density 11.13 4.66

PC1 + log Piscivore density 11.33 4.86
Z 150 > 125
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log,, piscivore density
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163

164

165
166

Total Niche Width (TNW):

Model AIC.  AAIC,
log Gambusia density 14.08 0.00
PC1 16.14 2.06
log piscivore density 16.70 2.63
PC2 17.44 3.37
PC3 + log Gambusia density 17.70 3.63
PC4 + log Gambusia density 18.11 4.04
PC2 + log Gambusia density 18.32 4.25
PC4 18.34 4.26
PC3 18.34 4.26
PC1 +PC2 18.34 4.26

2.00

1.75

1.50

2 125 4
1.00
0754 .-
@
0.50

T T T T T T T
-0.20.0 0.2 04 06 08 1.0 1.2 1.4
log,, Gambusia density
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167

168

169

170

Individual Diet Specialization (V):

Model AIC.  AAIC,
log Gambusia density -13.66 0.00
PC1 +PC2 -11.98 1.68
PC2 -10.87  2.79
PC2 + log Gambusia density -10.54  3.12
PC1 -10.40  3.26
PC3 + log Gambusia density -10.32  3.35
PC4 + log Gambusia density -9.75 3.91
PCI1 + log Gambusia density -9.36 431
log piscivore density -9.20 4.47
PC1 + PC2 + PC4 -8.56 5.10

0.6
0.5 1

> 044

0.3 1

024 @

";’ T T T T T T

-0.20.0 02 0.4 0.6 0.8 1.0 1.2 14
log,, Gambusia density
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172

173

174

175

Standard Ellipse Area (SEA):

Model AIC.  AAIC

PC4 + log piscivore density 44.52 0.00

log piscivore density 45.32 0.80

PC1 49.05 4.53

PC2 + log piscivore density 49.92 5.40

PC1 + log piscivore density 51.29 6.77

PC3 + log piscivore density 51.29 6.77

PC4 51.75 7.23

log Gambusia density 51.75 7.23

PC1 + PC4 51.93 7.41

PC3 + PC4 + log piscivore density 52.13 7.61
8 8 —
7 .
6
5 4

=4
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2 g e T e N
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177
178

179

180
181

Female RNA/DNA:

Model AIC.  AAIC
PC3 + log Gambusia density 24.77 0.00
log Gambusia density 26.91 2.14
PCl1 27.68 291
PC2 + log Gambusia density 29.54 4.77
log piscivore density 29.60 4.83
PC1 +PC3 29.79 5.02
PC1 + PC4 29.83 5.06
PC3 30.96 6.19
PC1 + log Gambusia density 31.22 6.45
PC4 + log Gambusia density 31.36 6.59

T T T T T T —
-1.5-1.0-05 0.0 0.5 1.0 1.5 2.0 25
PC3

0.0

T T T T T
-0.250.00 0.25 0.50 0.75 1.00 1.25
log,, Gambusia density

21



182

183
184
185

186

187

188

Male RNA/DNA:

Model AIC.  AAIC,
PC3 + log Gambusia density 5.87 0.00
PC3 6.30 0.43
log Gambusia density 7.05 1.18
PC4 8.19 2.32
PCl1 8.38 2.51
PC2 +PC3 8.53 2.66
log piscivore density 8.69 2.82
PC2 9.60 3.72
PC1 +PC3 10.06 4.19
PC3 + log piscivore density 10.38 4.51

T T T T T T - T
-1.5-1.0-0.5 0.0 0.5 1.0 1.5 2.0 25
PC3

0.6

T T T T T
-0.250.00 0.25 0.50 0.75 1.00 1.25

log,, Gambusia density
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189  Juvenile RNA/DNA:

Model AIC.  AAIC,

PC3 + log Gambusia density 12.15 0.00

PC1 +PC3 13.61 1.45

PC1 13.94 1.78

PC2 + log Gambusia density 15.37 3.21

log Gambusia density 16.11 3.96

PCI1 + PC3 + log Gambusia density 16.72 4.57

PC3 + PC4 + log Gambusia density 17.04 4.88

log piscivore density 17.17 5.02

PC2 + PC3 + log Gambusia density 17.84 5.69

PC1 +PC2 + PC3 17.85 5.70
190
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