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Introduction

Abstract

The level of genetic variation in natural populations influences evolutionary
potential, and may therefore influence responses to selection in the face of
future environmental changes. By combining long-term monitoring of marked
individuals with genetic pedigree reconstruction, we assessed whether habitat
loss influenced genetic variation in a lemon shark (Negaprion brevirostris) pop-
ulation at an isolated nursery lagoon (Bimini, Bahamas). We also tracked
changes in the strength and direction of natural selection. Contrary to initial
expectations, we found that after the habitat loss neutral genetic variation
increased, as did additive genetic variance for juvenile morphological traits
(body length and mass). We hypothesize that these effects might result from
philopatric behavior in females coupled with a possible influx of male geno-
types from other nursery sites. We also found changes in the strength of selec-
tion on morphological traits, which weakened considerably after the
disturbance; habitat loss therefore changed the phenotypes favored by natural
selection. Because such human-induced shifts in the adaptive landscape may be
common, we suggest that conservation biologists should not simply focus on
neutral genetic variation per se, but also on assessing and preserving evolution-
ary parameters, such as additive genetic variation and selection.

and Lynch 1995; Gomulkiewicz and Holt 1995; Boulding
and Hay 2001; Price et al. 2003; Rasdnen and Kruuk
2007; Orr and Unckless 2008; Bell and Gonzalez 2009).

Humans are increasingly modifying the environment
experienced by natural populations. These modifications
likely reduce the degree to which populations are
adapted to their local conditions, thereby decreasing
mean fitness and possibly compromising population pro-
ductivity or persistence (Biirger and Lynch 1995; Gom-
ulkiewicz and Holt 1995; Stockwell etal. 2003;
Frankham 2005; Both et al. 2006; Kinnison and Hairston
2007). Ongoing adaptation can potentially save these
otherwise maladapted populations from extinction, but
this potential depends on a host of factors related to
population connectivity, initial population size, mortality
rates, adaptive plasticity (or maternal effects), genetic
variation, and the strength and form of selection (Biirger
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Adding to this complexity, many of these factors will
interact and feedback on each other. As just one exam-
ple, reduced population sizes can increase the expression
of recessive deleterious mutations (Lynch et al. 1995;
Crnokrak and Roff 1999) and reduce overall genetic var-
iation (England et al. 2003; Leimu et al. 2006). Through
these effects, environmental change that causes maladap-
tation can impede the ability of populations to evolve
adaptively in response to that same (or future) environ-
mental change (Stockwell et al. 2003; Kinnison and
Hairston 2007).

Some of the above effects have been investigated in
natural populations facing environmental change. First,
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anthropogenic disturbances have been shown to alter
genetic variation in natural populations (see Caizergues
et al. 2003; DiBattista 2008). Second, environmental
changes, particularly those caused by humans, have been
shown to cause the apparently adaptive evolution of
phenotypic traits (reviews: Hendry and Kinnison 1999;
Reznick and Ghalambor 2001; Stockwell et al. 2003;
Hendry et al. 2008; Darimont et al. 2009). Third, these
adaptive trait changes appear to improve individual
fitness (Kinnison et al. 2007; Gordon et al. 2009) and also
influence population dynamics (Hanski and Saccheri
2006; Pelletier et al. 2007). One limitation of this existing
work is that it does not involve the simultaneous consid-
eration of multiple factors that likely influence adaptive
responses to environmental change (as described above).
We attempt to advance this goal by measuring the num-
ber of breeding adults, mortality rates, maternal effects,
genetic variation, and natural selection in a population
facing dramatic environmental change. This analysis is
made possible by a long-term data set that happens to be
bisected by a major anthropogenic disturbance.

Anthropogenic disturbances can take many forms (e.g.,
hunting and harvesting, habitat fragmentation or loss,
pollution, invasive species, and climate change), some of
which clearly influence selection, adaptation, and genetic
variation (Caizergues et al. 2003; Stockwell et al. 2003;
Carroll 2008; DiBattista 2008; Hendry et al. 2008; McC-
lure et al. 2008; Darimont et al. 2009). We here focus on
habitat loss, where the immediate consequences of envi-
ronmental change might include increasing isolation,
reduced carrying capacity, increased environmental varia-
tion, and shifts in local trait optima (Carvajal-Rodriguez
et al. 2005; McClure et al. 2008). Any of these changes
might decrease population size and alter selection, which
might then cause maladaptation and reduced genetic vari-
ation (Johansson et al. 2007; McClure et al. 2008). We
test for these and other effects by comparing demographic
and evolutionary parameters in the same natural popula-
tion from before to after habitat loss.

We track several key variables. The first is the number
of adults successfully producing offspring at a nursery
site. Changes in this parameter might indicate whether
adults are avoiding the site, or at least failing to repro-
duce successfully. Such changes might suggest the possi-
bility of reductions in genetic variation. The second
variable is the mortality rate of juveniles, which might
indicate whether habitat loss is having a demographic cost
through reduced offspring fitness. The third variable is
neutral genetic variation, which might reflect a combina-
tion of the above effects that reduce census and effective
population size (Frankham 1996; Godt et al. 1996; Leimu
et al. 2006). The fourth variable involves several quantita-
tive genetic parameters, which here include additive
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genetic variation, trait heritability, and maternal effects
(which also include genetic dominance effects). These
variables in particular should indicate whether or not
evolutionary potential has been altered by habitat loss.
The fifth variable is the strength and form of natural
selection, which should indicate whether the need for
adaptive change is likely to be an important part of the
population’s immediate future. Interestingly, no studies
appear to have explicitly compared selection from before
to after habitat loss, although such information seems
critical to interpreting potential adaptive responses in the
affected population (see Stockwell et al. 2003).

Lemon sharks and a mega-resort

Our study focuses on the lemon shark (Negaprion brevi-
rostris), a large and placentally-viviparous coastal species
found throughout the tropical western Atlantic, on the
west coast of Africa, and in the Pacific from Mexico to
Colombia (Compagno 1984; Schultz et al. 2008). Adult
females of this species use shallow lagoons for both mat-
ing and parturition (Feldheim et al. 2002). These nursery
areas are then critical for the survival of juveniles because
they provide protection from predators, as well as appro-
priate foraging opportunities (Branstetter 1990; Rountree
and Able 1996; Franks 2007). Both of these properties are
important because juvenile sharks must fend for them-
selves immediately after birth (i.e., no parental care, Pratt
and Casey 1990), and they tend to remain highly attached
to their nursery (i.e., site fidelity, Morrissey and Gruber
1993; DiBattista et al. 2007; Franks 2007).

Our study site is Bimini, Bahamas (25°44’N, 79°16’'W),
a mangrove-fringed chain of islands located on the north-
western edge of the Great Bahama Bank, 85 km east of
Miami, Florida. The North Sound at Bimini (see Figs 1
and 2) is the only well characterized lemon shark nursery
site in the Bahamas, and one of few studied throughout
the Atlantic. Lemon sharks are born into this nursery
from April to May of each year and remain there for at
least 3 years (<90 cm total length; Morrissey and Gruber
1993; DiBattista et al. 2007; Franks 2007), during which
time juveniles have daily home ranges of no more than a
few hundred square meters (Morrissey and Gruber 1993).
After leaving the nursery habitat, juvenile sharks then
expand their home range and disperse into a wider vari-
ety of deeper habitats around the islands as they become
less vulnerable to predators and seek out larger prey
(Morrissey and Gruber 1993; Franks 2007). Although a
few smaller, ‘satellite’ nursery areas around the Bimini
islands do exist (ie., South Bimini nursery), there is no
effective exchange of juvenile individuals among them,
and adult females are philopatric to specific sites around
Bimini (J. D. DiBattista unpublished data).

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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(A)

Figure 1 Aerial photograph of the North Sound at Bimini, Bahamas, in 1980 (A), and again after resort development in 2003 (B; Photo credits:

S. Kessel).

®)

North Sound 2005

Figure 2 Aerial photograph of the North Sound at Bimini, Bahamas in 2003 (A), and this same area after further mangrove removal in 2005 (B;

Photo credits: S. Kessel).

Parks 2002). As of August 2007, approximately 30% of
the mangrove habitat (or 120 ha) surrounding the nurs-
ery had been removed, in addition to 750 000 m> of

The North Sound nursery has recently been subject to
large-scale mangrove removal on its western shores as
part of a development project (Figs 1 and 2; Gruber and
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Figure 3 The proportion of age-0 lemon sharks not surviving their
first year (black circles), or age-1 lemon sharks not surviving to age-2
(open circles), from 1995 to 2005. The black arrow indicates the
approximate onset of disturbance on the x-axis. Values are means + 1
SEM.

sandfill and 18% of the seagrass (Thalassia testudinums
Jennings et al. 2008). Additional habitat loss has since
occurred and is ongoing (S. Gruber personal communica-
tion). Although excavation was initiated in 1999, the most
intensive dredging took place in March 2001 (Gruber and
Parks 2002). In the first few years after this development
began at Bimini, we saw a modest rise in the mortality
rate of juvenile lemon sharks (Jennings et al. 2008; also
see Fig. 3), although these effects have since levelled off.
It should be noted that changes in mortality rates were
not, however, observed over the same time period in an
adjacent nursery area (ie., ‘control’ site located 6 km
away along the exposed, mangrove-lined coast of South
Bimini; Jennings et al. 2008).

The present analysis was based on long-term, intensive
sampling of the juvenile lemon shark population at
Bimini. By reconstructing pedigrees at this site, these data
allow the accurate estimation of the number of breeding
adults (Feldheim et al. 2004; DiBattista et al. 2009), the
mortality rate of juveniles (DiBattista et al. 2007), neutral
genetic variation (DiBattista et al. 2008a), quantitative
genetic parameters (DiBattista et al. 2009), and the
strength and form of natural selection (DiBattista et al.
2007). Because these data come from a long-term data
set, we can here examine whether demographic and evo-
lutionary parameters change from before (1995-2000) to
after (2001-2007) the start of habitat loss. Although there
are a number of published genetic studies from this sys-
tem, most deal with data collected prior to the distur-
bance (i.e., Feldheim et al. 2001, 2002, 2004; DiBattista
et al. 2007, 2008b). Moreover, studies that include data
collected after the disturbance were either focused on
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mating patterns at other populations (DiBattista et al.
2008a), long-term estimates of quantitative genetic
parameters and their statistical robustness (DiBattista
et al. 2009), or sub-adult sharks that no longer show site
fidelity to this nursery (Chapman et al. 2009). The pres-
ent analysis therefore represents the first test of the effects
of disturbance on genetic variation and selection in this
system.

Materials and methods

Study site and sample collection

The Bimini Islands enclose a 21 km” lagoon (0-120 cm
deep at low tide) that serves as a nursery area for
approximately 250 juvenile and sub-adult lemon sharks
(DiBattista et al. 2009). Each year since 1995, we have
captured almost 99% of the juveniles in the North Sound
(Gruber et al. 2001; DiBattista et al. 2009), with a high
proportion of these individuals recaptured in subsequent
years (i.e., recapture probabilities ranged from 0.67 to
0.85 through age-3; for more details see DiBattista et al.
2007). Our sampling always took place between May 21st
and June 25th, which is just after parturition by females.
Newborn and juvenile sharks were captured in 180-m
long by 2-m deep gill nets (Manire and Gruber 1991),
and net locations were standardized across years within
the lagoon. In addition to standardized netting, some
sub-adult (males and females: 90-230 cm) and adult
(mature > 230 cm, Brown and Gruber 1988) lemon
sharks were captured opportunistically over the course of
the study by rod and reel or long-line fishing gear.

The first time each shark was captured, it was mea-
sured for precaudal length (PCL, tip of snout to precau-
dal pit in mm; Compagno 1984), weighed (kg, when
feasible), and tagged intramuscularly with an individually-
coded passive integrated transponder tag (PIT). Each time
a tagged shark was subsequently recaptured, its tag num-
ber, PCL, and mass (when feasible) were recorded. The
growth rate of individuals was calculated as the change in
body length between recapture events, expressed as cm
per year. Ages were assigned to most individuals using
methods described in our earlier work (Feldheim et al.
2004; DiBattista et al. 2008a,b).

Pedigree reconstruction

A small piece of fin tissue (2 mm?®) was clipped from
every captured shark, and genomic DNA was extracted
with a salting-out protocol (Sunnucks and Hales 1996).
Samples were genotyped with 11 species-specific micro-
satellite primer pairs (for methodological details see
Feldheim et al. 2002, 2004; DiBattista et al. 2008a,b).
Multilocus genotypes were obtained for a minimum of
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nine loci for all individuals, and genotyping error rates
were deemed very low in this system based on a subset of
samples that were re-run (DiBattista et al. 2008a). Each
loci considered here also conformed to Hardy-Weinberg
equilibrium, with no evidence for linkage disequilibrium
between loci (for more details see DiBattista et al.
2008a,b).

Pedigree reconstruction was based on microsatellite
data analyzed in the maximum-likelihood program
CERVUS v. 3.0 (Marshall et al. 1998; also see Kalinowski
et al. 2007). With this program, we assigned individual
offspring to: (i) the few candidate parents (19 adult
females and 11 adult males) that we were able to catch,
(ii) sub-adult sharks (n = 175) that might have produced
offspring in subsequent years, and (iii) parents (n = 40
females and 81 males) genetically inferred from offspring,
but never physically sampled (see Feldheim et al. 2004;
DiBattista et al. 2009). Assignment to these potential par-
ents was done under a strict confidence level of 95% (for
more details see Feldheim et al. 2004; DiBattista et al.
2008a,b, 2009). For the offspring not assigned with the
above procedures (out of a total of 1501 offspring, 394
lacked assigned mothers and 830 lacked assigned fathers),
we inferred sibling groups based on maximum-likelihood
with COLONY v. 1.2 (Wang 2004; also see DiBattista
et al. 2008a), thereby reconstructing genotypes for most
of the remaining parents. In brief, we ran groups of age-0
sharks in COLONY, separated by year of birth (ie,
cohorts), to identify possible within-year sibling groups.
Age-0 sharks from each cohort were also run separately
with cohorts from every other year to identify potential
between-year sibling groups. From these data, parental
genotypes of unsampled parents were genetically recon-
structed at individual loci with 95% confidence. Based on
all of the above procedures, our final dataset included
1304 offspring assigned to fathers and 1351 offspring
assigned to mothers. This reconstructed pedigree, along
with the measured phenotype of each juvenile shark at
first capture, formed the basis of all downstream analyses
(n = 1351 distinct individuals).

It should be noted that our samples did not meet the
assumptions and sample sizes necessary for calculating the
‘effective population size’, N, (for review see Waples 2005;
Fraser et al. 2007), but our reconstructed pedigree did
allow us to identify the number of breeding adults at
Bimini as a potential contributor to changes in genetic
variance. We therefore estimated the number of parents
successfully producing offspring annually. Juvenile mortal-
ity, on the other hand, was estimated as the proportion of
age-0 (age-1) sharks tagged (caught) in each year that was
never recaptured (see DiBattista et al. 2007); parameter
uncertainty (i.e., standard error) was assessed using the
capture-recapture program MARK (White and Burnham
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1999). See DiBattista et al. (2007) for more details on the
testing of discrete models and model averaging in MARK.

Neutral genetic variation assessment

The present analysis focuses on all newborn sharks sam-
pled at Bimini between 1995 and 2007 (n = 1131). We
specifically compare samples from before (1995-2000,
n = 449) to after (2001-2007, n = 682) the disturbance
with respect to several metrics of variation: (i) observed
heterozygosity (H,), (ii) expected heterozygosity (H.),
and (iii) the mean number of alleles per locus (A). For
the last of these, a rarefaction procedure was used to cor-
rect for uneven sample sizes (i.e., allelic richness, Ag; HP-
RARE 1.0, Kalinowski 2005). Differences in the response
variables (number of alleles, allelic richness, observed or
expected heterozygosity) were then separately compared
among time periods (i.e., before versus after the distur-
bance), and across all microsatellite loci using paired-
sample t-tests. Heterozygosity from before versus after the
disturbance was also compared in GENEPOP (Raymond
and Rousset 1995) by calculating pairwise Fsr between
time periods. Finally, data were log-transformed where
appropriate to ensure normality; false rejection rate was
set at o = 0.05 throughout, unless otherwise noted.

Quantitative genetic variation

The estimation of quantitative genetic parameters for PCL
and body mass was based on pooled samples (i.e., all
individuals from 1995 to 2000, n = 583, versus all indi-
viduals from 2001 to 2007, n = 768) because the smaller
sample sizes of year-specific models prevented conver-
gence. For similar reasons, growth rate could not be ana-
lyzed for either period. Analyses were performed with
multivariate mixed model REML estimation in ASReml
V.2 (for general details see Kruuk 2004; Garant and
Kruuk 2005). We previously tested different mixed mod-
els in our population (see DiBattista et al. 2009), and so
we here only consider estimates from the most-likely
model. This model included additive genetic variance and
maternal identity (ie., ‘dam’) as random effects, plus age,
sex, and cohort as fixed effects. The ‘dam’ term accounts
for maternal effects (for review see Risinen and Kruuk
2007), which appear strong in this particular system
(DiBattista et al. 2009), and reflect both nongenetic
maternal and genetic dominance effects; for simplicity,
however, we hereafter refer to these jointly as only mater-
nal effects. The form of the mixed model was as follows:

y=Xb+Zia+ Zyu+e,

where y is a vector of phenotypic values; b is a vector
of fixed effects; a is a vector of random effects of the
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additive genetic merit of each individual; u is a vector
containing other random effects included in the model
(i.e., maternal identity); e is a vector of residual values;
and X, Z;, and Z, are design matrices relating phenotypic
observations to their corresponding fixed or random
effects (Lynch and Walsh 1998). For each relevant trait,
the total phenotypic variance (Vp) was partitioned into
the additive genetic (V,), maternal (Vy + p), and residual
variance (Vy). Narrow-sense heritability (h*) was esti-
mated as the ratio of additive genetic variance to total
phenotypic variance (h* = V,/Vp). Statistical significance
was assessed with likelihood ratio tests that compared the
full model to a reduced model that lacked the parameter
in question. Recent sensitivity analyses showed that quan-
titative genetic parameters are quite robust to pedigree
error in this system (DiBattista et al. 2009). Parameters
from before to after the disturbance were compared using
bivariate models where trait values from the before and
after disturbance periods were coded as being different
traits; their genetic (or maternal, or residual) variance
was either constrained to be equal or allowed to be esti-
mated separately for each period. A significant improve-
ment of the model likelihood under unconstrained
conditions, when compared to the constrained model,
would be taken as evidence for a difference in variance
components among periods.

Selection analyses

We used standard methods (Lande and Arnold 1983;
Schluter 1988; Brodie et al. 1995; Janzen and Stern 1998)
to assess the strength of natural selection acting on
juvenile body size and growth rate at Bimini. Analyses for
the cohorts from 1995 to 2000 were reported earlier
(DiBattista et al. 2007), and we here apply identical meth-
ods to cohorts from 2001 to 2005. The last cohort we
analyzed was 2005 because 3 years of postbirth data are
best for confirming whether individuals live or die before
leaving the nursery site (DiBattista et al. 2007). Selection
on PCL and mass was estimated by relating these traits
for individuals at the start of an interval (year i) to
whether or not these individuals survived to the end of
that interval (year i+ 1). Selection on growth was
estimated by relating the change in length between year i
and year i + 1 (here age-0 to age-1) to survival between
year i + 1 and year i + 2 (here age-1 to age-2). Because
growth rate data were only available for a subset of the
fish, estimates of selection on the other traits excluded
data for growth rate (to maximize N).

Before analysis, trait values were standardized to a mean
of zero and a standard deviation of unity (Lande and
Arnold 1983) within each combination of cohort and age
class. Any tagged sharks captured at the end of a given
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year-long interval, or in any subsequent year, were known
to have survived through that interval (absolute fit-
ness = 1). Any tagged sharks not recaptured at the end of
a given interval, or in any subsequent year, were assumed
to have died (absolute fitness = 0). This assumption was
shown to be valid in our previous analysis of selection
(DiBattista et al. 2007). Absolute fitness was standardized
to relative fitness for each shark by dividing its absolute
fitness (0 or 1) over an interval, by the mean fitness of all
individuals for that combination of cohort/age/interval.
Logistic regressions (Janzen and Stern 1998) of relative
fitness on each standardized trait value were then used to
estimate selection differentials (7). Similarly, multiple
logistic regressions were used to estimate selection gradi-
ents (), which account for correlations among the mea-
sured traits. Body mass was excluded when calculating
gradients because it was too highly correlated (r = 0.99)
with body length (see discussion in Mitchell-Olds and
Shaw 1987). Coefficients presented here were converted to
their linear equivalents to facilitate comparison with other
studies (Kingsolver et al. 2001). Pooled selection coeffi-
cients were then compared from before (1995-2000) to
after (2001-2005) the disturbance for each trait (i.e., PCL,
mass, and growth) with Student’s #-tests. Finally, we used
univariate cubic splines (Schluter 1988; glmsWINI1.0 spline
program, Schluter 2000) to visualize the form of selection
acting on each trait for each combination of cohort and
age. To facilitate interpretation, we here used raw trait
data and absolute fitness rather than standardized values.

Results

Number of breeding adults and juvenile mortality

We identified 117 unique mothers and 487 unique fathers
over the course of the study. The average number of
mothers that gave birth at Bimini each year was
16.08 = 1.19 SEM (range: 9-23) and the average number
of fathers was 3831+ 334 SEM (range: 20-62)
(see Fig. 4). The number of fathers increased following
the disturbance (¢t = —3.17, df = 11, P = 0.009), as did
the number of mothers, although the latter was margin-
ally nonsignificant (= -1.95, df=11, P =0.078).
Moreover, ‘year’ was positively correlated with the num-
ber of fathers (ff = —4491.43, ¥ =0.54, P =0.004) and
mothers (f = —1303.26, 7 = 0.49, P = 0.03). In short,
more adult lemon sharks contributed to the juvenile
population after the disturbance than before it. Such an
increase in the number of assigned parents over time does
not however appear to be an artifact of including more
potential parents in later years for pedigree reconstruction
analyses. Indeed, we had a similar proportion of offspring
not assigned to parents before versus after the disturbance
(data not shown).

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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Figure 4 Number of reproducing males (A) and females (B) using the
Bimini nursery site each year from 1995 to 2007. It should be noted
that the majority of these individuals (92% of females and 99% of
males) were genetically inferred and never physically captured.
The black arrow indicates the approximate onset of disturbance on
the x-axis.

The proportion of age-0 lemon sharks that did not sur-
vive their first year also appeared to increase following
the disturbance (¢t = -3.20, df =9, P = 0.011), although
this was not the case for mortality between age-1 and
age-2 (t=-0.27, df=8, P=0.79; Fig. 3). Similarly,
‘year’ was positively correlated with age-0 mortality
(B=0.018, ¥ =051, P=0.009), but not mortality
between age-1 and age-2 (f = 0.003, 7 =0.012,
P = 0.76), which suggests that the disturbance had only a
modest effect on juvenile mortality rates.

Neutral genetic variation
We also found consistent increases in measures of neu-

tral genetic variation from before to after the disturbance

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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(see Table 1 and Fig. 5). This difference among time peri-
ods was supported by comparisons of genetic variation
for some (mean number of alleles: t = —4.28, df = 10,
P = 0.002; allelic richness: t = —3.36, df = 10, P = 0.007),
but not all microsatellite metrics (i.e., observed heterozy-
gosity: = —1.95, df = 10, P = 0.08; expected heterozy-
gosity: t = —2.14, df =10, P = 0.06). Genotypes from
before versus after the disturbance were significantly dif-
ferent, however, when considering Fgr (P < 0.001); results
were also similar when step-wise mutation model estima-
tors were considered (Rst), and so only Fsr is presented
here. Moreover, trends for an increase in genetic variation
after the disturbance was supported by the number of
alleles, but not heterozygosity, when data from each year
was considered separately (see Fig. 5). Such changes could
not be explained by an increase in the number of related
individuals after the disturbance either; average pairwise
relatedness (r) estimated using MARK v. 3.0 (Ritland
2004) was no different between time periods (before dis-
turbance: r = 0.003 £ 0.006; after

r = 0.004 £ 0.008; see DiBattista et al. 2009).

disturbance:

Quantitative genetic variation

Several changes were evident from before to after the dis-
turbance (Table 2). First, additive genetic variance was
significantly higher after the disturbance for PCL
(* =390, df=1, P=0.048) and mass (3> =791,
df = 1, P = 0.005). Second, residual variance was signifi-
cantly lower for PCL (XZ =5.16, df =1, P = 0.023) and
also for mass (XZ =18.04, df =1, P < 0.001). Third,
maternal effects, already strong before the disturbance
(i.e, 29% and 20% of the phenotypic variance for PCL
and mass) were even stronger afterward (PCL, )(2 = 6.30,
df = 1, P = 0.012; Mass, x> = 16.25, df = 1, P < 0.001).

Natural selection

In the following, linear selection differentials and gradi-
ents are referred to jointly as ‘selection coefficients’ when
they showed similar trends. Before the disturbance (1995-
2000), age-0 selection coefficients for length varied in sign
(Fig. 6A,B), but selection for mass was negative in five of
six cohorts (and significant in one: 1996, P = 0.043;
Fig. 6E). After the disturbance (2001-2005), age-0 selec-
tion coefficients for length and mass were negative in
every cohort except 2005 (although none were significant,
Fig. 6A,B,E). Overall, mean coefficients did not differ sig-
nificantly from before versus after the disturbance for
age-0 sharks (Student’s t-test; differentials: PCL,
t=-0.60, df =9, P =0.56; Mass, t=—-0.16, df =9,
P = 0.88; gradients: PCL, t = —0.47, df =9, P = 0.65). In
general, then, selection on age-0 size traits was variable
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Table 1. Mean number of alleles per locus (A), allelic richness (Ag), the observed (Ho) and expected (Hg) heterozygosity, as well as Fs and Fst for
each loci in all lemon sharks captured in the North Bimini lagoon from 1995 to 2000 (n = 449) versus from 2001 to 2007 (n = 682).

1995-2000 2001-2007

Microsatellite ID A AR HO HE A AR HO HE F\S FST
LS22 18 14.042 0.88 0.90 20 14.5 0.89 0.90 0.015 0.002
LS30 14 9.8 0.67 0.71 17 11.87 0.77 0.79 0.049 0.009
LS48 25 20.86 0.95 0.94 26 21.19 0.94 0.94 0.002 0.003
LS54 5 4.089 0.53 0.54 5 4.073 0.59 0.58 0.003 0.001
LS75 5 4.55 0.66 0.70 6 471 0.72 0.72 0.028 0.003
LS52 37 25.96 0.94 0.95 41 26.72 0.94 0.94 0.008 0.003
LS572 7 5.56 0.74 0.73 8 6.19 0.71 0.72 0.015 0.001
LS542 10 6.5 0.66 0.63 1" 7.9 0.68 0.69 -0.009 0.004
LS596 12 10.43 0.83 0.87 13 10.71 0.90 0.86 -0.007 0.004
LS801 22 13.55 0.83 0.80 23 15.98 0.84 0.84 -0.006 0.001
LS560 9 8.21 0.88 0.84 10 8.67 0.86 0.85 -0.027 0.002
Average 14.91* 11.23 0.78 0.78 16.36 12.05 0.80 0.80 0.006 0.003F
SE 0.96 0.13 0.007 0.005 0.32 0.38 0.007 0.004 0.0018 0.0007

These time periods correspond to before and after the beginning of the large-scale development project at Bimini.
*Numbers in bold are significantly different before versus after the disturbance (paired sample t-test, P < 0.05).
TFst significantly different when comparing offspring genotypes from before versus after the disturbance (P < 0.001).

through time and not consistently different between time
periods, a result confirmed by visual inspection of cubic
splines (Fig. 7; also see DiBattista et al. 2007 for compari-
son).

Before the disturbance, age-1 selection coefficients were
similar in sign to those for age-0 sharks, but much stron-
ger. Coefficients for length, mass, and growth rate were
negative in all cohorts from 1996 to 2000, and 10 of the
25 estimates were significant (Fig. 6). After the distur-
bance, only three out of five coefficients were negative for
each PCL and mass (Fig. 6A,B,E), and only one out of
five coefficients was negative for growth (Fig. 6D); none
were statistically significant here (Fig. 6). Moreover, mean
coefficients from before the disturbance were significantly
higher for all traits (and thus stronger) than after the dis-
turbance (Student’s t-test; differentials: PCL, t = —2.75,
df =8, P=0.025 Mass, t=-395 df =28, P=0.004;
Growth, t=-2.35 df =8, P =0.047; gradients: PCL,
t = —2.43, df = 8, P = 0.041; Growth, t = —-3.45, df = 8,
P = 0.009). In short, selection on size and growth was less
negative and much weaker in age-1 sharks after the dis-
turbance; cubic spline visualizations confirm these inter-
pretations (Fig. 7; also see DiBattista et al. 2007 for
comparison).

Discussion

Relative to before habitat loss at our main study site
(North Sound, Bimini, Bahamas), samples afterward
showed (i) an increase in the number of adult sharks
successfully breeding, (ii) a modest transient increase in

juvenile mortality, (iii) an increase in neutral genetic
variation in the juvenile population, (iv) an increase in
additive genetic and maternal effect variation for key
juvenile life history traits, and (v) a dramatic change in
selection on the same life history traits. Most of these
results were not generally expected after habitat loss
(Frankham 1995; Young et al. 1996; Cushman 2006;
McClure et al. 2008), and so we now examine each in
more detail and provide possible explanations. Although
these explanations are necessarily speculative, we can at
least eliminate some of them, leaving the remainder as
viable hypotheses to help motivate and guide future
work.

Number of breeders and juvenile mortality

Habitat loss is generally expected to cause a decrease in
population size (Carvajal-Rodriguez et al. 2005; Johansson
et al. 2007; McClure et al. 2008). In contrast to this
straightforward expectation, we found that the number of
breeding individuals has actually increased at Bimini after
the disturbance (Fig. 4). To interpret this result, we must
first recognize that previous expectations are generally
based on situations where the segment of the population
being considered is the same that which would be sensi-
tive to the habitat loss, which is not the case here. We are
in fact considering successful adult breeders that only use
the site for parturition. Habitat loss would therefore not
be expected to negatively impact the survival of these
breeders. Instead, it might influence their choice of breed-
ing site.

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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Figure 5 Mean allelic richness (A) and expected heterozygosity (B)
for juvenile lemon sharks captured at Bimini, Bahamas from 1995 to
2007 (n = 1131). Values are means + 1 SEM. The black arrow indi-
cates the approximate onset of disturbance on the x-axis.

We can first see several possible explanations for why
breeding population size has not decreased following hab-
itat loss. The first hypothesis implies a constraint imposed
by philopatry. That is, adult lemon sharks might continue

Anthropogenic disturbance and evolutionary parameters

to use nursery sites after a human-caused disturbance
simply because past selection in formerly stable environ-
ments has led to the evolution of strong philopatry, even
though the current disturbance would actually disfavor
reproduction at that site (see Part 1994; Travis and
Dytham 1999; Hendry and Stearns 2004). The second
hypothesis is that the nursery site might not actually be
degraded for juvenile lemon sharks or, at the very least,
these individuals are initially resilient to the effects of
disturbance. Indeed, juvenile mortality rates increased
only slightly after the disturbance and have since largely
recovered to predisturbance levels (Fig. 3). Juveniles have
also been tracked within the most damaged areas of the
nursery (S. Gruber unpublished data), with some individ-
uals spending much of their time in those locations; high
juvenile site fidelity coupled with high survival therefore
suggests resilience to changing conditions.

We can also offer several hypotheses for why the size of
the breeding population has actually increased. One possi-
bility is that lemon sharks from other sites are increasingly
attracted to Bimini. This implies that the disturbance
increased carrying capacity or created new opportunities
for mating, which seems unlikely in this species. Another
possibility is that local recruitment to the breeding popula-
tion has increased simply because of a run of good condi-
tions 12-13 years earlier when the current adults were
juveniles, although this cannot be tested because most cur-
rent breeding adults would have been juveniles before our
study period. And, of course, these possibilities may act in
combination. For instance, a slight increase in local recruit-
ment of philopatric females to the breeding population
might attract an increasing number of nonphilopatric
males from other sites (since mating occurs after parturi-
tion). Finally, the same number of adults might be return-
ing to the nursery site but more of them might be

Table 2. Estimates of variance components (V,, additive genetic variance; Vj + p, nongenetic maternal and genetic dominance variance; Vg,
residual variance; Vp, phenotypic variance) and heritability (h%) with their standard error, as well as coefficients of variation for morphological traits
(PCL, precaudal length; Mass) in a natural lemon shark population based on the ‘animal model'.

Traits/models* n Va Vm + b A Ve h? CVa
Animal/dam random effects model, age, sex, and cohort as fixed effects
Before
PCL 583 1.92 + 0.98} 1.94 + 0.757'1 (0.29) 2.83 + 0.6471 (0.42) 6.68 + 0.737F 0.29 £ 0.15 2.86
Mass 583 0.015 + 0.013f 0.019 + 0.0087 (0.20) 0.063 + 0.0097 (0.65) 0.097 + 0.0087 0.15+0.13 9.21
After
PCL 768 5.51 + 0.89 491 + 1.29 (0.42) 1.14 + 0.51 (0.10) 11.56 £ 1.26 0.48 + 0.09 4.87
Mass 768 0.055 + 0.014 0.072 + 0.018 (0.45) 0.032 + 0.009 (0.20) 0.159 + 0.017 0.34 + 0.094 19.54

Variance components are estimated from pooled juvenile shark samples caught prior to (1995-2000, n = 583), or following (2001-2007,
n = 768) an on-going anthropogenic disturbance at Bimini. All values are mean + SE. Numbers in parentheses represent quantitative genetic

parameters (i.e., Viu,p and V) expressed as a ratio of Vp.

*Each model includes ‘dam’ as a random factor to account for possible maternal effects present in the population.
tSignificantly different from variance components estimated in the ‘after’ time period based on likelihood ratio tests, P < 0.05.
fParameter estimates in bold are significantly different from 0 (i.e., chi-square analysis, P < 0.05 in all cases).

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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Figure 6 Linear (directional) selection coefficients acting on the length (A,B), mass (E), and growth rate (C,D) of newborn (i.e., age-0) and age-1
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Figure 7 Relationship between initial precaudal length (A,B), body mass (C,D), or growth rate (E) and an individual's absolute fitness for each
cohort of age-0 (A,C) and age-1 (B,D,E) juvenile lemon sharks. The lines are univariate cubic splines (see Schluter 1988). Growth was calculated
for the interval preceding that (i.e., age-O to age-1) over which selection was estimated (i.e., age-1 to age-2) and thus only available for age-1

juveniles.

successful in producing offspring. Regardless of the reason,
however, an increase in the number of adults that success-
fully managed to reproduce at Bimini is expected to have Previous theoretical and empirical work has suggested
that anthropogenic disturbances, particularly habitat loss

Neutral genetic variation

consequences for genetic variation in this population.
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or fragmentation, are often associated with reductions in
neutral genetic variation (Lowe et al. 2005; DiBattista
2008). This was not the case in our study, wherein neu-
tral genetic variation actually increased (Table 1 and
Fig. 5). Moreover, opportunistic sampling at nearby
undisturbed sites did not show a similar increase in neu-
tral genetic variation over the same time period. In par-
ticular, we were able to catch and tag 189 newborn sharks
at the south Bimini nursery between 1995 and 2007. This
nursery site is six kilometers away from the North Sound
disturbance area, directly across a wide sand flat that
impedes water exchange, and the southern site is largely
free from mangrove removal or reductions in seagrass
(see Jennings et al. 2008). In contrast to the North
Sound, we found no temporal change at the southern site
in the number of alleles (mean number of alleles:
t =—1.35, df = 10, P = 0.21; allelic richness: t = —0.21,
df = 10, P =0.84) or heterozygosity (ie, observed
heterozygosity: t = —0.55, df =10, P = 0.60; expected
heterozygosity: t = —0.52, df = 10, P = 0.62). In addition,
Fst (or Fis) was no different between time periods for
this control site (see Appendix A). These finding suggest
that factors specific to the North Bimini site caused the
increase in genetic variation.

The simplest and most direct explanation is the afore-
mentioned increase in breeding population size; declines
in genetic variation are really only expected with declines
in population size. We therefore here extend those previ-
ous discussions to a more explicit consideration of neu-
tral genetic variation. First, it might simply take more
time to observe decreases in neutral genetic variation
(Lowe et al. 2005) — especially in long-lived philopatric
adults that are not directly killed by the disturbance. This
is certainly possible given the long generation time of
lemon sharks (~20 years, Schultz et al. 2008) and their
late age-at-maturity (12-13 years, Brown and Gruber
1988). The potential buffering effect of a long generation
time on changes in genetic variation has been inferred in
other vertebrate taxa (Hailer et al. 2006; Lippé et al. 2006;
Bishop et al. 2009), and so we favor this possibility. Of
course, we also expect that adult breeding population size
will have to decrease before appreciable losses in genetic
variation are observed in the juvenile population. That
said, juvenile lemon sharks clearly benefit from man-
groves and seagrass beds (Feldheim and Edren 2002;
Franks 2007; Wiley and Simpfendorfer 2007), and these
habitats have clearly declined at the nursery site; we
therefore cannot rule out future problems for the Bimini
population (e.g., Fahrig 2001; Wiegand et al. 2005).

Second, high levels of gene flow among nursery sites
might buffer against losses in neutral genetic variation. In
theory, even relatively low levels of gene flow between
remnant populations can have this effect (Lowe et al.
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2005). Although female lemon sharks seem philopatric,
as discussed above, males are probably not — as seen in
both the lack of genetic differentiation among nursery
sites (Feldheim et al. 2001) and the fact that few males
sire pups at Bimini more than once (Feldheim et al. 2004;
DiBattista et al. 2009). Indeed, increasing male dispersal
provides a reasonable explanation for why genetic
variation increased through time at Bimini (Fig. 5), which
could be investigated in future with additional exhaustive
sampling at proximal nursery sites.

Additive genetic variance and maternal effects

Although we might have expected a decrease in additive
genetic variance (V,) owing to disturbance (see Introduc-
tion), we instead observed an increase. Several potential
explanations exist and we start by quickly listing those
that are not particularly likely. First, genetic bottlenecks
can sometimes convert epistatic variation into additive
genetic variation (Bryant and Meffert 1990; Goodnight
1995; Merild and Sheldon 1999). In our population, how-
ever, a bottleneck has not been evident. Second, V, can
in theory increase under stressful conditions (e.g., food
shortage), owing to increased mutation, selection, or the
expression of cryptic genetic variation (Hoffman and
Merild 1999; McGuigan and Sgro 2009). Field tests, how-
ever, have typically found that the V, of morphological
traits is lower in poor environments (Charmantier and
Garant 2005) and unfavourable conditions (Merild 1997;
Merild and Sheldon 2001; Hendfickx et al. 2008). Third,
different sample sizes (n = 583 before vs 768 after, see
Table 2) might have caused lower statistical power before
the disturbance, but this does not explain why the effect
size (amount of change) is so large (Table 2). Fourth, V,
might have increased simply because Vp increased.
Indeed, Vp increased by 73% for PCL and 67% for mass,
perhaps because of the increasing number of adults or
increasing environmental variation. This does not provide
the full answer, however, because the increase in Vp was
much smaller than the increase in V, (187% and 267%
for PCL and mass, respectively).

What then is a reasonable explanation for the increase
in Vj,, both in absolute terms and in proportion to other
variance components? As above, an obvious possibility is
the increasing number of adults contributing offspring to
the Bimini nursery (see Fig. 4). This increase might have
at least two effects. First, it might increase the total phe-
notypic variance in the parent pool (Table 2). Second, it
might increase the relative contribution of V), because the
new males might be immigrants originating from other
nursery sites. Indeed, we have previously described dra-
matic variation in juvenile size and growth among lemon
shark populations, suggesting the possibility of adaptive

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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divergence in these traits (DiBattista et al. 2007, 2009).
Here, then, is a possible example from nature where
migration among populations in different selection
regimes might increase additive genetic variation (also see
Alleaume-Beharira et al. 2006; Lopez et al. 2008).

We now discuss the interesting increase in maternal
effects, which again cannot be explained solely by the
increase in phenotypic variation (Table 2). We previously
showed that maternal effects represent an important
source of phenotypic variation for early life-history traits
in the lemon shark (DiBattista et al. 2009), which is not
surprising given the year-long gestation period. One
potential explanation for the increase in maternal effects
variance after the disturbance is based on this close asso-
ciation between a mother and her offspring prior to birth.
In resource limited or degraded environments, offspring
might be more dependent on nutrition received from
their mother during gestation (also see Charmantier and
Garant 2005), particularly for species, such as lemon
sharks, that do not show postnatal parental care (Pratt
and Casey 1990). Indeed, a strong association between
mother and offspring may act to reduce mismatches
between traits and fitness in rapidly changing environ-
ments (Galloway 2005). Another explanation is that with
the possibility of more adult individuals pairing after the
disturbance, more dominance effects might be captured
by Vum + p (in addition to V,, since dominance was not
modeled explicitly here; see Kozielska et al. 2003).

Natural selection

Anthropogenic disturbances can profoundly influence
natural or sexual selection in wild populations (Stockwell
et al. 2003; Hendry et al. 2006, 2008; Seehausen 2006;
Darimont et al. 2009). These changes might then cause
maladaptation that leads to population declines (e.g.,
Both et al. 2006) and possible extirpations. To date, how-
ever, no studies have directly examined selection in natu-
ral populations both before and after habitat loss.

Before the onset of habitat loss at Bimini, natural (via-
bility) selection favored small size and slow growth, partic-
ularly in the shark’s second year of life; the main driver of
this effect is thought to be predation (DiBattista et al.
2007). Indeed, foraging by juvenile lemon sharks typically
takes place near the mangrove roots, which affords some
protection from the pronounced inter- and intra-specific
predation at this site (Morrissey and Gruber 1993; B.
Franks unpublished data). Large and fast-growing juve-
niles, however, probably forage more frequently and in
riskier situations (i.e., away from mangrove cover) to sat-
isfy their greater metabolic requirements. This behavior
should increase predation risk and therefore decrease their
survival relative to small, slow growing individuals (likely

© 2010 Blackwell Publishing Ltd 4 (2011) 1-17
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predators at Bimini are not gape-limited). More generally,
a number of studies have suggested that faster growing
individuals are more susceptible to predators (Brown and
Braithwaite 2004; Biro et al. 2004; Carlson et al. 2008).
After the onset of habitat loss, natural selection weak-
ened considerably and no longer favored small size and
slow growth (Figs 6 and 7). In fact, the last year in which
selection was estimated (2005), coefficients were positive
for both size and growth. This change is unlikely to be
the result of random fluctuations because the difference
was quite consistent across multiple years. We hypothe-
size that the most likely explanation is that habitat loss
altered size-specific predation pressure. Given that some
of the mangrove cover at Bimini has now been removed
(Jennings et al. 2008) more individuals may need to
forage away from the mangroves, thereby potentially ‘lev-
elling the playing field’ with respect to size- and growth-
related predation rates. Indeed, all the changes noted here
are consistent with the scenario of facing a novel environ-
ment. Regardless of the specific mechanism, our study
provides a clear example of how habitat loss can alter the
fitness landscape experienced by natural populations. The
consequences of this alternation remain to be seen.

Summary and conclusion

We have shown a human-induced shift in the fitness
landscape for juvenile lemon sharks at Bimini — habitat
loss has changed the pattern of natural selection. The
long-term consequences of this change are not yet known,
but they certainly warrant further investigation. In addi-
tion to possible changes in means and variances for the
specific traits, the altered selection might influence demo-
graphic and evolutionary parameters.

To date, however, habitat loss appears not to have neg-
atively affected the number of breeding adults, juvenile
mortality rates, neutral genetic variation, or additive
genetic variation for the studied traits. We have suggested
a number of hypotheses, which warrant future investiga-
tion, for these initially unexpected results. It is also true
that negative effects may only become evident with
increasing time, as has been the case in other natural sys-
tems (Kuo and Janzen 2004; Goossens et al. 2005; Lippé
et al. 2006), but they may also not appear at all.

A remaining question is if and how particular popula-
tions might adapt under the accelerated changes brought
about by humans activities. This potential for evolution-
ary rescue depends on a host of factors that include pop-
ulation connectivity, initial population size, mortality
rates, adaptive plasticity (or maternal effects), genetic var-
iation, and the strength and form of selection (Biirger
and Lynch 1995; Gomulkiewicz and Holt 1995; Boulding
and Hay 2001; Price et al. 2003; Rdsinen and Kruuk
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2007; Orr and Unckless 2008; Bell and Gonzalez 2009).
We considered many of these factors in our study popu-
lation, which revealed several interesting patterns. These
patterns raised new questions that might be profitable for
integrating into future research efforts: (i) how does
philopatry in long-lived species buffer or exacerbate the
effects of environmental change at different temporal
scales, and (ii) how does dispersal among populations
maintain genetic variation that might otherwise be lost?
Although these questions have been considered before, we
suggest that they might be better incorporated into the
study of evolutionary responses to environmental change.
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Mean number of alleles per locus (A), allelic richness (Ag), the observed (Hp) and expected (Hg) heterozygosity, as well as Fis and Fsr for each loci
in all newborn lemon sharks captured opportunistically at the South Bimini nursery from 1995 to 2000 (n = 75) versus from 2001 to 2007

(n=113).

1995-2000 2001-2007
Microsatellite ID A Ar Ho He A Ar Ho He Fis Fst
LS22 1 10.36 0.80 0.84 16 14.10 0.85 0.88 0.008 0.0003
LS30 11 9.39 0.76 0.68 11 9.50 0.73 0.69 0.039 0.004
LS48 20 18.85 0.96 0.92 22 19.66 0.91 0.92 —-0.001 0.0005
LS54 5 4.83 0.61 0.62 3.92 0.57 0.55 0.003 0.002
LS75 4 4 0.75 0.70 5 4.40 0.65 0.65 0.029 0.002
LS52 26 22.94 0.95 0.93 26 21.03 0.97 0.93 —-0.003 0.001
LS572 7 6.64 0.79 0.74 6 5.39 0.79 0.73 0.007 0.003
LS542 6 5.96 0.61 0.61 7 6.28 0.75 0.69 -0.019 0.0005
LS596 12 11.19 0.89 0.86 12 11.56 0.86 0.86 —0.009 0.0007
LS801 15 13.17 0.83 0.78 17 14 0.90 0.85 -0.003 0.0001
LS560 9 8.81 0.83 0.81 8 7.39 0.93 0.82 -0.007 0.001
Average 11.45 10.56 0.80 0.77 12.18 10.66 0.81 0.79 0.004 0.001
SEM 3.45 3.18 0.24 0.23 3.67 3.21 0.24 0.23 0.001 0.0005

This sampling site is far removed from the development project (i.e., 6 km) and largely free from mangrove removal or reductions in seagrass

(see Jennings et al. 2008); we therefore treat this as a control site.
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