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Non-linear thresholds characterize the relationship between reef
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Abstract. A significant obstacle to evaluating the importance of mangrove habitat to coral reef fishes
has been the difficulty of disentangling its effects from other subtidal/nearshore habitats or human popu-
lation pressures. Florida’s seascape, unlike most others, has been extensively surveyed and mapped, and
there are reliable estimates of human population density. Despite many studies that have correlated reef
fish abundance with nearby mangrove habitat, some researchers continue to question the importance of
mangroves to reef fishes. Previous studies that have investigated the mangrove-reef fish subsidy effect
have applied methods that either compared averages or examined linear relationships; yet there is a body
of literature that indicates that the effects of habitat are characterized by thresholds and limiting func-
tions. Here, we employed a generalized additive model to investigate whether species richness of 106
mangrove-associated reef fishes is related to thresholds in the extent of nearby mangrove forests along
the Florida Keys Reef Tract. In addition, we used linear discriminant analyses (LDAs) to examine the
relationships between the occurrence of 77 reef fish species and extent of Florida mangrove forests. We
found that after accounting for confounding factors, at scales <20 km?, species richness declines with
decreasing mangrove extent, whereas richness increases with increasing mangrove extent at scales
>80 km?. Results of our LDA suggested that at least 49 reef fish species (64% of focal species) were associ-
ated with higher nearby mangrove forest extent. Our results indicate that of all habitat attributes consid-
ered, mangroves played the most substantial role in the diversity of nearby reef fish populations. These
apparent thresholds (i.e., non-linearities) in the extent of mangrove forests should be incorporated into
fisheries critical habitat management and emphasize the need to consider non-linear relationships
between fishes and their habitat.
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INTRODUCTION

Researchers have sought for decades to investi-
gate the role that mangrove forests play on the
abundance of specific reef fishes (for reviews, see
Faunce and Serafy 2006, Nagelkerken 2007). Stud-
ies have ranged from small (10s of km), island-
scale investigations (Parrish 1989, Nagelkerken
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et al. 2002, Dorenbosch et al. 2004, Halpern 2004,
Mumby et al. 2004) to region-wide (1000s of km),
country-level analyses (Serafy et al. 2015), with
the objective of evaluating the role that man-
groves serve as fish habitat. In the Caribbean
region, mangroves and seagrass beds have been
shown to function as habitat for juveniles of many
reef fishes, with each species exhibiting a different
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level of dependence on shoreline and benthic veg-
etation (Nagelkerken et al. 2001, 2002, Nagelk-
erken and van der Velde 2002). In actuality,
Nagelkerken et al. (2001) demonstrated that juve-
niles of certain reef fishes were largely absent at
fish survey sites lacking mangroves, a finding
boosted by Mumby et al. (2004) uncovering that
reef sites nearer to mangroves had enhanced bio-
mass of coral reef fishes. Mumby et al. (2004)
hypothesized that mangrove prop roots may pro-
vide a refuge from predators and/or plentiful food
that increases the survivorship of juveniles, or that
detritus and nutrients may enrich primary pro-
duction in neighboring ecosystems. In fact, there
are species (e.g., Epinephelus itajara) for which
quantity and quality of mangrove habitat have
been identified as a “bottleneck” to offshore adult
fish populations (Koenig et al. 2007).

There have been a variety of approaches to
investigating the mangrove-reef fish subsidy
effect (i.e., biotic export and trophic subsidy; see
Saenger et al. 2013), including examination of
otolith isotopic signatures (Chittaro et al. 2004,
Gerard et al. 2015), correlations of fish abun-
dance with temporal lags (Jones et al. 2010),
examination of fish biomass near areas either
with and without mangroves (Nagelkerken et al.
2001, Mumby et al. 2004), and relating indices of
fish abundance with annual, country-level man-
grove forest size estimates (Serafy et al. 2015). A
majority of the studies in the tropical western
Atlantic have found mostly positive relationships
between fish abundance and mangroves (see
Table 3 in Serafy et al. 2015). However, after
evaluating more than 200 publications from
across the world, Saenger et al. (2013) concluded
that it was misleading to generalize a prevailing
effect of mangrove areas as nursery areas or
enhancers of the species that associate with them.
It is important to note that the majority of (if not
all) studies that have investigated the reef fish—
mangrove relationship have utilized methods
that either compared average abundances or
examined for linear effects (e.g., analyses of vari-
ance and linear models), and these approaches
may miss or obscure real relationships, and it is
on these studies that generalizations have been
made. A departure from examining average fish
abundance responses was employed by Serafy
et al. (2015) at the Caribbean-wide scale by using
a quantile regression approach, and thus
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estimating the constraining effects of the vari-
able. They found that using a quantile regression
at the 90th quantile, the relative abundance of a
majority of focal species was limited primarily by
mangrove forest extent. However, no previous
study has sought to investigate whether the rela-
tionship between reef fishes and quantity of
nearby mangrove habitat is non-linear, or
whether there is a threshold of nearby mangrove
forest extent required to detect a mangrove-reef
fish subsidy effect. Conservation biology litera-
ture has long sought to answer the question of
how much habitat is necessary to maintain a
viable population (Fahrig 2001). This is an impor-
tant caveat to the generalizations of the effect of
mangroves, especially because studies examining
the ecological value of mangrove ecosystems
have largely cautioned against assuming linear-
ity since natural processes are characterized by
thresholds and limiting functions (Barbier et al.
2008, Koch et al. 2009).

While doubt has been cast on the generaliza-
tion of the mangrove-reef fish subsidy effect,
there largely has been consensus on the roles that
seagrass habitats and anthropogenic influences
have on reef fishes. For example, seagrasses have
long been thought to substantially contribute to
coral reef fish populations (Orth et al. 1984,
Serrano et al. 2017), both through functioning as
juvenile resident areas (Orth et al. 1984, Verweij
et al. 2008) and as feeding habitats (Zieman 1982,
Verweij et al. 2006). In addition, anthropogenic
pressures (via higher levels of nearby human
population density) have been universally linked
to declines in fish populations via fishing pres-
sure, water quality impacts, and habitat degrada-
tion (Stallings 2009, Advani et al. 2015, Serafy
et al. 2015). However, while many studies have
investigated the contribution of mangrove forests
to reef fish abundance, they have been limited by
the fact that seagrass beds grow in close proxim-
ity to mangrove forests, which complicates inter-
pretation (Nagelkerken et al. 2002, 2012,
Dorenbosch et al. 2004, Serafy etal. 2015).
Another limitation to previous comprehensive
examinations of the effects that mangroves and
seagrasses have on fishes is that although man-
grove forests have been readily identifiable via
remote sensing (Hamilton 2013), seagrass extent
estimates in the Caribbean region (and through-
out the world) are only more recently available,
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albeit at coarse resolutions (see Green and Short
2003, UNEP-WCMC and Short 2016).

Unlike many parts of the Caribbean region,
much of Florida’s coastal landscape, seascape,
and human population has been surveyed and
comprehensively mapped. This includes extents
of mangrove forest, seagrass, coral reef, and
hardbottom, as well as thousands of reef fish
surveys and human population census data.
Collectively, the habitat, reef fish, and human
population data provide an opportunity to
examine how coastal and benthic habitats influ-
ence fishes occupying nearby reefs, including the
effect that mangrove forest extent has on the
offshore adult reef fish populations and assem-
blages after accounting for other influencing fac-
tors. Also, while much of the world’s mangroves
experience large tidal ranges, exposing the prop
roots making them generally unavailable as fish
habitat (Igulu et al. 2014), the Caribbean region
experiences near amphidromic tidal ranges, and
it is an excellent place to examine the general
impacts of mangroves without that influence.
Furthermore, Florida’s exhaustive fish surveys
allow for the examination of a wide array of spe-
cies, whereas most previous studies have ana-
lyzed fewer than 20 focal species associated with
these bosky shorelines (Nagelkerken et al. 2002,
Mumby et al. 2004, Serafy et al. 2015).

Given the opportunity presented by Florida's
highly mapped and wide-ranging habitat charac-
terizations, we wused a generalized additive
model (GAM) to ask (1) whether mangrove
extent explains a substantial proportion of the
spatial variation in the structure (species richness
and composition) of mangrove-associated coral
reef fishes, (2) whether that proportion is greater
than other habitats, and (3) whether that relation-
ship is non-linear (including thresholds). We
hypothesized that (1) mangrove extent con-
tributes substantially, and more than other habi-
tats, to explaining spatial variation in the species
richness of nearby coral reef fish assemblages
and (2) the relationship is non-linear (including
the presence of habitat thresholds).

Next, we sought to examine whether man-
grove extent and other habitats are a strong pre-
dictor of the occurrence of these reef fish species
on coral reefs, and whether mangroves are stron-
ger predictors than other habitats. To accomplish
this, we used a linear discriminant analysis
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(LDA) on the occurrence of mangrove-associated
reef fish species along the Florida Reef Tract.

Our study is the first to investigate a non-linear
influence of nearby mangrove habitat on reef
fishes. If non-linear thresholds are revealed in the
relation between reef fishes and mangrove extent,
this information could be incorporated into fish-
eries critical habitat management that includes
habitat preservation and mangrove restoration, in
other words the totality of the landscape. Results
of these analyses could also provide guidance for
future studies with regard to those species that
most benefit from mangrove forest habitat, pro-
viding information for species-specific manage-
ment strategies and conservation. Additionally,
this study is the first to examine the influence of
mangroves on a comprehensive inventory of reef
fish species (>100) on a reef tract that extends for
nearly 250 km.

METHODS

Study location

The contiguous Florida Reef Tract extends on
the Atlantic coast of Florida, USA (Fig. 1), and
contains a complexity of geomorphologies and
habitats that are relatively close to shore (<7 km),
with an extent and proximity to shore that vary
in space (Lidz et al. 1991, Rohmann et al. 2005,
Lirman and Fong 2007, Walker 2012). The length
of the entire reef tract is approximately 250 km,
and it is home to stony corals, octocorals, sea-
grasses, and hardbottom (FDEP 2016). South
Florida’s coasts also contain the preponderance
of the United States’ mangrove forest extent, and
the southeast coast (adjacent to the reef tract) is
home to approximately 6 million people.

Reef fish data

We conducted an exhaustive search for fish sur-
veys in South Florida coastal waters to compile a
list of fish species that have been observed to
occur nearby to mangrove forests; in total, this led
to a list of 254 species of both cartilaginous and
bony fishes (see Appendix S1 for the complete list
of species and list of references from literature
search). We then downloaded fish survey data for
the Florida Reef Tract from the Reef Visual Census
(RVQ), now called the National Coral Reef Moni-
toring Program. The RVC is a long-term reef fish
monitoring program supported mainly by the
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Fig. 1. Map of the Florida Reef Tract showing Reef Visual Census (RVC) survey sites, as well as shapefiles used
to approximate their habitat attributes: mangrove extent (dark green), seagrass extent (light green), coral reef extent
(orange), and hardbottom extent (gray). Also shown are the census blocks used to calculate anthropogenic pres-
sures (from U.S. Census Bureau, darker shades of blue are higher densities of human population). For each RVC
data point, a buffer (circle) was used to estimate its nearby habitat, conducted at three different scales: 0.5, 5, and
25 km (as an example: 5 km shown in inset, 25 km shown as dashed line for one of the RVC survey points).

National Oceanic and Atmospheric Administra-
tion’s Coral Reef Conservation Program. The RVC
method utilizes two scientific divers (“buddy
pair”) to each census a 15 m diameter cylinder
sampling unit in standardized time blocks, which
is used to create a probabilistic survey of the Flor-
ida Reef Tract for both abundance and size of reef
fishes (see Smith et al. 2011 for more information

ECOSPHERE % www.esajournals.org

on this long-term survey design). The database
consists of approximately 30 yr of data for the
Florida Keys; however, beginning in 2012, the sur-
vey was expanded to include the northern third
of the reef tract system from Miami to St. Lucie
Reef (Kilfoyle et al. 2015). Thus, we downloaded
all available data for the years 2012 to 2014 from
the RVC database using the package rvc in R
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(Ganz 2015). The rvc package downloaded a total
of 3341 RVC surveys for the Florida Keys and
southeast Florida, for observations that included
401 unique taxa. We cross-referenced the two lists
(from the literature search and from RVC data-
base), which produced an overlapping list of 106
reef fish species of interest for analyses (hereafter
“focal species”).

Habitat and human population data

Habitat and human population data were
compiled in a geographic information system
(GIS) database (Fig. 1). Habitat polygon shape-
files for Florida mangroves, seagrass, coral (i.e.,
coral reef exhibiting rugosity), and hardbottom
(labeled “pavement” in the database, referring to
scoured, low/no rugosity hard substrate) were
downloaded from the Florida Fish and Wildlife
Conservation Commission (available from http://
myfwc.com/research/gis/). RVC reef fish survey
locations were buffered at three different dis-
tances (0.5, 5, and 25 km radius) to calculate the
habitat potentially available for each fish species
based on their home ranges. Buffer distances
were based on a comprehensive review of reef
fish movement by Green etal. (2015), who
included general recommendations of marine
reserve size for fish species based on species-spe-
cific home ranges (describing species movement
generally as <0.1-0.5, 3-10, and 10s-100s of km;
see Table 1 in Green et al. 2015). For species that
were not explicitly mentioned, we used a con-
gener or made inferences based on fish body size
(see Figure 1 in Green et al. 2015; see also Welsh
et al. 2013). The mapped habitat polygons for
each habitat type were clipped at the buffer dis-
tances to calculate the area of each habitat within
each distance. The smaller home-range scales of
0.5 or 5km were not used for mangroves
because there were little to no mangrove forests
in proximity to the RVC sites at those scales. This
is of little concern as the effect of mangroves on
reef fish (even with smaller home ranges) in this
system has been shown at the scale of tens of
kilometers, primarily because many fishes make
ontogenetic migrations from the mangroves to
the offshore habitats tens of kilometers away
(Serafy et al. 2003, Jones et al. 2010). The shortest
distance between each RVC site and the nearest
mangrove polygon edge (regardless of size) was
measured in the GIS. To examine the potential of
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anthropogenic influences, we obtained human
population density data by downloading the
census block polygons from the state of Florida
for the most recent national U.S. census in 2010
(available from http://www.fgdl.org/metadata/
fgdl_html/cenblkgrp_2010.htm). Human popula-
tion was considered at the 25-km scale so that
their relative contribution was evaluated at the
same spatial scale as mangroves.

Analysis approach

To determine the influence that mangrove for-
est extent has on the probability of occurrence for
Florida reef fishes, we used a two-step approach.
First, we used a GAM to examine (1) whether
mangrove extent explains a substantial propor-
tion of the spatial variation in the structure (spe-
cies richness) of coral reef fishes (i.e., of the 106
reef fish species analyzed), (2) whether that pro-
portion is greater than other habitats, and (3)
whether that relationship is non-linear. Second,
we used LDA to examine whether mangrove
extent and other habitats are a strong predictor
of the occurrence of these reef fish species on
coral reefs, and whether mangroves are stronger
predictors than other habitats.

For the GAM analysis, we modeled reef fish
species richness of the focal assemblage using a
Gaussian error distribution via the software
package mgcv in R (Wood 2011). We began with
a full model, investigating reef fish species rich-
ness as a function of year, mangrove extent, sea-
grass extent, coral extent, hardbottom extent,
distance from mangroves, and human popula-
tion density, utilizing the intermediate habitat
circle size (5 km) for the relevant subtidal habitat
parameters (seagrass, coral, and hardbottom
extent), and the larger circles (25 km) for man-
grove extent and human population density. We
selected our final model using a backwards
stepwise procedure, whereby we eliminated non-
significant model terms (beginning with the
highest P value) until we reached our final model.
All model parameters were estimated using the
GAM smoothing function (with the exception of
year), using a cubic regression spline with a maxi-
mum of five degrees of freedom to guard against
overfitting (five knots; i.e., the number of times
the analysis will allow the smoothed curve to
“kink” for each variable; Zuur et al. 2009). We
used deviance explained as a measure of final
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model fit to the data, and the relative importance
of each covariate was evaluated by visually
inspecting the response curves and evaluating
the magnitude of each function’s range on the
y-axis, where larger magnitudes were considered
to reflect greater explained deviance (Sagarese
et al. 2014, Shideler et al. 2015).

For the species-specific analyses, we used a
LDA to compare the habitat characteristics among
survey sites where a specific fish species was pre-
sent and those where it was absent. This estab-
lished whether there was a significant difference
between those habitats that had presences and
absences, and identified which variables were
involved in the discrimination (Jones et al. 1995,
Coghlan 2014). For each of the 106 fishes, we
paired the presence/absence data from the fish
surveys with the appropriate home-range size
(0.5, 5, 25 km; see Habitat and human population
data) and the resulting circle’s habitat attributes
(mangrove extent, coral extent, distance from
mangroves, etc.). When the analysis found that
the habitat variables were significant discrimina-
tors of reef sites, a high positive coefficient indi-
cated that higher values of a variable (e.g., high
mangrove extent) were associated with the pres-
ence of a species, and a high negative coefficient
suggested that lower values of a variable (e.g.,
low mangrove extent) were associated with spe-
cies presence (Jones et al. 1995). Habitat attributes
were considered “significant” for coefficients
>0.20 following Jones et al. (1995). The LDAs pro-
vided predicted classifications and scored the per-
cent correctly classified as a measure of
discriminant performance. We omitted data for
species that had fewer than 10 observations dur-
ing the study period (following Peduzzi et al.
1996, Agresti 2007). After establishing this crite-
rion, 29 reef fish species had insufficient positive
observations (<10 sightings) to conduct analyses,
resulting in 77 fishes for this analysis. Due to the
risk of type I error associated with testing such a
high number of species, we employed a Hochberg
correction to control our false discovery rate (Ben-
jamini and Hochberg 1995).

Due to issues of non-normality and hetero-
geneity of variance, we rank-transformed our
habitat extent and human population data (Con-
over 2012) prior to any analysis. We initially
investigated the effects of latitude; however, dur-
ing data exploration, we found that latitude and
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seagrass were highly correlated (P < 0.001, Pear-
son’s ¥ = —0.80), primarily because the northern
extent of the Florida Reef Tract is mostly devoid
of offshore seagrass beds. Additionally, in
exploratory models examining these two vari-
ables, they had very high variance inflation fac-
tors not found for other relationships. Though
previous studies have found that latitude can
play a role in smaller-scale reef fish distributions
(Fisco 2016), we opted to omit the variable from
our analyses to avoid issues of autocorrelation
and variance inflation. We employed a Mantel’s
test based on 9999 Monte Carlo simulations to
determine whether issues of spatial autocorrela-
tion existed using the software package ade4 in R
(Dray and Dufour 2007). Results of the Mantel’s
test suggested that while there was statistically
significant spatial autocorrelation, the observed
correlation in space was quite low (observed cor-
relation: 0.09, simulated P < 0.05), which we
interpreted as having minimal impact on inter-
pretation of results. All statistical analyses were
conducted in R (R Core Team 2016) and JMP Pro
v12.0.1, with a family-wise a = 0.1 for all hypoth-
esis testing.

REesuLTs

Species richness

Mean species richness of the focal assemblage
for the reef sites surveyed from 2012 to 2014 was
13.27 species per site (SD = 5.06, range = 0-30,
n = 3341). Results of our GAM selection process
indicated that year and distance from mangrove
were not significant covariates explaining reef fish
species richness and were removed from our final
model (Table 1). We found that of all habitat vari-
ables, mangrove extent (within a 25 km radius of
a reef survey site) had the strongest relationship
with species richness; high mangrove extent was
associated with higher levels of reef fish species
richness. Our model suggested two apparent
mangrove thresholds for reef fish richness: (1) a
precipitous decline in species richness with
decreasing mangrove extent below 20 km? and
(2) a strong, almost linear, increase in richness
with increasing mangrove extent above 80 km?
(Fig. 2). The second strongest association was
with seagrass, which the GAM reduced to a linear
effect. At approximately 10 km® of seagrass
extent, there is an increasing positive relationship
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Table 1. Final model results from generalized additive
model estimating the deviance in reef fish species
richness of the focal assemblage explained by varia-
tion in the extent of mangroves, seagrass, reef, hard-
bottom, and nearby density of human population on
the Florida Reef Tract from 2012 to 2014.

Smoothed model term Coef edf t/F P
Initial model
Intercept 0.0004 1.08 0.276
Yeart 0.0065 167.32  <0.001
Mangrove forest extent 3394 841  <0.001
Distance from 1.000 0.36 0.546
mangroves
Seagrass extent 1.000 3237 <0.001
Reef extent 3.778  8.69  <0.001
Hardbottom extent 3.828 3.52 0.005
Human population 3421  3.04 0.021
Final model
Intercept 13.2700 167.30 <0.001
Mangrove forest extent 3437 9.16  <0.001
Seagrass extent 1.000 36.60 <0.001
Reef extent 3.773 936  <0.001
Hardbottom extent 3.816 343 0.007
Human population 3472  4.05 0.003

Notes: Seagrass, reef, and hardbottom were within 5 km
of a survey site; mangrove extent and human population
were within 25 km of a survey site. For the smoothed terms,
shown are the estimated degrees of freedom (edf) for each
model term, as well as the estimate for the F statistic. The
intercept and year were parametric terms and are shown with
estimated coefficients (coef) and ¢ values. Deviance explained
for the final model is 18.5%, n = 3341. Results of the additive
effects are shown in Fig. 2. Year and distance from mangrove
were not significant and removed from the final model (see
Methods for details).

+ Note that year was not significant after distance from
mangroves was eliminated from model.

with species richness with increasing seagrass
extent, whereas reef sites below that value were
associated with lower species richness than aver-
age (Fig. 2). Our results suggested that species
richness declined below the threshold of 3 km? of
reef extent (Fig. 2). We did not detect a relation-
ship between species richness and the extent of
nearby hardbottom habitat. Lastly, our final
model results indicated a negative relationship
between species richness and human population
density, especially at reef sites that were beyond
the threshold of 1.5 million people (from Greater
Miami to Pompano Beach; Fig. 2).

Species-specific presence and absence

For the 3341 surveys, the number of species
sightings (i.e., the number of dives that a
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particular species was sighted) ranged from 0 to
2728 (Table 2). Results of our species-specific
LDAs suggested that for 62 of the 77 (81%) focal
reef fish species, presence at a reef site could be
significantly determined based solely on habi-
tat variables, while 15 fish species were not sig-
nificantly related to the habitat attributes
examined (Table 2). The percent correctly classi-
fied by the LDA procedures ranged from 55% to
94% (Table 2). Results for year were mixed,
most having no significant effect (“significant”
here defined as a coefficient >0.2), a result not
surprising given the limited study period
(2012-2014).

Mangroves and seagrasses.—Of the 62 reef fish
species with significant results, 49 (79%) were
more likely to occur at sites with higher man-
grove extent, while five (8%) were more likely to
occur at sites with lower mangrove extent
(Table 2, Fig. 3A). We found that 42 of the 62 reef
fish (68%) had a positive coefficient for distance
from mangroves, indicating that increased dis-
tances from mangroves were associated with
higher reef fish occurrences. Only two species
(83%) had negative coefficient for distance from
mangroves. For seagrass, higher frequencies of
occurrence of 53 reef fish species (85%) were
associated with greater extent of nearby seagrass,
while eight species (13%) were associated with
reef sites nearby to lower seagrass extent
(Table 2, Fig. 3B). The presence of seagrass was
the strongest discriminator for 18 reef fish species
(17 positive and 1 negative), and for 11 reef fish
species, mangroves was the strongest discrimi-
nating variable (10 positive and 1 negative). Only
five species had distance from mangroves as the
strongest discriminating variable (Table 2).

Coral reef and hardbottom.—We found that 37 of
the 62 reef fish species (60%) had higher fre-
quency of occurrence with greater extent of coral
reef nearby, whereas five species (8%) had higher
occurrence with lesser extent of coral reef. For 14
of the species (29%), coral reef extent was the
strongest discriminating variable, all with posi-
tive relationships (Table 2, Fig. 3A). Results of
the LDA found that 18 reef fish species (29%)
had increased occurrence with greater extent of
hardbottom nearby, while 16 species (26%) had
higher occurrence with lesser extent of hardbot-
tom. Only five species had hardbottom as the
strongest discriminating variable in our analyses;

September 2017 %* Volume 8(9) % Article 01943



SHIDELER ET AL.

Degree of smoothing

L0 0 A0 00 1000 Do | 001 O AR L]

0 20 40 60 80 100 120 140 0 10 20 30 40 50 60 70
Mangrove extent (km?) Seagrass extent (km?)
O O -
< <
=T
£
L
=
[]
o 4 ~
€
w
.
5]
[}
I
oo
(]
o
L g | (0 L I O 00V |
0 5 10 15 0 10 20 30 40
Reef extent (km?) Hardbottom extent (km?)
©
<« |
oo
=
£
S
o
O o
£
" J I I A N A B e
Bl
o
(V]
<
oo
(]
[a}
o
|
I

0 500,000 1,000,000 1,500,000 2,000,000
Human population (individuals)

Fig. 2. Results of the generalized additive model showing the effect of mangroves, seagrass, reef, hardbottom,
and human population on reef fish species richness of the focal assemblage on the Florida Reef Tract from 2012
to 2014. See Methods for information on model specification. The y-axis represents the model’s degree of smooth-
ing, and the range indicates the relative importance of the explanatory variable. The “rug” on the x-axis reflects
the relative density of data points. Dashed lines are 95% confidence intervals around response curves.
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Table 2. Results of the species-specific linear discriminant analysis (LDA) examining whether there was a signifi-
cant difference between those habitats that had reef fish presences and absences on the Florida Reef Tract from

2012 to 2014, and identifying which variables were involved in the discrimination.

Dives Habitat extent
present HR
Species No. (%) (km) P CC Year  Dist M S CR H HP

Abudefduf saxatilis®* 663 19.8 0.5 <0.001 67% 0.02 0.02 0.55 096 <0.01 -0.23 -0.51
Acanthostracion 254 7.6 5 <0.001 73% 0.01 0.31 0.84 0.72 0.45 059 —0.33

quadricornis™ "
Acanthurus bahianus®* 2689 80.5 5 <0.001 65% —0.18 0.36 0.18 0.21 0.87 —0.26 0.02
Acanthurus chirurguss+ 1997 59.8 0.5 <0.001 61% —-0.34 0.04 0.82 0.84 -0.17 -0.2 —0.74
Acanthurus coeruleus™* 2312 692 05 <0.001 67% 01 05 061 061 063 045 —0.56
Aetobatus narinari 18 0.5 25 0.59 - ns ns ns ns ns ns ns
Anisotremus virginicus™" 1454 43.5 5 <0.001 59% 011 059 059 051 062 057 0.2
Archosargus 51 1.5 5 <0.001 85% -0.25 —0.1 0.25 0.45 0.69 0.33 0.02

probatocephalus“®"
Archosargus rhomboidalis 5 0.1 5 - - - - - - - - -
Astrapogon stellatus 0 0.0 0.5 - - - - - - - - -
Balistes capriscus’ 682 20.4 25  <0.001  65% -01 045 078 0.8 049 047 —0.82
Balistes vetula®®* 50 1.5 25 0.006 64% —-0.41 0.03 0.7 0.67 0.72 021 —0.04
Bothus ocellatus 2 0.1 0.5 - - - - - - - - -
Calamus calamus® ™ 954 28.6 5 <0.001 63% —0.42 0.62 0.68 0.72 0.11 —-0.08 —0.85
Caranx crysos~™* 311 9.3 25 <0.001 65% —0.23 029 069 077 087 037 -0.35
Caranx latus 7 0.2 25 - - - - - - - - -
Caranx ruber’™ 1194 35.7 25  <0.001 58% —-0.2 058 0.7 0.73 0.36 049 —0.89
Carcharhinus leucas 7 0.2 25 - - - - - - - - -
Carcharhinus limbatus 0 0.0 25 - - - - - - - - -
Centropomus undecimalis 8 0.2 5 - - - - - - - - -
Chaetodipterus ﬁzbercR+ 109 3.3 5 <0.001 57% —0.58 0.52 0.55 0.47 0.59 0.18 —0.42
Chaetodon «:a]m‘stmtusDNI+ 982 29.4 0.5 <0.001 68% 0.15 0.67 0.57 0.28 054 -0.16 —0.62
Chaetodon striatus™™" 299 8.9 05 <0001 66% —0.15 083 051 027 042 —0.14 —0.67
Chilomycterus schoepfii 7 0.2 5 - - - - - - - - -
Chriodorus atherinoides 0 0.0 5 - - - - - - - - -
Cryptotomus roseus™™ 514 15.4 5 <0.001  61% 038 -022 -0.77 -0.7 -0.28 0.32 0.61
Dasyatis americana 34 1.0 5 0.14 - ns ns ns ns ns ns ns
Diodon hystrix 33 1.0 0.5  0.035 - ns ns ns ns ns ns ns
Diplectrum formosuml” 80 24 5 <0.001 62% 0.16 0.46 0.54 0.72 021 -0.37 -0.87
Diplodus holbrookii DM+ 78 2.3 5 <0.001 94% —-0.09 048 0.1 0.43 0.38 0.18 -0.14
Echeneis naucrates 82 2.5 25 0.08 - ns ns ns ns ns ns ns
Elops saurus 0 0.0 25 - - - - - - - - -
Epinephelus itajara™™* 22 0.7 5 <0.001 76% 0.05 -048 012 031 052 032 019
Epinephelus morio™" 379 11.3 5 <0.001 61% 0.78 0.2 —-0.23 —-044 -0.19 <0.01 0.09
Epinephelus striatus™" 20 0.6 5 <0.001 75% 0.4 004 067 079 009 002 -0.65
Eucinostomus argenteus 2 0.1 5 - - - - - - - - -
Eucinostomus gula 0 0.0 5 - - - - - - - - -
Eucinostomus lefroyi 1 0.0 5 - - - - - - - - -
Gerres cinereus™™* 37 1.1 5 <0001 75% —0.01 079 -001 01 031 -001 -0.14
Ginglymostoma cirratum 67 2.0 25 0.02 - ns ns ns ns ns ns ns
Gymnothorax funebriss" 61 1.8 0.5 <0.001 61% —-0.08 -0.09 0.31 0.35 —0.28 0.04 0.33
Haemulon album 70 2.1 5 0.12 - ns ns ns ns ns ns ns
Haemulon aurolineatum™* 554 16.6 5 <0.001 61% —0.11 0.3 —-0.22 -0.25 0.72 0.17 0.36
Haemulon carbonarium®* 247 7.4 0.5 <0.001 62% 0.46 0.04 0.52 0.66 0.01 0.11 -0.17
Haemulon 108 3.2 0.5 <0.001 64% 0.01 0.27 0.59 0.7 0.24 0.16 —0.56

chrysargyreum™"
Haemulon flavolineatum®* 970 29.0 5 <0.001 64% 005 021 086 089 041 01 -0.53
Haemulon macrostomum 120 3.6 5 0.025 - ns ns ns ns ns ns ns
Haemulon melanurum 200 6.0 5 0.08 - ns ns ns ns ns ns ns
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Dives Habitat extent
present HR
Species No. (%) (km) p cc Year  Dist M S CR H HP

Haemulon parra™ 216 6.5 5 0.002 5840% —-0.02 019 -002 -01 059 009 0.61
Haemulon plumierii> 1952 584 5 <0.001 66.20% -025 024 085 093 029 009 -052
Haemulon sciurus™ 859 25.7 5 <0.001 6240% -023 014 071 091 036 —0.04 -048
Halichoeres bivittatus®* 2288  68.5 0.5 <0.001 69%  —0.09 0.03 0.61 076 —033 024 —0.32
Hippocampus erectus 0 0.0 0.5 - - - - - - - - -
Hypoplectrus puella® 124 3.7 5 <0.001 55% —-0.14 035 0.82 0.9 024 —0.06 —0.84
Lachnolaimus maximus™* 1548 46.3 05 <0.001 68% —0.14 0.59 0.89 0.66 022 046 —0.57
Lactophrys trigonus 34 1.0 5 0.03 - ns ns ns ns ns ns ns
Lactophrys triqueter™ 398 11.9 5 <0.001 56% 015 004 023 031 -013 086 —0.03
Lagodon rhomboides 2 0.1 5 - - - - - - - - -
Lutjanus analis™ 775 23.2 5 <0.001 58.80% 031 048 0.05 —023 -0.08 052 —0.06
Lutjanus apodus®* 249 7.5 5 <0.001 6530% -—-002 026 0.8 093 025 014 -0.73
Lutjanus cyanopterus 4 0.1 5 - - - - - - - - -
Lutjanus griseus™ 582 17.4 5 <0001 60.90% -01 029 079 091 -0.18 -0.01 -0.78
Lutjanus jocu™* 24 0.7 5 0.003 73% 041 044 048 021 031 -024 -043
Lutjanus synagris™™"* 248 7.4 5 <0001 67% 002 051 018 034 0.63 035 —0.03
Megalops atlanticus 11 0.3 25 0.21 - ns ns ns ns ns ns ns
Monacanthus ciliatus 8 0.2 0.5 - - - - - - - - -
Mycteroperca bonaci® 283 8.5 5 <0001 67% —041 0.1 069 072 0.01 -0.14 -0.87
Negaprion brevirostris 2 0.1 5 - - - - - - - - -
Nes longus 0 0.0 0.5 - - - - - - - - -
Nicholsina usta™™* 27 08 05 <0001 72% —004 027 -029 -07 057 023 043
Oligoplites saurus 4 0.1 25 - - - - - - - - -
Orthopristis chrysoptera 4 0.1 5 - - - - - - - - -
Paraclinus marmoratus“S* 255 7.6 0.5 <0.001 67% 0.19 0.64 0.42 0.33 0.68 —057 —0.4
Paralichthys albigutta 1 0.0 0.5 - - - - - - - - -
Pomacanthus arcuatus™ 1735 51.9 05 <0001 59% —-028 003 054 058 026 —0.79 -0.22
Pristis pectinata 0 0.0 5 - - - - - - - - -
Pterois volitans™* 364 10.9 0.5 <0.001 63% —0.02 0.11 0.8 075 —019 017 —041
Remora remora”™* 25 0.7 25  0.004 69% 047 019 031 035 061 026 0.04
Rhinesomus triqueter™ 398 11.9 5 <0.001  56% 015 004 023 031 -013 086 —0.03
Scarus coelestinus™ 179 5.4 5 <0.001 63% 006 035 088 095 021 —0.08 -0.79
Scarus coeruleus™* 401 12.0 0.5 <0.001 67.00% 0.19 0.42 0.89 0.76 0.03 -0.32 -0.79
Scarus guacamaia®* 396 11.9 0.5 <0001 69% —0.05 0.15 0.52 0.9 0.05 -021 -0.77
Scarus iseri™* 2010  60.2 0.5 <0.001 7240% —0.21 044 086 069 036 —037 —0.65
Scarus taeniopterus* 898 26.9 5 <0.001  61% 0.04  0.04 0.45 059 05 04  -0.55
Scarus vetula™ 207 6.2 0.5 <0.001 68% —0.04 059 065 038 052 0.06 —0.51
Scomberomorus cavalla 5 0.1 25 - - - - - - - - -
Scomberomorus 32 1.0 25 <0.001  76% 0.49 0.32 0.57  0.64 0.28 0.75 —0.43

maculatus "
Selene vomer 0 0.0 25 - - - - - - - - -
Seriola dumerili 22 0.7 25 0.01 - ns ns ns ns ns ns ns
Sparisoma 1376 412 0.5 <0.001  58% 056 056 —005 -025 016 012 -0.33

atomarium™* PM*
Sparisoma 2728 817 05 <0.001 75%  <0.01 0.49 0.6 046 073 —0.48 —0.29

aurofrenatum=™"
Sparisoma chrysopterum™ 682 20.4 0.5 <0.001 63% —0.04 0.66 0.77 0.8 014 016 —0.83
Sparisoma radians** 305 9.1 0.5 <0.001  55% 0.77 0.1 0.39 0.6 —0.11 -016 —0.34
Sparisoma rubripinneS* 695 20.8 05 <0.001 67% —-0.09 029 069 091 028 —034 -—0.48
Sparisoma viride™ 1744 522 0.5 <0.001 65% —0.02 039 076 0.73 05 037 -0.52
Sphoeroides nephelus 1 0.0 5 - - - - - - - - -
Sphoeroides spengleri® ~ 268 8.0 5 <0.001 59% -019 036 0.75 08 —-0.08 —0.04 -0.93
Sphoeroides testudineus 11 0.3 5 0.01 - ns ns ns ns ns ns ns
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Dives Habitat extent
present HR

Species No. (%) (km) P CC Year  Dist M S CR H HP
Sphyraena barracuda™ 217 6.5 25 <0.001 5820% —0.08 0.57 0.9 0.83 0.5 0.75 —0.82
Sphyrna tiburo 1 0.0 25 - - - - - - - - -
Stegastes leucostictus®™ 847 25.4 0.5 <0.001  62% 026 039 -052 —-056 019 0.08 0.05
Stegastes variabilis®* 1693  50.7 05 <0001 62% —-032 -017 067 073 —015 -0.14 -0.33
Strongylura notata 2 0.1 5 - - - - - - - - -
Syngnathus scovelli 0 0.0 0.5 - - - - - - - - -
Synodus foetens 25 0.7 0.5  0.036 - ns ns ns ns ns ns ns
Synodus intermedius 58 1.7 05 0463 - ns ns ns ns ns ns ns
Trachinotus falcatus 11 0.3 25 0.21 - ns ns ns ns ns ns ns

Notes: No., number of dives present; HR, home range used in analysis; CC, correctly classified; Dist, distance from
mangroves; M, mangroves; S, seagrass; CR, coral reef; H, hardbottom; HP, human population density. Each species” home range
was used in the analysis, inferred from Green et al. (2015). Provided predicted classifications (correctly classified) are the
percent correctly classified as a measure of LDA performance. Positive coefficients indicate that higher values of a variable were
associated with the presence of a species, and a negative coefficient suggested that lower values of a variable were associated
with species presence. Also shown are the number of sightings for each species and the percentage of dives that the fish was
observed (of the total 3341 dives). Superscript code next to species name indicates strongest discriminant variable for the
species. Y = year; M = mangrove extent; DM = distance from mangroves; S = seagrass extent; CR = coral reef extent;
H = hardbottom extent; P = human population. A plus (+) or minus (—) sign signals direction of the relationship. Significance
was determined using a family-wise alpha of 0.1 and a Hochberg correction to account for false discovery rate associated with
multiple hypothesis testing (Benjamini and Hochberg 1995). Boldface values indicate “significance” for coefficients >0.20
following Jones et al. (1995).

four had higher occurrence with higher hardbot-
tom extent and one with lower hardbottom
extent (Table 2).

Human population.—The occurrence of most
reef fishes was negatively related to the presence
of nearby human population density: 44 reef
fishes (71%) were more likely to occur at sites

while six (7%) were more likely to be present at
sites with high levels of human population
(Table 2, Fig. 3C). Eight reef fish species had
human population as the strongest discriminat-
ing variable, with seven species having higher
occurrence with lower human population den-
sity and one with higher human population

with low levels of nearby human population, (Table 2).
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-~ A o oent ~1B o % Jeg oo . 2-|C
¢, . . o Ve e oS [72]
e Poe o0 o o . el 3 LY . c
T o . & W = 5 . . . . D o . s .
8 37 N R B h . we C T 31 .
3 g .| B SEE ) (L o FLL
® o . i 2 o . 8 o P )
© o A 8 S B 2 o it
<3 . .t S “ . ] : i
S w ™ T i S e
S oA . . N o . % S A o tele e
T T T . o 2
= | 2 T o IS
‘l_ﬁ T T T T ‘l_ L T T T T ‘|_7 T T T T
-10 -05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10

Coral extent Hardbottom extent Distance from mangroves
Fig. 3. Graphic representation of species-specific linear discriminant analysis (LDA) coefficients examining
whether there was a significant difference between those habitats that had reef fish presences and absences on
the Florida Reef Tract from 2012 to 2014, and identifying which variables were involved in the discrimination.
Habitat attributes are on each axis, and all fish for which there were significant differences are plotted. Positive
coefficients indicate that higher values of a variable were associated with the presence of a species, and a negative
coefficient suggested that lower values of a variable were associated with species presence. For exact coefficient

values and full LDA results, see Table 2.
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DiscussioN

Here, we examined the potential effect of man-
grove habitat on 106 reef fish species, while
accounting for the effects of other submerged
habitat and human population pressures. Further,
for the first time, we investigated the relationship
between mangrove-associated reef fish richness
and mangrove habitat in non-linear fashion. If
these mangrove-associated species show a depen-
dence on mangroves—or their numbers are
enhanced by them—their occurrence on the coral
reef should be a function of the quantity of
nearby mangrove forest (Nagelkerken et al.
2002). Our GAM results revealed that the rela-
tionship between mangrove forest extent and reef
fishes is not linear and that there are apparent
thresholds in community response to mangrove
quantity (i.e., 20 and 80 km? of mangrove extent
within 25 km of a reef site). This is consistent
with decades of research on habitat thresholds in
various ecosystems (Fahrig 2001), but to our
knowledge, ours is the first study to examine this
for mangrove fish. In a previous study, Serafy
et al. (2015) found that the majority of their focal
species were significantly enhanced (i.e., higher
indices of abundance) by the presence of
increased mangrove forest extent, which was lar-
gely consistent with findings of previous studies
conducted at far smaller scales (i.e., see Table 3 in
Serafy et al. 2015 for synthesis). In fact, Serafy
etal. (2015) found that for all Lutjanidae,
Haemulidae, and Scaridae, mangrove extent was
the primary abundance-limiting factor (with the
exception of Scarus iseri, which was limited by lat-
itude, a result that might be related to our differ-
ing spatial scales). In the present study, reef sites
nearer to low extents of mangrove forest
(<20 km? within 25 km?) had significantly lower
focal species richness, and sites nearer larger for-
est extents (>80 km?) had significantly higher
focal species richness. The majority of species
driving these differences were comprised of par-
rotfishes (Scaridae) and grunts (Haemulidae), fol-
lowed by some snappers (Lutjanidae) and an
assortment of other fish families (Table 3;
Appendix S1: Table S2). Some species, such as
Scarus coeruleus, Scarus coelestinus, Sphyraena
barracuda, and Lutjanus apodus, were nearly absent
at reef sites with <20 km? of nearby mangrove
habitat (present at 5%, 2%, 3%, and 2% of sites,
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respectively) and were observed much more fre-
quently with high levels of mangrove habitat
(present at 32%, 16%, 18%, and 16% of sites,
respectively; Appendix S1: Table S2). Other fish
species had lower occurrences near low man-
grove extent and were substantially increased by
greater extent of mangroves. For example, French
grunt, Haemulon flavolineatum, increased from
20% to 49% and the striped parrotfish, S. iseri,
from 44% to 88% (see Appendix S1 for complete
list of species and results). This might be expected
because these families have several species that
have been shown to be substantially enhanced by
the presence of mangroves (Nagelkerken et al.
2002, Mumby et al. 2004, Igulu et al. 2014, Serafy
et al. 2015).

Results of the LDA suggested that at least 49
of these reef fish species were associated with
higher levels of mangrove forest extent. Previous
studies examining the relationship between man-
grove extent and reef fish species (e.g., abun-
dance, biomass, occurrence) have been limited to
examining a smaller number of species (e.g., 17
in Nagelkerken et al. 2002, 2 in Halpern 2004, 6
in Mumby et al. 2004, 12 in Serafy et al. 2015).
Further, they have not been able to quantitatively
account for confounding factors, such as anthro-
pogenic influences (Mumby et al. 2004), and
have examined this relationship by comparing
means or analyzing linear relationships. To our
knowledge, we are the first to examine the rela-
tionship between species occurrence and extent
of mangrove forest for a large number of species,
and to account for the effects of seagrasses, cor-
als, hardbottom, and anthropogenic pressures.
We found that for the majority of reef fish spe-
cies, occurrence was positively related to sea-
grass and coral extent and negatively related to
human population density and had a weak but
negative relationship with hardbottom extent.
Our study also serves as additional evidence for
the long-held belief that mangroves do play a
role in enhancing reef fishes (here occurrence,
and to the extent that increasing occurrence
reflects greater density/abundance) in neritic
waters in the Caribbean region. This concept has
been prevalent at least since the onset of man-
grove—energy flux studies (Heald 1971, Odum
and Heald 1972), but elusive in terms of empiri-
cal evidence (Manson et al. 2005, Aguilar-Perera
and Hernandez-Landa 2016).
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Table 3. List of occurrence rate differences between survey sites with high (>80 km?), moderate (>20 to <80 km?),
and low (<20 km?) levels of mangrove forest extent based on generalized additive model results examining

effect of habitat quantity on reef fish species richness.

High mangroves vs. low

Intermediate mangroves vs. low

High mangroves vs. intermediate

mangroves mangroves mangroves
Species Difference (%) Species Difference (%) Species Difference (%)
Scarus iseri 44 Scarus iseri 41 Lutjanus analis 21
Sparisoma viride 39 Sparisoma viride 30 Scarus coeruleus 11

Haemulon flavolineatum 29 Chaetodon capistratus 27 Caranx ruber 11
Haemulon plumierii 28 Haemulon plumierii 25 Sparisoma atomarium 10
Lachnolaimus maximus 28 Acanthurus coeruleus 25 Epinephelus morio 10
Scarus coeruleus 27 Lachnolaimus maximus 24 Pomacanthus arcuatus 10
Acanthurus coeruleus 27 Haemulon flavolineatum 23 Chaetodon capistratus —21
Sparisoma aurofrenatum 24 Sparisoma aurofrenatum 21

Caranx ruber 22 Calamus calamus 17

Haemulon sciurus 21 Haemulon sciurus 16

Abudefduf saxatilis 20 Sparisoma chrysopterum 16

Halichoeres bivittatus 19 Scarus coeruleus 16

Pomacanthus arcuatus 17 Lutjanus apodus 13

Sparisoma rubripinne 17 Stegastes variabilis 13

Sphyraena barracuda 15 Halichoeres bivittatus 13

Lutjanus analis 15 Sparisoma rubripinne 12

Scarus coelestinus 15 Abudefduf saxatilis 11

Lutjanus apodus 14 Caranx ruber 11

Sparisoma chrysopterum 13 Lutjanus griseus 10

Stegastes variabilis 12 Scarus guacamaia 10

Sparisoma atomarium 12 Sphoeroides spengleri -10

Muycteroperca bonaci 11 Cryptotomus roseus —11

Calamus calamus 11 Acanthurus chirurgus —20

Stegastes leucostictus 10 Balistes capriscus -27

Caranx crysos -10

Sphoeroides spengleri —-10

Cryptotomus roseus —-10

Pterois volitans —11

Acanthurus chirurgus —13

Balistes capriscus -29

Notes: Shown are the difference rates between the left comparison over the right comparison (higher over lower of each
mangrove extent comparison) in each instance for all comparisons with >10% difference between mangrove levels. Negative
values indicate that the lower mangrove extent had higher occurrences. See Appendix S1 for full species list for each level of

mangrove forest extent.

It has long been understood that seagrass
meadows harbor higher densities and richer
assemblages of both vertebrates and inverte-
brates compared to nearby unvegetated areas
(see Orth et al. 1984, Serrano et al. 2017). Specifi-
cally, seagrass provides not only feeding grounds
for many reef fish species (Zieman 1982), but also
refuge from predators (Orth et al. 1984, Serrano
et al. 2017). Results of our study are consistent
with the hypothesis that reefs nearby to higher
seagrass extent are associated with higher occur-
rences of the majority (85%) of focal reef fish spe-
cies. However, it is important to point out that
seagrass and mangroves are known to co-occur
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spatially, and teasing apart their relationship
with reef fishes is difficult (Serafy et al. 2015).
While we believe that our GAM was the most
appropriate approach to investigating these two
habitats in a single model, we are unable to say
with absolute certainty that we were able to tease
apart the mangrove extent and the seagrass
extent relationships. Most correlative observa-
tional studies have great difficulty accomplishing
this. In contrast to other habitat attributes, the
GAM reduced the seagrass effect to a linear rela-
tionship, which suggests that there are no thresh-
olds in the response of reef fishes to this habitat.
Regardless, it is clear from previous research that
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both mangroves (Nagelkerken 2007, Serafy et al.
2015) and seagrass (Serrano et al. 2017) play
important roles for species of reef fish, and
results of our study highlight the need for both
to be considered as important for conservation
and management.

One potentially counterintuitive result of our
study was that most reef fish species were associ-
ated with survey sites farther from mangroves,
especially given that a recent study found distance
from juvenile fish habitats to have a negative effect
on offshore fish densities (Nagelkerken et al.
2017). However, we did not find this result entirely
surprising given that several studies have found
increased distance from shore to be correlated
with increased fish metrics. In a global analysis of
marine protected areas (MPAs), Gill et al. (2017)
found that close proximity to shore had a signifi-
cant and negative impact on MPA success, attribu-
ted to potential land-based stressors (i.e., water
quality, fishing pressure). Increased fish abun-
dance has been attributed to increased distance
from the pressures of fishing in the Red Sea
(Advani et al. 2015); and Angeloni et al. (2013)
found that on Cottesloe Reef off Western Aus-
tralia, there was an increase in fish abundance and
diversity with distance from shore. Perhaps the
most obvious explanation for our results would be
the positive relationship between topographic
complexity and species richness in this region. In
this previous examination by Walker et al. (2009),
in situ rugosity measurements yielded the best
explanation of fish assemblage patterns, a pattern
that is consistent with several other studies in the
tropical western Atlantic region (e.g.,, Gratwicke
and Speight 2005, Kuffner et al. 2007, Medeiros
et al. 2011). We would like to point out that our
GAM analysis found no significant relationship
between distance from mangroves and species
richness. However, our LDA results revealed that
approximately 68% of the reef fish species exam-
ined had higher occurrences with increasing dis-
tance from mangroves. Because portions of the
outer reef (farther from shore) have higher relief
and complexity (Banks et al. 2007), it is possible
that the patterns we found here could be related to
benthic topographic relief, not distance from man-
groves. Future studies would need to control for
topographic relief to determine whether distance
from mangroves plays a role in coral reef fish rich-
ness or species-level occurrence.
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Several studies have documented the effects of
anthropogenic impacts on reef fish, which can
come in many forms, including habitat degrada-
tion (Lotze et al. 2006), water quality declines
(Shideler et al. 2015), or fishing pressure (Stal-
lings 2009, Advani et al. 2015, Serafy et al. 2015).
Stallings (2009) used publicly available citizen
science data to examine human impacts on
predatory reef fish communities across the
Greater Caribbean region. Generally, as human
population density increased, the presence of
large-bodied fishes decreased, and fish commu-
nities nearer to higher human population were
dominated by smaller fish species. Specifically,
Stallings (2009) found that most focal species in
Lutjanidae, Serranidae, and Sphyraenidae had
negative relationships with human population
density (see Table 3 in Stallings 2009), similar to
our study (see Table 2). Moreover, in the Solo-
mon Islands, Brewer et al. (2013) found that
market proximity and local human population
density explained the effects of fishing on fish
biomass distributions. Results of studies such as
these suggest that local human population is a
good indicator of the effects that anthropogenic
impacts may have on offshore reef fish commu-
nities, and that it is important to account for
them (Mumby et al. 2004, Serafy et al. 2015).

Previous to our study, research has suggested
a mangrove enhancement effect applying to reef
fishes on a wide geographical region (Serafy
et al. 2015) or to local fisheries at a global scale
(Carrasquilla-Henao and Juanes 2017). We are
aware that these ecosystem relationships are
complex and, according to Pittman et al. (2004),
can be more fully understood by taking a land-
scape approach to these heterogeneous environ-
ments at a large scale. However, this approach
requires a body of data on ecosystem attributes
(e.g., topographic complexity, mangrove forest
structure or prop root complexity, regional data
on seagrasses, measures of anthropogenic
impact) that are largely absent for most regions
where these ecosystems co-occur. Florida’s highly
mapped seascape has afforded the opportunity
to examine the effects of these habitats on reef
fish occurrence in a way that has not been
achievable previously. However, our deviance
explained value of 18.5% for the species richness
GAM suggests that additional explanatory vari-
ables would improve the predictive power of our
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model. For example, we could not incorporate
other factors that are known to affect reef fish
distributions, such as the quality of the available
nearby habitat or topographic complexity
(Walker et al. 2009, Fisco 2016). Also, we are
unable to rule out the possibility that the patterns
that have emerged in our study are covariates of
another factor that the species are responding to,
such as latitude. Lastly, though our decisions for
circle sizes and scale were determined based on a
literature review based on fish movements (for
MPA size recommendations), it is unclear how
our results may have differed had we selected
different scales. Future studies should investigate
scale and its impact on results and interpretation.
Still, that almost one-fifth of fish occurrence data
were explained by a model examining only
nearby habitat extent and human population
densities, without accounting for the many dif-
ferent aspects that might influence fish occur-
rence on a particular reef (e.g., topography,
oceanographic data, predator—prey relationships
and high-resolution fishing mortality, mangrove
structure or prop root complexity), is consistent
with the conclusion that the availability of
nearby habitat plays a role in reef fish occurrence
and species richness, especially in relation to the
present study’s detected thresholds.

There have been several species singled out in
the literature that has reported dependencies on
mangrove habitat. In particular, S. iseri, Scarus
guacamaia, Haemulon sciurus, and L. apodus were
previously noted as “highly dependent” on man-
grove habitat (Nagelkerken et al. 2002, Mumby
etal. 2004). Using a quantile regression
approach, Serafy et al. (2015) found evidence
that low mangrove extent was a limiting factor
for these species at the Caribbean-wide scale and
that the mean relative abundance of L. apodus
and H. sciurus was positively related to man-
grove extent. Our results add to the growing evi-
dence that in the tropical western Atlantic
region, mangroves serve as important habitat for
several species of commercial importance. Not
only were all these species among those with the
highest mangrove coefficients in our species-
by-species analyses, but also they were present
in the species richness comparisons among sites
with low, intermediate, and high mangrove for-
est extents (see Table 3). In fact, our results sug-
gest that there could be more fish considered
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“dependent” on mangroves that warrant further
study, especially among the Lutjanidae, Haemul-
idae, and Scaridae families. The apparent man-
grove extent thresholds we found could also be
incorporated into fisheries management, as such
information may be crucial for U.S. managers to
comply with the Essential Fish Habitat compo-
nent of the Magnuson-Stevens Act.

Results of our study at the regional scale (Flor-
ida Reef Tract), taken together with the other
Caribbean-region studies conducted at the
island- and Caribbean-wide levels, suggest that
for this region of the world, mangroves play a
role in the richness of reef fish communities, as
well as for the occurrence of valuable species.
Our results suggest that generalizations or syn-
theses evaluating the impact of mangroves be
taken with the caveat that they are based on lin-
ear analyses and comparisons of means, when
we have shown here and elsewhere (Serafy et al.
2015) that there are thresholds and limiting func-
tions in the contribution of this habitat to reef
fishes. Future studies seeking to examine the
relationship that coral reef fishes have with man-
grove habitat should account for the relation-
ships found here.
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