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ABSTRACT: Ecological patterns and processes are often scale-dependent. Understanding organisms’
perceptions of and responses to landscape heterogeneity and connectivity is essential for effective
conservation and management. We used multiple regression models with backward elimination to test
relationships between juvenile fish density and diversity, quantified visually by snorkelers, and site-
(100s m) and landscape-scale (1 km) habitat characteristics of mangroves in the Great White Heron
National Wildlife Refuge (GWHNWR) in the lower Florida Keys, USA. We compared site and land-
scape model performance using Akaike's information criterion (AIC) and adjusted R? values. Our
results demonstrate the following: (1) juvenile fish density in mangrove backreef habitats correlated
with landscape characteristics; (2) relationships between fish density and site or landscape character-
istics differed greatly among species; and (3) juvenile fish diversity was not strongly correlated to
either site or landscape characteristics. We therefore advise caution when (1) selecting fish species and
sites for experiments to test nursery habitat hypotheses given the scale- and species-specific relation-
ships between fish and mangrove habitats observed in the present study, and (2) implementing con-
servation strategies based upon habitat surrogates or quotas (e.g. protect 20 % of mangrove habitat to
conserve fish species) because landscape context might strongly, and uniquely, influence individual
fish species’ juvenile density. In light of our results, we argue in support of landscape analyses and
individual-based modeling as useful tools to prioritize conservation of backreef nursery habitats.
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INTRODUCTION

Understanding organisms' perceptions of and res-
ponses to landscape heterogeneity and connectivity is
essential for effective ecological conservation and
management (Doak & Mills 1994, Poiani et al. 2000,
Collinge 2001). The need for such understanding is
particularly urgent in marine environments given pre-
sent initiatives to identify and conserve nearshore
estuarine and marine ecosystems that serve as nursery
habitats (sensu Beck et al. 2001) for many marine fish
and invertebrate species. Nursery habitats support
higher density, productivity or survivorship of juvenile
stages than surrounding alternative habitat types or
simply offer greater connectivity to adult habitats and
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thereby support higher successful export of individuals
to adult habitat (Beck et al. 2001). Significant effort has
been applied towards clarifying the functional defini-
tion of nursery habitat and developing hypothesis-
driven criteria for delineating these sites (Beck et al.
2001). Empirical studies have shifted focus from simply
demonstrating the presence of fish or invertebrate ju-
veniles within nursery habitats to investigating the rel-
ative value of different nursery habitats (Dahlgren &
Eggleston 2001) and studying linkages between nurs-
ery and adult populations (Cocheret de la Moriniere et
al. 2002, Gillanders et al. 2003, Sheaves 2005). These
papers demonstrate that (1) better growth and survival
do occur in some nearshore habitats than in others, and
(2) adult fish density does sometimes correlate posi-
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tively with the neighboring presence (versus absence)
of presumed nursery habitat. These studies, however,
focus largely on microhabitat characteristics within
coarsely defined habitat types (e.g. mangroves, sea-
grass and estuaries) and do not explicitly consider the
effects of landscape composition, configuration and
connectivity on organism distribution and abundance
patterns among patches of the same habitat type.

There are scale-dependent ecological patterns and
processes that vary between terrestrial and marine
systems, as well as among species within marine sys-
tems. For example, terrestrial species—area relation-
ships predict greater species diversity in larger pat-
ches, whereas several marine studies have found that
smaller patches appear to attract more immigrants,
support higher survival rates, and have greater species
diversity than large patches (Eggleston et al. 1998,
1999, Hovel & Lipcius 2002). Species—area curves also
appear steeper for marine species than for their terres-
trial counterparts (Chittaro 2002). In a mangrove and
coral reef system in the Virgin Islands, Caribbean Sea,
with the exception of one unfished species of fish Ger-
res cinereus, there was generally no relationship be-
tween adult coral reef fish densities, the size of man-
grove nursery habitat, and proximity of mangrove
patches (Halpern 2004). Conversely, Mumby et al.
(2004) and Nagelkerken et al. (2002) found positive
and scale-dependent relationships between adult fish
population density and nursery habitat in other loca-
tions within the Caribbean Sea. Mangrove prop-roots
are an important backreef habitat for many species of
coral reef fish; however, there is a large degree of
uncertainty regarding the role of site versus landscape
characteristics on variation in reef fish distribution and
abundance patterns and diversity (see review by
Faunce & Serafy 2006). Adult population response to
nursery habitat patch size and isolation is a key com-
ponent of the nursery habitat definition, yet no consis-
tent pattern has emerged to identify the scale at which
patch size and isolation (or other landscape pattern
metrics) have the greatest influence on fish popula-
tions. This ambiguity may reflect the diverse spatial
scales of the published studies, the presence of spe-
cies-specific scaling of responses to landscape patterns
and geographic variation in species dependence on
nursery habitat.

The present study examined the relationships be-
tween juvenile fish population density and diversity
and mangrove habitat characteristics in the Florida
Keys, USA. Fish population density and diversity and
habitat features at 31 mangrove sites in the Great
White Heron National Wildlife Refuge (GWHNWR)
were previously quantified using visual surveys
(Eggleston et al. 2004a). These data revealed signifi-
cant variation in fish species diversity, overall fish pop-

ulation density, and population density of individual
fish species among mangrove stations (Eggleston et al.
2004a). They did not, however, find a relationship
between total fish population density or diversity and
site features (water depth, distance visible into man-
grove prop-roots, and mangrove canopy height). The
present study was initiated to determine if landscape
characteristics could explain observed variation in fish
species density and diversity among the mangrove sta-
tions sampled in Eggleston et al. (2004a). Our ap-
proach is novel in that, rather than focusing solely on
the ecology of the life stage found in mangrove habitat
and the characteristics of the immediate mangrove
microhabitats, we incorporated independent variables
that (1) reflected the highly mobile and complex life
history of each individual species, and (2) considered
both the site (measured in situ over 100s meters) and
landscape (measured remotely over 1 to 10s km) char-
acteristics of mangrove habitat patches.

We hypothesized that the relative nursery quality of
2 mangrove patches selected for study or conservation
might not simply reflect microhabitat characteristics at
a given site (e.g. water depth), but also regional land-
scape context, such as proximity to oceanic larval
sources for pelagic-spawned species or proportional
cover of seagrass in neighboring waters for species that
depend on this resource in earlier or later life stages.
We asked the following: (1) Is there evidence that land-
scape characteristics influence juvenile fish density and
diversity in mangrove patches; and (2) what is the rela-
tive weight of evidence for remotely-sensed landscape
measurements versus rapid in situ site measurements
as indicators of juvenile fish density and diversity? Our
purpose in asking these questions was not to debate the
importance of microhabitat characteristics on juvenile
fish growth and survival. Rather, we wanted to investi-
gate the potential for landscape data to inform our
assessments of nursery habitat quantity and quality,
especially in situations where mangrove patches may
be remote, inaccessible or under imminent threat.

MATERIALS AND METHODS

Study site. The GWHNWR is part of a network of
protected areas designed to conserve the ecological
and economic resources of the Florida Keys ecosystem.
The refuge, located on the north (Gulf of Mexico) side
of the lower Florida Keys, extends west of Marathon
Key from the middle of Seven Mile Bridge to the east-
ern end of Key West (Fig. 1). It was established in 1938
to protect migratory birds such as herons and egrets
from commercial exploitation. Neither commercial nor
recreational fishing is restricted within the park, ex-
cept within certain vessel exclusion zones near impor-



Drew & Eggleston: Juvenile fish and regional landscapes 235

Gulf of Mexico

Great White Heron NWR
Mangrove Survey Sites

Atlantic Ocean 202 46 8km 1
™ ™

A) Terrestrial Habitats B) Benthic Habitats

B Water Bl Land

I Mangrove swamp I Continuous seagrass
[ ] Scrub mangrove [ Patchy seagrass

[ ]Saltwater marsh [ ] Hardbottom

Il Non-tidal land [[] Unknown bottom

Fig. 1. Great White Heron National Wildlife Refuge (NWR) study area in Florida Keys, USA, showing mangrove survey sites as
light blue dots (1: Highway 1). Examples of the diverse (A) terrestrial and (B) benthic habitats within 1 km radius buffers are
shown for 4 stations
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tant colonial nesting sites (e.g. frigate birds Fregata
sp.). Most of the refuge area (~784 km?2, 99 %) is desig-
nated as intra- or subtidal wilderness marine habitat,
including mangroves, seagrass beds, hardbottom, ma-
croalgal beds, sand flats and coral reefs. The hydro-
graphy of the area is influenced both by the Gulf of
Mexico and the Florida Current, and species composi-
tion in the area likely reflects recruitment from both
water masses (Eggleston et al. 2004c).

Fish surveys and site habitat characteristics. In July
to August 2002 and August 2003, Eggleston et al.
(2004a) performed the first systematic survey of fish
and backreef habitats across a mosaic of 5 habitat types
within the GWHNWR. These surveys documented fish
density, diversity, and size structure, as well as habitat
characteristics, at 31 randomly selected mangrove
island sites. The survey methods had been developed
and tested in similar habitat elsewhere in the Florida
Keys (Eggleston & Dahlgren 2001, Eggleston et al.
2004b). Each island was surveyed once by multiple
divers simultaneously, as near as possible to a daytime
high tide, during 7 d bracketing the new moon in each
month. Such timing reduced the influence of season,
water depth (Sheridan & Hays 2003) and diel, or lunar
variation (Rooker & Dennis 1991), on fish counts. Water
visibility exceeded 10 m at all sites. GPS coordinates
were obtained as close to the mangrove fringe as pos-
sible, central to the total length of mangrove coastline
surveyed by all snorkelers.

At each island, 2 to 4 snorkelers performed non-
overlapping, 10 min visual surveys of fish populations
and habitat characteristics within and alongside the

mangrove prop-roots. The mean value of snorkelers’
observations was used in statistical analyses. Snorkel-
ers recorded individual fish by species and length to
the nearest centimeter (except large schools of baitfish,
which were estimated by 100s or 1000s), and then
fish counts were standardized by area searched (fish
per 100 m?). Snorkelers calculated their search area by
measuring the survey distance and estimating the
mean distance into the prop-root system through
which they could reliably count fish (typically 2 to 4 m,
hereafter referred to as 'distance visible into prop-
roots'). As prop-root density and fouling, not water
clarity, primarily limited the distance visible into prop-
roots at our survey sites, this distance measure also
provided an indication of relative habitat complexity.
Each snorkeler also recorded the water depth and
canopy height (an allometric substitute for prop-root
density, see Smith & Whelan 2006) within their section.
Of the 31 mangrove sites surveyed by Eggleston et al.
(2004a), 22 were defined as spatially independent
(sites separated by >1 km) at the 1 km regional scale
used in our landscape analyses and therefore served as
the sample units of the present study (Fig. 1).

Juvenile fish were identified based on maximum
length data (cm total length, TL) presented in the Life
History Data Tool in FishBase (Froese & Pauly 2000).
All fish less than one-third of the maximum length
were classified as juveniles; this method is reliable for
several Caribbean mangrove and seagrass fish species
(Nagelkerken & van der Velde 2002, 2004). Our den-
sity analyses (no. ind. per 100 m?) included only spe-
cies and families observed at 10 or more sites (Table 1).

Table 1. Great White Heron National Wildlife Refuge juvenile fish density and diversity data. Juvenile fish density values are pre-
sented for species or families present at 10 or more of 22 spatially independent mangrove sites (sites separated by at least 1 km).
Each species at each site was represented by one value: the mean density of juvenile fish per 100 m? based on fish counts by mul-
tiple divers simultaneously deployed for 10 min at each site. Species in some families were grouped due to the difficulty of dis-
tinguishing juveniles of these species. Juvenile fish diversity values reflect all observed species, rare and common, and represent
the mean from multiple surveys at each site. We report the average (Avg.), standard deviation (SD), minimum (Min.), and maxi-
mum (Max.) mean fish density and diversity. Note that mean fish density varies one or more orders of magnitude for all species
and the SDs around the mean density are very high. ACE: Athernidae, Clupeidea, Engraulidae complex

Juvenile fish Common name N Avg. SD Min. Max.
Density (ind. per 100 m?)

Atherinidae Silversides 15 1043.5 1420.7 68.8 4761.9
Ablennes hians Flat needlefish 10 6.8 9.4 0.3 31.1
Anisotremus virginicus Porkfish 10 4.8 3.2 0.7 10.0
Archosargus rhomboidalis Seabream 11 6.5 5.9 0.6 16.3
Engraulidae Anchovies 15 1646.3 2016.8 26.7 5677.8
Gerreidae Mojarras 20 27.7 43.2 0.4 158.5
Lutjanus apodus Schoolmaster 14 2.2 3.5 0.2 13.7
Lutjanus griseus Gray snapper 22 84.8 103.1 59 421.2
Sphyraena barracuda Great barracuda 21 1.9 1.7 0.3 7.2
Total fish density (excluding ACE species) 22 124.8 106.1 18.8 434.9
Diversity

Shannon evenness index 22 0.34 0.14 0.13 0.60
Rarefied species density 22 4.9 1.7 2.0 7.8
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The diversity analyses, Shannon's evenness index
(Washington 1984) and rarefied species density were
conducted using all observed juveniles. Rarefaction
facilitates comparison of the number of species among
samples with different numbers of individuals by stan-
dardizing against the sample with the fewest individu-
als (Sanders 1968, Gotelli & Colwell 2001). In our case,
where all counts of individuals had been standardized
to the area searched, we rarefied to a common den-
sity of individuals to match the lowest observed den-
sity among mangrove sites (no. species per 150 ind. per
100 m?).

Landscape characteristics. We tested the relation-
ships between juvenile fish density and diversity and
characteristics of 3 landscapes: benthic, bathymetric
and terrestrial. The Florida Keys Benthic Habitats
(FKBH) atlas (Florida Marine Research Institute 1998)
provided digital, shallow-water (<2 m) benthic cover
data for 6 habitat types: continuous seagrass, patchy
seagrass, patch reef, platform margin reef, hardbottom
and barren. Areas deeper than 2 m were classified as
ocean. Specific descriptions of each habitat type may
be found in the FKBH metadata files (Florida Marine
Research Institute 1998). This digital atlas also provided
bathymetric data, which identified the major channels
and the 10 m isobaths surrounding
the GWHNWR. The Florida Vegetation
and Land Cover (FVLC) atlas (Florida
Fish and Wildlife Conservation Com-
mission 2004) provided digital data
characterizing 17 natural (e.g. forested)
and semi-natural (e.g. golf course) ter-

addition, proportional cover of a given benthic (or ter-
restrial) habitat type was calculated both as the ratio
between the area of the habitat type of interest and
(1) the area of the entire 1 km radius buffer, and (2) the
buffer region's total benthic (or terrestrial) habitat area.
Finally, we measured the straight-line distance from
the mangrove station to both the Gulf of Mexico and At-
lantic Ocean 10 m isobaths, as well as to the nearest
major channel (Table 2).

Statistical analyses. We tested the appropriateness
of the data for assemblage-level statistics (e.g. ordina-
tion) and did not find the data compatible with these
methods. We therefore chose to proceed by testing
juvenile species—habitat correlations independently
for each species.

We employed a series of backwards elimination,
multiple regression models (SPSS 13.0; removal of in-
dependent variables at probability F = 0.10) to mea-
sure correlations between fish density and diversity
and mangrove habitat characteristics. The juvenile fish
density data were log transformed due to the high vari-
ation (several orders of magnitude) in density among
mangrove sites. The independent site and landscape
variables were square root, log or arcsine transformed
depending upon the shape of the raw data's distribu-

Table 2. Habitat data from 22 spatially independent mangrove sites (sites sepa-
rated by at least 1 km) within the Great White Heron National Wildlife Refuge.
Patch data were quantified during field surveys (Eggleston et al. 2004a), and
benthic, terrestrial, and bathymetric landscape data were taken from digital
maps (see ‘Materials and methods; Landscape characteristics’ for details)

restrial land cover types, 4 land cover

types indicative of human disturbance, Avg. Sb Min. Max.

and 1 water class. We extracted the data Mangrove patches

for mangrove swamp, scrub mangrove, Mean water depth (m) 1.5 0.9 0.5 3.8

salt marsh, tidal flat, high-impact urban Mean canopy height (m) 5.4 1.4 3.8 8.9
Mean distance visible into 29 1.3 0.8 6.6

and low-impact urban classes and then
combined all other vegetation and land
cover classes into a single category:
other non-tidal land. Specific descrip-
tions of terrestrial habitat types may be

. . Hardbottom area (m?) 6.29 x 10° 7.52x 10° 0.00  2.41x10°
found in the FVLC metadata files Bare area (m?) 2.80x 10* 9.32x10*  0.00  3.80 x 10°
(Florida Fish and Wildlife Conservation Shannon diversity index 0.88 0.25 0.42 1.26

Commission 2004).

In ArcView 3.2a GIS, we used Patch-
Grid Fragstats to calculate landscape
metrics for the area within a 1 km radius

) ) Marsh area (m?) 4.07x 10° 1.63x10° 0.00  7.70x 10*

of each site's central coordinates. We Number of mangrove patches ~ 0.82 3.42 0.00 16.00
calculated number of habitat types,
number of patches (sensu Watling & Bathymetric landscapes

. . . Distance to nearest major 1973 1499 100 5200
Donnelly 2006: discrete habitat unit sur- channel (m)
rounded by distinct habitat from which Distance to Gulf of Mexico (m) 1 673 6798 8200 34800
it is easily distinguishable), mean patch Distance to Atlantic Ocean (m) 21877 3941 12400 28000

size, and habitat diversity (Table 2). In

prop-roots (m)

Benthic landscapes
Total seagrass area (m?)
Continuous seagrass area (m?) 1.49 x 10° 8.98 x 10° 1.26 x 10> 2.77 x 105

Terrestrial landscapes
Island perimeter/area ratio 0.042 0.046 0.004 0.184
Swamp mangrove area (m?)

2.21x10° 6.96x 10° 6.49x 10> 3.11 x 10°

2.20 x 10° 2.72x 10° 2.83x 10° 9.93 x 10°
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tion (Legendre & Legendre 1998). Following transfor-
mation, data points greater than 2 standard deviations
from the mean were labeled as outliers and excluded
from the analyses to meet assumptions of normality
and homogeneity of variances associated with multiple
regression models (McCune & Grace 2002).

Each regression model included multiple site or
landscape independent variables and one dependent
variable (first with individual fish species' density, then
with total juvenile fish density and diversity indices).
Site models were always initiated with the 3 indepen-
dent variables that had been measured in situ: water
depth, mangrove canopy height, and distance visible
into prop-roots. The landscape models were parame-
terized based upon complete life history habitat re-
quirements (e.g. proportional cover of seagrass within
1 km was included for species known to inhabit or feed
within seagrass during at least one life stage). An ini-
tial selection of potential parameters was based upon
information from peer-reviewed literature, personal
communications, unpublished field observations, and
the FishBase database. Our regression models had low
sample size (from 9 to 22 sites) because meeting the
assumptions for parametric statistics required the re-
moval of spatially overlapping sites and sites with zero
counts of a given species, as well as the significant out-
lier sites. Given our low sample size, we were cautious
not to overfit the models by including too many inde-
pendent variables in the models (Legendre & Legen-
dre 1998). In some cases 2 or more independent vari-
ables deemed important were autocorrelated, such
that only one could be included in a given model.

Akaike's information criterion (AIC) (Akaike 1973,
Burnham & Anderson 2002) can be used to calculate
the relative weight of evidence for individual models
within a set of competing models while accounting for
differences in the number of model parameters. We
used a procedure to adjust AIC values for small sample
size (AICc) (Burnham & Anderson 2002) and then cal-
culated the AIC weights to identify the best-fitting
landscape model for a given dependent variable and to
compare the best-fitting site and landscape models.
We also reported each model's adjusted R? value to
indicate the strength of the species—habitat correla-
tions.

RESULTS

Of the greater than 280 000 fish representing 45 spe-
cies in 25 families observed in the GWHNWR man-
groves, just over 200000 fish of 37 species in 20 fami-
lies were identified as juveniles. Most of these juvenile
fish (97.2%) were from the families Atherinidae, Clu-
peidea, and Engraulidae (hereafter referred to as the

ACE complex), which swam in large schools along the
mangrove fringe of some islands. The next most abun-
dant species, Lutjanus griseus, accounted for 2% of
total juvenile fish sightings or 64.7 % of non-ACE com-
plex juvenile fish sightings. Other species accounting
for greater than 1% of the non-ACE juvenile species
sightings were: Eucinostomus melanopterus (14.1 %),
Archosargus rhomboidalis (3.1 %), Anisotremus virgi-
nicus (2.7 %), Gerres cinereus (2.6 %), Ablennes hians
(2.4 %), Sphyraena barracuda (2.3%), and Lutjanus
apodus (1.6 %). Many juvenile species were present at
only one mangrove site, and only 10 species or families
were present at 10 or more of the 22 sites included in
the present study.

Juvenile fishes and mangrove site characteristics

Juvenile fish population density among mangrove
sites demonstrated weak to moderate correlation with
the mangrove site characteristics water depth and dis-
tance visible into prop-roots (Table 3). The backwards
elimination, multiple linear regression models were
significant for 3 of the 9 juvenile fish species present at
a minimum of 10 survey sites. Water depth was the only
variable included in these reduced models, with the ex-
ception of the model for Lutjanus griseus, which in-
cluded both water depth and the distance visible into
prop-roots. Greater densities of juvenile Gerreidae and
L. griseus were found at shallower sites, while juvenile
Anisotremus virginicus density was positively associ-
ated with deeper water sites (Table 3). L. griseus juve-
nile densities were greatest at shallow mangrove sites
where prop-root fouling and complexity limited the dis-
tance visible into prop-roots. Based upon the adjusted
R? values, site characteristics measured in situ, when
significant, accounted for between 14.8% (L. griseus)
and 46.2 % (Gerreidae) of the observed variability in ju-
venile fish density. There was a weak negative relation-
ship (adjusted R? = 0.169) between the Shannon even-
ness index for juvenile fish and both canopy height and
water depth at mangrove sites in the GWHNWR.

Juvenile fish density and landscape characteristics

The landscape models provided the best fit to the
observed juvenile fish density data (higher AIC
weight) for 5 of the 9 species groups (Table 3: Atheri-
nidae, Engraulidae, Lutjanus griseus, Archosargus
rhomboidalis and Sphyraena barracuda). Based on ad-
justed R? values, landscape models explained 17.8 %
(Engraulidae) to 70.6% (A. rhomboidalis) of the ob-
served variability in juvenile fish density among sites
where these species were present. The reduced multi-
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Table 3. Results of multiple regression analyses to test the relationship between juvenile fish density and diversity and mangrove
patch- and landscape-scale habitat characteristics in Great White Heron National Wildlife Refuge. Patch independent variables
in the reduced regression models included: water depth (depth), canopy height (canopy), and distance visible into prop-roots
(visible). Landscape independent variables included: proportion of benthic habitat within 1 km radius covered with continuous
seagrass beds (cont. area), proportion of benthic habitat within 1 km radius covered with either patchy or continuous seagrass
beds (seag. area), benthic habitat Shannon diversity within 1 km radius (benthic SDI), mangrove island perimeter/area ratio
(island p/a), number of mangrove swamp patches within a 1 km radius (swamp no.), area of mangrove habitat within a 1 km
radius (mang. area), distance to the Atlantic 10 m isobath (Atlantic), distance to the Gulf of Mexico 10 m isobath (gulf), and dis-
tance to the nearest major channel (channel). Variables entered into the model then removed during each step of the regression
procedure are indicated by the notation: drop1, drop2, etc. See 'Materials and methods; Statistical analyses' for the criteria used
to identify the most parsimonious regression model. Significance of regression beta coefficients noted with asterisks (*** <0.001;

** <0.01, * <0.1). na: not applicable. AIC: Akaikes information criterion; ACE: Athernidae, Clupeidea, Engraulidae complex

Dependent variable Patch model N Adj.R? AIC weight Landscape model N Adj.R* AIC weight
Juvenile fish density
Atherinidae (silversides) No solution 15 na na Atlantic =-0.491* 15 0.303 0.645
Depth = drop1l Benthic SDI =-0.466*
Canopy = drop2 Island p/a = drop1
Visible = drop3
Ablennes hians (needlefish)  No solution 10 na na No solution 10 na na
Depth = drop1 Seag. area = dropl
Canopy = drop2 Atlantic = drop2
Visible = drop3 Swamp no. = drop3
Channel = drop4
Island p/a = drop5
Anisotremus virginicus Depth = 0.647* 10 0.347 0.673 No solution 10 na na
(porkfish) Visible = drop1 Gulf = drop1
Canopy = drop2 Island p/a = drop2
Channel = drop3
Hardbottom = drop4
Archosargus rhom- No solution 11  na na Cont. area = 0.545* 11  0.706 0.724
boidalis (seabream) Depth = drop1 Swamp no. = 0.625*
Canopy = drop2 Benthic SDI =-0.643*
Visible = drop3 Island p/a = drop1
Engraulidae (anchovies) No solution 15 na na Gulf = 0.487* 15 0.178 0.436
Canopy = drop1 Channel = drop1l
Visible = drop2 Mang. area = drop2
Depth = drop3 Benthic SDI = drop3
Gerreidae (mojarra) Depth =-0.700*** 20 0.462 0.615 Swamp no. =-0.570** 20 0.401 0.077
Visible = drop1 Channel =-0.323*
Canopy = drop2 Mang. area = drop1
Island p/a = drop2
Atlantic = drop3
Lutjanus apodus No solution 13  na na No solution 13 na na
(schoolmaster) Depth = drop1 Channel = drop1
Visible = drop2 Atlantic = drop2
Canopy = drop3 Swamp no. = drop3
Island p/a = drop4
Benthic SDI = drop5
Lutjanus griseus Depth =-0.392* 22 0.148 0.000 Gulf =-0.236* 22 0.560 0.309
(gray snapper) Visible =-0.495* Island p/a = 0.521***
Canopy = drop1 Channel = drop1l
Sphyraena barracuda No solution 20 na na Swamp no. =-0.460* 20 0.426 0.378
(great barracuda) Canopy = dropl Atlantic = 0.238
Visible = drop2 Mang. area = -0.307
Depth = drop3 Channel = drop1l
Benthic SDI = drop2
Total fish density Depth =-0.643** 22 0.298 0.019 Mang. area =-0.694*** 22  0.481 0.291
(excluding ACE) Visible =-0.455"* Cont. area = drop1l
Canopy = dropl Atlantic = drop2
Juvenile fish diversity
Shannon evenness index Canopy =-0.503* 22 0.169 0.313 No solution 22 na na
Depth =-0.293 Swamp no. = dropl
Visible = drop1 Island p/a = drop2
Channel = drop3
Atlantic = drop4
Rarefied species density No solution 22  na na Seag. area =0.365* 22  0.220 0.350
Canopy = dropl Channel = 0.291
Depth = drop2 Atlantic = 0.238
Visible = drop3 Island p/a = drop1
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ple regression model solutions were unique for each
species. For example, Atherinid juvenile density was
greatest along the margins of islands distant from the
Atlantic Ocean 10 m isobath and surrounded by low-
diversity benthic habitat (likely barren habitat, since
there was no univariate relationship between juvenile
Atherinid density and either seagrass or hardbottom
cover). Juvenile Engraulid density showed a positive
relationship with the distance to the Gulf of Mexico
10 m isobath, while juvenile L. griseus occurred in
greater density with increasing distance from the Gulf
of Mexico and at islands with large perimeter area
ratios. A. rhomboidalis juvenile density was negatively
associated with benthic habitat diversity, as these fish
were more common at sites with extensive, continuous
seagrass beds surrounding clustered mangrove is-
lands. Finally, S. barracuda juveniles occurred in grea-
ter density near large, isolated mangrove islands,
nearer the Atlantic Ocean 10 m isobath.

Juvenile fish diversity and landscape characteristics

There was no statistical relationship between ju-
venile fish species’ Shannon evenness index and
landscape characteristics (Table 3). Rarefied species
density, however, was positively correlated to the pro-
portion of seagrass habitat within 1 km, accounting for
22.0% of the variability in species density.

DISCUSSION

Mangroves, often assumed to be important nursery
habitat for juvenile fishes of both commercial and eco-
logical importance in the Western Atlantic (Heald &
Odum 1970, Faunce & Serafy 2006), display high vari-
ability in juvenile fish density and diversity. In the
GWHNWR, fish survey data gave greater weight to
juvenile density regression models incorporating land-
scape characteristics than those that incorporated site-
averaged microhabitat characteristics. Patterns of juve-
nile fish diversity were only weakly related to site and
landscape characteristics. These results have important
implications for (1) the design and interpretation of ex-
periments that address the role of mangroves as nurs-
ery habitat, and (2) the development of habitat-based
fisheries management and conservation efforts.

The great variability in juvenile fish density among
mangrove sites in the refuge suggests that the value of
mangroves as nursery habitat for any given species
covers a continuous range from poor to excellent qual-
ity at multiple spatial scales. Yet, the spatial scale of
marine ecological experimental design is commonly
constrained by practical considerations and, particu-

larly in field experiments, by our human sensory per-
spective. Research of organism-habitat associations is
often scaled down to consider species microhabitat uti-
lization (1 to 10s meters: Eggleston 1995, Dahlgren &
Eggleston 2001, Laegdsgaard & Johnson 2001, Ellis &
Bell 2004, Darcy & Eggleston 2005), as these character-
istics are viewed as directly influencing recruitment,
growth and survival. For example, most studies inves-
tigating juvenile fish habitat selection and mortality in
mangrove habitat have focused on microhabitat fea-
tures such as water depth (Laegdsgaard & Johnson
2001, Cocheret de la Moriniére et al. 2004, Ellis & Bell
2004), light availability (Cocheret de la Moriniére et al.
2004, Ellis & Bell 2004), prop-root density or complex-
ity (Laegdsgaard & Johnson 2001, Cocheret de la Mori-
niere et al. 2004, Faunce et al. 2004), and prop-root
fouling (Laegdsgaard & Johnson 2001, Serafy et al.
2003, Cocheret de la Moriniere et al. 2004). While
these microhabitat features can influence the spatial
distribution of juvenile fish during daily foraging and
resting behaviors, it is unknown whether the impor-
tance of these features can be scaled up to explain or
predict patterns of fish population density among man-
grove islands. It is only known that there is great vari-
ability in mangrove habitat use among fish species
(Mullin 1995), and very few studies have considered
the spatial scaling of fish—-mangrove relationships (see
review by Faunce & Serafy 2006).

In the GWHNWR we considered 3 microhabitat
characteristics, but we documented these traits at the
slightly larger scale of a site average (10s to 100s m).
This scale represents the finest spatial grain at which
species—habitat associations could be defined via rapid
fish and fish habitat surveys for conservation and man-
agement purposes over a broad regional extent, such
as the Florida Keys. When we considered fish and
mangrove habitat data as site averages, juvenile fish
density of few species correlated with water depth
(Gerridae, Anisotremus virginicus and Lutjanus gri-
seus) or distance visible into prop-roots (L. griseus),
and none correlated with mangrove canopy height.
However, 2 species’ juvenile fish density exhibited
strong correlation (adjusted R? > 0.5) with landscape
characteristics, while another 2 species exhibited a
moderate (0.3 < adjusted R? < 0.5) correlation. Indeed,
most species' densities more strongly correlated with
landscape (5 of 9 species) than site (2 of 9 species)
characteristics. Although these correlations cannot be
directly interpreted as causation, they do allow us to
rephrase our initial questions as hypotheses for future
testing: (H,) landscape characteristics serve as useful
indicators of juvenile fish population and community
structure; and (H,) landscape metrics increase statisti-
cal models' ability to describe population and commu-
nity variability.
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Past research investigating the nursery role of man-
groves at large spatial scales has commonly compared
population density or abundance data within binary or
categorical habitat units, such as presence versus
absence of mangrove habitat (Nagelkerken et al. 2002,
Dorenbosch et al. 2004), or mangrove versus seagrass
or reef habitat (Chittaro et al. 2005). For organisms that
disperse broadly and experience one or more ontoge-
netic habitat shifts, however, landscape characteristics,
such as the relative abundance and connectivity of dif-
ferent habitat types at scales larger than the organ-
isms' daily movement patterns, may influence local
population density and diversity as strongly as site
characteristics (Rose 2000). If landscape context is im-
portant, than binary presence/absence style treatment
of mangroves would represent too coarse a scale (e.g.
all mangroves treated as homogeneous) to evaluate
their role as nursery habitat because it could inflate the
variability around the population response means by
potentially grouping mangroves that do play a nursery
role with those that do not. For example, although
numerical data are not published, great variability is
observed in Chittaro et al.'s (2005) figures for several
mangrove sites (and other habitat types). Experimental
evaluation of a given mangrove patch's role as nursery
habitat must take into account individual species ecol-
ogy and not group all mangrove habitat together as a
single class because (1) juvenile density is highly vari-
able among mangrove patches, (2) the spatial distribu-
tion of high and low juvenile density is unique for each
species, (3) some species exhibit density—landscape
correlations, and (4) the relationships between juvenile
fish density and landscapes are often significant only
as multivariate responses. Grouping all mangrove
habitat into a single class, particularly in cases where
only a small proportion of the mangroves may actually
serve as high-quality nursery habitat, could mask any
significant nursery effect in field observational or
experimental studies. Mangrove nursery studies have
been slow to recognize species—habitat relationships
as complex, multivariate and multi-scale. Yet, the few
studies to explicitly consider multi-scale data have pro-
vided valuable insights into the dual influence of initial
recruitment and behavior on fish distribution patterns
(e.g. Christensen et al. 2003, Kendall et al. 2003). Fur-
ther study of marine nursery habitats, conducted in
conjunction with research into the landscape ecology
of juvenile fish, should improve our ability to charac-
terize nursery habitat quality.

The same observations described above (e.g. highly
variable fish density and diversity, with each species’
response correlating with a unique suite of site and
landscape characteristics) have implications for marine
conservation and management. Research focused on
developing conservation strategies often treat all habi-

tat of a given type as homogeneous and are developed
to protect a fixed proportion of different habitat types.
For example, Leslie et al. (2003) recommended a ‘sim-
ulating annealing approach’' to marine reserve net-
work design based upon their analyses of the Florida
Keys using the same benthic habitat data and the same
spatial scale (1 km) that we employed in the present
study. Their approach builds reserve networks by
selecting individual habitat patches until a predefined
percentage of each habitat type is included, while min-
imizing reserve area and perimeter to facilitate com-
munity acceptance and logistic oversight of the reserve
(Leslie et al. 2003). While treating all mangroves as
equal may not be a problem if the majority of man-
groves are targeted for conservation, if only a small
percentage of the mangrove habitat is to be protected
(Leslie et al. 2003 consider 10 to 30 % habitat protec-
tion), then alternative research designs, all protecting
the same amount of mangrove habitat, could have very
different conservation benefits for different species.

A common conservation practice is to regionally pro-
tect a diverse range of habitat types (e.g. seagrass,
mangroves, and patch reefs over 10s to 100s km) as a
means to protect regional species diversity. We did not
find any association between benthic habitat diversity
(Shannon diversity index for benthic habitat within a
1 km radius) surrounding a mangrove site and juvenile
fish diversity within mangrove habitats of the refuge.
Instead, a high proportion of seagrass within the same
radius was associated with high rarefied species den-
sity. However if, as suggested by the present study, the
distribution of every species is unique in relation to
landscape characteristics, this conclusion adds another
dimension to our assessment of habitat diversity. In-
stead of simply accumulating patches of a given habitat
type, it would become important to select patches that
also represent the diversity of landscape characteristics.

Although the present study did not identify a single
or small suite of habitat characteristics that might serve
as an indicator or surrogate for aiding in reserve site
selection for all species, our research does support the
conclusion that mapped landscape characteristics can
provide useful insight into individual juvenile fish spe-
cies distribution and abundance patterns. Also, the
inclusion of simple metrics that accounted for unique
features of marine organisms' life histories (e.g. dis-
tance to Gulf of Mexico for species believed to spawn
in Gulf waters or distance from channels as potential
dispersal corridors) was important for several species.
That such mapped habitat data and simple life history
knowledge could be used to construct regression mod-
els explaining a significant proportion of variability in
juvenile fish population density is promising, in that
the technology for mapping benthic, terrestrial, and
hydrographic landscape features are increasingly ac-
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cessible and affordable. Several recent publications
have suggested alternate approaches to species con-
servation and management that could effectively uti-
lize these data in multi-species, multi-scale, organism-
based approaches (rather than simpler habitat
patch-based approaches) that seem advisable given
our results. For example, Rose (2000) argues for the im-
portance and feasibility of uncovering sources of vari-
ability in marine populations, and he describes several
successful examples of integrating individual-based
models, life history theory, and multidisciplinary stud-
ies into conservation planning. Fischer et al. (2004)
describe contour mapping (visually similar to topo-
graphic maps) as a means to intuitively represent habi-
tat quality at multiple, continuous scales. Contour
maps could make excellent use of multivariate regres-
sion models to map predicted species distribution to
(1) aid in the identification of potential population den-
sity or diversity hot spots for each species based on
multivariate criteria, (2) evaluate the relative benefits
of alternative reserve designs to each species and
(3) identify gradients in habitat quality that would aid
in the development of stratified sampling design.
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