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Abstract While considering important juvenile fish habitats
individually, both seagrass and saltmarsh are often highly
connected with other subtidal and intertidal habitats. As a
result, juvenile fishes and crustaceans may utilize multiple
habitats across tidal, diel, or seasonal cycles in a manner that
makes interhabitat proximity an important driver of fish dis-
tribution and community composition. In this context, we
examined the importance of seagrass (Zostera marina and
Halodule wrightii) and saltmarsh (Spartina alterniflora) hab-
itat characteristics in driving fish and crustacean catch rates
and community composition in a temperate, polyhaline-
euhaline, estuary. We found that habitats with highly connect-
ed seagrass and saltmarsh vegetation exhibited higher average
catch rates of many recreationally and commercially valuable
fish and crustacean species, as well as overall nekton catch
rates and Shannon diversity (H), than habitats composed of
either seagrass or saltmarsh habitat alone. Nekton-habitat
associations varied temporally, showing strong seasonal
trends which were potentially indicative of temporal shifts in
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relative habitat value. Catch rates of numerous recreationally
and commercially targeted species were correlated with patch-
scale variables, particularly seagrass canopy height, water
temperature, and depth; however, regression analysis indicat-
ed that habitat type was more powerful in predicting overall
nekton catch rates and Shannon diversity (H). We conclude
that emergent properties (i.e., those operating at 10-100s m)
are important drivers of nekton distributions among and with-
in habitats. Considering the spatial and temporal scales at
which humans are encroaching on estuarine ecosystems, our
findings highlight the need for investigating organism-habitat
associations at expanded spatial scales, as well as the need to
adopt fishery and coastal management plans that consider
habitat characteristics at multiple spatial scales to account for
interhabitat connectivity.

Keywords Seagrass fish - Saltmarsh - Ecotones -
Community patterns - Assemblage patterns

Introduction

Estuarine landscapes are generally composed of spatially het-
erogeneous but functionally connected habitat types. The
abundance and distribution of organisms within a given hab-
itat are thought to be inextricably linked to habitat structure at
multiple spatial scales (Wiens 1989; Bell et al. 1991; Levin
1992). At small spatial scales (<10 m?), numerous studies
have demonstrated the effects of within-patch habitat structur-
al complexity, such as seagrass shoot density, epiphytic algal
cover, and canopy height, on catch rates of marine organisms
inhabiting these habitats (Orth and Heck 1980; Bell and
Westoby 1986a; Worthington et al. 1991; Irlandi 1994). For
example, Hovel et al. (2002) found that seagrass shoot bio-
mass and relative wave exposure were the environmental
factors exerting the greatest influence on invertebrate densities
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within seagrass beds in a temperate estuary. At broader scales,
landscape ecology—functionally defined as the relationship
between ecological function and spatial patterns—has re-
ceived increased attention as scientists and managers have
recognized the importance of environmental variables at ex-
panded spatial scales on organism-habitat associations (Hovel
et al. 2002; Grober-Dunsmore et al. 2004; Tanner 2006;
Dorenbosch et al. 2007). As our understanding of the capacity
for human activities to fragment, degrade, or destroy marine
habitats increases, it seems likely that understanding the in-
fluence of processes at broad spatial scales will become more
germane to future fishery management and conservation
efforts.

Investigating organism-habitat associations at multiple spa-
tial scales is crucial for ecosystem-based management plans
given that multiscale approaches are likely necessary to ade-
quately develop holistic understanding of fishery species’
niches (Sandel and Smith 2009, but see Chittaro 2004;
Yeager et al. 2011). Studies focusing on landscape-scale pro-
cesses have demonstrated the important role of habitat hetero-
geneity across 10-100 s of meters in maintaining species
diversity and augmenting species abundance through modifi-
cation of predator-prey interactions and impacts on growth
rates as a result of different bioenergetic benefit-cost ratios
associated with resource acquisition (Parrish 1989; Danielson
1991; Irlandi et al. 1995). For instance, fishes moving between
mangrove and adjacent seagrass habitat will incur lower pre-
dation and smaller energetic expenditure than fishes moving
across unstructured benthic habitat separating mangrove for-
ests and seagrass meadows (Sheaves 2005). Indeed, studies in
both terrestrial and marine environments have underscored the
influence of habitat adjacency and configuration on commu-
nity composition and organism movement (Belisle and
Desrochers 2002; Robertson and Radford 2009; Ryan et al.
2012). Consequently, species distributions are often funda-
mentally different as a result of habitat context. As such,
resource management would benefit from a more comprehen-
sive understanding of how species abundance and nekton
assemblage structure are impacted by the composition and
configuration of habitat mosaics. To date, the significance of
landscape and habitat-scale factors in structuring fish assem-
blages has been well documented in tropical ecosystems
(Nagelkerken et al. 2002; Dorenbosch et al. 2004; Mumby
2006; Grober-Dunsmore et al. 2007, 2009), but less is known
about how factors at broader scales influence faunal assem-
blages in temperate estuarine systems (but see Hovel et al.
2002; Bostrom et al. 2006).

Seagrass meadows, saltmarshes, tidal creeks, mudflats, and
oyster reefs are the dominant shallow water benthic habitats in
temperature estuaries. Structurally complex estuarine habitats
are generally recognized as important for many of the world’s
valuable fishery species largely because of their potential to
increase the survival and growth of fishes and crustaceans

during vulnerable early life stages compared to unstructured
bottom (Boesch and Turner 1984; Heck and Thoman 1984;
Hemminga and Duarte 2000; Beck et al. 2001; Stunz et al.
2001; Minello et al. 2003), although these effects are likely
species dependent and spatially variable (Phelan et al. 2000;
Elliott and Hemingway 2008). Factors at multiple spatial
scales; however, mediate the value of benthic habitats as
nurseries for estuarine-dependent fishes. At both patch and
landscape scales, factors such as prey availability, foraging
efficiency, and refuge from predators can vary widely accord-
ing to species morphology and life history characteristics
(Heck and Thoman 1984; Werner and Gilliam 1984; Levin
1994; Camp et al. 2011; Froeschke and Stunz 2012; Tait and
Hovel 2012). For instance, Yeager et al. (2011) found that in
subtropical systems, amount of seagrass at both patch and
landscape scales was positively correlated with fish abun-
dance within restored patch reefs; however, amount of
seagrass at the landscape scale was the most important vari-
able influencing differences in fish abundance. As many of the
bottlenecks that are thought to regulate fish population size
occur during early life stages, it is particularly critical to
determine what constitutes high-value habitat for juveniles
of fishery-targeted species (Kennedy et al. 2008).

Seagrass and saltmarsh habitats are often highly connected
with each other or alternative estuarine habitats. As a result,
individuals or species may utilize multiple habitats across
tidal, diel, or seasonal cycles in a manner that makes habitat
connectivity an important driver of fish distributions and
community assemblages. Habitats that include ecotones, or
habitat transition zones, may have appreciably different eco-
logical processes and communities than interior habitat as
some species and life stages may rely on edge habitat while
others may preferentially utilize interior habitat (Yahner 1988;
Fagan et al. 1999). For instance, pinfish (Lagodon
rhomboides) were shown to be more than twice as abundant
in intertidal marshes with adjacent seagrass beds than marsh
adjacent to unvegetated bottom (Irlandi and Crawford 1997).
Similarly, the presence of seagrass between oyster reef and
saltmarsh habitat was shown to strongly influence macroin-
vertebrate abundance on oyster reefs due to seagrass acting as
a nighttime corridor for predatory blue crabs (Callinectes
sapidus) between marsh and reef patches (Micheli and
Peterson 1999). These findings highlight the role of habitat
composition and configuration in evaluating the functional
role of seagrass-saltmarsh habitats for fishes and crustaceans.

The main objective of the present study was to examine
how saltmarsh and seagrass habitat setting and abiotic char-
acteristics influence juvenile fish abundance and community
composition in a temperate estuary. A further purpose was to
investigate whether structuring factors at patch (i.e., seagrass
shoot density or canopy height and depth) or habitat scale (i.e.,
habitat composition and configuration at the 100 s m? scale)
had greater influence on fish abundance and community
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composition. Specifically, we asked the following questions
regarding habitat utilization in shallow water estuarine habi-
tats: (1) how do habitat composition and configuration affect
nekton community characteristics and catch rates of individual
nekton species, (2) what are the biotic (seagrass shoot density,
canopy height) and abiotic (temperature, salinity, depth) fac-
tors that correlate with the observed catch rates of key species
within and among habitats, and (3) are study-wide habitat
effects on species catch rates and community composition
temporally variable?

Methods

Study Area

We surveyed fish communities within two sites in Back and
Core Sounds, North Carolina, USA (Fig. 1). The first site,
Middle Marsh, was located within the Rachel Carson compo-
nent of the North Carolina National Estuarine Research
Reserve (RCNERR), in Back Sound near Beaufort Inlet
(Fig. 1). The second site, henceforth referred to as Core

Pamlico Sound

/ Atlantic Ocean

Core Sound
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— )

Middle Marsh
(within Back Sound)

Sound, is approximately 10 km east of Middle Marsh in the
southern extent of Core Sound, a 35-km water body oriented
in a northeast-southwest direction (Fig. 1). Mean monthly
salinity levels were ca. 32-34 %o, and the tidal range was ca.
1 m at both of these sites. These locations were selected
because they represent a range of environmental conditions
(wave exposure and fetch direction, salinity, vegetation patch-
iness, etc.) and contained our target habitats with multiple
ecotone alternatives represented for seagrass and saltmarsh
areas. Within each site, expanding on the work by Irlandi
and Crawford (1997), we identified multiple habitat types:
(1) mudflat (MF), unvegetated sandy bottom absent of appre-
ciable shell or drift algae spatially isolated from any vegetated
habitat by greater than 200 m; (2) seagrass meadow (SG),
which were composed of eelgrass Zostera marina, shoal grass
Halodule wrightii, or of mixed composition, adjacent to
unvegetated bottom and separated from any saltmarsh habitat
by at least 200 m; (3) seagrass-saltmarsh interface (I) the
interface between fringing Spartina alternaflora saltmarsh
and an immediately adjacent seagrass meadow, consisting of
Z. marina, H. wrightii, or of mixed composition, and not
situated within a tidal creek; and (4) saltmarsh creek (SM),
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Fig. 1 Study locations (left graph): Middle Marsh (fop right graph),
located in Back Sound, and southern Core Sound (bottom right graph),
USA. Symbols indicate trawl locations, with filled triangles indicating
mudflat (MF), open triangles representing isolated seagrass meadows
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S. alternaflora bordered tidal creek with unvegetated sand or
mud bottom absent of appreciable shell or drift algae. At the
Core Sound site, we also sampled the following: (5) vegetated
saltmarsh creek (MX), S. alternaflora bordered tidal creek
with Z. marina, H. wrightii, or mixed seagrass composition
bottom. For both SM and MX habitats, creeks were approx-
imately 75 to 125 m wide, and sampling was conducted at
least 100 m from the creek mouth. For each habitat type, we
identified 3 replicate stations yielding 12 sampling stations (4
habitats x3 replicate stations) in Middle Marsh and 15 sam-
pling stations (5 habitats x 3 replicate stations) in Core Sound.

Sampling Methods

To determine the relative catch rates of fishes and decapod
crustaceans within and among habitats, we conducted month-
ly surveys during daylight hours between July and November
2010, May and November of 2011, and May and June of
2012. This corresponded with the periods when most winter
and spring spawned fishes inhabit shallow water estuarine
habitats. Organisms were collected in all habitats using a 5-
m otter trawl (15-m head rope, 2.0-cm body mesh, 0.6-cm cod
end mesh, 0.3x0.7-m doors) with a 4-seam balloon design,
with floating and lead lines but without a tickler chain. Otter
trawling permits sampling of large areas and was shown to be
an effective method of quantifying catch rates of both abun-
dant and rare fishes in North Carolina seagrass beds (Petrik
and Levin 2000). Owing to the reduced catch efficiency of
otter trawls over saltmarsh vegetation (Zimmerman et al.
1985), sampling in saltmarsh creeks (SM and MX habitats)
was conducted immediately adjacent to the edge of saltmarsh
vegetation. Furthermore, we attempted to mitigate gear per-
formance issues associated with erratic trawl flight by towing
at speeds shown to maintain trawl mouth diameter and contact
with bottom, as well as by visually monitoring the trawl
during tows for indications of erratic behavior (Wathne
1977; Gibbs and Matthews 1982). At each station during each
month, two trawls lasting 1.89+0.02 min (mean+1 SE) were
conducted behind a small (~7 m) research vessel at a speed of
3.33+0.02 km h™'. Sampling was conducted within 2 h of
high tide with typical water depths >1.25 m (range 0.5-3.5 m).
All organisms captured (Table 1) were enumerated and
weighed to the nearest 1 g and released. Any unidentified
specimens were euthanized by means of rapid cooling
(IACUC ID 10-133.0-B) and returned to the lab for meristic
identification by at least two technicians.

During each tow, we recorded salinity (%o), temperature
(°C), and depth (m) using a Brix handheld analog refractom-
eter, a Dwyer W-10 digital thermometer, and a sounding rod
marked in 0.25-m increments, respectively. Depth measure-
ments were taken at the inception of each tow and, due to the
absence of appreciable sills or slopes at tow locations, were
representative of the depth across the entire tow path. At each

Table1 Species that comprised greater than or equal to 0.01 % of overall
catch across all habitats listed in descending percent abundance (out of
139,633 total fishes captured)

Species name Common name % of total catch

Lagodon rhomboides Pinfish 81.98
Leiostomus xanthurus Spot 5.63
Orthopritis chrysoptera Pigfish 3.84
Farfantepenaeus spp. Penaeid shrimp 235
Gerridae spp. Mojarra 1.55
Callinectes sapidus Blue crab 0.97
Paralichthys spp. Flounder 0.86
Archosargus probatocephalus Sheepshead 041
Bairdiella chrysoura Silver perch 0.34
Stephanolepsis hispidus Planehead filefish 0.29
Dilpdus holbrooki Spottail pinfish 0.25
Tozeuma carolinense Arrow shrimp 0.16
Opsanus tau Opyster toadfish 0.16
Palaemonetes spp. Common shore shrimp  0.15
Anchoa spp. Anchovy 0.14
Fundulus spp. Killifish 0.12
Sygnathus spp. Pipefish 0.10
Moycteroperca microlepis Gag grouper 0.08
Symphurus spp. Tonguefish 0.06
Synodus foetens Inshore lizardfish 0.06
Lutjanus griseus Gray snapper 0.04
Chilomycterus schoepfi Striped burrfish 0.04
Chaetodipterus faber Spadefish 0.03
Libinia spp. Spider crab 0.03
Blenniidae Blenny 0.03
Sesarma reticulatum Marsh crab 0.03
Cynoscion nebulosus Speckled sea trout 0.02
Sciaenops ocellatus Red drum 0.02
Sphoeroides maculatus Norther puffer 0.02
Lutjanus synagris Lane snapper 0.02
Citharichthys macrops Spotted whiff 0.02
Lolliguncula brevis Brief squid 0.01

Dasyatis americana

Southern stingray

0.01

sampling station, mean seagrass shoot density was measured
in June, 2012 by averaging shoot counts from three randomly
placed 0.01-m* quadrats. Within the same quadrats, we also
measured the lengths (m) of up to 10 (if present) individual
seagrass plants to determine average canopy height. Habitat
characteristics and sampling effort are listed in Table 2.
Overall, 741 individual, 111+1-m-long tows were conducted
covering a total linear distance of 82,710 m.

Data Analyses

Catch data were standardized to catch-per-unit-effort (fishes
100 m towed ') and used for all subsequent analyses.

@ Springer
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Table 2 Biotic and abiotic environmental variables measured in each habitat during each tow

Mudflat (n=162) Seagrass (n=165)

Interface (n=164)

Mixed (n=81) Salt Marsh (n=169)

X(+1 SE) Min Max X(£1 SE) Min Max

%(+1 SE) Min Max

X(+1 SE) Min Max X(+1 SE) Min Max

Temperature (°C) 24.4(0.4) 134 314 23.7(04) 117 302

Salinity (%o) 32.8(0.3) 22.0 40.0 32.6(0.4) 243 41.0
Depth (m) 1400 05 35 1300 05 3.1
Halodule density 0.0 (0.0) 0.0 0.0 80.0(3.9)
(shoots
0.01 m?
Zostera density 0.0(0.0) 00 00 17.1(1.3) 1.0 525
(shoots
0.01 m?)
Canopy height 0.0(0.0) 00 00 165(03) 11.8 228
(cm)

23.7(04) 115 307
32.4(0.3) 23.0 40.0
1.1(00) 05 22
26.5 179.3 116.0(9.0) 0.0 3013 110.0(1.8) 865 121.8 213(3.0) 0.0 103.5

16.1(1.3) 00 508

30.1(1.6) 119 683

226(0.8) 9.7 311 232(0.5) 100 329
31.1(0.5) 21.0 38.0 31.8(03) 20.0 40.0
10(0.0) 05 15 13(0.1) 05 20

0.0(0.0) 00 00 000 00 00

192(02) 176 218 59(0.7) 0.0 210

n=total number of tows conducted in each habitat

Although the primary focus of our research was to examine
the influence of habitat and ecotone types on fish community
composition and species catch rates, we also considered
patch-level biotic factors, abiotic factors, site and temporal
factors our analyses to gauge the relative importance of factors
at multiple spatial scales on the abundance of fishes and
crustaceans. In our ensemble analysis, linear mixed effects
models were used to analyze the effect of categorical inde-
pendent variables on continuous response variables. More
specifically, this included the effect of habitat/ecotone (MF,
SG, I, MX, SM), site (Middle Marsh, Core Sound), and month
(May, June, July, August, September, October, November) on
overall catch rates, Shannon diversity index (H), and catch
rates of numerically dominant and economically important
species (e.g., catch rates of each fish species). We used R (R
Core Team 2011) and nlme (Pinheiro et al. 2007) to perform
linear mixed effects analyses for the relationship between
response variables and independent variables. For our analysis
of the effect of habitat type on catch rates and diversity, we
entered habitat and site measured over time as fixed effects.
Station was entered as a random effect nested within site. To
investigate the temporal variability of catch rates among hab-
itat types, habitat and month were entered as fixed effects, and
station was entered as a random effect. To address the poten-
tial biases associated with temporal autocorrelation in times
series data, our mixed effects models incorporated an auto-
correlation structure with a continuous time covariate, func-
tion corCAR1 (Box etal. 2013). Post hoc multiple comparison
analyses for fixed effects was conducted using the multcomp
procedure which conducts simultaneous tests and confidence
intervals for linear mixed effects models while mitigating
issues associated with multiplicity by employing exact multi-
variate ¢ distribution or asymptotic multivariate normal distri-
bution (Hothorn et al. 2008; Bretz et al. 2010). Regression
analyses were used to test for relationships between biotic
(mean Z. marina density, mean H. wrightii density, mean
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canopy height) or abiotic (salinity, depth, temperature) factors
and overall catch rates, Shannon diversity index (H), and catch
rates of numerically dominant and commercially or
recreationally targeted species. Analyses of the relationship
between catch rates and seagrass characteristics were limited
to the month of June 2012. Data were tested for normality with
Shapiro-Wilk test prior to regression analyses. Normally dis-
tributed data were analyzed using Pearson correlation, and
those that failed to meet the assumption of normality were
analyzed using Spearman’s rank order correlation.

We used regression tree analyses to evaluate which factors
were most powerful in determining overall nekton catch rates
and Shannon diversity index (H). Regression trees explain
variation of a single response variable using combinations of
explanatory variables to repeatedly split data into increasingly
homogenous groups and are increasingly being used as a
valuable tool for analyzing ecological data (De’ath and
Fabricius 2000; Sheaves 2006). In particular, regression trees
have been shown to be an effective method for predicting
species richness in shallow water seascapes (Pittman et al.
2007). Trees were grown using recursive partitioning, and
over fitted trees were pruned using k-fold cross-validation.
Cross-validation estimates the predicted error for trees of each
size, and the tree with the lowest cross-validation predicted
error is considered the optimal tree. Regression tree analyses
were of particular importance in determining the spatial scale
(and associated factors) which had the greatest effect on fish
catch rates and species richness patterns, i.e., do patch scale,
habitat scale, or regional scale (site) factors have the greatest
influence on assemblage characteristics? The regression tree
analyses for both total catch rates and Shannon index (run
separately) considered seven independent variables: year,
month, site (Middle Marsh or Core Sound), habitat, tempera-
ture, salinity, and depth. Temperature, salinity, and depth
measurements were incorporated as individual measurements
taken at the time of each tow. Separate regression tree analyses
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were conducted for June 2012 data catch data only that
included seagrass characteristic variables. All regression tree
analyses were run using R (R Core Team 2011) and rpart
(Therneau et al. 2010).

Results

A total of 139,663 fishes and decapod crustaceans
representing at least 71 species were captured during the
course of this study. Pinfish (Lagodon rhombiodes) were by
far the numerically dominant species, comprising 82 % of all
individuals captured. The ten most abundant species
accounted for greater than 98 % of our total catch (Table 2).
There was a significant interaction between month and habitat
on total fish catch rates (F4 7,5=7.48, P<0.0001). In the late
spring and early summer (May, June, July pooled among
years), all vegetated habitats had relatively high catch rates
of nekton; however, seagrass (SG) showed an increasing trend
in total catch rates while total catch rates in saltmarsh (SM)
habitat decreased significantly between May and June before
plateauing until the fall (Fig. 2). In late summer (August,
September), fish catch rates began to decline in MF, SG, and
I habitats, while catch rates in MX and SM habitats remained
relatively stable (Fig. 2). Fish catch rates were relatively low

across all habitats by October in both sampling years (Fig. 2).

Total catch rates were found to be significantly different
among habitats (£ 715=43.43, P<0.001, Fig. 3, Tables 3 and
5). All vegetated habitats had significantly higher fish catch
rates than mudflat sites by nearly an order of magnitude
(Fig. 3). Overall, fish catch rates were significantly higher at
I, MX, and SG habitats, with an average of 348.1, 276.2, and
202.4 fish 100 m towed ', respectively, than at SM and MF
habitats, which averaged 95.2 and 11.7 fish 100 m towedfl,
respectively (Fig. 3). Among the habitats of highest catch
rates, [ habitat stations had significantly higher fish catch rates
than SG habitat stations; however, neither was significantly

Fig. 2 Seasonality of overall 900 -
catch rate of fishes and 800 1
invertebrates during 2010-2012 ~
by habitat. Data are shown as T 700 1
means+1 standard error Eg
= 600 -
S 500+
6 400 -
2
£ 3001
g 200 1 T
1001 1
0 4

different from MX habitat stations (Fig. 3). There was also a
significant effect of habitat on mean Shannon diversity index
(H) (F4715=84.16, P<0.001, Table 5). Mean diversity (H)
was significantly higher at MX, I, and SG stations, with an
average of 0.73, 0.66 and 0.64, respectively, than that at SM
stations (Tukey’s HSD, P<0.05), which had an average
Shannon diversity index of 0.45. These results suggest that
habitats containing saltmarsh vegetation alone are character-
ized by lower diversity than habitats containing seagrass—
either isolated or connected to saltmarsh habitat. Average
Shannon diversity at MF sites was significantly lower than
all other habitats with an average value of 0.14 (Tukey’s HSD,
P<0.05).

Habitat type significantly influenced the catch rates of
many numerically dominant and economically valuable spe-
cies. Lane snapper catch rates were significantly higher at SG
stations than at any other habitat (F47,5=6.02, P<0.001,
Fig. 4h, Table 3), by greater than an order of magnitude.
Gag grouper catch rates were significantly higher at I habitat
stations, by 390 %, than any other habitat sampled (F4715=
14.86, P<0.001, Fig. 4i, Table 3). Penaeid shrimp, gray snap-
per, and speckled trout catch rates were all significantly
higher, by 240, 338, and 200 %, respectively, at MX stations
than at any other habitat type (Fig. 4b, g, k, Table 3).
Unvegetated saltmarsh creek (SM) and mudflat (MF) habitats
were not characterized by significantly higher catch rates of
any numerically dominant or economically important fish or
crustacean species.

As expected, overall catch rates varied significantly
throughout the year (F 736=45.48, P<0.001, Table 4), with
the highest catch rates in June, when fish catch rates were
2,071 % higher than catch rates in November, the month with
the lowest catch rates. Pinfish catch rates strongly tracked
overall monthly CPUE due to their numerical dominance,
but we noted appreciable seasonal variability among other
numerically dominant and economically valuable species
(Table 4, Fig. 4a). The highest catch rates of pigfish, spot,
penaeid shrimp, blue crab, gag grouper, sheepshead, and

OMF
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OMX
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i

dhi
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100, A nekton catch rate and Shannon diversity index (H) in June 2012

= (Table 6). Among numerically dominant and targeted species,
?:a == AB mean canopy height was the biotic factor which influences the
= 200 catch rates of the greatest number of species; blue crab, penaeid
g 250 B shrimp, pinfish, spot, gag grouper, pigfish, and flounder catch
& 200 rates were all positively correlated with mean canopy height in
é 150 June 2012 (Table 5). We found a significant, positive correlation
5 100 € between Z. marina shoot density and catch rates of pinfish,
o - pigfish, and flounders (Table 5). Only one species, pinfish,
ol Di ' exhibited a positive relationship between catch rates and

MF SG I MX SM H. wrightii shoot density (Table 5). Catch rates of spotted sea

Fig. 3 Average catch rate of fishes and invertebrates across habitats. MF
mudflat, SG seagrass meadow, / seagrass-saltmarsh interface. MX
saltmarsh creek with seagrass, SM saltmarsh creek without seagrass. Data
are shown as means+1 standard error

flounders (95 % gulf flounder Paralichthys albigutta based on
continuing analysis) were observed in late spring and early
summer (May, June, July) months (Table 4). Gray snapper,
lane snapper, spotted sea trout, and red drum catch rates were
highest in late summer and early fall (September, October,
November) months (Table 4). Average diversity (H) was also
significantly different among months, with the highest aver-
age diversity observed in July and the lowest average diversity
observed in November (£} 736=49.36, P=<0.0001, Table 4).
Despite seasonal patterns, habitat remained a consistently
important driver of catch rates across months.

Mean Z. marina density, H. wrightii density, and seagrass
canopy height were all positively correlated with both overall

trout, lane snapper, and gray snapper were too low in June 2012
to permit analysis of correlation with seagrass characteristics
(Table 6). Temperature was found to be positively correlated
with the catch rates of sheepshead, pinfish, spot, gag grouper,
pigfish, flounders, overall catch rates, and Shannon diversity
index and negatively correlated with catch rates of red drum
(Table 5). Salinity was correlated with catch rates of sheepshead,
pinfish, spot, pigfish, flounders, overall catch rates, and
Shannon diversity index, all of which tended to have higher
abundances in euhaline than polyhaline conditions. Blue crab,
penaeid shrimp, pinfish, pigfish, spot, gray snapper, lane snap-
per, flounders, and overall catch rates as well as Shannon
diversity index were negatively correlated with depth (Table 5).

Regression tree analyses were employed to determine the
relative importance of spatial (site, habitat), temporal (year,
month), and abiotic (depth, salinity, temperature) variables in
determining overall nekton catch rates and Shannon diversity
index (H). Regression tree analysis revealed that habitat type
was the most powerful factor influencing overall fish and

Table 3 Average number of fishes caught 100 m towed ' (+1 SE) for numerically dominant species, economically valuable species, and all species

pooled, as well as mean Shannon index value by habitat

Species Common name Habitat

Mudflat X(+1SE) Seagrass X(+1SE) Interface X(£1SE) Mixed X(£1SE) Salt marsh X(£1SE)

Lagodon rhomboides Pinfish 8.6 (2.3) 168.9 (41.7) 309 (33.2) 218.4 (28.2) 56.9 (8.1)
Leiostomus xanthurus Spot 1.2 (0.6) 8.0 (1.7) 83(3.1) 12.6 (2.7) 20.6 (4.2)
Orthopritis chrysoptera  Pigfish 0.3 (0.1) 15.6 (2.1) 10.0 (1.2) 5.5(L5) 1.9 (0.5)
Farfantepenaeus spp. Penaeid shrimp 0.0 (0.0) 0.6 (0.0) 4.1(0.7) 17.7 (4.3) 52 (1.7)
Callinectes sapidus Blue crab 0.2 (0.0) 1.3 (0.3) 2.4(0.5) 3.2(0.6) 2.3(0.5)
Paralichthys spp. Flounder 0.1 (0.0) 1.2 (0.1) 3.1(04) 2.9 (04) 0.9 (0.2)
Archosargus Sheepshead 0.1 (0.0) 0.4 (0.0) 1.2 (0.3) 2.6 (0.7) 0.4 (0.1)
probatocephalus
Moycteroperca microlepis Gag grouper 0.0 (0.0) 0.1 (0.0) 0.5 (0.1) 0.0 (0.0) 0.0 (0.0)
Lutjanus griseus Gray snapper 0.0 (0.0) 0.1 (0.0) 0.1 (0.0) 0.4 (0.1) 0.0 (0.0)
Lutjanus synagris Lane snapper 0.0 (0.0) 0.1 (0.1) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
Cynoscion nebulosus Speckled sea trout 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.2 (0.1) 0.1 (0.0)
Sciaenops ocellatus Red drum 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.2 (0.1) 0.1 (0.0)
Opverall fish abundance 11.7 3.2) 202.4 (16.3) 348.2 (34.6) 276.3 (32.2) 95 (11.6)
Shannon index 0.14 (0.02) 0.64 (0.03) 0.66 (0.03) 0.73 (0.04) 0.45 (0.03)
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Fig. 4 Average catch rate of numerically dominant and economically
valuable juvenile a sheepshead, b blue crab, ¢ spotted sea trout, d
flounder, epinfish, f spot, g gray snapper, h lane snapper, i gag grouper,
j penaeid shrimp, k pigfish, and 1 red drum among landscapes. MF
mudflat, SG seagrass meadow, / seagrass-saltmarsh interface. MX

crustacean catch rate, partitioning SG, I, and MX into one
node with significantly higher organism catch rates (275.3
fishes 100 m towed ') than the node containing MF and SM
(54.3 fishes 100 m towed ') (Fig. 5). Further partitioning of
the lower catch rate node revealed that habitat was again the
most powerful explanatory factor influencing overall catch
rates; SM habitat have significantly higher fish and crustacean
catch rates (95.2 fishes 100 m towed ') than MF habitat (11.7

saltmarsh creek with seagrass, SM saltmarsh creek without seagrass.
Colored bars are Middle Marsh sites, and open bars are Core Sound
sites. Data are shown as means+1 standard error. Different letters indicate
significant differences from linear mixed effects models (Tukey, P<0.01)
among habitats (with Middle Marsh and Core Sound data pooled)

fishes 100 m towed ') (Fig. 5). Regression tree analysis
revealed that habitat type was also the most powerful predictor
of Shannon diversity index. In contrast with overall catch rate
patterns, SM habitat was grouped with all other vegetated
habitats (mean H=0.60), and MF (mean H=0.14) occupied
anode by itself (Fig. 6). Within the lower diversity, MF node,
the most powerful splitting factor was year, with 2010 (mean
H=0.27) having significantly higher Shannon diversity than
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Fig. 4 (continued)

2011 or 2012 (mean H=0.07) (Fig. 6). Within the higher
diversity, vegetated habitat node, the most powerful splitting
factor was month, with May, June, July, August, and
September occupying a higher diversity (mean H=0.75) node,
and October and November occupying a lower diversity
(mean H=0.28) node.

Discussion

Regression tree analyses revealed that habitat type (with dis-
tinct ecotones) was an overarching factor influencing
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assemblages of fishes and crustaceans in our study region.
While seagrass and saltmarsh have commonly been investi-
gated separately as potential nursery habitats, the setting (i.e.,
interhabitat adjacency and configuration) of these habitats
affected the catch rates of several ecologically dominant or
economically valuable species. If these patterns correlate with
higher survival and ultimately greater fish productivity, con-
servation efforts that overlook the broader “landscape” con-
text within which a seagrass bed or saltmarsh is situated may
fail to maximize their efficacy as essential fish habitat.
Habitats composed of either seagrass (SG) or emergent
saltmarsh vegetation (SM) both exhibited higher catch rates
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Table 4 Average catch 100 m towed ' (1 SE) for numerically dominant species, economically valuable species, and pooled species by month
Species Common name May June July August September ~ October November

(n=81) (n=130) (n=103) (n=137) (n=68) (n=115)  (n=107)

X (x1SE) X (£1SE) X (xISE) X (£1SE) X (x1SE) X (£1SE) X (xISE)
Lagodon rhomboides Pinfish 127.1 (16.0) 265.5(39.5) 226.3 (25.6) 170.6 (20.7) 137.1 (22.5) 48.5(8.9) 8.1 (2.1)
Leiostomus xanthurus Spot 51.2(9.7)  93(1.8) 10.5 (2.6) 4.2(0.7) 3.8(0.7) 0.6(0.2) 02(0.1)
Orthopritis chrysoptera Pigfish 43 (1.7) 11.5 (1.8) 16.8 (2.7) 7.2 (1.0) 5.0 (1.0) 1.2(0.3)  0.0(0.0)
Farfantepenaeus sp. Penaeid shrimp 106 (3.2) 4.1(1.0) 7.1(3.2) 2.7(0.7) 6.5(2.0) 05(0.1) 09(0.2)
Callinectes sapidus Blue crab 4.6 (1.0) 2.2(0.6) 2.1(0.4) 1.2(0.2) 1.2(0.3) 05(0.1) 09(0.2)
Paralichthys spp. Flounder spp. 23(04) 2.7(04) 2.1(04) 1.3(0.2) 1.4 (0.3) 0.5(0.1) 0.6(0.1)
Archosargus probatocephalus Sheepshead 0.1 (0.0) 0.8 (0.2) 1.6 (0.5) 1.4 (04) 0.9 (0.2) 0.1 (0.0) 0.7(0.0)
Mycteroperca microlepis Gag grouper 0.0 (0.0) 0.2 (0.1) 0.3 (0.1) 0.2 (0.1) 0.0 (0.0) 0.0(0.0)  0.0(0.0)
Lutijanus griseus Gray snapper 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.1 (0.0) 0.3 (0.1) 02(0.1)  0.0(0.0)
Lutijanus synagris Lane snapper 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 02(0.1)  0.0(0.0)
Cynoscion nebulosus Speckled sea trout 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.2 (0.1) 0.1 (0.0) 0.0(0.0)
Sciaenops ocellatus Red drum 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.1(0.1) 0.1(0.1)
Opverall nekton abundance 205.3 (85.6) 302.0 (191.7) 275.1 (103.1) 197.9 (92.4) 167.6 (66.9) 57.8(30.4) 13.9(13.1)
Shannon index 0.68 (0.20) 0.54(0.17)  0.69(0.2) 0.64 (0.15) 0.53(0.14) 0.34(0.10) 0.13 (0.07)

Shannon diversity index (H) values are also reported as averages standardized to 100-m tows. n=total number of tows between 2010 and 2012

of fishes and crustaceans than unstructured bottoms (MF).
That said, ecotone habitats composed of abutting seagrass
and saltmarsh vegetation (I and MX) exhibited higher catch
rates of many fishery species than habitats that lacked
seagrass-saltmarsh boundaries. For instance, the presence of
seagrass within tidal creek (MX) sites was correlated with
significantly higher overall catch rates, diversity (H), and
catch rates of fishery-targeted species than that in marsh creek
sites without seagrass (SM). Notably, these results contrast

previous experimental studies that determined that complex
estuarine habitats such as seagrass, oyster reef, and saltmarsh
were functionally redundant as juvenile fish habitat. In partic-
ular, experimentally restored oyster reefs (<15 m?) placed
adjacent to vegetated habitats did not augment juvenile fish
catch rates over vegetated landscapes without reef habitats
(Grabowski et al. 2005; Geraldi et al. 2009). Our data, col-
lected within much larger habitat patches (>100 s m?), suggest
that structured estuarine habitats are not necessarily

Table 5 Results from analysis of variance on linear mixed effects models for numerically dominant and economically valuable species as well as overall

nekton abundance and Shannon diversity index (H)

Species Habit Site Habitx site
DF (num, den) F P DF (num, den) F p DF (num, den) F P

Archosargus probatocephalus 4,715 1224 <0.001 1,718 5.18 0.016 3,631 1.77 0.152
Callinectes sapidus 4,715 7.14  <0.001 1,718 5.85 0.016 3,631 1094  <0.001
Cynoscion nebulosus 4,715 9.65 <0.001 1,718 8.88 0.003 3,631 3.64 0.013
Farfantepenaeus spp. 4,715 1636  <0.001 1,718 1432  <0.001 3,631 7.03  <0.001
Lagadon rhomboides 4,715 40.73  <0.001 1,718 6.62 0.010 3,631 3.95 0.008
Leiostomus xanthurus 4715 7.85  <0.001 1,718 1.52 0218 3,631 12.82  <0.001
Lutjanus griseus 4,715 1026  <0.001 1,718 11.1 <0.001 3,631 0.63 0.593
L. synagris 4,715 6.02  <0.001 1,718 0.03 0.852 3,631 1.80 0.147
Mycteroperca microlepis 4,715 1486  <0.001 1,718 2.56 0.110 3,631 3.29 0.020
Orthopristic chrysoptera 4,715 2945  <0.001 1,718 3.87 0.050 3,631 822  <0.001
Paralichthys spp. 4,715 2846  <0.001 1,718 478 0.029 3,631 1.37 0.251
Sciaenops ocellatus 4,715 625  <0.001 1,718 7.14 0.008 3,631 4.80 0.003
Opverall nekton abundance 4,715 4343  <0.001 1,718 9.56 0.002 3,631 583  <0.001
Shannon index 4,715 84.16  <0.001 1,718 2324  <0.001 3,631 2136 <0.001

Degrees of freedom, /" value, and P value are reported for fixed effects
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Table 6 Results of Spearman’s rank order correlation (Spearman’s rho, p) on the relationship between biotic and abiotic factors and abundance of
numerically dominant and economically valuable fishes and crustaceans, overall nekton abundance, and Shannon diversity index (H)

Species Factor

X Zostera density X Halodule density X Canopy height Temperature Salinity Depth
Archosargus probatocephalus ns ns ns 0.266*** 0.114* ns
Callinectes sapidus ns ns 0.505%** ns ns —0.226***
Cynoscion nebulosus NA NA NA ns ns ns
Farfantepenaeus spp. ns ns 0.519%** ns ns —0.200%**
Lagadon rhomboides 0.443 %+ 0.453%%** 0.744%%*%* 0.323%%** 0.154%* —0.301%**
Leiostomus xanthurus ns ns 0.321* 0.255%** 0.177*** —0.280%**
Lutjanus griseus NA NA NA ns ns —0.140%**
L. synagris NA NA NA ns ns —0.148%**
Mycteroperca microlepis ns ns 0.470%** 0.166%** ns ns
Orthopristic chrysoptera 0.597*** ns 0.482%** 0.453%** 0.130% ns
Paralichthys spp. 0.313* ns 0.686*** 0.157*** 0.131* —0.141**
Sciaenops ocellatus ns ns ns —0.177*** ns ns
Overall nekton abundance 0.435%** 0.417%** 0.722%*%* 0.270%** 0.122% —0.310%**
Shannon index 0.486%** 0.303* 0.702%** 0.355%** 0.171%** —0.326%+**

Seagrass characteristic analyses were limited to June 2012 data
ns nonsignificant, NA insufficient data
*P<0.01, **P<0.001, ***P<0.0001

functionally redundant when adjacent to each other. Rather,
heterogeneous habitats with both seagrass and saltmarsh hab-
itat outperformed more homogeneous habitats (even those that
offer juvenile fish structure) as juvenile habitats. A potential
explanation for this difference among studies is that previous
oyster-reef restoration projects have occurred at patch scales
(10-15 m?), while our survey study considered habitat context
at much larger scales (100 s m?).

Although saltmarsh platforms are only accessible to fishes
during a portion of the tidal cycle, species accessing saltmarsh
habitat consume greater quantities of food and greater prey
diversity than species without access to saltmarsh habitat
(West and Zedler 2000; Hollingsworth and Connolly 2006).
Fishes must balance the benefit of additional prey resources
with refuge needs during saltmarsh emergence at low tide
when predation intensity is high in tidal creeks as a result of
concentration of predators and prey (Kneib 1984, 1987). As
such, in habitat with a seagrass and saltmarsh ecotone, organ-
isms may exploit the resources of both habitats without the
need to traverse bare subtidal substrate, where predation risk
may be elevated (Micheli and Peterson 1999). Hence, habitats
with proximate seagrass and saltmarsh vegetation may reduce
mortality and enhance growth for resident, mobile nekton
(Irlandi and Crawford 1997). At the population and assem-
blage levels, these fitness advantages could translate in to
elevated species catch rates as we observed in this study for
a diverse assemblage of ecologically and economically im-
portant species.

@ Springer

Our results suggest that local habitat-scale attributes or
processes may contribute to elevated catch rates of fishes
and crustaceans, Shannon diversity indices, and catch rates
of fishery target species in habitats with adjacent seagrass and
saltmarsh vegetation. Specifically, that ecotone type in similar
settings (i.e., saltmarsh-seagrass vs saltmarsh-sand within tidal
creeks) may influence species abundance, community struc-
ture, and productivity. In our study, marsh creeks with
seagrass (MX) had significantly higher catch rates of numer-
ous commercially and recreationally important fish and crus-
tacean species compared to marsh creek stations without
seagrass (SM). Additionally, we found significantly higher
total nekton catch rate and diversity in tidal creeks containing
seagrass, indicative of interhabitat synergies. At stations with
seagrass beds adjacent to fringing saltmarsh (I) total fish catch
rate and catch rates of flounder species, gag grouper and
pinfish were significantly greater than at isolated seagrass
bed stations (SG), but the inverse was true for lane snapper
and pigfish, a result potentially indicative of differences in
species-specific mortality, cross-habitat subsidies, or move-
ment at ecotones (Fagan et al. 1999).

Our work also demonstrates the potential for regulation of
fish-habitat linkages across multiple spatial scales. Among
vegetated habitats, for instance, stations with greater canopy
height tended to have significantly higher diversity, overall
fish catch rates, and higher catch rates of many economically
valuable fish and crustacean species. While it has been theo-
rized that increased canopy heights result in greater
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Fig.5 Regression tree for overall
fish and crustacean abundance.
Separate branches indicate
statistically significant differences
at P<0.05
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microhabitat and higher food availability (Connolly and
Butler 1996), previous empirical studies have not necessarily
supported this premise (Bell and Westoby 1986b; Connolly
1994). For the month, we sampled seagrass characteristics
(June 2012); our data suggests that canopy height was an
important factor influencing nekton catch rates, but further
work is needed to examine whether this effect is temporally
variable as well as the mechanism driving this positive rela-
tionship in our system. Seagrass shoot density influenced
catch rates of fewer species of interest than expected in our
study, as increasing structural complexity is generally ob-
served to positively correlate with species catch rates at small-
er spatial scales (Bell and Westoby 1986b), although we
recognize our tows integrated fish distributions over 100 s of
m?. We did note that Z. marina shoot counts in our surveys
were significantly positively correlated with catch rates of

pinfish, pigfish, and flounder which may benefit from reduced
predation and/or greater prey availability in more structurally
complex habitats. Other studies in North Carolina and the
Chesapeake Bay have also found that juvenile flounder occu-
py shallow water Z. marina beds, particularly during spring
and summer months when these habitats attract their prey
(Adams 19764, b; Lascara 1981). Pinfish catch rates were also
significantly positively correlated with H. wrightii shoot
density, and due to their numerical dominance likely resulted
in overall catch rate being correlated with increased shoot
density of both seagrass species. Stoner (1982) found that
pinfish consumption of amphipods was higher in H. wrightii
than other seagrass species. Furthermore, Crowder and
Cooper (1982) postulated that prey densities should be highest
at intermediate levels of habitat complexity where the balance
between opportunities to forage and refuge from predators is
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Fig. 6 Regression tree for Shannon Diversity Index (H). Separate branches within the tree indicate statistically significant differences at P<0.05

maximized. In this vein, it seems plausible that the Z. marina,
H. wrightii, and mixed composition seagrass beds we sampled
that were characterized by higher shoot density may have
provided greater feeding opportunities and refuge to pinfish,
while generally remaining below the vegetation biomass den-
sity threshold at which feeding rates are strongly negatively
impacted (Luczkovich 1988).

Over broad seasonal/regional scales, a majority of numer-
ically dominant and economically valuable species catch rates
were positively correlated with temperature. Whether these
temporal trends are directly influenced by temperature or are
the result of seagrass seasonality, availability of prey or some
other factor merits further investigation. As many of these
species (e.g., pinfish, spot, pigfish, flounder) are continental
shelf spawners with peak larval immigration into estuaries
during in the early months of the year (Taylor et al. 2009),
the positive correlation with temperature may reflect increased
catchability as individuals grew during the spring and summer
and before moving to deeper water habitats as waters cool in
the fall (Warlen and Burke 1990). Nearshore and estuarine
spawners, such as blue crabs and penaeid shrimp species,
exhibited higher catch rates earlier in the year than continental
shelf spawners (van Montfrans et al. 1995). Previous work has
shown that transformational stage snapper ingress much later
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in the year at Beaufort Inlet, between July and October,
peaking in September, matching our observations that snapper
catch rates peak in the early fall (Tzeng et al. 2003). Red drum
and spotted sea trout spawn near inlets to estuaries in the late
summer and early fall before dispersing to lower salinity
habitats, which also matches our findings that peak abun-
dances of these occur in the fall months, resulting in a signif-
icant negative correlation between red drum catch rates and
temperature (Stewart and Scharf 2008).

The negative correlation between depth and catch rates of
many numerically dominant or economically valuable spe-
cies, overall catch rates, and diversity may have been the result
of increased risk of predation in deeper areas (Ruiz et al. 1993;
Miltner et al. 1995). For example, mortality rates of tethered
daggerblade grass shrimp, killifish, and juvenile blue crabs
were significantly higher in the Chesapeake Bay estuary in
water depths over 70 cm, where large predators such as spot,
large blue crabs, and Atlantic croaker are more abundant (Ruiz
et al. 1993). It is plausible that reduced catch rates in deeper
waters may have been influenced by reduced gear efficiency
with increasing depth, but efforts were made to mitigate
factors associated with the erratic trawl characteristics respon-
sible for variability in towed net performance (see Methods
section).
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Although patch-level characteristics, particularly fine-scale
plant structure, were shown to be significantly correlated with
catch rates of numerous recreationally and commercially im-
portant species, regression tree analyses for June 2012 (not
shown) revealed that habitat type was a more powerful pre-
dictor of overall catch rates and diversity than factors at patch-
level scales. Over the course of our entire study, habitat type
proved to be a more powerful predictor of overall catch rate
and diversity than any abiotic factor or site differences
(Middle Marsh vs Core Sound), underscoring that habitat
scale effect persist across regional scales (>10 s of kilometers).
Considering the spatial and temporal scale at which human
encroachment on marine environments continues to take
place, future application of landscape ecology approaches to
investigate marine organism-habitat associations will likely be
critical for successful ecosystem-based management.

We acknowledge that our trawling methodology, like all
sampling approaches, is defined by potential biases that
should be accounted for in interpreting survey results. First,
our findings represent an assessment of nekton abundance
during the higher end of the tidal range during the daytime.
It is expected that community composition and species abun-
dances vary across tidal and diel cycles. Higher densities of
certain estuarine species have been observed in vegetated
habitats at low tide due to the aggregating effect of receding
waters; however, other nekton species may recede to adjacent
deeper channels resulting in lower abundances in shallow
water habitats, or in the case of intertidal areas, complete
absence of fishes at low tide (Hettler 1989; Blaber et al.
1995; Marshall and Elliott 1998; Morrison et al. 2002).
Similarly, studies comparing daytime and nighttime distribu-
tion of nekton have demonstrated that, in general, more spe-
cies or higher densities of nekton are caught at night than
during the day in seagrass habitats (Greening and Livingston
1982; Gray et al. 1998). Within species, larger individuals that
reside in deeper channels during the day will often move to
shallower habitats at night to feed on fishes and benthic
organisms (Gray et al. 1998). Among species, diel differences
in densities may result from species-specific habitat use deci-
sions based on weighing the benefits of increasing prey avail-
ability at night against increased likelihood of encounters with
piscivorous predators feeding in shallow water habitats
(Mattila et al. 1999; Guest et al. 2003; Hammerschlag and
Serafy 2010; Becker et al. 2011). For example, juvenile gray
snapper has been observed to leave mangrove forests and
bordering seagrass beds for deeper water habitats at sunset,
likely as a result of increased predation risk during nighttime
(Luo et al. 2009). Second, it is also likely that patterns of
species abundance and community composition across habi-
tats and ecotones were affected by the reduced effectiveness of
towed nets in structurally complex habitats, such as seagrass
and saltmarsh vegetation (Rozas and Minello 1997). If our
results were indeed influenced by reduced catch efficiency in

complex habitats, the findings of the study presented here
would represent conservative estimates of differences among
habitats in species abundances. Our observation that numer-
ous species were positively correlated with shoot density and
canopy height suggests that it is unlikely for reduced gear
efficiency in more complex habitats to have been a serious
limitation with our sampling approach. Third, we acknowl-
edge some larger or highly mobile individuals (e.g., sciaenids)
capable of cluding capture, as well as small cryptic species
(e.g., gobiids) occupying burrows or able to pass through the
trawl may have been undersampled. Due to these inherent
gear limitations, our data must be viewed as approximations
of species abundances across habitats.

Our findings highlight the importance of heterogeneity at
both patch and ecotone scales in structuring faunal communi-
ties in seagrass and saltmarsh habitat in temperate, high-
salinity estuarine waters. Additionally, they underscore the
need to consider marine habitats as mosaics of interconnected
habitats that interact dynamically as a function of their broader
context, rather than discreet entities, and may have critical
implications for management and conservation efforts, espe-
cially as managers begin to incorporate ecosystem-based ap-
proaches into fishery management plans and designation of
protected areas (Beck et al. 2001). That habitat type was a
more powerful predictor of juvenile species catch rate, total
catch rate, and diversity than patch-level characteristics sug-
gests that relative habitat value for juvenile fishes and crusta-
ceans is likely influenced by processes at the scale of 100 s of
meters and that greater focus on the mechanisms underlying
observed habitat effects is merited. We suggest that effective
coastal management requires consideration of the matrix of
neighboring habitats as well as ecotone characteristics in
habitat suitability on both overall community composition
as well as a species-by-species basis (Tanner 20006).
Central to the arguments surrounding the nursery role
hypothesis debate is whether elevated juvenile abundances
translate to increased production of adults, a methodolog-
ically difficult issue to address, but, until such a time as
fishery research can definitively answer this question, pri-
oritizing areas of high juvenile abundance for protection
and restoration seems a sensible approach (Beck et al.
2001; Fodrie and Levin 2008). Furthermore, as estuarine
habitats continue to be imperiled by human intervention,
there is a very real need for increased attention to how
species catch rates may be further impacted by habitat loss
and fragmentation (Lotze et al. 2006).
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