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ABSTRACT: Species composition and abundance of nearshore submerged aquatic vegetation (SAV)
of Biscayne Bay, Florida, USA, are influenced by pulsed delivery of fresh water from canals that drain
the Everglades and adjacent urban and agricultural areas. In the present study, we evaluated
whether freshwater inflows were correlated with the spatial structure (e.g. patchiness, fragmenta-
tion, spatial heterogeneity) of SAV. SAV patches were delineated using aerial photographs and
object-based classification, and the SAV seascape structure was characterized at different spatial
scales (200 m to 1 km from shore) using landscape metrics. The area closest to shore (200 m buffer)
was identified as the area with the highest heterogeneity in SAV seascape structure; areas beyond
this buffer did not differ significantly in landscape metrics. Within the 200 m buffer, SAV seascapes
clustered into continuous SAV structures (CSS) and fragmented SAV structures (FSS). CSS had a
higher proportion of the benthos covered by larger SAV patches with simpler boundaries. FSS had a
higher density of smaller SAV patches with complex shapes and a lower proportion of the substrate
covered by SAV patches. Neither structure type was distributed randomly along the shoreline. CSS
were prevalent in areas with high and stable salinity. FSS were prevalent in areas influenced by
freshwater discharges where salinity is low and variable, highlighting how the pulsed release of fresh
water may adversely influence the structure of SAV seascapes, potentially resulting in fragmentation
of the benthic community. Thus, this seascape approach provides a tool to assess the influences and
effectiveness of the Everglades Restoration Project in Biscayne Bay.
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INTRODUCTION

Submerged aquatic vegetation (SAV) communities
provide key ecological services such as organic carbon
production and export, nutrient cycling, sediment sta-
bilization, enhanced biodiversity, and trophic transfers
to adjacent habitats in tropical and temperate regions
(Orth et al. 2006). Significant patterns of decline and
shifts in community structure have been documented
for these communities worldwide (Duarte 2002, Way-
cott et al. 2009). Among the main causes of this decline
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are chemical pollution, eutrophication, physical impacts,
and trophic-structure modifications (Duarte 2002, Orth
et al. 2006). Associated with declines in SAV biomass
are losses in the habitat value that these ecosystem
engineers provide as essential refuges and as sources
of nutrition to a large number of resident and transient
macrofaunal organisms (Costanza et al. 1997, Orth et
al. 2006).

Perturbations to SAV communities are most com-
monly quantified at fine spatial resolution by in situ
observations and descriptions of SAV shoot/ramet den-
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sity or percent cover (Waycott et al. 2009). Compara-
tively, methodologies that consider processes occur-
ring over larger spatial scales are rarely considered
(Robbins & Bell 1994, Kendall 2005, Mellin et al. 2009).
Nevertheless, large-scale spatial SAV habitat patterns
(e.g. habitat size, fragmentation, arrangement) can
influence ecological patterns and processes such as
faunal recruitment, dispersal, survivorship, and con-
nectivity (Pittman et al. 2004, 2007, Mellin et al. 2007,
Hovel & Regan 2008), highlighting the need to evalu-
ate the role of disturbances on the structuring of large-
scale SAV spatial patterns. Concepts and analytical
techniques developed in terrestrial landscape ecology
provide a framework that can be readily adapted to
assess large-scale SAV patterns and disturbance im-
pacts. A landscape generally refers to a heterogeneous
area composed of locally interacting ecosystems made
up of homogenous units called habitat patches (Grober-
Dunsmore et al. 2008). Adapting this term to marine
systems, a SAV seascape can be considered as a het-
erogeneous mosaic of SAV patch habitats across a
broad homogenous matrix (e.g. sand, mud, hard sub-
strate). Thus, approaches developed in landscape eco-
logy are ideal for quantifying spatial patterns of SAV
patches because of the natural tendency of these com-
munities to form variable-sized patches (Bostrom et al.
2006, Connolly & Hindell 2006). In the present study,
we utilized landscape metrics (referred to as spatial
pattern metrics hereafter) to quantify the composition
(e.g. diversity and abundance of patches) and configu-
ration (e.g. spatial arrangement, position, orientation,
size-frequency) of SAV patches across the seascape
within Biscayne Bay, Florida, USA, a shallow sub-
tropical lagoon that is heavily influenced by human
activities including water management (Lirman et
al. 2008a,b).

Tropical and subtropical marine ecosystems such as
coral reefs, mangroves, and SAV patches are ecologi-
cally interconnected through the movement of fish and
invertebrate species as well as inorganic and organic
nutrients (Parrish 1989, Beck et al. 2001, Beets et al.
2003, Nagelkerken & van der Velde 2004a,b, Orth et
al. 2006, Davis et al. 2009). Habitat composition and
configuration across the seascape are known to influ-
ence connectivity patterns among habitats (Pittman et
al. 2007), and several studies have shown that species
abundance and diversity are directly related to habitat
heterogeneity (Nagelkerken et al. 2001, Jelbart et al.
2007). A heterogeneous seascape may support high
species diversity by enhancing recruitment opportuni-
ties, providing a wide range of resource types (e.g.
food items, space use for attachment or shelter), and
influencing the outcome of biological interactions such
as competition, predation, and foraging behavior (Par-
rish 1989, Irlandi & Crawford 1997). Thus, impacts of

water quality on the structure of SAV communities
within the seascape can have significant cascading
effects on higher trophic levels.

Previous research in Biscayne Bay has shown that
abundance and species composition of SAV are directly
related to salinity patterns, with areas containing low
and highly variable salinity (i.e. adjacent to canals that
discharge fresh water into littoral areas) exhibiting
lower SAV species abundance and high variability in
percent cover within patches (Lirman et al. 2008a,b,
Lirman & Serafy 2008). While response patterns to
salinity have been documented at the within-patch
scale, it is expected that spatial pattern metrics such as
mean patch size, shape complexity, and patch density
will also capture spatial heterogeneity of SAV, as spe-
cies-specific responses may cascade to the seascape
level and translate into differences in the composition
(e.g. total area, percent cover by patch type) and con-
figuration (e.g. size, patch density, patch shape, patch
complexity) of the SAV seascape. In this study, we
evaluated, for the first time, the potential influence of
freshwater inflow on the structure of SAV communities
in a coastal subtropical lagoon with a landscape
approach commonly used to evaluate structural attrib-
utes of terrestrial landscapes. We hypothesized that
(1) SAV seascape structure would be significantly dif-
ferent in areas with distinct salinity patterns; (2) higher
SAV fragmentation would be observed in areas with
extreme salinity values and high salinity variability;
and (3) the influence of freshwater deliveries (and
salinity) on SAV spatial pattern metrics would be
concentrated on the habitats closest to shore where
salinity patterns are more dynamic.

MATERIALS AND METHODS

Study area. The study area for this project was
located in western Biscayne Bay, Florida, USA (Fig. 1).
Biscayne Bay is a shallow subtropical lagoon located
adjacent to the city of Miami and downstream of the
Florida Everglades system. The hydrology of the Ever-
glades has been severely modified over the last 100 yr
by the construction of a massive water management
system that has altered the quantity, quality, and deliv-
ery of fresh water into the coastal bays (Davis & Ogden
1994, Browder & Ogden 1999). Historical hydrologic
patterns that were dominated by sheetflow across the
landscape have been replaced by canals as the main
method of delivery of fresh water into the littoral habi-
tats of Biscayne Bay. Areas where pulsed canal dis-
charges take place experience drastic fluctuations in
salinity over short periods, especially in the wet season
(July to September) when water is released in pulses
into coastal bays, mostly for flood management.
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Black:Point

Fig. 1. (a) Study area in Florida, USA, with the delineation of the salinity zones, and the submerged aquatic vegetation (SAV) the-
matic map for (b) Zone 1 and (c) Zone 2. SAV dominant patches appear in green and SAV sparse patches in yellow. Thematic maps
are drawn to different scales

Salinity patterns in Biscayne Bay are controlled by
precipitation, freshwater runoff, canal flows, ground-
water, and tidal oceanic influx that create distinct spa-
tial and temporal patterns of salinity (Alleman 1995,
Wang et al. 2003, Lirman et al. 2008a,b; South Florida
Water Management District: www.sfwmd.gov/portal/
page/portal/pg_grp_sfwmd_watershed/biscayne_bay_

minimum375/tab744033?project=1303&ou=440). Habi-
tats with low and variable salinity are found along the
western margin due to the influence of canals as well
as overland and groundwater sources (Caccia & Boyer
2005, Stalker et al. 2009). The present study concen-
trated on nearshore habitats (<1 km from shore) bor-
dered by fringing mangrove habitats. The study region
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was divided into 2 major zones that encompassed a
total area of 38.9 km? (Fig. 1). Zone 1 (21.8 km?)
extended from Matheson Hammock to north of Black
Point, and Zone 2 (17.1 km?) extended from south of
Black Point to Turkey Point (Fig. 1). These zones were
delineated based on distinct salinity regimes as previ-
ously described by Caccia & Boyer (2005) and Lirman
et al. (2008a,b). Zone 1, an area with limited input of
fresh water from canal structures, is characterized by
higher and more stable salinity patterns. In contrast,
Zone 2 is significantly influenced by pulsed freshwater
inflows from canals that create a nearshore environ-
ment with low and highly variable salinity.

Nearshore benthic habitats of Biscayne Bay are dom-
inated by SAV communities composed of seagrasses and
macroalgae (Zieman et al. 1989, Lirman et al. 2008a).
These SAV communities, as well as the fringing man-
grove shorelines, provide habitat for a large number of
commercial and recreational fishery species such as pink
shrimp (Diaz 2001), gray snapper, hogfish, and spotted
seatrout (Serafy et al. 1997, 2003, Faunce et al. 2002).

Delineation of SAV patches and construction of the-
matic habitat maps. High-resolution (0.3 x 0.3 m pixel
size) aerial photographs taken in May 2005 and pro-
vided by the Florida Fish and Wildlife Conservation
Commission and Fish and Wildlife Research Institute
were used to delineate different classes of SAV patches.
The images were processed using ArcGIS v9.3 (ESRI)
and ENVI v4.5 (ITT Visual Information Solutions) as
follows: (1) the shoreline was delineated and digitized
with a vector line, followed by the creation of a 1 km
buffer, (2) the aerial photographs were re-sampled
from 0.3 m resolution to 1 m resolution to provide more
efficient processing and mapping results; and (3) the
1 km buffer and the re-sampled images were com-
bined to delimit the desired area of study (i.e. near-
shore SAV habitats).

An object-based supervised classification was per-
formed with the ENVI v4.5 Feature Extraction module
(ITT Visual Information Solutions: www.ittvis.com/
ProductServices/ENVI/Tutorials.aspx) to delineate and
classify SAV patches and to create a thematic SAV map.
The object-based image classification used here opti-
mized the delineation of exterior and internal (patch
internal discontinuities) SAV patch boundaries and
provided better discrimination between SAV classes
under varying water depth and image quality than
per-pixel based image classification methods. Since
objects (i.e. image segments with distinct homogenous
spatial, textural, and spectral characteristics) are used
instead of individual pixels, results do not have ‘salt
and pepper’ effects or erroneously classified pixels
across the image (Kelly & Tuxen 2009). Also, the seg-
mentation of the images into objects with distinct prop-
erties (e.g. tone, color contrast, texture, shape) helped

distinguish the borders between different classes.
The minimum patch size delineated by the Feature
Extraction procedure was 100 m?.

Due to the optical limitations of the aerial photo-
graphs used (e.g. high variance of sun glint and color
contrast, limited spectral information), the object-
based classification was limited to 2 SAV patch classes:
(1) SAV dominant (patches with >30% SAV cover);
and (2) SAV sparse (patches with <30% SAV cover).
This classification scheme (i.e. SAV sparse and SAV
dominant) was based on groupings of SAV samples
that were identified by adapting the approach de-
scribed by Mumby & Harbourne (1999). The benthic
data used for this classification were obtained from
field surveys conducted in March to May 2005 using
the Shallow Water Positioning System (SWaPS), a
boat-based platform that collects geo-tagged images of
the bottom (Lirman et al. 2008a). The high-resolution
(10 MP) images of the bottom collected by SWaPS were
analyzed on the computer screen to determine the per-
cent cover of each SAV taxon. The percent cover of the
different taxa from each site surveyed (n = 153 sites)
was examined in an agglomerative cluster analysis
based on a resemblance matrix of Bray-Curtis similari-
ties. Clusters with 50 % similarity were identified, and
used in a ‘similarity percentages’ (SIMPER) routine
in PRIMER v6 (Clarke & Warwick 2001), which de-
composes average Bray-Curtis dissimilarities between
all pairs of clusters. The SIMPER analysis identified
threshold cover values of 30% as the main feature
responsible for splitting sites into 2 robust groups (SAV
dominant and SAV sparse).

Although remote sensing by aerial photographs has
proven to be efficient and accurate in this study, aerial
photographs provide limited taxonomic resolution
for benthic classification. Thus, in this study, patches
composed of macroalgae were not distinguished from
patches of similar cover, but dominated by seagrasses.
The lack of taxonomic resolution restricts our results
and conclusions to broad categories (SAV sparse and
SAV dominant). The use of aerial images has also in-
creased the potential for omission (e.g. classes not
assigned in the thematic map, but identified in the
reference data) and commission errors (e.g. class as-
signed in the thematic map, but not in the reference
data) in our analyses. Overall, the SAV sparse class
was subject to high values of omission errors possibly
caused by the inability to distinguish spectrally barren
areas with organic sediments and high detritus cover
versus areas with sparse SAV. Therefore, some of the
barren areas with organic sediments and high detritus
cover were classified as SAV dominant. In addition,
commission errors could be caused by the similarity
of spectral features among barren areas, areas with
sparse SAV, and areas with high cover of drift algae.
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Drift algae tended to show optical characteristics simi-
lar to light-brown sediments and senescent SAV mate-
rial. Future studies with multispectral imagery would
be required for the documentation of taxa-specific pat-
terns in structural metrics and to limit the occurrence
of omission and commission errors.

Groundtruthing methods. A subset of the georefer-
enced benthic images obtained in 2005 was randomly
selected (100 images per zone) as groundtruth points
for the accuracy assessment of the classified thematic
map. The value of SAV cover estimated for each image
(values for macroalgae and seagrasses were added
together to obtain a single aggregate SAV value) was
compared to the value obtained for the same location
extracted from the classified map. Accuracy was cal-
culated as the proportion of images that matched
the SAV class extracted from the thematic map. Using
a confusion matrix, the SAV dominant class showed
higher user accuracy (81 % in Zone 1, 80 % in Zone 2)
than SAV sparse (47% in Zone 1, 55% in Zone 2).
Since the user accuracy is a measure of the reliability
of class in a thematic map, only the SAV dominant
class was considered for further statistical analyses
(e.g. spatial patterns of SAV seascape structures).

Multi-scale SAV seascape characterization. Follow-
ing the mapping process, a group of circular extraction
buffers was created around a set of 45 randomly

00 400 600 800 1000 m
(B .|

selected points along the shoreline of Zones 1 and 2
(Fig. 2a). These points served as the centers of the
extraction buffers used to clip and obtain the de-
lineated SAV patches within areas at increasing dis-
tances (i.e. scale) from shore. The buffers delineated
were analyzed to establish the spatial scale at which
the SAV seascape structures (described below) showed
the highest heterogeneity (i.e. differences in spatial
pattern metrics) within nearshore habitats (Fig. 2b).

The process of extracting the spatial pattern metrics
from each buffer was automated using ArcGIS Model-
Builder (www.esri.com). In total, 4 metrics were ex-
tracted to quantify the SAV seascape composition or
configuration at the class level (SAV dominant and
SAV sparse) based on metrics calculated with Patch
Analyst v4 and FRAGSTAT (McGarigal et al. 2002,
Rempel 2008). These spatial pattern metrics were per-
centage of the landscape occupied by a given class
(ZLAND), fractal dimension of patches (DLFD), mean
patch size (MPS), and patch density (PDENS; Table 1).
Mean patch size, shape complexity, and patch density
(number) have been used in landscape ecology studies
to assess the fragmentation dynamics of terrestrial
habitats (Trzcinski et al. 1999, Turner et al. 2001, Bote-
quilha et al. 2006).

In a preliminary analysis, 100 m extraction buffers
were used (100 m is the extension of the buffers used
as strata in the benthic surveys conducted by Lirman et
al. 2008b). The 2 buffers (100 and 200 m) closest to
shore were identified using an analysis of similarities
(ANOSIM) analysis as the buffers that differed signifi-
cantly from all other buffers. However, a pairwise test
indicated that the 100 and 200 m buffers did not differ

Fig. 2. Illustration of the multi-scale

SAV seascape approach. The multi-scale
> seascape seascape approach was composed of
(a) extraction buffers with radius from

structure 200 m to 1 km from shore used to ex-
tract the submerged aquatic vegetation
(SAV) seascape at different scales, and
(b) the characterization and definition
of SAV seascape structure within each
extraction buffer (i.e. scale) based on
spatial pattern metrics: proportion of
the landscape (ZLAND), mean patch
size (MPS), double log fractal dimen-
sion (DLFD; shape complexity), and

patch density (PDENS)
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Table 1. Spatial pattern metrics calculated based on McGarigal et al. (2002). There are 2 types of general categories: metrics that
calculate composition and metrics that calculate configuration. Within these categories, the metrics are classified based on
the aspect of the landscape pattern measured

Metric Code Category Aspect Description
Percentage of ZLAND Composition  Area/density Percentage of the total landscape made up of the

landscape corresponding class
Double log fractal DLFD  Configuration Shape Measure of patch perimeter complexity

dimension Values range from 1 (simple form) to 2 (more complex form)
Mean patch size MPS Configuration Area/density Average size of a particular class

Units: ha

Patch density PDENS Configuration Area/density Number of patches of a certain class divided by the total

landscape area

Units: patches ha™!

from each other. Based on this, a 200 m radial incre-
ment was chosen for all further analyses. Thus, the
radius of the extracting buffers around each site
increased from 200 m to 1 km at increments of 200 m.
Therefore, each sampling site (n = 45 sites) had 5
buffers, yielding a total of 225 extraction buffers.
Statistical analyses. All descriptive statistics were
generated with SPSS v17.0. The spatial pattern metrics
were logo(x + 1) transformed. Multivariate tests were
run with PRIMER v6 (Clarke & Warwick 2001) to ana-
lyze for differences in the SAV seascape structures
among buffers and zones. To test differences in SAV
seascape structures between treatments (i.e. buffers,
zones) a 1-way ANOSIM was performed on the Euclid-
ean distance similarity matrix of the spatial pattern
metrics (Clarke & Warwick 2001). The scale (i.e. buffer
extension) with distinct SAV seascape structures was
identified using the 1-way ANOSIM pairwise tests,
and a combination of a simple agglomerative hierar-
chical clustering (CLUSTER, PRIMER) and non-metric
multidimensional scaling (MDS) plots with buffer size
as the main treatment (Clarke & Gorley 2006). These
tests were used to identify the buffer extension in
which spatial pattern metrics were significantly dis-
similar from the rest of the buffer extensions consid-
ered. A subsequent cluster analysis of sites at the
selected scale was performed to identify groups with
distinct SAV seascape structures. A series of similarity
profile permutation tests (SIMPROF, PRIMER) were in-
corporated into the CLUSTER routine to identify statis-
tical differences among clusters (Clarke & Gorley 2006).

RESULTS
SAV spatial pattern metrics
In Zone 1, SAV dominant and SAV sparse classes

covered 68.9% (15.0 km?) and 30.7% (6.7 km?) of the
seascape, respectively (Fig. 1b). In Zone 2, the SAV

dominant class covered 66.0 % (11.3 km?) and the SAV
sparse class covered 33.8% (5.8 km?) of the seascape
(Fig. 1c). Based on the SAV dominant class, spatial pat-
tern metrics showed significant differences between
buffers, with some degree of overlap indicated by a
small global R value (ANOSIM test, R < 0.2, p < 0.001).
ANOSIM pairwise tests indicated that the 200 m buffer
was the spatial extent where significant dissimilarities
in spatial pattern metrics between buffers and zones
were observed (illustrated by MDS, CLUSTER,; Fig. 3).
Differences among buffers (Fig. 3) and zones (Fig. 3a)
disappeared when larger distances (and larger buffers)
were evaluated. Based on these results, the 200 m
buffer was selected for all subsequent analyses. The
45 sampling sites used to evaluate spatial pattern
metrics at the 200 m buffer scale clustered into 7
groups (CLUSTER; Fig. 4). Groups B and C, and
groups F and G were joined together based on their
similarities (Fig. 4).

Based on the value distributions of the ZLAND, MPS,
PDENS, and DLFD, the groups identified in the CLUS-
TER analysis were further classified into 2 distinct
classes (Fig. 5). The groups of sites identified in Fig. 4
were classified as either fragmented SAV seascape
(FSS) or continuous SAV seascape (CSS) structures.
Groups A, D, and E were classified as CSS, and groups
B and C, and F and G as FSS. The latter (B, C, F, and G)
had, on average, the lowest proportion of the seascape
dominated by SAV (low ZLAND values), and pre-
sented high densities of smaller SAV patches (higher
PDENS) with complex shapes and boundaries (higher
DLFD; Fig. 5). Sites with a CSS structure had a higher
portion of the seascape occupied by SAV dominant
patches (Fig. 5). The low patch density values and
high mean patch size values indicate that these groups
were characterized mainly by large, continuous SAV
patches with simple boundaries (i.e. less convoluted
boundaries). Differences in the spatial pattern metrics
between CSS and FSS groups were statistically signifi-
cant (1-way ANOVA, p < 0.01; Fig. 5).
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Fig. 3. Multi-dimensional scaling (MDS) plots of the mean
spatial pattern metrics in (a) Zones 1 and 2 by distance-to-
shore buffers, and (b) by buffers. The length of the dashed ar-
rows is proportional to the level of dissimilarity. Contours rep-
resent the highest resemblance level (Euclidean distance)
from a simple agglomerative hierarchical clustering. The
highest submerged aquatic vegetation seascape metrics dis-
similarity between buffers and zones occurred at the 200 m
buffer. Stress values represent the measure goodness of fit of
the MDS plot

Seascape structure and salinity patterns

To evaluate the relationship between seascape struc-
ture and salinity patterns, we explored (1) the distance
between the location of each site and the mouth of
freshwater canals; and (2) the mean salinity and salin-
ity variability (i.e. standard deviation) at each location
obtained from the Biscayne Bay Hydrodynamic model
(Wang et al. 2003) for the 2 yr prior (2004-2005) to the
field surveys conducted for this study.

The sites identified as CSS and FSS were not distrib-
uted randomly along the shoreline (Fig. 6a). The groups
classified as FSS (groups B, C, F, and G) were signifi-
cantly closer (i.e. shorter mean distance) to the mouth
of freshwater canals than the groups classified as CSS
(groups A, D, E; 1-way ANOVA, p < 0.05; Fig. 6d). A
higher proportion of the sites described as having FSS
(19 of 28) were located in areas with a higher concen-
tration of canals (6 canals discharge in Zone 2 com-
pared to only 2 in Zone 1). In contrast, groups with CSS
structures (11 of 17) were in areas with lower concen-

trations of canals (Fig. 6a,d). Moreover, the FSS groups
within Zone 1 were only found adjacent to the 2 canals
in this area.

Based on the output of the salinity model, the groups
classified as CSS had statistically higher mean salinity
and lower salinity variability compared to sites classi-
fied as FSS that had lower mean salinity and wider
salinity fluctuations (1-way ANOVA, p < 0.05; Fig. 6e,{).

DISCUSSION

Two classes of SAV patches, SAV dominant (>30 %
benthic cover) and SAV sparse (<30 % cover), were de-
lineated within the nearshore habitats of the study area
using object-based classification of aerial photographs.
Moreover, the multi-scale seascape approach used
here identified the 200 m buffer extension as the scale
at which SAV seascape characteristics differed among
sites. The clustering of SAV seascape characteristics
within this scale revealed 2 main SAV seascape struc-
tures: continuous SAV seascape (CSS) and fragmented
SAV seascape (FSS). FSS, defined here as habitats with
low SAV coverage, large numbers of small patches, and
higher patch shape complexity, were prevalent in areas
of Biscayne Bay where point sources of fresh water dis-
charged from water management canals create envi-
ronments with low and variable salinity. CSS were
found mainly in areas of the bay removed from canal-
based freshwater discharges. Thus, this study indicates
that water management practices that regulate fresh-
water discharges into littoral areas of coastal lagoons
may have structural impacts on the SAV seascape
structures within the area of influence of freshwater
pulses. This finding extends previous research that has
shown that SAV species' distributions and abundances
are highly influenced by their salinity tolerances (Mon-
tague & Ley 1993, Fourqurean et al. 2003, Lirman &
Cropper 2003, Lirman et al. 2008a,b, Herbert & Four-
qurean 2009). Moreover, these findings are consistent
with those reported by Bell et al. (1999, 2007), who
showed that losses in productivity and biomass are as-
sociated with the formation and persistence of frag-
mented areas and gaps within the SAV seascape.

Studies that have used remote sensing to assess SAV
spatial dynamics have often only considered SAV cov-
erage and change patterns over a single, broad scale
(Ferguson & Korfmacher 1997, Cole et al. 2002, Her-
nandez-Cruz et al. 2006, Dekker et al. 2007, Moore et
al. 2009), and have rarely applied landscape theory or
metrics (Bell et al. 2007). In landscape ecology, there is
a consensus that there is not a single, ‘best scale’ for
research and that overemphasis on either very small or
very large scales is not recommended (Kent 2005).
Thus, to have a robust understanding of spatial pat-
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Fig. 4. Clustering of sites based on seascape characteristics measured within the 200 m buffer. Clustering labels defined at the
Euclidean distance 2.5 (black horizontal dashed line). Dotted lines indicate where the SIMPROF test found no statistical evidence
of sub-structure within these groups

terns within landscapes, it is important to quantify
habitat spatial heterogeneity explicitly at multiple
scales (Levin 1992, Wu et al. 2002, Shen et al. 2004,
Kendrick et al. 2008). Factors and processes important
at 1 scale are frequently not important or predictive at
another scale, and information is often lost if spatial
data are not considered at multiple scales (Turner et al.
1989). When only the total aerial coverage of SAV
dominant patches was compared between the 2 zones
surveyed in Biscayne Bay, no significant differences
were detected. However, when a multi-scale approach
was used and spatial pattern metrics were evaluated at
increasing distances from shore and buffer sizes, the
200 m buffer was identified as the scale at which SAV
seascape characteristics differed significantly among
salinity zones. Thus, this study highlights the signifi-
cance for the monitoring of SAV spatial distribution to
incorporate multi-scale approaches to examine the
underlying driving processes of SAV spatial patterns.

Spatial pattern metrics are known to be spatially cor-
related and scale-dependent (Wu 2004), and are also
sensitive to changes of scale (Turner et al. 1989, 2001).
Accordingly, comparisons of spatial pattern metrics
quantified at different scales may reflect scale-related
errors or effects rather than true differences in land-
scape patterns (Turner et al. 2001). The spatial pattern
metrics selected in this study (i.e. percentage of land-
scape, fractal dimension, patch size, patch density) are
known to be robust and stable across multiple scales
(e.g. Saura & Martinez-Millan, 2001). Thus, the SAV
seascape patterns described for Biscayne Bay can be
considered a result of the distribution and spatial
arrangement of driving factors and not an artifact of
scaling effects.

Sublethal stressors known to influence the structure
of SAV seascapes may alter vital processes such as
photosynthesis, growth, and reproduction. The im-
pacts of these factors (e.g. nutrients, depth, light, and
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salinity zonation, space competition) are commonly
species-specific and are based on the physiological tol-
erances or requirements of species and assemblages
(Frederiksen et al. 2004, Bostrom et al. 2006, Bell et al.
2007). While SAV seascape characteristics and salinity
patterns are clearly spatially correlated in western Bis-
cayne Bay, the formation and persistence of gaps and
the shrinkage or removal of SAV patches can be poten-
tially associated with other driving variables such
as temperature, dissolved oxygen (DO), currents, and
nutrient availability. However, Lirman & Serafy (2008,
2009) showed that in the shallow environments of
nearshore Biscayne Bay, no differences in depth, light
penetration, temperature, and DO are found between

the 2 areas compared in this study in the dry season,
when the aerial imagery for this study was collected. A
lack of spatial patterns in DO, temperature, and turbid-
ity between the zones examined in this study was also
reported by Caccia & Boyer (2005). Sediment depth,
also known to influence the distribution and abun-
dance of seagrasses (Zieman et al. 1989), exceeded
25 cm throughout the study area (Lirman et al. 2003),
providing ranges suitable for seagrass meadow forma-
tion (Zieman 1972).

Nutrients in the water column were not measured
here, but previous studies have shown correlations
between freshwater and nutrient inputs into this
P-limited lagoon (Fourqurean & Robblee 1999, Four-
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qurean et al. 2003, Biber et al. 2004, Caccia & Boyer
2005, 2007). Thus, nutrient availability, together with
freshwater pulses, may play a synergistic role in deter-
mining SAV patch structure in the study area. Nutrient
loadings have been linked to direct and indirect nega-
tive effects on the productivity and spatial assem-
blages of SAV species (Orth et al. 2006, Waycott et al.
2009). For example, light availability can be reduced
by phytoplankton blooms and suspended organic mat-
ter associated with high nutrient loads (Fourqurean &
Robblee 1999, Duarte 2002, Fourqurean et al. 2003). In
addition, increased nutrients have been linked to high
epiphyte and drift algae biomass that can control sea-

grass biomass and distribution through light limitation
and competition for nutrients (Holmquist 1997, Biber et
al. 2004, van Tussenbroek et al. 2007). Until the sepa-
rate (and potentially synergistic) impacts of salinity
and nutrient availability on SAV seascape structure
have been experimentally determined, observed pat-
terns in Biscayne Bay cannot be causally linked to one
or the other factor.

Hydrodynamic forces have been suggested as poten-
tially more important structuring features in the SAV
seascape than other driving variables that control the
physiological responses of macrophytes (Bell et al.
1999). Factors such as tidal currents and wave expo-
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sure have been shown to directly influence SAV patch
size, shape, and distribution (Robbins & Bell 2000,
Bell et al. 2007). For example, Fonseca & Bell (1998)
reported that SAV seascape characteristics such as
percent cover and seagrass bed perimeter-to-area ratio
declined with increasing mechanical disturbance pro-
duced by waves and tidal currents. Frederiksen et al.
(2004) found that Zostera marina formed continuous
meadows only in sheltered areas. Acute disturbances
such as storms have also been found to be dominant
factors structuring and maintaining seascape hetero-
geneity, and transitions between vegetated and barren
areas (Ramage & Schiel 1999, Robbins & Bell 2000).
Hydrodynamic forcing is clearly a key structuring fac-
tor on SAV seascapes, but there is a low likelihood that
mechanical disturbances are a major driver within our
study area, especially at the 200 m scale (buffer with
highest heterogeneity in SAV seascape structure). The
zones surveyed here are of shallow and fairly uniform
depth and are sheltered by a mangrove coastline.
Finally, while storms and hurricanes have impacted
the study area historically (Manzello et al. 2007), the
short distance separating the 2 areas assessed is clearly
smaller than the area of influence of any single storm.
Even if the role of mechanical factors as a structuring
force at the scale of our study is likely minor, the char-
acteristics of the SAV patches may indeed influence
the susceptibility of the SAV seascape to future storm
events. Previous studies have identified a critical patch
size (<25 m? for patches of the temperate seagrasses
Zostera spp.) beyond which the likelihood of patch
mortality decreases significantly (Olesen & Sand-
Jensen 1994, Ramage & Schiel 1999, Kendrick et al.
2005). Thus, continuous SAV seascapes may be more
resistant and resilient to physical disturbances than
fragmented SAV seascapes since the homogeneous
root-rhizome matrix stabilizes the sediment and less
patch edge is exposed to damage from waves or cur-
rents (Ramage & Schiel 1999, Frederiksen et al. 2004).
Large patches have higher potential for resource accu-
mulation to support patch growth (Kendrick et al.
2005), and the high mortality associated with small
SAV patches could be linked to lack of mutual protec-
tion and firm anchorage leading to higher susceptibil-
ity to physical disturbances and nutrient stress (Duarte
et al. 2007). Within this context, future changes in
salinity patterns caused by restoration may have long-
term negative impacts in terms of SAV patch persis-
tence if further seascape fragmentation takes place.
While the focus of the present study was the spatial
and structural characteristics of SAV seascapes and
spatial correlations with salinity patterns, the potential
for these impacts to propagate up the food chain and
affect higher trophic levels deserves further considera-
tion. The use of SAV habitat patches as transient and

permanent habitat by fish and invertebrates highlights
the need to better understand how the value of ecolog-
ical services provided by SAV habitats may change
with modification on the SAV seascape structure. Bis-
cayne Bay has one of the longest and most detailed
records of mangrove fish communities (Serafy et al.
2003, Faunce & Serafy 2006), providing a unique
opportunity to assess how distinct SAV seascape pat-
terns influence the abundance and diversity of fish
communities, and the connectivity and synergistic
functions of multiple critical habitats in heterogeneous
seascape. In the near future, this spatially explicit fish
dataset will be related to the SAV seascape patterns
recorded in this study to ascertain the role of seascape
structure on fish habitat utilization patterns.

In summary, using a multi-scale seascape approach
adapted from landscape ecology, the seascape struc-
ture of SAV communities in Biscayne Bay (Florida,
USA), was found to be spatially correlated with areas
of pulsed freshwater releases into littoral areas. SAV
communities in the area of influence of freshwater
releases had structural characteristics consistent with
fragmented habitats, including high density of small
patches and a higher proportion of sparse SAV
patches. While patch structure of SAV seascapes can
be driven by a number of biological and physical fac-
tors, the spatial data collected in this study area indi-
cated that salinity patterns (and correlated nutrient
availability) are likely the main factor influencing the
observed SAV spatial patterns. Results presented here
show that previously reported impacts of salinity at the
individual and species levels scale up to a landscape
level within this shallow coastal system. Due to the
implementation of a multi-scale approach, these spa-
tial patterns were discerned and related to potential
processes, which otherwise could be precluded and
masked by broad and single scale quantification of
aerial extent of SAV patches. Coastal and estuarine
monitoring and management at the ecosystem level
should apply multi-scale and multidisciplinary
methodologies not only to understand spatial features
of essential marine habitats, but also to understand the
functional linkages between habitats in a heteroge-
neous seascape, and the abundance, movement, and
growth of ecological and economically important
marine species.
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