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Small-scale patterns of nekton use among marsh
and adjacent shallow nonvegetated areas of the

Galveston Bay Estuary, Texas (USA)
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ABSTRACT: We quantified and compared nekton and infaunal densities among vegetated (edge Spartina
alternifiora, inner Spartina alterniflora, Scirpus maritimus, Juncus roemerianus, and Spartina patens
marsh) and shallow nonvegetated {marsh pond, marsh channel, cove, and shallow bhay) areas of upper
Galveston Bay and East Bay, Texas. In 2 seasons (spring and fall) of high nekton abundance, and over 2 yr,
we collected 267 quantitative samples (upper Galveston Bay, 1993 = 127 and East Bay, 1994 = 140) using
a 1 m?drop sampler. The vegetated marsh surface consistently contained more species (i.e. higher species
richness) and total numbers of decapod crustaceans than nonvegetated areas. In contrast, fish species rich-
ness and densities of total fishes on the marsh and in nonvegetated areas were not significantly different
in most comparisons. Most numerically dominant species of nekton seemed to exhibit at least some degree
of habitat selection. Within vegetation, 2 factors, elevation and proximity to open water, were most im-
portant in influencing the distribution of nekton. Low marsh edge dominated by Spartina alternifiora or
Scirpus maritimus was apparently selected by most species that used the marsh surface including brown
shrimp Farfantepenaeus aztecus, blue crab Callinectes sapidus, and daggerblade grass shrimp Palae-
monetes pugio. White shrimp Litopenaeus setiferus and striped mullet Mugil cephalus also were con-
centrated in low edge marsh; although in one comparison, densities of these 2 species in edge and inner
S. alterniflora were not significantly different. In contrast, gulf killifish Fundulus grandis and sheepshead
minnow Cyprinodon variegatus were most abundant on inner S. alterniflora or S. patens marsh. Other
fishes (gulf menhaden Brevoortia patronus, spot Lejostomus xanthurus, bay anchovy Anchoa mitchilll,
blackcheek tonguefish Symphurus plagiusa, and Atlantic croaker Micropogonias undulatus) had higher
densities over nonvegetated bottoms than on the marsh surface. Specific habitat types that these pelagic
species seemed to favor were marsh channels (gulf menhaden, bay anchovy), marsh ponds (spot), and
coves (Atlantic croaker, blackcheek tonguefish). Overall, marsh-surface and adjacent nonvegetated habi-
tat types contained much higher densities of most nekton than the shallow bay. Infaunal densities were
estimated from sediment cores, and taxa (mainly annelids, crustaceans, molluscs, and insects) were most
abundant in nonvegetated areas contiguous with marsh in the spring. Factors that influenced infaunal
abundance are complex and may include predation, flooding patterns, elevation, and distance to edge.
Our study has important implications for designing marsh-creation projects. Based on our results, we
recommend creating a variety of marsh and contiguous shallow-water areas to enhance nekton biodi-
versity. To maximize fishery habitat, priority should be given to constructing low marsh edge by creating
large areas of low marsh interspersed with a dense network of shallow channels and interconnected ponds.
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INTRODUCTION

Shallow areas along estuarine shorelines often con-
tain large nekton populations, reflecting the high pro-
ductivity of estuaries (Pihl & Rosenberg 1982, Kneib
1997). Here, aquatic organisms use a complex habitat
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mosaic composed of tidal marshes and adjacent inter-
tidal and subtidal waters (Kneib 1997). The different
habitat types that compose this mosaic are not only
connected by proximity, but also by tidal flow. Many
natant organisms, for example, move freely between
the vegetated marsh surface and contiguous open
water as water level changes with tide stage (Zimmer-
man & Minello 1984, Mclvor & Odum 1988, Hettler
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1989, Rozas & Reed 1993, Kneib & Wagner 1994, Kneib
& Knowlton 1995, Irlandi & Crawford 1997, Cicchetti
1998).

Tidal marshes are widely recognized as important
nursery areas that support valuable coastal fisheries
(Boesch & Turner 1984, Minello 1999, Zimmerman et
al. 2000). The young of many fishery species and all life
stages of numerous estuarine resident species use the
flooded marsh surface much more intensively than
adjacent nonvegetated bottom (Zimmerman & Minello
1984, Thomas et al. 1990, Rakocinski et al. 1991, Baltz
et al. 1993, Wenner & Beatty 1993, Minello et al. 1994,
Castellanos 1997, Rozas & Minello 1998, Howe et al.
1999, Minello 1999). Tidal marsh channels connect the
marsh surface with open estuarine waters. These chan-
nels appear to be used as nursery areas by some
organisms, and subtidal channels serve as low-tide
refugia and staging areas for animals using adjacent
intertidal areas (Cain & Dean 1976, Hackney et al.
1976, Rozas & Hackney 1984, Rozas & Odum 1987,
Rozas et al. 1988, Rountree & Able 1992, Cattrijsse et
al. 1994). Whether marsh ponds function similarly to
tidal channels may depend on their hydrology. Marsh
ponds that are constantly flooded and hydrologically
connected to tidal channels support relatively high
nekton populations (Rogers et al. 1992). In contrast,
isolated ponds apparently support fewer organisms
because limited tidal exchange with adjacent water-
ways restricts recruitment, and animals confined within
these ponds must withstand rigorous environmental
conditions (Rowe & Dunson 1995) and competition for
food {Layman 1999).

The literature comparing the use of major habitat
types in the shallow region of estuaries is limited. Most
studies comparing nekton populations in estuarine
marshes were conducted in salt marsh dominated by a
single species, Spartina alterniflora Loisel. Little infor-
mation exists about how nekton use marsh vegetation
dominated by species other than S. alterniflora. In
addition, comparisons of different habitat types em-
ploying quantitative methods are limited, and few
studies have examined major habitat types concur-
rently. Assessment of the relative habitat value of tidal
marsh and adjacent areas is best accomplished through
comparisons of nekton densities using quantitative
gear and by sampling all sites at the same time (Rozas
& Minello 1997).

The overall objective of our study was to examine
neliton use of marsh and contiquous open-water areas
wilhin a shallow region of Galveston Bay, Texas, USA,
by comparing the small-scale distribution of organisms
among major habitat types. Our study was part of a
larger project to build a database from which design
parameters could be developed for constructing eco-
logically functional marshes using dredged material

(Rozas & Zimmerman 1994, Rozas et al. 1995). Specific
goals of our study were to: (1) compare densities of
dominant species of fishes and decapod crustaceans
(as a measure of habitat quality) among major marsh
and shallow nonvegetated areas of Galveston Bay,
(2) describe the composition, relative abundance, and
seasonal abundance of fishes, decapod crustaceans,
and infauna using these areas, and (3) identify the
habitat attributes that could account for the distribu-
tional patterns we observed.

MATERIALS AND METHODS

Study area. Our study area included 2 locations on
the north Texas coast in the Galveston Bay estuary,
upper Galveston Bay and East Bay (Fig. 1). The Galve-
ston Bay system is microtidal. Tides within the study
area are predominantly diurnal, and the mean tidal
range is approximately 0.3 m (Orlando et al. 1991).

The upper Galveston Bay location encompassed the
marsh complex and adjacent open water of Atkinson
Island and Hog Island. Salt marsh occupies the inter-
tidal zone, and the dominant plant species within the
marsh vary with elevation (Wermund et al. 1992).
Spartina alterniflora is present in the low intertidal
zone, and the most robust form of this species occurs in
narrow bands at the marsh edge adjacent to subtidal
and low, nonvegetated intertidal areas. Scirpus mar-
itimus L. is found at slightly higher elevations, but it
too occurs low enough in the intertidal zone to experi-
ence frequent flooding events. Spartina patens (Aiton)
Muhl. grows in the highest part of the intertidal zone
and floods only infrequently. Nonvegetated shallow-
water areas within and contiguous with the marsh veg-
etation in the study area include channels, ponds, and
coves. Coves are large semi-enclosed embayments
that are subjected to less wave energy than bay waters
because they are partially surrounded by marsh.

The East Bay location was centered on a large salt
marsh system at Elmgrove Point on the bay side of the
Bolivar Peninsula (Fig. 1). As in upper Galveston Bay,
Spartina alterniflora is the dominant vegetation of the
low intertidal marsh at East Bay. However, S. patens
and Scirpus maritimus are not major marsh types at the
East Bay location; rather, Juncus roemerianus Scheele
replaces S. alterniflora at the higher intertidal eleva-
tions; Juncus marsh is most extensive at the northeast
portion of the Elmgrove Point marsh.

Nekton/infauna sampling. Nekton (fishes and deca-
pod crustaceans) were quantitatively sampled with a
drop sampler using the procedure described by Zim-
merman et al. (1984), We chose a drop sampler for this
study because the catch etficiency of this enclosure
device does not appear to vary substantially with habi-
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tat characteristics typical of shal-
low estuarine areas, and unlike 3
many other gear, it is effective
in dense emergent vegetation
(Rozas & Minello 1997). We em-
ployed a 1.14 m diameter cylin-
der that was dropped from a
boom attached to a shallow-draft
boat. Two persons positioned the
cylinder over a sample site by
slowly pushing from the boat's
stern. When released from the
boom, the cylinder rapidly en-
trapped organisms within a 1.0 m?
sample area. Disturbance to the
sample area prior to releasing the
cylinder was minimized using
this procedure, as distances from
the bow and stern of the boat
to the edge of the sample area
were 3.5 and 8.3 m, respectively.

We sampled 8 distinct areas
within the marsh complex and
adjacent shallow water in upper

3

Hog
Island

Trinity Bay »

___Atkinson
Island

Guif of Mexico

10 20 Kitometers

Galveston Bay that included 4

vegetated areas (edge Spartina
alterniflora, inner S. alterniflora,
S. patens, and Scirpus marsh) and
4 shallow nonvegetated areas

Fig. 1. Map showing the 2 locations (upper Galveston Bay and East Bay) in the study

area and the position of the Galveston Bay estuary on the upper Texas coast. We col-

lected samples at Hog Island and Atkinson Island in upper Galveston Bay and near

Elmgrove Point in East Bay. Locations of NOAA tide gauges are at Morgans Point
(upper Galveston Bay) and Pier 21 (bayside of Galveston Island)

(marsh pond, marsh channel,

marsh cove, and shallow bay

waters). Ponds were not isolated hydrologically but
connected to tidal marsh creeks. Sample sites in inner
S. alterniflora marsh were 5 to 6 m from the marsh edge
(vegetation-water interface), whereas samples of other
vegetated areas were taken within 1 to 2 m of the marsh
edge. Although all vegetated areas except inner S. al-
terniflora marsh can be classified as marsh edge, for
brevity, ‘'edge’ will be used as a modifier only with S. al-
terniflora to distinguish this habitat type from inner S.
alterniflora marsh. We collected a total of 127 nekton
samples during 2 seasons in 1993: spring (May 5-7, 21)
and fall (October 12, 18-20). Most habitat types were
sampled 8 times each season. However, we collected
only 7 shallow bay samples in the fall. We based the
number of samples collected at each island (Atkinson
Island or Hog Island) in a particular habitat type on the
ratio of the area of a habitat type at an island to the total
area of the habitat type (both islands combined).

In 1994, we sampled 7 areas in East Bay that
included all habitat types sampled in upper Galveston
Bay (except Spartina patens and Scirpus) as well as
Juncus marsh. We took 10 replicate samples in each
habitat type in spring (April 25-28) and fall {Septem-
ber 12-15), for a total of 140 nekton samples.

At each location, we randomly selected replicate
sample sites using random numbers and a grid placed
over an aerial photograph of the potential sample
area. Shallow bay sample sites were selected from
areas of Galveston Bay along the shoreline of each
marsh system (Atkinson Island, Hog Island, East Bay
marsh). We collected all samples during the day at
high tide when all habitat types were inundated and
available to aquatic organisms; sample sites were all
<1 m deep.

After the cylinder was dropped, we measured water
temperature, dissolved oxygen, salinity, turbidity, and
water depth using the methods described by Minello &
Zimmerman (1992). We also measured the distance
from the sample area to the nearest marsh-water inter-
face. At vegetated sites, we clipped plant stems at
ground level, counted them (dead and alive com-
bined), and removed them from the cylinder. We also
determined the standing biomass of vegetation each
season by oven drying 3 air-dried subsamples of each
species at 75°C to a constant weight and calculating a
conversion factor (oven-dried weight/air-dried weight)
using these data. By multiplying the total air-dried
weight of each species in each sample by the appropri-
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ate conversion factor and totaling the weights within
each sample, we converted all values to oven-dried
biomass.

In each major habitat type each season, we collected
5 {upper Galveston Bay) or 6 (East Bay) samples for
benthic infauna. Each replicate sample consisted of 3
pooled 5 cm-deep cores taken from randomly selected
locations within the cylinder with a 5 cm diameter plas-
tic core (total area = 60.8 cm?). Samples were washed
on a 0.5 mm mesh sieve, and the material retained was
fixed with 10 % formalin stained with Rose Bengal. In
the laboratory, organisms were separated from detritus
and plant parts and identified to the lowest feasible
taxon.

After we measured environmental parameters and
collected benthic cores, we captured nekton trapped in
the drop sampler using dip nets and by filtering the
water pumped out of the enclosure through a 1 mm
mesh net. When the sampler was completely drained,
any animals remaining on the bottom were removed
by hand. Samples were preserved in formalin with
Rose Bengal stain and returned to the laboratory for
processing. In the laboratory, the samples were sorted,
and animals were identified to lowest feasible taxon.

Flooding duration. The Conrad Blucher Institute for
Surveying and Science, Texas A&M University-Corpus
Christi supplied us with water-level data. We used
continuously collected water-level data for 1993 and
1994 from Morgans Point (NOS Station [.D. =
87700613) and Pier 21 (NOS Station I.D. = 8771450) to
estimate flooding durations at each location. Using
water depth measured at each sample site in upper
Galveston Bay and concurrent water-level data from
Morgans Point (located approximately 1 km west of
Atkinson Island, Fig. 1), we estimated substrate eleva-
tion relative to this tide gauge and determined flood-
ing duration {percentage of time a site was submerged)
for each sample site.

We used an equation from Minello & Webb (1997) to
compute water levels in East Bay from Pier 21 (located
approximately 20 km south-southwest of Elmgrove
Point, Fig. 1) data because our East Bay location lacked
a nearby tide gauge. This equation incorporates a 2 h
lag in tides between Elmgrove Point and Pier 21 (i.e.
tides reached the East Bay location 2 h after Pier 21),
and there is good agreement between tide levels at
Pier 21 and water levels in East Bay (Minello & Webb
1997). We estimated elevations and flooding durations

of Fast Bay sample sites by relating the water depth
measured at each site to concurrent East Bay tide data
computed from this equation

We also eslimated a mean surface elevation (relative

to Mean Tide Level, MTL) for each habitat type at a
location. This elevation was esltimated at each location
by subtracting the MTL of the nearest tide gauge from

the average substrate elevation that was determined
as described above. The MTL used for habitat types at
the East Bay location was calculated from the MTL of
the Pier 21 gauge using the equation from Minello &
Webb (1997).

Data analyses. We used 1-way analysis of variance
(ANOVA) followed by a priori contrasts to examine dif-
ferences in densities of abundant organisms, species
richness (number of fish and decapod crustacean taxa),
and environmental characteristics (mean dissolved
oxygen, salinity, water temperature, turbidity, water
depth, distance to edge, and vegetation stem density
and biomass) among habitat types (Table 1). In this
procedure, we analyzed the data collected at each
location (upper Galveston Bay and East Bay) and dur-
ing each season separately, because many species
were only abundant enough to include in the statistical
analysis at 1 location or in 1 season. We considered
alpha levels of 0.05 to be significant in all results, but
we also calculated adjusted alpha levels for the Habi-
tat effect using the sequential Bonferroni method
described by Rice (1989). These adjusted levels should
be used if the reader would like to buffer against error
introduced by making multiple comparisons (i.e. test-
ing a hypothesis for several species or parameters). We
compared the following habitat types with a priori con-
trasts (Table 1). Upper Galveston Bay: all vegetated
areas versus all nonvegetated areas, edge Spartina
alterniflora versus Scirpus, edge S. alterniflora versus
S. patens, edge S. alterniflora versus inner S. alterni-
flora, inner S. alterniflora versus Scirpus, inner S.
alterniflora versus S. patens, and S. patens versus Scir-
pus; East Bay: all vegetated areas versus all nonvege-
tated areas, edge S. alterniflora versus Juncus, edge S.
alterniflora versus inner S. alterniflora, and inner S.
alternifiora versus Juncus.

We used 8 predictor variables (salinity, water tem-
perature, dissolved oxygen, turbidity, distance to edge,
water depth, stem density, and elevation) in 2 discrim-
inant function analyses to distinguish among habitat
types. From the first analysis, we constructed a dis-
criminant model that used these environmental vari-
ables to separate the 9 habitat types we sampled. We
used the Wilks’ lambda multivariate test statistic to
determine whether habitat types could be separated,
and we examined the canonical variates in the model
to identiiy the most important predictor variables in
determining this separation. In a second discriminant
analysis, we used this same procedure to distinguish
among the 5 marsh types we sampled. We used 2
canonical analyses to examine potential relationships
between densities of fishes and decapod crustaceans
and environmental characteristics of habitats. In the
tirst canonical analysis, we included data from all habi-
tats. We used only data collected at marsh sites in the
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Table 1. Analysis of Variance (ANOVA) table for comparing habitat types. Model includes the test for the main effect of Habitat
and the a priori contrasts that compare specific habitat types. The example presented here uses data from upper Galveston Bay
and the dependent variable total macrofauna (sum of total fishes and total crustaceans)

Source

May 1993
Habitat
Contrasts

Vegetated vs nonvegetated habitat types
Edge Spartina alterniflora vs Scirpus maritimus
Edge Spartina alterniflora vs Spartina patens
Edge Spartina alterniflora vs inner Spartina alterniflora
Inner Spartina alterniflora vs Scirpus maritimus
Inner Spartina alterniflora vs Spartina patens
Spartina patens vs Scirpus maritimus

Residual error

October 1993
Habitat
Contrasts

Vegetated vs nonvegetated habitat types
Edge Spartina alterniflora vs Scirpus maritimus
Edge Spartina alterniflora vs Spartina patens
Edge Spartina alterniflora vs inner Spartina alterniflora
Inner Spartina alterniflora vs Scirpus maritimus
Inner Spartina alterniflora vs Spartina patens
Spartina patens vs Scirpus maritimus

Residual error

df Sum of Mean Fvalue p value
squares square
7 27.896 3.985 4.293 0.0007
1 14.184 14.184 15.281 0.0003
1 4.062 4.062 4.376 0.0410
1 6.152 6.152 6.628 0.0127
1 3.853 3.853 4.151 0.0463
1 0.003 0.003 0.003 0.9567
1 0.268 0.268 0.288 0.5934
1 0.216 0.216 0.233 0.6313
56 51.982 0.928
? 35.362 5.052 5721 0.0001
1 19.391 19.391 21.961 0.0001
1 0.696 0.696 0.788 0.3786
1 11.361 11.361 12.866 0.0007
1 5.828 5.828 6.600 0.0129
1 2.496 2.496 2.827 0.0984
1 0.915 0.915 1.036 0.3132
1 6.434 6.434 7.286 0.0092
55 48.564 0.883

second canonical analysis. We combined the data col-
lected at each location and during each season in both
multivariate procedures (discriminant function and
canonical analyses) described above.

Densities of animals were positively related to the
standard deviation; therefore, we performed aln(x + 1)
transformation of the original demnsity values prior to
analyses. Other variables were not transformed. All
tabular and graphical data presented in this paper are
untransformed means. We used SuperANOVA (Ver-
sion 5 edn, Abacus Concepts, Inc., Berkeley, Califor-
nia, 1989) to do 1-way ANOVA and SAS (Version 6,
SAS Institute, Cary, NC, 1989) to run the canonical and
discriminant function analyses.

RESULTS
Decapod crustaceans and fishes

At upper Galveston Bay, we collected a total of 21
species of fishes and 10 species of crustaceans in
spring; and 17 species of fishes and 8 species of crus-
taceans in fall (Table 2). We recorded slightly more
species from East Bay: 22 species of fishes and 15 spe-
cies of crustaceans in spring; 25 species of fishes and 16
species of crustaceans in fall (Table 3). Marsh sites con-
sistently yielded significantly more species (i.e. higher

species richness; ANOVA Contrasts, all p values =
0.0001) and total numbers of crustaceans than non-
vegetated areas {both locations and seasons, Tables 2
& 3). In contrast, fish species richness and densities of
total fishes in marsh and nonvegetated areas were not
significantly different in most comparisons (ANOVA
Contrasts, Upper Galveston Bay, p = 0.0869 [spring],
p = 0.7591 [fall]; East Bay, p = 0.9243 [fall]); although at
East Bay in spring, we took significantly more fish spe-
cies (ANOVA Contrast, p = 0.0001, means = 2.5 vs 1.2),
and total fishes (means = 43.9 vs 6.1, see Table 5) in
nonvegetated areas than at marsh sites.

Upper Galveston Bay

Decapod crustaceans (49 %) and fishes (51 %) were
similarly abundant in spring, but decapods accounted
for 90 % of all animals taken in fall at upper Galveston
Bay sample sites (Table 2). Daggerblade grass shrimp
Palaemonetes pugio, brown shrimp Farfantepenaeus
aztecus (formerly Penaeus aztecus, Perez-Farfante &
Kensely 1997), white shrimp Litopenaeus setiferus
(formerly Penaeus setiferus, Perez-Farfante & Kensely
1997), blue crab Callinectes sapidus, gulf marsh fiddler
crab Uca longisignalis, heavy marsh crab Sesarma reti-
culatum, and marsh grass shrimp Palaemonetes vul-
garis accounted for >95 % of total decapod crustaceans
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taken in our drop samples. Nine species numerically
dominated the fish assemblage in upper Galveston
Bay, and accounted for >95 and >75% of fishes col-
lected in spring and fall, respectively. Gulf menhaden
Brevoortia patronus, striped mullet Mugil cephalus,
spot Leiostomus xanthurus, and gulf killifish Fun-
dulus grandis dominated the fish assemblage in spring
{Table 2). In fall, gulf killifish, bay anchovy Anchoa
mitchilll, blackcheek tonguefish Symphurus plagiusa,
and sheepshead minnow Cyprinodon variegatus were
most abundant (Table 2).

Species assemblages differed among habitat types
(Table 2, Fig. 2). The assemblage of edge Spartina
alterniflora marsh was numerically dominated by gulf
menhaden, daggerblade grass shrimp, and brown
shrimp in spring, and daggerblade grass shrimp, white
shrimp, and blue crab in fall. Of the 3 other marsh
types we sampled in upper Galveston Bay, Scirpus
marsh had an assemblage most like that of edge S.
alternifiora marsh. Gulf menhaden and brown shrimp
in spring and daggerblade grass shrimp and white
shrimp in fall dominated Scirpus marsh. Inner S. alter-
niflora marsh was dominated by gulf marsh fiddler
crab and daggerblade grass shrimp. The assemblage
of S. patens marsh was dominated by daggerblade
grass shrimp, brown shrimp (spring), and gulf marsh
fiddler crab (fall). Nonvegetated areas were dominated
by gulf menhaden and brown shrimp in spring and
white shrimp in fall.

The vegetated marsh surface contained high densi-
ties of decapod crustaceans and some fishes (Table 2,
Fig. 2). Most decapod crustaceans were taken either
exclusively at marsh sites (gulf marsh fiddler crab,
heavy marsh crab, marsh grass shrimp) or were signif-
icantly more abundant in marsh than at nonvegetated
sample sites (daggerblade grass shrimp, blue crab),
although there were exceptions. In spring, mean den-
sities of brown shrimp were relatively high in marsh
channels and ponds, and similar to densities at marsh
sites; therefore, brown shrimp densities did not differ
significantly between marsh and nonvegetated sites
(Table 2). In fall, white shrimp densities in marsh and
nonvegetated areas were not significantly different
due largely to an abundance of white shrimp in marsh
ponds and their absence in Spartina patens marsh
(Table 2). Three fishes also were strongly associated
with the vegetated marsh surface. Striped mullet, gulf
killifish, and sheepshead minnow all had higher densi-
ties in marsh than in nonvegetated areas (Table 2).

Apparent habitat selection also occurred among
marsh types. We collected marsh grass shrimp (in fall)
almost exclusively in edge Spartina alterniflora marsh,
whereas 3 other species with an affinity for the marsh
surface (gulf killifish, sheepshead minnow, and heavy
marsh crab) were rarely or never collected in edge S.

alternifilora marsh (Table 2). Scirpus marsh was similar
to edge S. alterniflora marsh in that mean densities of
brown shrimp (spring), blue crab (fall), and white
shrimp (fall) in the 2 marsh types were not significantly
different, and the densities of these species in Scirpus
marsh were greater than in inner S. alternifilora marsh.
Densities of gulf marsh fiddler crab and heavy marsh
crab were greater in Scirpus marsh than in edge S.
alterniflora marsh, whereas striped mullet, daggerblade
grass shrimp, and blue crab in spring and marsh grass
shrimp in fall were significantly less abundant in this
habitat type than in edge S. alterniflora marsh (Table 2}.

Although floristically similar, edge and inner Spar-
tina alterniflora marshes differed substantially in ani-
mal densities (Table 2). Inner S. alterniflora marsh con-
tained significantly fewer daggerblade grass shrimp,
blue crab, brown shrimp in spring, and white shrimp
and marsh grass shrimp in fall than edge S. alterniflora
marsh. Compared with edge S. alterniflora marsh,
inner S. alterniflora marsh had significantly higher
densities of gulf killifish, gulf marsh fiddler crab
(spring), and sheepshead minnow (fall). Densities of
gulf killifish were higher in inner S. alterniflora marsh
than in all other marsh types except S. patens in spring
and higher than all other marsh types in fall (Table 2).

Of the other marsh types, Spartina patens marsh dif-
fered most in species and animal densities from edge
S. alterniflora marsh (Table 2). Densities of dagger-
blade grass shrimp, blue crab, and striped mullet
(spring) were relatively low in S. patens marsh when
compared with their densities in edge S. alterniflora
marsh. Other species were absent (e.g. white shrimp),
or infrequently collected, from this marsh type. In con-
trast, densities of heavy marsh crab (spring) were
higher in S. patens marsh than any other marsh type.

Several fishes exhibited an apparent affinity for open
water. Spot, bay anchovy, and blackcheek tonguefish
were all more abundant in nonvegetated areas than on
the vegetated marsh surface (Table 2, Fig. 2). We col-
lected bay anchovy exclusively in nonvegetated habi-
tat types, and bay anchovy densities in fall were high-
est in the shallow bay. Blackcheek tonguefish was
abundant in marsh channels and coves in fall. We col-
lected most spot from marsh ponds and channels; none
were taken in shallow bay waters (Table 2).

We also collected 10 species of molluscs, although
our sampling technique was not designed to quantita-
tively sample benthic infauna. Most molluscs were
taken from emergent marsh habitats and consisted
mainly of marsh periwinkle Littoraria irrorata and east-
ern melampus Melampus bidentatus. Marsh periwin-
kle was most abundant in Scirpus maritimus and inner
Spartina alterniflora marsh. Eastern melampus densi-
ties were highest in S. patens and inner S. alternifiora
marsh.
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East Bay

Crustaceans were more numerous than fishes at East
Bay both in spring (56 vs 44 %) and in fall (81 vs 19%).
Ten species dominated the decapod crustacean assem-
blage at East Bay. Daggerblade grass shrimp, gulf
marsh fiddler crab, heavy marsh crab, brown shrimp,
white shrimp, blue crab, squareback marsh crab
Sesarma cinereum, Harris mud crab Rhithropanopeus
harrisii, marsh grass shrimp, and brackish grass shrimp
Palaemonetes intermedius accounted for >95 and
>97 % of total decapods taken in East Bay samples
during spring and fall, respectively. Densities of most
decapod crustaceans collected at East Bay were signif-
icantly greater in marsh than in nonvegetated areas
(Table 3).

Seven species numerically dominated the fish
assemblage at East Bay, and accounted for >96 and
>90% of fishes collected in spring and fall, respec-
tively. Gulf menhaden, Atlantic croaker Micropogo-
nias undulatus, striped mullet, and blackcheek
tonguefish dominated the fish assemblage in spring,
whereas bay anchovy, naked goby Gobiosoma bosc,
darter goby Gobionellus boleosoma, and blackcheek
tonguefish were most abundant in fall (Table 3).
Although striped mullet, darter goby, and naked goby
were associated with emergent vegetation, other
numerically dominant fishes showed an apparent
preference for nonvegetated sites. Gulf menhaden,
Atlantic croaker, blackcheek tonguefish, and bay
anchovy were all more abundant in nonvegetated
areas than in marsh vegetation (Table 3).

The assemblage of edge Spartina alterniflora marsh
species was dominated by daggerblade grass shrimp
and gulf marsh fiddler crab in addition to brown
shrimp in the spring and white shrimp in the fall
(Fig. 3). Several other species (squareback marsh crab,
striped mullet, gulf menhaden, Harris mud crab) were
commonly taken from edge S. alterniflora marsh, but
were rare or absent in collections from inner S. alterni-
flora or Juncus marshes.

Inner Spartina alterniflora marsh was numerically
dominated by daggerblade grass shrimp, gulf marsh
fiddler crab, and white shrimp (fall) (Fig. 3). Densities
of gulf marsh fiddler crab were higher in inner S.
alterniflora marsh than either edge S. alternifiora or
Juncus marsh (Table 3). In contrast, significantly fewer
daggerblade grass shrimp, brown shrimp, blue crab,
naked goby, and darter goby were taken in inner than
edge S. alterniflora marsh (Table 3).

Species most abundant in Juncus marsh included
heavy marsh crab, daggerblade grass shrimp, gulf
marsh fiddler crab, and white shrimp (fall) (Fig. 3).
Heavy marsh crab was more abundant in Juncus
marsh than in edge Spartina alterniflora marsh, where-

as fewer striped mullet, daggerblade grass shrimp,
brown shrimp, and blue crab occurred in Juncus than
edge S. alternifiora marsh (Table 3).

Nonvegetated areas were dominated by gulf men-
haden and brown shrimp in spring and bay anchovy
and naked goby in fall (Table 3, Fig. 3). Within non-
vegetated areas, we found highest mean densities of
gulf menhaden, bay anchovy, and naked goby in
marsh channels (Table 3). Of all the nonvegetated
areas, coves contained the highest mean density of
brown shrimp in spring. We also collected most At-
lantic croaker from coves in spring (Table 3). Marsh
ponds had the highest mean density of white shrimp in
fall (Table 3). No white shrimp were taken in shallow
bay waters (Table 3).

Nearly 50% of the total molluscs collected at East
Bay were marsh periwinkle or eastern melampus.
Marsh penwinkle was most abundant in inner Spar-
tina alterniflora and Juncus marshes, and most eastern
melampus occurred in inner S. alterniflora marsh.

Infauna

Infaunal taxa taken from marsh and shallow water
substrates were mainly annelids, insects, and molluscs
in upper Galveston Bay and annelids and small crus-
taceans in East Bay (Table 4). At the upper Galveston
Bay location, infaunal densities were greatest in the
spring; most numerically dominant taxa were more
abundant in nonvegetated areas, although densities of
oligochaetes and chironomids were not significantly
different between vegetated and nonvegetated areas
(Table 4). Among marsh types, edge Spartina alterni-
flora marsh contained the highest mean densities of
most taxa. Edge S. alterniflora and marsh ponds were
dominated by chironomids and 2 polychaetes (Capi-
tella capitata and Laeonereis culveri). These 3 taxa
also were present, though less abundant, in channels.
Channels and coves contained numerous individuals
of the polychaete genus Mediomastus. Although we
could not identify this taxon to species (because few
intact organisms were recovered), most were likely
Mediomastus ambiseta, which is one of the most abun-
dant polychaetes in subtidal areas of Galveston Bay
(Harper 1992). Oligochaetes and C. capitata also were
numerous in coves. Although infaunal densities ob-
served in the other habitat types declined to low values
in the fall, densities in the shallow bay were high in fall
and consisted mainly of oligochaetes and several taxa
of polychaetes (Mediomastus spp., Parandalia ocularis,
and Streblospio benedicti) (Table 4).

Most of the numerically dominant taxa at the East
Bay location were more abundant in nonvegetated
areas than marsh, although oligochaetes and 2 poly-
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chaetes (Capitella capitata and Fabricia sp.) were most
numerous in Spartina alterniflora and Juncus marshes
(Table 5). Amphipods (Hargeria rapax and Corophium
spp.) and 3 polychaetes (Mediomastus spp., Parandalia
ocularis, and Nereis succinea) were most numerous in
the shallow bay (Table 5). Mediomastus spp. also dom-
inated the infaunal assemblages in ponds, channels,
and coves (Table 5).

Environmental paramelers

At upper Galveston Bay, vegetated habitats had sig-
nificantly less dissolved oxygen, lower water tempera-
tures, and shallower water depths than nonvegetated
areas (Table 6). Turbidity levels were higher in marsh
than nonvegetated areas in May, but this pattern was
reversed in October. Within vegetated marsh areas,
means of most environmental characteristics were not
significantly different. However, edge Spartina alterni-
flora marsh flooded more deeply than S. patens marsh;
and inner S. alterniflora and S. patens marshes had sig-
nificantly lower dissolved oxygen concentrations than
Scirpus marsh in October (Table 6). The average den-
sity of plant stems and standing biomass in the marsh
types were less in the spring than in the fall at the end
of the growing season (Table 6, Fig. 4). In S. patens
marsh, average stem density was an order of magni-
tude higher than in other marsh types, and stem densi-
ties were significantly greater in this marsh than the
other marsh types in both the spring and fall (Fig. 4a).
S. patens marsh also had significantly higher standing
biomass than the other marsh types in the spring
(Fig. 4b). In the fall, the standing biomass of S. patens
was similar to that of the 2 S. alterniflora marsh types,
and these were significantly greater than the Scirpus
marsh biomass (Fig. 4b).

At the East Bay location, marsh areas had signifi-
cantly less dissolved oxygen, lower water tempera-
tures, lower salinity (April only), and shallower water
depths than nonvegetated areas (Table 7). Turbidity
levels were higher in marsh than nonvegetated areas
only in the fall. Some environmental characteristics
differed among marsh types as well. For example,
inner Spartina alterniflora marsh had significantly
lower dissolved oxygen levels than edge S. alternifiora
or Juncus marsh in October (Table 7). The average
density of plant stems in Juncus marsh was signifi-
cantly greater than in the 2 Spartina marsh types in
both the spring and fall (Table 7, Fig. 5a). Standing bio-
mass did not differ significantly among habitat types in
spring (Fig. 5b). However, in fall when plant biomass
peaked, Juncus marsh had significantly higher stand-
ing biomass than edge S. alterniflora marsh (Fig. 5b);
the mean standing biomasses of Juncus and inner S.

alterniflora were not significantly different in fall (p >
0.05).

Flooding durations differed among habitat types in
response to differences in surface elevations (Table 8,
Fig. 6a). Among marsh types, edge Spartina alterni-
flora marsh had the lowest surface elevation. In upper
Galveston Bay, inner S. alterniflora, Scirpus, and S.
patens marshes exceeded the elevation of edge S.
alterniflora marsh by 5.0, 6.7, and 22.0 cm, respec-
tively. The mean flooding duration in 1993 for edge S.
alterniflora marsh was over 45 %, and monthly flooding
durations ranged from 26 % in August to 72% in June
(Table 8, Fig 6a). Inner S. alterniflora marsh flooded
37% of the time in 1993, and monthly flooding dura-
tions ranged from 18 to 63 %. Scirpus marsh was inun-
dated about 34 % of the time (range = 12 to 62%),
whereas S. patens marsh flooded approximately 13 %
of the time (range = 0 to 32%). Nonvegetated areas
were submerged for longer periods than marsh
(Fig 6b). Shallow bay was inundated 98 % of the time
in 1993; whereas marsh channels (87 %), coves (76 %),
and ponds (74 %) were flooded less (Fig. 6b).
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Fig. 4. Average stem densities (plant stems m~%) and plant bio-
masses (g dry wt m?) of vegetation sampled from marsh in
upper Galveston Bay. ESA: edge Spartina alterniflora; ISA:
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Table 6. Environmental characteristics of upper Galveston Bay habitat types. Mean and (SE, 1 standard error) are given for 8
parameters measured in May and October 1993. Each mean is estimated from 8 samples in each habitat type (exceptions: In
May — Turbidity:- Pond [n = 2], Spartina patens, inner Spartina alterniflora, and Scirpus maritimus [n =4); Channel [n = 6]; Cove
[n = 7); Water depth:- Shallow bay [n = 7]; Distance to edge:- Cove [n = 6]; Pond and Shallow bay [n = 7]; in October — Distance
to edge:- Shallow bay [n = 5]; Channel and Cove [n = 7); all other parameters: Shallow Bay [n = 7]). *Overall probability value for
the test of the main effect Habitat was significant after alpha was adjusted as described by Rice (1989). Means of marsh types with
the same letter are not significantly different (ANOVA, contrasts, p > 0.05). Means of marsh types versus nonvegetated habitats
are significantly different for all parameters except salinity

Parameter Spartina Scirpus Inner S. Edge S. Pond Channel Cove Shallow p value
palens mantimus  alterniflora alterniflora bay
Mean SE Mean SE Mean SE Mean SE  Mean SE Mean SE  Mean SE  Mean SE

May 1993

Dissolved oxygen (ppm) 56a(0.34) 59a(047) 55a(0.46) 6.4a(0.18) 6.1{0.52) 6.8(0.46) 7.9(0.27) 09.3{0.12) 0.0001"
Salmnity (] 5.1a(0.13) 51a(0.13) 53a(0.16) 50a(0.00) 50(0.00) 49(0.13) 50{0.00) 4.9(0.13) 0.1862

Temperature (°C) 24.7a (0.71) 24.1a (0.55) 24.2a(0.59) 23.7a(0.36) 24.6 (0.46) 257 (0.52) 26.5(0.47) 27.9(0.08) 0.0001"
Turbidity (FTU) 312a(69.0) 152a (16.7) 194a(48.3) 148a(14.9) 129 (31.5) 123(18.2) 142 (39.8) 57 (6.5) 0.0004"
Water depth (cm} 17b (1.6) 27ab(2.4) 26ab (1.9) 35a (4.3) 51 (2.0) 70 (5.8) 52(8.1) 74 (2.1) 0.0001"
Distance to edge {m) 1.0a (0.20) 1.2a(0.30) 6.8b(0.60) 0.1a (0.10) 6.6 (1.10) 1.8 (0.30) 16.5(5.30) 21.4 {3.40) 0.0001°
Vegetation biomass (g} 653b (94.6) 362a (33.0) 250a(24.7) 356a(75.5) 0.0010"
Stem density (no. m3) 1603b (190.3} 237a (23.0) 132a (16.3) 149a {20.2) 0.0001"

October 1993
Dissolved oxygen (ppm) 2.3a(0.27) 54b(062) 26a(041) 3.1ab(1.94) 4.7(0.84) 4.2{0.48) 6.6 (0.23) 6.5(0.11) 0.0013"

Salinity (%) 18a (0.27) 18.3a (0.16) 18.4a(0.26) 17.9a(0.23) 18.6(0.32) 18.6(0.26} 18.6(0.18) 18.1(0.26)  0.2062
Temperature (°C} 26.2a (0.11) 25.5a (0.54) 26.4a(0.18) 25.8a(0.56) 27.2 (0.18) 26.7 (0.19) 29.0(0.12) 24.9(0.53)  0.0001°
Turbidity (FTU) 63a(16.4) 55a(5.3) 442 (10.0)  6la(262) 78(19.7)  60(14.9) 158(16.6) 23 (6.1) 0.0001"
Water depth (cm) 15b (2.6) 20ab(3.9) 22ab (2.9) 27a(4.2)  42(1.2) 62 (7.2) 32 (3.1) 89 {2.6) 0.0001"
Distance to edge (m) 1.5a(0.30) 1.2a(0.50) 5.9a(0.40) 0.28(0.10) 7.0(1.10) 1.8(0.40) 23.4{8.90) 26.7(2.60)  0.0001"
Vegetation biomass (g) 810b (75.3) 400a (70.5) 596b (30.4) 849b (154.8) 0.0017"
Stem density (no. m™) 1842b (143.2) 357a (59.5) 358a(37.5) 308a (20.9) 0.0001"
Although flooded less than shallow bay and cove habi- Results of the discriminant analysis clearly show that
tats, marsh ponds (95 %) and channels (89 %) were also we can statistically separate the habitat types we sam-
submerged for long periods {Fig. 7b). pled in our study based on environmental characteris-

Table 7. Environmental characteristics of East Bay habitat types. Mean and (SE, 1 standard error) are given for 8 parameters mea-

sured in April and September 1994. Each mean is estimated from 10 samples in each habitat type {exceptions: in April— Water

temperature:— Shallow bay, [n = 91 and Dissolved oxygen:—- Juncus roemerianus marsh [n = 9]). *Probability value for the test of

the main effect Habitat was significant after alpha was adjusted as described by Rice (1989). Means of marsh types with the same

letter are not significantly different (ANOVA, contrasts, p > 0.05). Means of marsh types vs nonvegetated habitat types are sig-
nificantly different for all parameters except turbidity in April and salinity and temperature in September

Parameter Juncus Inner S. Edge S. Pond Channel Cove Shallow p value
roemenanus  alterniflora alterniflora bay
Mean SE Medan SE Mean SE Mean SE Mean SE Mean SE Mean SE

April 1994

Dissulved oxygen (ppm) 6.5b [0.27) 4.9a (0.32) 5.9b (0.28) 56(0.20) 58(0.32) 7.3(0.23) 7.7 (0.06) 0.0001"
Salinity (') 11.1a(0,10)  11.6a(0.22) 11.5a(0.50) 12.2(042) 11.9(0.38) 14.6 (0.16)  13.3(0.58) 0.0001°
Temperature (°C) 25.8ab (0.19) 26.2b(031) 25.3a(0.26) 251 (0.11)  26.3(0.25) 27.510.20) 26.2(0.12) 0.0001*
Turbidity (FTU} 254a(23)  31.8a(34) 40a (12.3) 23 (3.1) 27 (3.4) 22(32) 16 (2.1) 0.0791

Water depth (cm) 41h(22) 294 (1.6) 38b (3.4) 67 (1.8) 63 {1.9) 95 (3.5) 102 (2.2) 0.0001"
Distance to edge (m) 02a(010) 6.5b (0.30) 0.1a{0.10) 13.114.10) 14(0.30) 164 (3.40) 153 (1.60) 00001
Vegelation blomass (g) 532a (67.1) 5164 160.0) 397a (79.6) 0.3381

Stem density {no. m™} 6160 (77.0) 253a (30.8) 196a (22.5) 0.0001*

September 1994

LIssoived oxy g {ppi) 2 {0.38) 4 a0 2H) 4.810.33 56 (0.15) 6.1(018) 0.0001"

Salinity (%) 1 (0,404 16.1a (0.38) (0.45) 1511028} 15.7 10601 0.4340

Temper 34 ((134) 28.2a (0.34) {040y 28.6 (D.22) 266 (0.33) v.onls*

Turbidity 29ab (5.7) 40Db (6.4 2313.8) 15(1.2) 7:1) 0.0043°
24a (2.5 32a (4.0) 54 (3.3) 52 |t 87 (2.1 i

b (0.20) 0.7 a (0.2 5.8 (12.40) 1.1 (0.20) 107 (1,704 9.5 (1.00)) 0.0001*

AtB 0L 160.3) 131a (75.3) 0.0215°*

BB4 b (74.6]) 2H49a (33.8) 186a (21.5) 0.0001°
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Table 8. Mean elevation and flooding durations of each habi-
tat type sampled at upper Galveston Bay in 1993 and East Bay
in 1994. Elevations are based on a Mean Tide Level (MTL) of
182.9 cm (6.0 ft) for the Morgans Point tide station and an
adjusted MTL of 130.1 cm (4.3 ft) for East Bay that was calcu-
lated from the MTL at the Pier 21 tide station using an equa-
tion from Minello & Webb (1997). Each mean is estimated
from 16 (except Shallow bay = 14) and 20 samples in each

habitat type at upper Galveston Bay and East Bay,
respectively
Habitat type Elevation Flooding durations (%)
MTL (cm) 1993 1994
Upper Galveston Bay
Shallow Bay -52.0 97.5 97.9
Cove ~17.7 76.2 80.9
Channel -26.7 86.8 89.5
Pond -12.8 74.4 74.9
Edge S. alternifiora 4.4 45.6 45.8
Inner S. alterniflora 9.4 374 358
Scirpus maritimus 111 34.3 32.9
Spartina patens 26.4 12.9 9.7
East Bay
Shallow Bay -58.3 99.7 99.8
Cove -53.1 99.3 994
Channel -31.7 95.6 88.5
Pond -31.4 95.6 94.9
Edge S. alterniflora -6.5 66.6 66.2
Inner S. alterniflora 0.8 50.2 527
Juncus roemenanus 9.1 31.4 343

tics (Figs. 8 & 9). The multivariate model used to dis-
criminate among the 9 habitat types was highly signifi-
cant (Wilks' lambda = 0.018, df = 64, 1275, p < 0.0001).
The first 2 canonical variates in the model were respon-
sible for 96 % of the separation (Fig. 8), and the pre-
dictor variables having the highest standardized dis-
criminant weights were stem density (weights: first
canonical variate = ~2.274, second canonical variate =
1.405) and water depth (weights: first canonical variate
= 0.589, second canonical variate = 1.390). The model
accurately classified most habitat types (median accu-
racy = 90%), although the accuracy of the model was
relatively low in classifying marsh channel (18 %) and
Scirpus (33 %) sites. Many channel (58 %) and Scirpus
(42%) sites were incorrectly classified as pond and
edge Spartina alternifiora sites, respectively.

Marsh types also could be clearly separated using
discriminant analysis (Wilks' lambda = 0.008, df =
32,367, p < 0.0001). In this analysis, the first 2 canoni-
cal variates were responsible for 98 % of the separation
among habitat types (Fig. 9), and the predictor vari-
ables with the highest standardized weights were dis-
tance to edge (3.316) and water depth (-0.425) in the
first canonical variate and stem density (2.245) in the
second canonical variate. Marsh sites were accurately
classified for 94, 97, 100, 100, and 33 % of edge Spar-

tina alternifiora, inner S. alterniflora, Juncus, S. patens,
and Scirpus sites, respectively. Fifty percent of the
Scirpus sites we sampled were incorrectly classified as
edge S. alterniflora sites.

Environmental characteristics and decapod
and fish densities

The canonical analysis for the relationship between
densities of decapod crustaceans and fishes and envi-
ronmental characteristics of habitat types was statisti-
cally significant (Wilks' lambda = 0.059, df = 144, 1559,
p < 0.0001). The first canonical variate pair showed
that 60% of the variance in animal densities was
explained by environmental variables. In this equa-
tion, high densities of Atlantic croaker and blackcheek
tonguefish and low densities of gulf marsh fiddler crab
were associated with deep water, high turbidity levels,
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Fig. 6. Average monthly flooding durations ((hours habitat
type inundated/total hours in month| x 100) of marsh and non-
vegetated areas in upper Galveston Bay. Error bars = 1 stan-
dard error (SE). ESA: edge Spartina alterniflora; ISA: inner
Spartina alterniflora; SM: Scirpus maritimus; SP: Spartina
patens; SB: shallow bay; MC: marsh channels; CO: coves;
MP: marsh ponds. Means and SEs were calculated from 16
samples from each habitat type (except shallow bay = 14)
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Fig. 7. Average monthly flooding durations ([hours habitat
type inundated/total hours in month] % 100) of marsh and non-
vegetated areas in East Bay. ESA: edge Spartina alterniflora;
ISA: inner Spartina alterniflora; JR: Juncus roemerianus; SB:
shallow bay; CO: coves; MP: marsh ponds; MC: marsh chan-
nels. Error bars = 1 standard error (SE). Means and SEs were
calculated from 20 samples from each habitat type

and high salinity (Table 9). The second vanate pair
explained an additional 23 % of the variance; in this
equation, high densities of white shrimp and blue crab
and low densities of brown shrimp were assoclated
with high values for salinity, elevation, and tempera-
ture. This second equation is influenced by a strong
seasonal signal. Relatively high temperature and salin-
ity occurred in the fall and coincided with high densi-
ties of white shrimp and relatively low densities of
brown shrimp. White shrimp were not collected in
spring. The high canonical weight given to elevation in
the second variate pair is an indication that higher
densities of white shrimp and blue crab were taken at
marsh sites than in nonvegelated areas; marsh sites
were generally higher in elevation than nonvegetated
areas.

The canonical analysis for the relationship between
densities of decapod crustaceans and fishes at marsh
sites and environmental parameters also was statisti-

4-
24l5p
CO M SB
o JRE
; MC Ml mp
< ] ISA Bl EsA
o ? -
SM
.49
-6
Y
-10 T T T ————T Y
10 -8 -6 -4 -2 0 2 4

CAN 1

Fig. 8. Separation of habitat types using environmental char-
acteristics. This plot of class means from the discriminant
model shows the relative position of each habitat type along
the canonical axes. Heavily weighted variables in both
canonical variates were water depth and stem density. ESA:
edge Spartina alterniflora; ISA: inner Spartina alterniflora;
SM: Scirpus maritimus; SP: Spartina patens; JR: Juncus roe-
merianus; MP: marsh ponds; MC: marsh channels; CO: coves;
SB: shallow bay

CAN 2

CAN 1

Fig. 9. Separation of marsh types by environmental character-
istics. This plot of class means from the discriminant model
shows the relative position of each marsh type along the
canonical axes. Heavily weighted variables were distance to
edge and water depth in CAN 1 and stem density in CAN 2.
ESA: edge Spartina alterniflora; ISA: inner Spartina alterni-
flora; SM: Scirpus maritimus; SP: Spartina patens; JR: Juncus

v i v
LGCIICIIanus

cally significant (Wilks’ lambda = 0.021, df = 112, 636,
p < 0.0001). The first canonical variate pair showed
that 73% of the variance in animal densities within
marsh was explained by environmental variables. In
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this equation, high densities of brown shrimp, heavy
marsh crab, naked goby, and daggerblade grass
shrimp were associated with low elevation and small
values of distance to edge (Table 10). The second vari-
ate pair explained an additional 15% of the variance;
in this equation, high densities of white shrimp and low
densities of brown shrimp were associated with high
temperature, high salinity, and low values of distance
to edge. This second equation is influenced by a strong
seasonal signal that masked the importance of eleva-
tion in explaining the occurrence of white shrimp
when both seasons were combined into 1 analysis.
When the analysis was repeated using only fall data,
the relationship between animal densities and envi-
ronmental variables was significant (Wilks' lambda =
0.021, df = 88, 291, p < 0.0001), and the results indicate
that high densities of white shrimp and other species
were associated with low elevation and low values of
distance to edge. In this analysis, high positive stan-
dardized canonical weights for the variables white

Table 9. Standardized canonical weights of potential relation-
ships between animal densities and environmental character-
istics of habitat types. Weights are shown only when absolute
values exceed 0.250. First and second variate pairs explained
60 and 23 % of the variance, respectively. In this analysis, we
included data from all habitat types, both locations, and both
seasons. Number of cases = 236; 31 observations were omitted
in the analysis because of missing data

Variable Variable Canonical variate pairs
Set First Second

First Salinity 0.320 0.715
Temperature 0.407
Dissolved oxygen
Turbidity 0.379
Distance to edge
Depth 0.993
Stem density
Elevation 0.498

Gulf menhaden

Atlantic croaker 0.328
Striped mullet

Spot

Gulf killifish

Blackcheek tonguefish 0.268
Naked goby

Darter goby

Sheepshead minnow

Bay anchovy

Daggerblade grass shrimp
Brown shrimp

Gulf marsh fiddler crab  -0.508
Blue crab 0.255
Heavy marsh crab

White shrimp 0.524
Marsh grass shrimp

Second

-0.471

Squareback marsh crab

Table 10. Standardized canonical weights of potential rela-
tionships between animal densities and environmental char-
acteristics of marsh habitat types. Weights are shown only
when absolute values exceed 0.250. First and second variate
pairs explained 73 and 15% of the variance, respectively.
Only data from marsh samples were used in this analysis
{both locations and both seasons were included}. Number of
cases = 111; 13 observations were omitted in the analysis
because of missing data

Variable Variable Canonical variate pairs
Set First Second
First Salinity -0.261 0.294
Temperature 0.794
Dissolved oxygen
Turbidity
Distance to edge -0.603 -0.347
Depth 0.288
Stem density
Elevation -0.416
Second Gulf menhaden
Striped mullet
Gulf killifish
Naked goby 0.253
Darter goby
Sheepshead minnow
Daggerblade grass shrimp 0.280
Brown shrimp 0.370 -0.466
Gulf marsh fiddler crab ~ -0.315
Blue crab
Heavy marsh crab 0.453
White shrimp 0.450
Marsh grass shrimp
Squareback marsh crab

shrimp (0.290), heavy marsh crab (0.283), darter goby
(0.249), and naked goby (0.245) were associated with
high negative weights for the variables distance to
edge (-0.539) and elevation (-0.414).

DISCUSSION

Our study allows unbiased comparisons of the use of
marsh and shallow nonvegetated bottom by decapod
crustaceans and fishes in Galveston Bay because we
sampled all areas at similar water levels using quanti-
tative methods (Rozas & Minello 1997). Our results
show that no single habitat type was consistently
selected over others by all species, and no species used
only one habitat type exclusively. Nonetheless, most
species of nekton frequently taken on the marsh sur-
face were concentrated in low marsh located at the
marsh-water interface. Thus, for these species, appar-
ent habitat selection within emergent marsh was influ-
enced most by 2 factors: marsh elevation and the prox-
imity of the marsh to open-water areas (Zimmerman &
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Minello 1984, Rozas 1993, Rozas & Reed 1993, Peterson
& Turner 1994}. In our study, high densities of brown
shrimp, white shrimp (fall), daggerblade grass shrimp,
naked goby, and darter goby (fall) were strongly asso-
clated with low, shoreline marsh sites.

One of the major differences among habitat types in
our study was elevation. The mean elevation of
Spartina patens marsh and Juncus marsh exceeded
that of edge S. alterniflora marsh by 22 and 16 cm,
respectively. The effect of elevation in our results was
evident from differences in nekton use between edge
S. alterniflora marsh and these 2 high marsh types (S.
patens and Juncus). In our study, striped mullet, dag-
gerblade grass shrimp, white shrimp, and blue crab
appeared to select edge S. alterniflora marsh over high
S. patens marsh, whereas gulf killifish was signifi-
cantly more abundant in S. patens marsh. Striped mul-
let, daggerblade grass shrimp, brown shrimp, and blue
crab also were more numerous in edge S. alterniflora
marsh than Juncus marsh. Similarly, in a previous
study, brown shrimp and white shrimp seemed to pre-
fer low S. alterniflora marsh, whereas qulf killifish and
diamond killifish appeared to favor high Distichlis spi-
cata marsh over low S. alterniflora marsh {Rozas &
Reed 1993). In another study, densities of daggerblade
grass shrimp and brown shrimp were 1.2 to 4.3 times
higher on low than high S. alterniflora marsh, but ele-
vation did not seem to affect the abundance of white
shrimp (Minello et al. 1994). Although apparently not
the preferred habitat type of these organisms, high
marsh in our study was exploited by several species of
economic importance. Juncus marsh, in particular,
contained modest densities of brown shrimp (>3 m™
in spring) and blue crab (>1 m™? in fall) and relatively
high densities of white shrimp (>12 m? in fall). The
highest elevation sites we sampled, within S. patens
marsh, contained modest densities of brown shrimp
{>3 m™* in spring) and blue crab (1 m™ in fall).

We examined how habitat selection was affected by
the proximity of a marsh to open water (i.e. the edge
eftect) by comparing animal densities in Scirpus marsh
and inner Spartina alterniflora marsh. Although others
have examined the edge effect within S. alterniflora
marsh (Peterson & Turner 1994, Minello et al. 1994,
Minello & Webb 1997), elevation and proximity to
marsh edge were confounded in these studies. Eleva-
tion within a S. alterniflora marsh generally increases
with distance from the shoreline. For example, in our
study, the mean elevation of inner S. alterniflora marsh
was 5 to 7 cm higher than edge S. alterniflora marsh.

In contrast, the mean elevation of inner S. alternifiora
marsh was slightly less (1.7 cm) than that of Scirpus
marsh; therefore, a comparison of nekton densities be-

tween these 2 marsh types (inner S. alterniflora marsh
and Scirpus marsh) should be a conservative test of the
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edge effect. Even though these 2 habitat types were
separated laterally by only a few meters and they had
similar elevations, we found significant differences in
animal densities between marsh types. In our study,
gulf killifish and striped mullet were more numerous in
inner S. alterniflora marsh, but brown shrimp in spring
and daggerblade grass shrimp, white shrimp, and blue
crab in fall were significantly more abundant in Scir-
pus marsh. We found even more differences in animal
densities between marsh types when we compared
inner S. alterniflora marsh and edge S. alterniflora
marsh. We believe that this result is a response to a
combination of the edge and elevation effects. Peter-
son & Turner (1994) found that resident marsh species
(mostly grass shrimp and killifishes) used inner S.
alternifiora marsh, and most other nekton was concen-
trated in marsh within 3 m of the waters edge. In both
natural and created marshes of Galveston Bay, brown
shrimp (spring) and blue crab (fall) were significantly
more abundant in edge than inner S. alternifiora marsh
(Minello & Webb 1997). Because many fishery species
prefer marsh edge, increasing this habitat in solid
stands of S. alterniflora marsh should enhance its habi-
tat value and cause a substantial increase in its use by
these species. Constructing channels in a transplanted
S. alterniflora marsh increased densities of brown
shrimp and white shrimp near the channels by a factor
of 4.6 to 13 (Minello et al. 1994). Adding channels also
significantly raised the densities of polychaete worms
and daggerblade grass shrimp in the marsh edge.
These animals are an important food of nekton preda-
tors such as small fishes, blue crab, and brown shrimp
(Harrington & Harrington 1961, Gleason & Wellington
1988, Minello et al. 1989, Thomas 1989, McTigue &
Zimmerman 1991).

Distributions of decapod crustaceans and fishes also
may be affected by differences in structural complexity
of vegetation among habitat types. Plant stem density
and standing biomass in our study area generally
increased with marsh surface elevation. Predatory
fishes and decapod crustaceans may be attracted to
sparse vegetation if foraging success is greater there
than in dense vegetation. The relatively sparse vegeta-
tion of Spartina alterniflora and Scirpus marshes may
have provided more foraging surface than nonvege-
tated areas, yet may have interfered less with move-
ment and foraging activity than dense S. patens or
Juncus roemerianus vegetation (Vince et al. 1976, Van
Dolah 1978, West & Williams 1986).

The marsh surface and contiguous shallow nonvege-
tated areas generally supported higher densities of
fishes and decapod crustaceans than the nearby shal-
low bay. Few of the dominant species collected in our
study were abundant in shallow bay waters, although
the shallow bay occasionally had densities of gull men-
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haden and bay anchovy similar to those in nonvege-
tated areas contiguous with marsh.

In nonvegetated areas, water depth and proximity to
vegetation may influence nekton densities. Predation
risk is high in deep, nonvegetated areas, especially in
Gulf coast estuaries (Heck & Coen 1995). Open bay
waters were usually deeper than the other areas we
sampled. Mean water depth in the shallow bay was
always significantly greater than the average water
depths of the marsh surface; it was greater than all
other habitat types in fall. In the absence of submerged
aquatic vegetation, small fishes and decapod crus-
taceans may select shallow water to avoid large natant
predators (Baltz et al. 1993, Ruiz et al. 1993, Miltner et
al. 1995, Kneib 2000). In a study of a subestuary of
Chesapeake Bay, Ruiz et al. {1993) found that several
small species including daggerblade grass shrimp,
naked goby, and 2 killifishes were significantly more
abundant in shallow water (<70 cm), and the propor-
tion of small juvenile blue crabs decreased with depth.
They attributed this habitat segregation by depth to
predator avoidance by small vulnerable nekton.
Known predators (e.g. large spot, Atlantic croaker, and
blue crab) were often more abundant in waters
>70 cm, and the mortality rates of tethered dag-
gerblade grass shrimp, killifish, and small blue crabs
significantly increased with depth (Ruiz et al. 1993).
Submerged vegetation was absent from our study
area, and the shallow water of marsh ponds, channels,
and coves may have afforded some protection from
large natant predators. In addition, animals in nonveg-
etated areas adjacent to marsh have access to the
nearby emergent marsh vegetation when it floods,
which would provide protection as well (Minello &
Zimmerman 1983, Minello et al. 1989, Minello 1993).
Highest densities of 15 abundant species in nonvege-
tated areas were collected near the marsh edge, and
Baltz et al. (1993) attributed this pattern to the protec-
tion provided by both the shallow water and flooded
Spartina alterniflora at the marsh-water interface.

The paucity of available prey in the shallow bay may
also have contributed to the low densities of most nek-
ton predators. In Galveston Bay, infaunal densities
generally peak in spring (between February and May)
and decline to a low level in fall (October and No-
vember); however, a second peak may occur in the
fall (Harper 1992, Whaley 1997). In our study during
spring, average total infaunal densities in the shallow
bay were lower than those in both Spartina alterniflora
marsh types and other nonvegetated areas contiguous
with marsh. In addition, at this time the shallow bay
was dominated by the polychaete Mediomastus spp.
and oligochaetes, which are subsurface, deposit feed-
ers (Gaston & Nasci 1988, Whaley 1997) that may be
unavailable to most predators. In contrast, S. alterni-

flora marsh, ponds, and channels were dominated by
chironomids, which are available and often consumed
by estuarine predators (Sheridan 1979, Laughlin 1982,
Rozas & LaSalle 1990). Although infaunal densities in
the shallow bay peaked in the fall and surpassed aver-
age densities in other habitat types, Mediomastus spp.
continued to dominate the assemblage. The availabil-
ity of prey in the shallow bay at this time, however,
may have increased with the rise in densities of the
polychaete Streblospio benedicti, which is a surface
deposit feeder.

Factors that influence the abundance of infaunal
prey populations in shallow estuarine areas are com-
plex. The decline of infaunal densities in marsh and
adjacent nonvegetated areas that we observed
between spring and fall in our study may have resulted
from grazing by predators (Cammen 1979, Kneib
1984). However, many environmental conditions (e.g.,
temperature, desiccation, sediment oxygen concentra-
tion) that vary with flooding patterns, elevation, and
distance to edge also may control abundance of infau-
nal prey (Kneib 1984, Whaley 1997, Flynn et al. 1998).
A combination of biotic or abiotic factors are likely
responsible for the infaunal distributional patterns that
we observed in our study. The identification of specific
controlling factors will require further research that
incorporates controlled experiments.

In summary, we observed distinct utilization patterns
for different species of fishes and decapod crustaceans
in a shallow region of Galveston Bay. None of the
marsh or shallow nonvegetated habitat types we sam-
pled was preferred by all species. However, the marsh
surface and adjacent nonvegetated areas contained
much higher densities of most animals than the shal-
low bay. Most fishery species that use the marsh sur-
face were found in greatest abundance in low, shore-
line marsh vegetation. In applying our results to
habitat restoration in estuaries, we recommend creat-
ing a varlety of marsh and contiguous shallow habitat
types to enhance nekton biodiversity. To maximize
fishery habitat, we recommend that within this mix of
habitat types, greater emphasis be given to construct-
ing low marsh edge by creating large areas of low
marsh interspersed with a dense network of shallow
channels and interconnected ponds.
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