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Abstract Cedar Bayou, a natural tidal inlet, was recently
dredged to allow for direct water exchange between the Gulf
ofMexico andMesquite Bay, TX, USA.We quantified chang-
es in densities of juvenile nekton (fish, shrimps, and crabs) and
community structure in Mesquite Bay after Cedar Bayou was
reopened by collecting samples at both control and impact
sites using an epibenthic sled 1 year before (October 2013–
April 2014) and after (October 2014–April 2015) opening.
Significantly higher densities of total nekton were observed
at the impact sites after opening using a before-after control-
impact design. Red Drum (Sciaenops ocellatus), Atlantic
Croaker (Micropogonias undulatus), post-larval penaeid
shrimps (Farfantepenaeus aztecus, F. duorarum, and
Litopenaeus setiferus), and Blue Crabs (Callinectes sapidus)
were significantly more abundant at impact sites after Cedar
Bayou was opened. Multivariate analysis showed a significant
change in impact site communities after opening and was
driven by an increased presence of estuarine-dependent spe-
cies. Overall, this study demonstrates that opening tidal inlets,
such as Cedar Bayou, and reconnecting Mesquite Bay to the
Gulf of Mexico increased the presence of numerous estuarine-
dependent species, many of which were not present or oc-
curred at very low densities prior to reopening. Thus,
reestablishing the historical connectivity between a productive
estuary and the open Gulf of Mexico via Cedar Bayou should

reinstitute natural nekton recruitment processes important to
the Aransas, Mesquite, and San Antonio Bay regions.
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Introduction

Access to estuaries through tidal inlets is essential to the life
history of estuarine-dependent organisms. Approximately
75 % of commercially and recreationally valuable species in
the Gulf of Mexico are dependent on access to estuaries for at
least one critical stage of development (Chambers 1991).
Inlets play an important role in providing juvenile estuarine-
dependent nekton access to estuarine nursery habitats such as
seagrass meadows (King 1971; Reese et al. 2008; Heck et al.
2003), salt marshes (Weinstein 1979; Baltz et al. 1993;
Jenkins and Black 1994; Jenkins et al. 1997; Minello 1999;
Stunz and Minello 2001; Brown et al. 2004), and oyster reefs
(Nevins et al. 2013). These habitats provide juvenile nekton
with protection from predation and increased food resources,
leading to increased growth rates and recruitment into larger
size classes (Rooker et al. 1998a, b; Stunz et al. 2002a; Neahr
et al. 2010). Thus, understanding how tidal inlets influence
recruitment dynamics is critical to the management of numer-
ous Gulf of Mexico fisheries, such as Red Drum (Sciaenops
ocellatus), Blue Crabs (Callinectes sapidus), penaeid shrimps
(Farfantepenaeus aztecus, F. duorarum, and Litopenaeus
setiferus) (NMFS 2014), and particularly Southern Flounder
(Paralichthys lethostigma) as their population has been in
decline in Texas for 25 years (TPWD 2003; Nañez-James et
al. 2009).

Cedar Bayou is a natural ephemeral tidal inlet that separates
Matagorda Island from San Jose Island and historically
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allowed water exchange between Mesquite Bay and the Gulf
of Mexico, Texas, USA (Kraus 2007; Shepsis and Carter
2007). Despite large gaps in quantitative information regard-
ing the inlet’s dynamics throughout time, Cedar Bayou was
generally open and flowing prior to 1950 (Ward 2010). The
mouth of the inlet was closed in 1979 to prevent contaminants
from the Ixtoc oil spill from reaching Texas bays and the
mainland (Ward 2010). Despite subsequent coastal storms
and coastal engineering-induced changes, the inlet has
remained closed or in a reduced state for much of the last
30 years. There was immense interest by the scientific,
birding, and fishing communities in how the Mesquite Bay
region would respond to the reopening of Cedar Bayou.

Due to Cedar Bayou’s diminished cross-sectional area
(≤9.3 m2 from 1980 to 2010), its contemporary role as a major
avenue for juvenile nekton recruitment was unclear (Ward
2010), and few studies have examined the effects of opening
tidal inlets on estuarine nekton. However, results from the
nearby Laguna Madre bay system found that reopening
Packery Channel, an isolated tidal inlet near Corpus Christi,
TX, resulted in significantly increased densities of many
estuarine-dependent species including juvenile Red Drum,
Atlantic Croaker (Micropogonias undulatus), penaeid
shrimps, and Blue Crabs (Bushon 2006; Reese et al. 2008).
Therefore, we hypothesized that even though Cedar Bayou is
a relatively small inlet, its reopening would play a substantial
role in establishing biological connectivity between the Gulf
of Mexico and Mesquite Bay given its great distance from
other open flowing inlets —Aransas Pass is located approxi-
mately 32 km to the southwest, and Cavallo Pass is located
approximately 55 km to the northeast.

In addition to Cedar Bayou’s role in delivering economi-
cally important nekton to nursery habitats, the inlet serves as a
feeding ground for endangered Whooping Cranes (Grus
americana) that overwinter at the Aransas National Wildlife
Refuge (Gil-Weir et al. 2012). These cranes rely on Blue
Crabs from Cedar Bayou for 41 % of their winter diet
(Westwood and Chavez-Ramirez 2005). Periods of lower
Blue Crab abundance are correlated to increased winter mor-
tality for Whooping Cranes (Pugesek et al. 2008). While the
decline in Blue Crab numbers is driven by a combination of
factors, their low abundance is almost certainly impacted by
lack of inlet access. Given that reopening a nearby inlet in-
creased juvenile density of Blue Crabs (Reese et al. 2008),
reopening Cedar Bayou may play a key role in increasing
the food supply for Whooping Cranes overwintering in the
region.

Cedar Bayou, when open, is the only connection through
Matagorda Island in the northern Aransas Bay and southern
San Antonio Bay region that allows estuarine-dependent nek-
ton access to nursery habitats from spawning grounds in the
Gulf of Mexico. The restoration of flow to Cedar Bayou pro-
vides a rare opportunity to elucidate the direct impacts of tidal

inlets on juvenile estuarine-dependent nekton. The overall
goals of this project were to (1) determine whether seasonal
relative abundance, density, and size of juvenile nekton (fish,
shrimps, and crab) species changed after Cedar Bayou was
dredged and reopened and (2) assess nekton community
changes in Mesquite Bay before and after opening.

Methods

Study Site

Mesquite Bay is the southernmost component of the larger
San Antonio Bay estuary complex (Armstrong 1987; Britton
and Morton 1989). It is bordered to the north by San Antonio
Bay and to the southwest by the Aransas Bay complex
(Fig. 1). Given its position on the landward side of the
Matagorda and San Jose barrier islands, Mesquite Bay is iso-
lated from the Gulf of Mexico when Cedar Bayou is closed.
Cedar Bayou is approximately 4.8 km in length, and prior to
dredging the northern two thirds, Cedar Bayou measured ap-
proximately 180 m wide with a mean depth of 2 m below
mean sea level. The lower third of the inlet is morphologically
dynamic and subject to constant changes in width and depth
(Bermudez et al. 2005) with the ebb and flow of tides. Ward’s
(2010) comprehensive reconstruction of Cedar Bayou’s histo-
ry shows that marginal flow was intermittently present up to
the 2005 to 2007 time period; however, the inlet was perma-
nently closed from 2007 until the reopening in September
2014.

Study Design and Sample Site Delineation

This study assessed the effect of reopening Cedar Bayou on
abundances, densities, and sizes of nekton using a before-after
control-impact (BACI) experimental design (Smith 2002).
There are numerous variations of before-after designs
(Eberhardt 1976; Green 1979; Schwarz 2012), and we used
a BACI design by Stewart-Oaten et al. (1986) that was first
used to determine impacts of reopening tidal inlets by Reese et
al. (2008) and Milbrandt et al. (2012). Seagreass meadows are
the predominant habitat type used by recruiting nekton in this
region (Stunz et al. 2002a, b). Four impact sites were
established in locations within shallow seagrass meadows
(Halodule wrightii) near Cedar Bayou that estuarine-
dependent nekton would encounter upon ingressing. Four
control sampling sites were also selected in seagrass meadows
(H. wrightii) adjacent to Aransas Pass, a functioning tidal
inlet. The distance of the control sites from Cedar Bayou (ap-
proximately 32 km) was far enough away to be unaltered by
its reopening based on previous studies (Bushon 2006).
Diversity and abundance of nekton at control sites were con-
sidered representative of an estuarine system receiving large
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supplies of newly recruiting nekton from an open and flowing
tidal inlet (Nañez-James et al. 2009; Neahr et al. 2010).

Sampling Procedure

Nekton samples were collected during daylight hours using an
epibenthic sled. This device has been well-established in the
literature as an efficient gear for sampling small nekton of the
size we were targeting in seagrasses and other estuarine hab-
itat types (Stunz et al. 2002b; Reese et al. 2008; Neahr et al.
2010). Briefly, it is composed of a metal frame 0.6 m wide by
0.75 m high, which supports a 1-mm-mesh conical plankton
net mounted to skids. Each tow consisted of pulling the sled
16.6m covering 10m2 of the seagrass bed. Samples from each
individual tow were rough sorted in the field and preserved in
10 % buffered formalin (Reese et al. 2008).

Two sampling events were conducted in each recruitment
season (fall, winter, spring) for 2 years (1 year each, before

and after opening). Three independent epibenthic sled tows
were taken at each of the eight sites (four control and four
impact) during each sampling event totaling 288 samples over
the entire study period. At each sample site, water temperature
(°C), dissolved oxygen (mg L−1), and salinity were recorded
using a Hydrolab MS 5 sonde. In the laboratory, fishes and
crustaceans in each sample were sorted, counted, identified to
the lowest possible taxon, and measured to the nearest
0.1 mm. Fishes were measured using standard length (SL),
shrimps were measured using total length (TL) between the
tip of rostrum and the telson, and crab species were measured
using carapace width (CW). If more than 22 individuals of the
same species were collected in a single tow, the largest,
smallest, and 20 randomly selected individuals were mea-
sured.We assumed that thesemeasurements of randomly sam-
pled individuals were representative of the entire size distri-
bution in the tow. Once a sample was processed, organisms
were preserved in 70 % ethanol for long-term storage.

Fig. 1 The Cedar Bayou study area. Both the control sites (triangles) established near the Aransas inlet and impact sites (circles) located near Cedar
Bayou were located in seagrass meadows (Halodule wrightii)
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Statistical Analysis

Nekton General Comparisons

Mean density (m−2), mean size (mm), relative abundance (RA
%), and change in relative abundance (Δ RA %) estimations
were calculated for each species during each recruitment sea-
son at the control and impact sites following Reese et al.
(2008). Each mean density was calculated from a total of 24
samples collected each season at the control and impact sites.
Mean sizes were calculated from the number of individuals of
a species measured during each season before and after open-
ing. The RA (%) was calculated by dividing the number of
individuals of a species collected by the total number of fishes
or crustaceans within a particular season and multiplied by
100. Before opening, RA (%) was subtracted from after open-
ing RA (%) to calculate Δ RA (%). A negative change in
relative abundance indicates a decline in relative abundance,
while a positive number indicates an increase in relative
abundance.

Primary Recruitment Seasons

Recruitment of nekton into estuaries is highly variable; thus,
data used to test for significant differences in this BACI design
were restricted to peak recruitment seasons for each species
group or individual species (Reese et al. 2008). Total nekton,
total fish, total crustaceans, and resident shrimp densities were
tested over all sample seasons. Resident shrimp density was
calculated by summing the densities of Arrow Shrimp
(Tozeuma carolinense), Hippolytidae spp., and grass shrimps
(Palaemonetes spp.), which comprised over 85 % of the total
crustaceans collected during the course of this study. Mean
densities and sizes of Red Drum were determined using fall
samples only (Holt et al. 1983; Rooker and Holt 1997; Rooker
et al. 1998a; Stunz et al. 2002b; Reese et al. 2008), while
Southern Flounder and Atlantic Croaker were determined
using winter samples only (Haven 1957; Hansen 1969;
Rooker et al. 1998b; Searcy et al. 2007; Nañez-James et al.
2009). Mean densities and sizes of post-larval penaeid
shrimps and Blue Crabs were calculated by combining fall,
winter, and spring samples given that these taxa have complex
life histories, disperse widely, and spawn year-around (Pile et
al. 1996; Blackmon and Eggleston 2001; Reese et al. 2008).

Nekton Density and Size Comparisons

Density and size data were log (x+1) transformed to ensure
homogeneity of variance and normality of residuals (Zuur
et al. 2007; Reese et al. 2008). Transformed data were ana-
lyzed with ANOVA in a BACI design using the linear mixed
effects (.lme) function in R 3.1.3 (Pinheiro et al. 2015) to
identify changes in density and size due to the opening of

Cedar Bayou. The main effects model was conducted for ev-
ery group (e.g., total organisms, fish) and species of interest
with a two-way nested ANOVA that tested for a significant
interaction between the before-after (BA) and control-impact
(CI) main factors using type III sum of squares (α=0.05). Site
was treated as a random factor nested in the CI
factor (BA*site(CI)). The .lme function allows for random,
nested factors and uses restricted maximum likelihood
(REML) to generate a set of contrasts calculated from original
data. The REML technique is capable of producing unbiased
estimates of variance parameters while ensuring nuisance pa-
rameters have no effect. Density data were balanced as a result
of experimental design. Since size data were unbalanced given
that the number of individuals of a species varied by tow, all
ANOVAs used to test these data utilized Helmert contrasts.

To further test for differences within impact locations, BA
and CI factors were combined using the Bpaste^ function in R
3.1.3 to create a single factor with four levels: before control
(BC), after control (AC), before impact (BI), and after impact
(AI). Site remained nested within the new combined BA/CI
factors. Then, one-way Bpost-hoc^ ANOVAs (α=0.05) were
used to test for differences within impact and control locations
before and after opening for all groups and individual species
of interest (BC*AC and BI*AI).

Community Analysis

Multivariate analyses were implemented to test for differences
in communities at impact and control locations over the course
of the study using statistical procedures from PRIMER (v.7
PERMANOVA+). Mean densities for each species were cal-
culated by sampling event (date) for control and impact sites.
All data were fourth root transformed before analysis to re-
duce the importance ofmore abundant species and to allow for
changes in rarer species to be statistically discernable (Clarke
and Green 1988; Reese et al. 2008). A Bray-Curtis resem-
blance matrix was generated from mean densities for each
sampling event for both control and impact sites before and
after opening. A permutational multivariate analysis of vari-
ance (PERMANOVA) was then calculated using type III sum
of squares. This method is widely used to detect differences in
locations of multivariate groups (Anderson and Walsh 2013;
Ajemian et al. 2015). PERMANOVAs test the null hypothesis
that the centroids of the groups are equivalent for all groups as
defined in the space of the chosen resemblance measure.
Pseudo-F ratios are also generated by partitioning distance
matrices for multivariate data and conducting permutations
to make the data distribution-free. They are robust to hetero-
geneity when used in balanced designs (Anderson and Walsh
2013). Pair-wise tests were also performed on significant fac-
tors to determine whether control and impact site communities
changed between the before and after opening years following
Ajemian et al. (2015).
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To identify the species most responsible for driving dispar-
ity in assemblages, separate Bray-Curtis resemblance matrices
were constructed for the impact sites both before and after
opening. These matrices were tested for differences using
the RELATE package which performs a rank correlation,
compares the results to randomly permuted samples, and tests
the null hypothesis that no correlation exists between the sim-
ilarity matrices (Clarke and Gorley 2006; Reese et al. 2008).
Impact and control site resemblance matrices were also used
to generate a nonmetric multidimensional scaling (nMDS)
ordination, which allowed for visual comparison of control
site and impact site communities throughout time (Clarke
and Warwick 2001; Reese et al. 2008; Ajemian et al. 2015).
Bray-Curtis cluster groups were superimposed on the impact
site nMDS ordination to facilitate interpretation (Clarke and
Warwick 2001; Reese et al. 2008). Finally, a two-way crossed
similarity of percentages (SIMPER) analysis was conducted
to determine which overall species densities were the most
dissimilar between before and after opening samples. All sea-
sons were combined for these comparisons as communities
change seasonally (Reese et al. 2008).

Results

Physical Variables

Sample site water temperatures (°C), dissolved oxygen levels
(mg L−1), and salinities changed seasonally (Table 1).
Dissolved oxygen ranged from 5.9 to 10.4 mg L−1, water
temperatures from 14.6 to 24.9 °C, and salinity from 27.7 to

34.4. Differences were minimal within season and likely not
biologically significant.

Overall Nekton Relative Abundance and Species
Characterization

A total of 126,812 organisms were collected during the course
of this study, representing 31 fishes and 7 crustacean species.
Any individuals that could not be identified to species were
grouped into the lowest possible taxon (e.g., Clupeiformes,
Gobiidae, and Gobiosoma for fishes and Xanthidae,
Hippolytidae, Penaeidae, and Palaemonetes for crustaceans).
As is characteristic of estuarine nekton recruitment patterns,
some differences were found among seasons both before and
after opening in control sites; however, control sites remained
largely the same within each season after opening Cedar
Bayou.

The influence of opening Cedar Bayou was most apparent
at impact sites. In general, estuarine resident species were
abundant both before and after opening. For example, the
most abundant fishes during fall before opening were
Gobiosoma spp. and Syngnathus spp., and they remained
the most abundant after opening. Alternatively, we observed
within-season increases in nekton mean density (m−2) and RA
(%) for numerous estuarine-dependent species, and many of
these species were among the most abundant organisms after
opening (Table 2). Red Drum increased from 0 % at the im-
pact sites in the fall before opening to 14.8 % after opening,
along with post-larval penaeids which increased in the fall
after opening (Δ RA 11.4 %). After opening, winter samples
showed increased abundances of Atlantic Croaker (Δ RA
18.8 %) and Blue Crabs (Δ RA 36.1 %). Spring after opening

Table 1 Seasonal variation in
mean and standard error (SE) of
physical variables (water
temperature (°C), dissolved
oxygen (mg L−1), and salinity),
for control and impact sites before
(October 2013–April 2014) and
after opening (October 2014–
April 2015) Cedar Bayou

Control Impact

Before opening After opening Before opening After opening

Mean SE Mean SE Mean SE Mean SE

Fall

Dissolved oxygen (mg L−1) 10.35 (0.69) 11.74 (0.65) 7.97 (0.35) 6.58 (0.19)

Water temperature (°C) 21.87 (2.32) 23.05 (0.65) 19.72 (2.20) 22.04 (0.47)

Salinity 32.19 (0.75) 34.35 (0.34) 30.89 (0.74) 33.12 (0.28)

Winter

Dissolved oxygen (mg L−1) 7.96 (0.67) 9.02 (0.25) 8.90 (0.30) 8.86 (0.26)

Water temperature (°C) 16.66 (0.71) 14.63 (1.95) 16.31 (1.45) 16.78 (1.24)

Salinity 29.95 (0.12) 31.04 (0.38) 27.72 (0.07) 28.64 (0.35)

Spring

Dissolved oxygen (mg L−1) 9.78 (0.50) 5.94 (0.19) 7.82 (0.03) 7.68 (0.16)

Water temperature (°C) 22.70 (0.55) 21.58 (0.40) 18.90 (0.80) 24.94 (0.23)

Salinity 30.28 (0.15) 30.92 (0.56) 29.35 (0.10) 28.12 (0.56)

Means and SE were calculated from measurements taken at each sample site twice per season (n= 12 for each
parameter seasonally)
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impact samples revealed that estuarine-dependent Pinfish
(Lagodon rhomboides) were among the most abundant fishes
(RA 16.1 %), and crustacean abundances were led by post-
larval penaeids (Δ RA 25.2 %) and adult Farfantepenaeus
spp. (Δ RA 13.2 %).

Nekton Density and Size Comparisons

The control sites near the long-established Aransas inlet
remained largely unchanged throughout the study, whereas
substantial changes were observed in density of nekton at
impact sites after Cedar Bayou was opened. Overall, impact
sites were characterized by significant increases in mean den-
sity of total organisms, total fish, total crustaceans, and resi-
dent shrimp following reopening Cedar Bayou (Fig. 2,
Tables 3 and 4). Results for total organism density showed a
significant BA×CI interaction (Table 3), and a one-way post-
hoc ANOVA demonstrated the interaction was due to a sig-
nificantly higher density of total organisms at impact sites
after opening, while there was no significant difference at
control sites after opening (Fig. 2, Tables 3 and 4).

Densities of total fish and crustaceans also changed
throughout the study, particularly at impact locations. There
was a significant BA×CI interaction (Table 3) of total fish
densities, and post hoc ANOVAs showed an increase of fish
at impact locations after opening. No significant differences in
total fish densities were detected at control sites after opening
(Fig. 2, Tables 3 and 4). Density of total crustaceans also
increased after opening. The main effects ANOVA for total
crustacean density showed a highly significant BA×CI inter-
action (Table 3), and post hoc tests revealed a significant den-
sity increase at impact and control sites after opening (Fig. 2,

Tables 3 and 4). The resident shrimpmain effects ANOVA did
not detect a significant BA×CI interaction; however, post hoc
ANOVAs showed significant increases at impact and control
sites (Fig. 2, Tables 3 and 4). Although there was a significant
result for resident shrimps at control sites, this should be
interpreted with caution as it is most likely due to the log
transformation of outliers, and likely not truly significant.

Changes in mean density and size were assessed for
estuarine-dependent species during their peak recruitment to
examine species-specific effects of the Cedar Bayou opening
(Fig. 3, Tables 4 and 5). The main effects ANOVA for density
of Red Drum detected a significant BA×CI interaction, and
post hoc analyses indicated that their density increased signif-
icantly at impact sites (Fig. 3, Tables 4 and 5). No significant
change in Red Drum density occurred at the control sites
between the before and after opening years. We were unable
to perform statistical analysis for the size of Red Drum be-
cause no individuals were captured at the impact sites before
opening. After opening, Red Drum mean size was 9.7 mm
±0.44 (Fig. 3, Table 4), and mean sizes remained similar at
control sites between years (Fig. 3 and Table 4). We did not
find a significant BA×CI interaction in density of Southern
Flounder (Table 5), and there was no significant change in
density at either the impact or control locations. The mean size
main effects ANOVA did not show a significant BA×CI in-
teraction (Table 5), and we observed no significant changes in
mean size between before and after opening at impact or con-
trol locations (Fig. 3, Tables 4 and 5). Densities of Atlantic
Croaker had a significant BA×CI interaction (Table 5), and
we found a significant decrease in density at the control sites
while impact locations showed increased density. Atlantic
Croaker mean size did not show a significant interaction; post

Fig. 2 Overall mean densities
(m−2), and standard error of total
organisms (total), fish,
crustaceans, and resident shrimp
(RS) species in control and impact
locations over all seasons before
and after opening. A main-effects
two-way nested ANOVA,
(BA*site(CI)), was used to test
each group for significance,
*p< 0.05, ***p< 0.001. See
Table 4 for sample size

Estuaries and Coasts



hoc results showed no change at impact locations (Fig. 3;
Tables 4 and 5). We found a significant change in mean size
at control sites (Fig. 3, Tables 4 and 5), but few individuals
(n=1) were captured post-opening at control sites.

Similar to estuarine-dependent fishes, the density of post-
larval penaeid shrimps changed significantly (BA×CI inter-
action) with the opening of Cedar Bayou (Table 3). Post hoc
ANOVAs show that significantly more post-larval penaeids
were found at the impact sites after opening while no

significant change occurred at the control locations. We also
found a significant size interaction where impact sites experi-
enced no change (Fig. 3, Tables 4 and 5), but at control sites
penaeid shrimps were significantly larger after opening. Blue
Crab densities were significantly different (BA×CI interac-
tion) after opening Cedar Bayou (Table 3). There were signif-
icantly more Blue Crabs at impact sites while densities at
control sites remained similar. Blue Crab mean sizes followed
a similar pattern with a significant interaction (Table 3), de-
creased sizes at the impact sites (Fig. 3, Tables 4 and 5), but no
significant change in mean size at the control sites.

Community Analysis

Multivariate analyses indicated that the composition of the
nekton community changed at impact sites following the
opening of Cedar Bayou. PERMANOVA results show that a
small interaction may have occurred between the BA and CI
factors at a community level (998 permutations, df=1, pseu-
do-F = 2.19, p = 0.070), although it was not significant.
However, pair-wise tests demonstrated that while the control
site community did not change before and after opening (393
permutations, df=10, t = 0.93, p=0.460), the impact site com-
munity did change (418 permutations, df = 10, t = 2.28,
p=0.003). Differences between the control and impact site
communities existed before (411 permutations, df = 10,
t = 3.17, p= 0.002) and after opening (402 permutations,
df=10, t =2.03, p=0.003). The nMDS ordination for the con-
trol and impact sites show that the after opening impact site
community shifted towards the control site community
(Fig. 4a).

Given that changes to the community at impact sites were
so great, additional analyses were performed to determine
more fine-scale community changes. The RELATE routine
verified that no correlation existed between the abundance
matrices for before- and after-opening impact communities
(R=0.281, p=0.100). Differences between before and after
opening nekton densities at the impact sites were also demon-
strated with Bray-Curtis cluster analysis and nMDS ordina-
tion. The Bray-Curtis cluster revealed four distinct clusters at
the 63 % similarity level, represented by two before-opening
groups and two after-opening groups (Fig. 4b). The two-way
crossed SIMPER analysis showed that increased densities of
post-larval penaeid shrimps, Hippolytidae spp., and Blue
Crabs at impact sites after opening (Table 6) greatly contrib-
uted to the dissimilarity between before- and after-opening
communities across all seasons. These same organisms also
contributed greatly to within-group similarity (Table 6).
Overall, increases in other estuarine-dependent species includ-
ing Red Drum, Pinfish, and Atlantic Croaker contributed to
within-group similarity at the impact sites after opening Cedar
Bayou (Table 6).

Table 3 Overall results of two-way nested main effects ANOVA and
post hoc ANOVA

Density

df F value p value

Total organisms

Main effect

BA 278 4.615 0.0326

CI 6 185.257 <0.0001

BA×CI 278 20.628 <0.0001a

Post hoc

BC×AC 139 3.805 0.0531

BI × AI 139 93.325 <0.0001a

Total fish

Main effect

BA 278 4.633 0.0322

CI 6 58.241 0.0003

BA×CI 278 4.624 0.0324a

Post hoc

BC×AC 139 3.273 0.0726

BI ×AI 139 46.137 <0.0001a

Total crustaceans

Main effect

BA 278 5.183 0.0236

CI 6 170.034 <0.0001

BA×CI 278 17.644 <0.0001a

Post hoc

BC×AC 139 4.149 0.0436a

BI ×AI 139 89.926 <0.0001a

Resident shrimps

Main effect

BA 278 7.110 0.0081

CI 6 110.147 <0.0001

BA×CI 278 0.319 0.5726

Post hoc

BC×AC 139 5.238 0.0236a

BI ×AI 139 18.683 <0.0001a

Resident shrimps represent the summed total of Arrow Shrimp,
Hippolytidae spp., and Palaemonetes species. See Table 4 for mean,
standard error, and sample size
a Denote significance
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Discussion

Reopening tidal inlets is often a costly and time-consuming
process. Therefore, it is important to document the ecological
effects of inlet restorations not only to justify the high cost but
also to validate the project as a viable management and con-
servation tool. The goal of this study was to determine wheth-
er reopening a natural tidal inlet would increase recruitment of
nekton into estuarine habitats. Dramatic changes to total nek-
ton, fish, and crustacean densities at impact sites after opening
indicated that restoration of flow at Cedar Bayou significantly
impacted the community as a whole. In addition, we observed
elevated recruitment and density for numerous estuarine-
dependent species including Red Drum, Blue Crabs,
Atlantic Croaker, and post-larval penaeid shrimps. The in-
creases in estuarine-dependent species were large enough to
induce an assemblage shift at impact sites after opening, and
these results demonstrate the positive effect that tidal inlets
can have on nekton density and community.

Physical Parameters

Overall, physical water variables remained similar between
control and impact sites, as well as pre- versus post-opening.
The reopening of tidal inlets can cause changes in physical

water parameters at both a local and regional level (Reese et al.
2008; Milbrandt et al. 2012), and these changes have the po-
tential to impact nekton community structure (Hoff and Ibara
1977; Reese et al. 2008). However, changes in water quality
variables observed here were not necessarily attributable to
opening Cedar Bayou, and fluctuations were within a range
that would be expected; thus, we do not suspect that water
quality influenced the nekton recruitment patterns observed
in this study.

Nekton Abundance and Density

The effect of opening Cedar Bayou was best characterized by
the numerous within-season changes to nekton abundance at
impact sites after opening, and the changes we found for nu-
merous species provided a broad perspective of the role Cedar
Bayou plays in shapingMesquite Bay’s ecology. For example,
nekton abundance at control sites remained largely unchanged
after opening, and most of the abundant species (e.g., Darter
Gobies) are common in healthy Texas estuaries (Nelson 1992;
Reese et al. 2008). The small abundance changes observed are
most likely attributable to normal annual population fluctua-
tions. In contrast, estuarine-dependent species (e.g., Blue
Crabs) which were not common at the impact sites before
opening became very abundant after opening. The increase

Table 4 The mean density (m−2), mean sizes (mm), standard error (SE), and sample size (n), used in density analyses

Control Impact

Before-opening After-opening Before-opening After-opening

Mean SE n Mean SE n Mean SE n Mean SE n

Density (m−2)

Total organism 77.42 9.227 72 81.13 6.805 72 2.21 0.346 72 15.37 2.326 72

Total fish 3.87 0.357 72 5.34 0.567 72 0.41 0.075 72 1.64 0.251 72

Total crustaceans 73.55 9.096 72 75.78 6.632 72 1.80 0.322 72 13.73 2.128 72

Resident shrimps 70.17 9.252 72 70.00 6.73 72 1.56 0.315 72 8.20 1.747 72

Density (m−2)

Atlantic Croaker 0.06 0.028 24 0.00 0.004 24 0.02 0.008 24 0.16 0.047 24

Red Drum 0.54 0.123 24 0.39 0.070 24 0.00 0.000 24 0.44 0.102 24

Southern Flounder 0.12 0.041 24 0.10 0.031 24 0.05 0.019 24 0.06 0.015 24

Post-larval penaeids 2.29 0.533 72 3.45 0.822 72 0.16 0.036 72 3.97 0.688 72

Blue Crab 0.72 0.141 72 1.00 0.233 72 0.04 0.009 72 0.63 0.089 72

Size (mm)

Atlantic Croaker 21.97 0.858 15 36.50 0.000 1 20.08 4.538 5 21.86 0.949 39

Red Drum 10.55 0.279 130 10.54 0.359 93 0.00 0.000 0 9.74 0.449 106

Southern Flounder 13.20 0.774 28 20.04 5.830 24 17.95 1.780 13 17.51 1.844 14

Post-larval penaeids 13.12 0.111 557 14.67 0.212 839 13.27 0.361 78 13.00 0.128 927

Blue Crab 7.15 0.259 418 6.87 0.262 459 9.16 0.589 30 4.46 0.183 433

Density sample size represents the total number of tows while size sample size represents the total number of individuals measured for each species.
Resident shrimp density was calculated by summing the total of Arrow Shrimp,Hippolytidae spp., and Palaemonetes species. Total organisms, fish, and
crustacean mean densities were calculated over all seasons whereas species values were calculated during their primary recruitment seasons
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in abundance of estuarine-dependent fishes and crustaceans at
the impact sites suggests that opening Cedar Bayou allowed
estuarine-dependent species to more effectively reach nursery
habitats in Mesquite Bay from their offshore spawning
grounds. These patterns reinforce the view that inlets play a
large role in determining nekton populations and assemblages
along the Texas coast.

Additionally, increases in the density of total organisms at
the impact sites after Cedar Bayou was opened further sug-
gests there was a large influence of this newly reopened inlet.
In contrast, few changes were seen at the control sites,
confirming that a greater influx of estuarine-dependent species
to impact locations in Mesquite Bay was the cause of the

changes we observed. Further evidence from the increase in
fish density shows that estuarine-dependent nekton, particu-
larly fishes, are ingressing through Cedar Bayou and settling
in nearby seagrass beds (Bell and Westoby 1986). Reese et al.
(2008) demonstrated similar patterns for fish densities; how-
ever, few other studies have shown a change in fish density
after reopening a tidal inlet. For example, inlet restoration
studies on Rollover Pass, TX (Reid 1957), and Blind Pass,
FL (Milbrandt et al. 2012), reported no significant change in
fish density. The primary reason previous studies did not ob-
serve a change in total fish density is likely attributable to
nekton being able to easily access these areas through other
nearby inlets. Thus, the impact of opening geographically

Fig. 3 Mean densities (a) and
mean sizes (b) of selected fishes
and crustacean species during
their season(s) of peak
recruitment at impact sites before
and after opening the inlet. Mean
densities and sizes along with
standard errors were calculated
from all individuals sampled
within the specified recruitment
season. Post hoc ANOVA
(BI*AI) results are indicated
above the bars; **p< 0.01,
***p< 0.001. See Table 4 for
sample size
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isolated tidal inlets such as Cedar Bayou and Packery Channel
may be more pronounced as estuarine-dependent nekton are
able to recruit to nursery habitats that were previously inac-
cessible (Reese et al. 2008).

The large increase in density of crustaceans at both control
and impact sites after opening was most likely driven by the
high abundance of resident shrimps at all sites. Any changes
by other crustacean species were masked because they oc-
curred in much lower abundance. The small differences in
resident shrimp densities at the control sites were most likely
due to environmental variation (Fogarty et al. 1991), while
densities at impact sites may have been more directly caused
by Cedar Bayou. These resident shrimp species are present in
high densities in seagrass beds throughout the year and exhibit
peak abundances during different seasons based on environ-
mental conditions. Many of these species, particularly
Palaemonetes spp., provide a critical prey base for a variety
of marine organisms including Red Drum and Spotted
Seatrout Cynoscion nebulosus (Wood 1967; Morgan 1980).
This increase in prey resources will be important in sustaining
this changed community given the increase of many fish
species.

The impact of reopening Cedar Bayou was most clearly
demonstrated by two Sciaenid species, Red Drum and
Atlantic Croaker. Red Drum did not occur at impact sites
before opening, but after opening we found high densities
that resembled numbers at control sites. This change in
abundance suggests that Red Drum were not able to reach
these areas before Cedar Bayou was dredged. Similar
findings by Reese et al. (2008) suggest that juvenile Red
Drum have difficulty dispersing and accessing nursery habitat
farther from tidal inlets. Moreover, other studies have shown
that even when habitat is available, juvenile Red Drum have
limited dispersal ability and their densities substantially de-
crease with distance from a tidal inlet (Bushon 2006). Even
though densities of Atlantic Croaker decreased at control sites
over the course of our study, most likely because of annual
variation in recruitment (Fogarty et al. 1991), their densities
were higher at impact sites during the peak winter recruitment
season. Our data suggest that this increase in density at the
impact sites was larger than normal variation and is a function
of juveniles having access to Mesquite Bay via Cedar Bayou.
Thus, reopening Cedar Bayou allowed Red Drum and
Atlantic Croaker to access the extensive seagrass beds of
Mesquite Bay, which now provides critical nursery habitat
for these economically important species.

Newly settled and juvenile Southern Flounder generally
occur at very low densities throughout Texas estuaries
(Stokes 1977; Nañez-James et al. 2009; Froeschke et al.
2013), so our result of no change at impact sites is not surpris-
ing. Although densities of juvenile Southern Flounder are
highest in vegetated areas nearest to open inlets (Nañez-
James et al. 2009), our results are consistent with the findings

Table 5 Two-way nested ANOVA and post hoc ANOVA results for
individual species

Density Size

df F value p value df F value p value

Red Drum

Main effect

BA 86 1.171 0.2823 – – –

CI 6 14.670 0.0087 – – –

BA×CI 86 17.275 0.0001a – – –

Post hoc

BC×AC 43 0.850 0.3617 – – –

BI×AI 43 36.919 <0.0001a – – –

S. Flounder

Main effect

BA 86 0.122 0.7282 69 2.872 0.0947

CI 6 0.938 0.3702 6 4.551 0.0769

BA×CI 86 0.138 0.7112 69 1.380 0.2441

Post hoc

BC×AC 43 0.850 0.3617 47 2.625 0.1119

BI ×AI 43 0.059 0.8098 22 0.034 0.8559

Atlantic Croaker

Main effect

BA 86 3.214 0.0765 52 3.040 0.0871

CI 6 0.613 0.4636 5 0.477 0.5206

BA×CI 86 17.543 0.0001a 52 1.618 0.2091

Post hoc

BC×AC 43 4.774 0.0344a 12 8.253 0.0140a

BI ×AI 43 12.860 0.0009a 40 0.492 0.4872

Post-larval penaeids

Main Effect

BA 278 3.449 0.0643 2391 13.850 0.0002

CI 6 13.019 0.0113 6 0.184 0.6832

BA×CI 278 18.257 <0.0001a 2391 7.270 0.0071a

Post hoc

BC×AC 139 2.717 0.1016 1391 12.940 <0.0001a

BI ×AI 139 85.462 <0.0001a 1000 1.866 0.1722

Blue Crab

Main effect

BA 278 1.332 0.2495 1330 3.632 0.0569

CI 6 11.757 0.0140 6 3.653 0.1045

BA×CI 278 9.786 0.0019a 1330 27.899 <0.0001a

Post hoc

BC×AC 139 0.929 0.3368 872 3.193 0.0743

BI ×AI 139 54.916 <0.0001a 458 52.384 <0.0001a

Differences in Red Drum sizes could not be calculated as none were
collected in the year before opening. See Table 4 for mean, standard error,
and sample size for each species
a Denote significance
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of Bushon (2006), Reese et al. (2008), and Milbrandt et al.
(2012), who also observed no change in Southern Flounder
populations following the reopening of tidal inlets. Nañez-
James et al. (2009) showed that young flounder can reach
isolated areas even when nearby inlets are closed. Their natu-
rally low abundance, even near open tidal inlets, may have
prevented the detection of any significant impacts indicating
that access to tidal inlets may not be the most limiting factor
on Southern Flounder recruitment. Southern Flounder popu-
lations have been in dramatic decline for the past 25 years
(Stunz et al. 2000) and are showing very slow recovery.
More research is needed to elucidate Southern Flounder re-
cruitment dynamics and examine in detail the role of tidal
inlets in the recruitment process.

The increase in densities of penaeid shrimps and Blue
Crabs at impact sites after opening suggests that these spe-
cies were able to access nursery habitats in Mesquite Bay

from the Gulf of Mexico via Cedar Bayou. Blue Crabs in
particular seemed able to disperse and settle more effec-
tively with Cedar Bayou open (Heck and Thoman 1984;
Patillo et al. 1997; Heck et al. 2001; Bushon 2006; Reese et
al. 2008). Penaeid shrimps and Blue Crabs are extremely
important to the Texas ecosystem and economy; the Texas
shrimping industry alone generates US$159 million annu-
ally (NMFS 2014). Moreover, penaeid shrimps and Blue
Crabs are key prey items for Spotted Seatrout, Red Drum,
Atlantic Croaker, and Southern Flounder (Minello and
Zimmerman 1983; Minello et al. 1989; Scharf and
Schlicht 2000) and thus represent the forage base
supporting the billion dollar recreational sportfish fishery
within the state (NMFS 2014). In addition to its economic
importance as a fishery, Blue Crabs are a major dietary
component of the endangered Whooping Crane. This spe-
cies’ winter survival directly correlates to Blue Crab

Fig. 4 Nonmetric
multidimensional scaling
(nMDS) ordinations for (a)
control and impact sites before
and after opening, and (b) impact
sites only with Bray-Curtis cluster
analysis (63 % similarity)
superimposed. Densities were
averaged for control and impact
locations by date for a total of 24
samples
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abundance (Pugesek et al. 2008), and increased Blue Crab
recruitment into Mesquite Bay’s seagrass nurseries has the
potential to translate into higher abundance, which could
provide an important forage base for the sensitive
Whooping Crane population wintering near Cedar Bayou.

The size of most species remained similar at impact and
control sites after flow was restored to Cedar Bayou. Other
studies of reopening tidal inlets found that the mean size of
estuarine-dependent nekton may decrease at impact sites once
the inlet is reopened (Bushon 2006; Reese et al. 2008). This
size decrease indicates recruitment via the new inlet rather
than an extended migration from another inlet farther away
(allowing for growth as they are moving). The only two spe-
cies that showed size differences post-opening were Blue
Crabs and penaeid shrimps. Blue Crabs were smaller at the
impact sites after opening, while post-larval penaeid shrimps
were only slightly larger at control sites, and the biological
significance of this change is questionable. The lack of size
differences in fishes after opening observed in our study is
most likely attributed to the high growth rate of young recruits
(Rooker and Holt 1997) and the variability in exact recruit-
ment dates (Rooker et al. 1998b) and also because many spe-
cies were not available pre-opening to perform size-based

assessment. Thus, size may not always be a good indicator
of the location of recruitment especially when numerous co-
horts of recruits occur simultaneously in the same habitat.
Changes in density patterns were a better indicator of recruit-
ment potential via the new tidal inlet and indicated a substan-
tial increase in juvenile nekton after the inlet was opened.

Community Analysis

Flowing tidal inlets can determine nekton community struc-
ture in estuarine habitats as was highlighted by the changes we
observed in density and abundance of species at impact sites.
We found strong seasonal effects on impact site communities
indicated by groupings of winter and spring samples and
unique fall samples. Seasonal pulses of juvenile estuarine-
dependent nekton can cause community to shift and change,
which is most likely the cause of changes both seasonally and
overall (Reese et al. 2008). Moreover, because most of the
species responsible for the shift in community composition
are estuarine-dependent (e.g., Blue Crabs and penaeid
shrimps) and rely on open inlets for access to seagrass nursery
habitat, reopening Cedar Bayou and allowing the ingress of

Table 6 Results of the two-way crossed SIMPER summaries (before and after opening across all seasons) for impact sites showing species that
contributed >1 % to the between group dissimilarities

Before-opening After-opening Before- and after-opening

Species Mean density Similarity (%) Mean density Similarity (%) Dissimilarity (%)

Penaeidae spp. 0.16 18.77 3.97 21.39 12.88

Hippolytidae spp. 0.69 26.56 5.09 17.12 9.83

Callinectus sapidus Blue Crab 0.04 4.64 0.63 12.05 9.41

Farfantepenaeus spp. 0.03 2.19 0.89 9.69 8.62

Palaemonetes spp. Grass Shrimp 0.26 7.74 2.14 5.26 7.33

Tozeuma carolinense Arrow Shrimp 0.61 17.08 0.97 8.32 7.18

Syngnathus spp. Pipefish 0.05 5.01 0.23 4.93 5.65

Lagodon rhomboides Pinfish 0.10 3.59 0.13 3.36 5.32

Gobionellus boleosoma Darter Goby 0.00 0.00 0.15 2.65 4.48

Gobiosoma spp. 0.11 5.19 0.47 2.36 4.07

Micropogonias undulatus Atlantic Croaker 0.01 0.41 0.11 2.34 3.98

Eucinostomus argenteus Spotfin Mojarra 0.08 6.90 0.08 3.16 3.75

Sciaenops ocellatus Red Drum 0.00 – 0.15 3.10 2.73

Paralichthys lethostigma Southern Flounder 0.02 1.36 0.02 1.08 2.28

Citharichthys spilopterus Bay Whiff 0.00 – 0.03 1.27 2.20

Xanthidae spp. 0.00 – 0.03 0.22 1.27

Orthopristis chrysoptera Pigfish 0.00 – 0.08 0.33 1.20

Clupeiform spp. 0.00 – 0.08 0.25 1.19

Bairdiella chrysoura Silver Perch 0.00 – 0.03 0.34 1.15

Symphurus plagiusa Blackcheek Tonguefish 0.00 – 0.04 0.45 1.08

Mean densities (m−2 ) and similarity data were calculated from impact locations over all seasons for both before and after opening (n= 144). Dashes
indicate species that contributed <1 % to the average similarity or dissimilarity
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new estuarine-dependent nekton in Mesquite Bay influenced
the seagrass communities.

Conclusions

The opening of Cedar Bayou caused positive changes in nek-
ton density and community structure in Mesquite Bay’s pre-
viously inaccessible seagrass habitats by providing a means of
ingress for estuarine-dependent species. Our findings also
show the potential for increasing species abundance, which
may translate into increasing population productivity as a di-
rect result of reopening Cedar Bayou. It may take years and
additional studies to understand the full effect of restoring
Cedar Bayou; nonetheless, the inlet’s positive influence on
the Mesquite Bay ecosystem was observed almost immediate-
ly after it was reopened, and we anticipate these trends to
continue.
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