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Structurally complex habitats are often associated with more diverse and abundant species assemblages in
both aquatic and terrestrial ecosystems. Biogenic reefs formed by the eastern oyster (Crassostrea virginica)
are complex in nature and are recognized for their potential habitat value in estuarine systems along the US
Atlantic and Gulf of Mexico coasts. Few studies, however, have examined the response of nekton to structural
complexity within oyster reefs. We used a quantitative sampling technique to examine how the presence
and complexity of experimental oyster reefs influence the abundance, biomass, and distribution of nekton
by sampling reefs 4 months and 16 months post-construction. Experimental oyster reefs were colonized
immediately by resident fishes and decapod crustaceans, and reefs supported a distinct nekton assemblage
compared to mud-bottom habitat. Neither increased reef complexity, nor age of the experimental reef
resulted in further changes in nekton assemblages or increases in nekton abundance or diversity. The presence
of oyster reefs per se was the most important factor determining nekton usage.
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1. Introduction

Variations in abiotic and biotic factors influence species interac-
tions and community assemblages (Grabowski et al., 2008; Lenihan,
1999). For example, structural complexity can determine the success
of some organisms in colonizing or using habitats, and dictate the en-
ergetic benefits and constraints of organisms (MacArthur and Pianka,
1966). In theory, structurally complex habitats are expected to sus-
tain higher densities of organisms and more diverse communities
than structurally simple ones (Diehl, 1992; Luckhurst and Luckhurst,
1978). By altering resource availability and predation risk (Hixon and
Menge, 1991), the habitat structure has the ability to shape commu-
nity assemblages via direct and indirect interactions.

A variety of ecological theories have been suggested to explain de-
mographic patterns in structurally complex habitats (e.g., Christensen
and Persson, 1993; Gratwicke and Speight, 2005; Hicks, 1980;
MacArthur and MacArthur, 1961). In shallow water estuarine envi-
ronments, biogenic reefs formed by the eastern oyster (Crassostrea
virginica; hereafter oyster) are recognized for their ability to create
structure (Jones et al., 1994) and support large populations of resi-
dent organisms (Breitburg, 1999; Shervette and Gelwick, 2008;
Stunz et al., 2010; Tolley and Volety, 2005). This complex structure
can increase the number of habitats and thus the effective niche
space within an environment, thereby potentially decreasing the
physical stress of resident organisms (Dean and Connell, 1987). As a
result, reef habitat may allow potentially competing species to coexist
within a structurally complex environment (Beukers and Jones, 1997).
Organisms may use structure provided by oyster reefs as nursery
or foraging habitat, spawning substrate, refugia, or attachment
space. However, it is unclear how nekton abundance and diversity
are related to the relative structural complexity of different reefs.

Oyster reefs provide significant structure in shallow marine eco-
systems worldwide, yet are often underrepresented in studies of es-
tuarine nekton community and population dynamics as compared
to other biogenic structures (e.g., seagrass meadows, salt marshes,
mangroves, coral reefs) (see review in Minello et al., 2003). For exam-
ple, Heck et al. (2003) concluded that very few differences exist in
the abundance, growth, or survival of associated nekton assemblages
when comparing seagrass meadows to other biogenic structures (i.e.,
oyster or cobble reefs, macroalgal beds). In their review, however,
only one (Eggleston et al., 1998) of the sixty-four cited references ex-
plicitly included oyster reefs. Studies that focus on community assem-
blages at oyster reefs often compare reefs to other biogenic structures
or mud-bottom, ignoring possible structural differences within reefs
that may influence nekton use (e.g., Geraldi et al., 2009; Harding
and Mann, 2001; Plunket and La Peyre, 2005; Shervette and Gelwick,
2008; Stunz et al., 2001, 2002, 2010; but see Tolley and Volety,
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2005). An exception is Soniat et al. (2004), who reported that
shell orientation affects the availability of refugia, and fish species
may show a higher affinity for vertically- rather than horizontally-
oriented oyster shell.

In this study, we used a quantitative sampling technique to simul-
taneously compare nekton use of bare, mud bottom and experimental
oyster reefs that differed in structural complexity. Our objectives
were to examine whether: (1) the presence of structure influences
nekton assemblages, (2) the level of reef complexity affects nekton
communities (abundance, diversity, biomass, assemblage), and
(3) the nekton communities at biogenic reefs change over time. We
predicted distinct assemblages and an increase in species abundance,
biomass, and diversity at oyster reefs compared to mud-bottom, and
as reef structural complexity (i.e., shell density) increased. We also
predicted that communities would become more diverse and support
a higher biomass over time.

2. Materials and methods

2.1. Study site

The study was conducted along the northern shore of Caillou
(Sister) Lake, located in Terrebonne Parish, Louisiana, USA (29°15′
N, 90°55′W). Sister Lake is a mesohaline salt marsh system com-
prised of primarily open water habitat with water depths ranging
from 1 to 3 m and a mean tidal range of 0.3±0.03 m (1 SE) (National
Geodetic Vertical Datum). Mean (±1 SE) water temperature and sa-
linity in the study area between 1997 and 2009 were 23.5±1.9 °C
and 12.0±2.8 respectively (LDWF/USGS 07381349 — Caillou Lake
southwest of Dulac, LA, USA). Dominant winds are typically from the
southeast, except during winter following the passage of cold fronts
when northerly winds prevail. Sister Lake has served as a state public
oyster seed reservation since 1940, and oyster beds are abundant
within the system.

2.2. Experimental reef construction

Treatments (0.45 m2) were created by varying the density of
clean, unaggregated oyster shells and placing them in cylindrical
wire cage structures (2.54-cm mesh), with the top left open.
Unaggregated shell treatments were used in these experiments
as a surrogate for oyster reef. The use of clean, nonliving oyster
shell and the relatively small size of the treatments in our experi-
ments were chosen to conservatively test for a nekton response to
the addition of reef on mud-bottom habitat. The cages enabled us
to simulate three-dimensional reefs by containing the unaggregated
shell and preventing the destruction or movement of the reefs in the
field. Four treatments were tested, two control and two experimen-
tal. Treatments varied by shell volume (L) and vertical relief (cm)
with the assumption that an increase in shell volume and vertical re-
lief increases the 3-dimensional structure. Treatments included:
(1) mud-bottom, no cage (MUD), (2) mud-bottom, with cage
(CAGE), (3) low oyster shell density (4 L shell, approx. 5 cm vertical
relief; LOW), and (4) high oyster shell density (8 L shell, approx.
20 cm vertical relief; HIGH). We created the CAGE treatment to de-
termine whether the structure of the cages alone had an effect on
nekton communities. In July 2009, we chose two sampling shorelines
(each spanning at least 225 m in length) for the placement of treat-
ments in Sister Lake. At each sampling shoreline within shallow
water, we randomly selected 30 sites approximately 15 m apart
and 25 m from shore and randomly assigned treatment types.
Thus, in total 60 sites (10 MUD+10 CAGE+20 LOW+20 HIGH)
were distributed evenly by treatment type between the two sam-
pling shorelines. The experimental oyster reefs were deployed in
July 2009.
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2.3. Field sampling

We planned two sampling events, the first (October 2009) to
occur shortly after the reefs were constructed to examine the immedi-
ate response of nekton to the addition of reef, and a second (October
2010) a year after the first to examine more long-term colonization
of reefs by nekton. We collected a total of 59 nekton samples (note:
one MUD treatment was lost between sampling events). Fishes and
decapod crustaceans were quantitatively sampled using a 1-m2

drop sampler (Zimmerman et al., 1984). The drop sampler rapidly en-
closes a sample unit area and has been shown to have a 96% sampling
efficiency (Zimmerman et al., 1986). Reefs were sampled non-
sequentially along each shoreline to avoid disturbing sites just prior
to sampling. Immediately after the drop sampler was deployed,
water clarity (cm) was measured using a secchi disc, water depth
(m) measurements were taken in triplicate inside the drop sampler,
and a YSI model 556 Multiprobe (YSI Inc., Yellow Springs, OH, USA)
was used to measure salinity, temperature (°C) and dissolved oxygen
(mg L−1) inside the drop sampler. We removed animals by using
dip nets and filtering the water pumped from the sampler through a
1-mm mesh net. When the sampler was completely drained, we re-
moved by hand any oyster shells present and used a 5-mm mesh
sieve to capture the organisms inside. All samples were taken over a
3 day sampling event in 2009 and in 2010. Samples were placed on
ice and returned to the laboratory for processing where we identified
organisms to the lowest feasible taxon. We weighed all individuals of
a species in each sample to the nearest 0.1 g (wet weight) to deter-
mine biomass. We recorded the total abundance and total biomass
of all species collected.

2.4. Statistical analyses

All data were checked for normality using Shapiro–Wilk's W test
to evaluate the assumption of the statistical analyses. Subsequent
logarithmic (log10 [x+1]) transformations were necessary for only
the nekton biomass data. All data are reported as untransformed
mean±1 standard error unless indicated differently.

We used multivariate analysis of variance (MANOVA) (SAS Insti-
tute, Inc., Cary, NC, U.S.A.) to test whether water quality variables
(secchi, temperature, salinity, dissolved oxygen) and site characteris-
tics (water depth), compared simultaneously, differed by reef treat-
ment type (MUD, CAGE, LOW, HIGH), and sample year (2009, 2010).
Comparisons of least-squared means, using a two-way analysis of
variance (factor: treatment, year) were conducted for any significant
(αb0.05) MANOVAs.

We used MANOVA to test whether abundance (ind m ²), species
diversity (Shannon index; H′), or biomass, compared simultaneously,
differed by reef treatment type (MUD, CAGE, LOW, HIGH), and sam-
ple year (2009, 2010), blocking on sample shoreline. Analyses were
performed on the entire nekton data set, and broken down by fish
and decapod crustaceans separately. Comparisons of least-squared
means, using a two-way analysis of variance (factor: treatment,
year) were conducted for any significant (αb0.05) MANOVA models.

To examine the overall similarity of nekton assemblages at each
treatment, we performed multidimensional scaling (MDS) on a re-
duced, raw species abundance matrix using PRIMER statistical soft-
ware (version 6.1.9; Clarke and Warwick, 2001). We used only
species whose abundance and biomass accounted for more than 5%
of the total catch for the MDS analysis (Gauch, 1982), and we dis-
played this using 2-dimensional ordination. To test for differences
in the similarity of nekton assemblages at each treatment, we per-
formed a one-way analysis of similarity (ANOSIM). Lastly, a similarity
percentage (SIMPER) analysis was also conducted to determine
which species contributed the most to the similarities or dissimilar-
ities among treatments. We performed the analyses by comparing
treatment type for each year separately, because some species were
bitat structure and complexity on nekton assemblages using exper-
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Table 1
Range and mean (with ±1 standard error) of temperature, salinity, dissolved oxygen,
water depth, secchi depth, and oyster reef shell volume at Sister Lake for each sampling
year. Significant differences (αb0.05) between years are indicated by an asterisk.

Environmental variable 2009 2010

Temperature (°C)* 17.8–20.4 19.3–22.4
19.1±0.1 21.1±0.2

Salinity* 9.8–13.4 12.2–13.7
11.4±0.3 13.2±0.1

Dissolved oxygen (mg L−1)* 6.2–8.9 4.8–6.4
7.6±0.1 5.8±0.1

Water depth (m) 0.8–1.4 0.7–1.3
1.1±0.1 0.9±0.2

Secchi depth (cm)* 36–63 41–72
49.9±1.3 59.2±1.4

Low shell volume (L) 4.0–4.0 2.5–5.5
4.0±0.0 4.0±0.3

High shell volume (L) 8.0–8.0 5.5–9.5
8.0±0.0 7.6±0.4
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only abundant enough to include in the statistical analysis in a single
year.

3. Results

3.1. Environmental variables

All environmental variables differed between 2009 and 2010, but
not between treatments or shorelines (Table 1). Water temperature,
salinity, and secchi depth were higher in 2010 than 2009. Dissolved
oxygen was lower in 2010 than 2009.

3.2. Nekton assemblages

We collected a total of 551 individuals (188 fishes and 363 deca-
pod crustaceans) representing 23 species (17 fishes and 6 decapod
crustaceans) with a total biomass of 8375 g wet weight (6941 g and
Table 2
Mean abundance (ind m−2±1 standard error) and total (individuals) by oyster treatment
computed from 5 MUD, 5 CAGE, 10 LOW, and 10 HIGH samples each year, except only 4 M

Species Mud bottom Cage structure

2009 2010 2009

Fishes 1.8 (1.32) 1.5 (1.50) 1.4 (0.24)
Archosargus probatocephalus 0 0 0
Bairdiella chrysoura 0 0 0
Bathygobius soporator 0 0 0
Chaetodipterus faber 0 1.5 (1.50) 0
Citharichthys spilopterus 0 0 0
Ctenogobius boleosoma 0 0 0
Cyprinodon variegatus 0 0 0
Gobiesox strumosus 0 0 0
Gobiosoma bosc 0.3 (0.21) 0 0.4 (0.24)
Hypsoblennius ionthas 0 0 0.4 (0.24)
Lutjanus griseus 0 0 0.2 (0.20)
Microgobius gulosus 0 0 0.2 (0.20)
Mugil cephalus 1.3 (1.15) 0 0
Myrophis punctatus 0 0 0
Micropanope sculptipes 0 0 0
Opsanus beta 0 0 0
Paralichthys lethostigma 0 0 0.2 (0.20)
Symphurus plagiusa 0 0 0

Decapod crustaceans 2.0 (0.89) 0.3 (0.25) 5.0 (2.55)
Alpheus heterochaelis 0 0 0
Callinectes sapidus 0.3 (0.21) 0 1.0 (0.45)
Farfantepenaeus aztecus 0 0.3 (0.25) 1.6 (1.36)
Palaemonetes pugio 1.2 (0.48) 0 0.4 (0.24)
Panopeus spp. 0.2 (0.17) 0 0.4 (0.24)
Litopenaeus setiferus 0.8 (0.65) 0 1.6 (1.12)

Total 3.8 (1.36) 1.8 (1.44) 6.4 (2.73)
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1434 g for fishes and decapod crustaceans, respectively) in 2009
(Tables 2 and 3). In 2010, we collected a total of 220 individuals
(120 fishes and 100 decapod crustaceans) representing 14 species
(10 fishes and 4 decapod crustaceans) and a total biomass of 2436 g
wet weight (818 g and 1618 g for fishes and decapod crustaceans,
respectively) (Tables 2 and 3).

Across all treatments in 2009, decapod crustaceans outnumbered
fishes and accounted for 65.9% of individuals collected (Table 3).
Fishes accounted for 82.9% of the total biomass. Without sheepshead
(Archosargus probatocephalus), however, fish biomass would account
for only 32.9% of the total. Although sheepshead was excluded
from our multivariate analyses, it was only collected at oyster reefs.
Freckled blenny (Hypsoblennius ionthas), naked goby (Gobiosoma
bosc), and skilletfish (Gobiesox strumosus) accounted for 60.6% of all
fishes. Other species contributing to the catch included silver perch
(Bairdiella chrysoura), gray snapper (Lutjanus griseus), clown goby
(Microgobius gulosus), and striped mullet (Mugil cephalus); no other
species of fish accounted for more than 5% of the total fish collected
in 2009. The only fish present at all 4 treatment types was G. bosc
(Table 2). The only species absent from oyster reefs were M. cephalus
and southern flounder (Paralichthys lethostigma) (Table 2). The mud
crab (Panopeus spp.) and white shrimp (Litopenaeus setiferus)
accounted for 64.2% of all decapod crustaceans and were the only
crustacean species collected at all 4 treatment types (Table 2). We
were unable to classify mud crabs at the species level, but given the
geographic region of this experiment, they were most likely the con-
geners P. obesus and P. simpsoni (Reames and Williams, 1984). Bigclaw
snapping shrimp (Alpheus heterochaelis), blue crab (Callinectes
sapidus), and brown shrimp (Farfantepenaeus aztecus) also were
collected; no other species of decapod crustacean accounted for
more than 5% of the total decapod crustacean catch in 2009.

In 2010, fishes outnumbered decapod crustaceans and accounted
for 54.5% of the total (Table 3). Decapod crustaceans accounted
for 66.4% of the total biomass; however, without C. sapidus, decapod
crustacean biomass would account for only 12.3% of the total. G. bosc
and Atlantic spadefish (Chaetodipterus faber) accounted for 70.8% of
and year for all species collected via drop sampling at Sister Lake. Means and SEs were
UD samples in 2010.

Low oyster density High oyster density

2010 2009 2010 2009 2010

1.8 (1.11) 6.6 (0.93) 4.1 (1.16) 10.0 (1.38) 5.8 (1.68)
0 0.2 (0.12) 0.1 (0.09) 0.3 (0.15) 0.3 (0.21)
0 1.0 (0.33) 0 0.5 (0.22) 0
0 0.1 (0.09) 0 0.1 (0.10) 0
0.6 (0.40) 0 2.6 (1.86) 0 0.3 (0.21)
0 0 0 0.1 (0.10) 0
0 0.2 (0.12) 0 0.2 (0.10) 0
0 0.4 (0.15) 0 0.3 (0.15) 0
0 1.3 (0.38) 0 1.8 (0.55) 0.3 (0.15)
0.4 (0.40) 1.0 (0.33) 2.2 (0.74) 2.5 (1.08) 2.8 (1.04)
0 1.4 (0.64) 0.1 (0.11) 2.5 (0.79) 0.5 (0.27)
0 0.2 (0.18) 0.2 (0.15) 0.7 (0.21) 0
0 0.4 (0.36) 0 0.3 (0.15) 0
0 0 0 0 0
0 0.1 (0.09) 0.2 (0.22) 0.2 (0.13) 0.9 (0.48)
0 0 0.2 (0.15) 0 0.1 (0.10)
0 0.1 (0.09) 0 0.3 (0.15) 0.1 (0.10)
0 0 0 0 0
0 0.3 (0.19) 0 0.2 (0.20) 0.5 (0.17)
1.6 (0.81) 14.6 (1.92) 1.9 (0.63) 16.6 (1.92) 4.5 (1.25)
0 1.5 (0.47) 0.4 (0.34) 4.2 (0.83) 1.8 (0.71)
0.4 (0.40) 2.7 (0.70) 0.4 (0.34) 0.8 (0.51) 1.8 (1.07)
1.0 (0.63) 0.6 (0.37) 0.8 (0.36) 0.2 (0.20) 0.9 (0.71)
0 0.2 (0.18) 0 0 0
0.1 (0.1) 4.4 (1.54) 1.1 (0.38) 7.8 (1.83) 1.8 (0.62)
0 5.0 (2.02) 0 3.6 (1.33) 0
3.4 (1.03) 21.3 (2.39) 7.2 (1.51) 26.6 (2.53) 12.1 (2.22)

bitat structure and complexity on nekton assemblages using exper-
.2011.08.017

http://dx.doi.org/10.1016/j.jembe.2011.08.017


Table 3
Total number of individuals and biomass (g) by year for all species collected via drop
sampling at Sister Lake.

Species Total number Total biomass

2009 2010 2009 2010

Fishes 188 120 6940.60 818.54
Archosargus probatocephalus 5 4 6235.40 425.47
Bairdiella chrysoura 16 0 30.76 0
Bathygobius soporator 2 0 19.52 0
Chaetodipterus faber 0 35 0 290.49
Citharichthys spilopterus 1 0 0.15 0
Ctenogobius boleosoma 4 0 1.08 0
Cyprinodon variegatus 7 0 22.36 0
Gobiesox strumosus 32 3 66.69 3.08
Gobiosoma bosc 40 50 19.53 14.29
Hypsoblennius ionthas 42 6 179.24 15.21
Lutjanus griseus 10 2 64.72 24.61
Microgobius gulosus 8 0 2.57 0
Mugil cephalus 8 0 158.97 0
Myrophis punctatus 3 11 4.04 35.91
Micropanope sculptipes 0 3 0 1.13
Opsanus beta 4 1 23.22 0.96
Paralichthys lethostigma 1 0 100.84 0
Symphurus plagiusa 5 5 11.53 7.39

Decapod crustaceans 363 100 1434.70 1618.00
Alpheus heterochaelis 58 22 72.31 13.89
Callinectes sapidus 45 24 782.32 1502.67
Farfantepenaeus aztecus 16 22 58.28 35.53
Palaemonetes pugio 11 0 2.39 0
Panopeus spp. 129 32 399.65 65.91
Litopenaeus setiferus 104 0 119.77 0

Total 551 220 8375.30 2436.50

4 A.T. Humphries et al. / Journal of Experimental Marine Biology and Ecology xxx (2011) xxx–xxx
all fishes and were collected at all treatment types. Other species in
our samples included H. ionthas and the speckled worm-eel (Myrophis
punctatus); no other species of fish accounted for more than 5% of
the total fish catch in 2010. Panopeus spp., C. sapidus, F. aztecus, and
A. heterochaelis were the only decapod crustacean species collected
in 2010 and each species accounted for at least 22% of the total crusta-
cean catch. The only species collected at all 4 treatment types was
F. aztecus (Table 2). L. setiferus was not collected in 2010. C. faber
was the secondmost abundant fish species in 2010, while B. chrysoura,
G. strumosus, and H. ionthaswere either absent or occurred only at low
densities in 2010. L. setiferus was the second most abundant decapod
crustacean species in 2009, but absent from all 4 treatment types
in 2010, whereas C. faber was the second most abundant fish species
in 2010, but absent from all 4 treatment types in 2009 (Table 2).
Table 4
Summary of the F-values of 2-way analysis of variance tests for abundance (ind m−2), di-
versity (H′) and biomass (g m−2) of total nekton, fish and decapod crustaceans collected
at experimental reefs in Sister Lake. Year=October 2009, October 2010. Treatment=
MUD, CAGE, LOW volume reef, HIGH volume reef. Numbers in parentheses indicate
degrees of freedom. Significant results (αb0.05) are indicated by an asterisk.

Variable Main effects Interaction

Year (1) Treatment (3) Reef×Treatment (7)

Abundance
Nekton 22.47* 20.06* 3.67*
Fish 4.07* 10.44* 0.60
Decapod crustacean 34.44* 11.61* 4.98*

Diversity
Nekton 35.43* 35.13* 0.91
Fish 7.66* 16.75* 1.97
Decapod crustacean 33.42* 6.09* 1.92

Biomass
Nekton 22.75* 12.32* 0.61
Fish 18.66* 5.43* 0.40
Decapod crustacean 32.41* 11.70* 7.91*
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B. chrysoura, G. strumosus, and H. ionthas were all abundant fish
species in 2009, but were either absent or occurred at low densities
in 2010.

Total nekton abundance differed significantly by year, and year
interacted significantly with treatment in the analysis (Table 4;
Fig. 1). Nekton abundance was lower in mud-bottom treatments
(MUD, CAGE) than oyster reef treatments (LOW, HIGH), with no sig-
nificant differences within either oyster reef or mud-bottom treat-
ments. Between years, mud-bottom nekton abundances remained
unchanged while 2010 oyster reef abundances were significantly
lower than 2009 abundances. No significant interactions were
detected for total nekton diversity or biomass. Total nekton diversity
was significantly higher in 2009 than 2010. MUD sites had significant-
ly lower diversity than CAGE sites, and diversity at CAGE sites
was significantly lower than either LOW or HIGH oyster reef sites
(Fig. 2). While uneven sample size may bias diversity indices, it did
not appear to confound our analysis. Total nekton biomass was higher
in 2009 than 2010, and higher at oyster reef treatments (LOW, HIGH)
than mud-bottom treatments (MUD, CAGE), with no significant dif-
ferences within either oyster reef or mud-bottom treatments. The
pattern in 2009 was an exception in that no significant difference
was detected in total biomass between mud-bottom treatments and
the LOW oyster reef treatment (Fig. 1).

Decapod crustacean abundance and biomass followed the same
patterns, with a significant year by treatment interaction (Table 4;
Fig. 1). Decapod crustacean abundance and biomass were lower in
mud-bottom treatments (MUD, CAGE) than oyster reef treatments
(LOW, HIGH), with no significant differences within either oyster
reef or mud-bottom treatments. Between years, mud-bottom nekton
(fish and decapod crustacean) abundances remained unchanged
while oyster reef abundances were significantly lower in 2010 than
2009. Decapod crustacean diversity was higher in 2009 than 2010,
and significantly lower in MUD than the other three treatments
(CAGE, LOW, HIGH), which did not differ from one another (Fig. 2).

Fish abundance, diversity and biomass were all significantly
higher in 2009 than 2010 (Table 4, Figs. 1 and 2). Both abundance
and biomass followed a similar pattern with lower fish abundance
at both mud-bottom treatments (MUD, CAGE) than the oyster reef
treatments (LOW, HIGH), with no difference within mud-bottom or
oyster reef treatments. In contrast, fish diversity was significantly
lower at mud-bottom treatments (MUD, CAGE) than oyster reef
treatments (LOW, HIGH), but diversity was also lower at the LOW
than HIGH treatment (Fig. 2).

Multivariate analysis revealed differences in nekton assemblages
between oyster reefs and mud-bottom habitat, with LOW and HIGH
treatments grouping more discretely than MUD and CAGE in both
2009 (stress=0.17) and 2010 (stress=0.24) (Fig. 3). ANOSIM indi-
cated that assemblages were significantly different from one another
in 2009 (r=0.416, αb0.001) and 2010 (r=0.220, α=0.002). In
both years, oyster reef treatments (LOW, HIGH) were significantly
different from MUD and CAGE (2009: r=0.406, αb0.001; 2010:
r=0.336, α=0.013), but not from one another (2009: r=0.061,
α=0.127; 2010: r=0.070, α=0.143).

SIMPER analysis indicated that in 2009 the species composition of
LOW and HIGH treatments was 69.56% and 75.78% different, respec-
tively, than the CAGE treatment. These differences were driven by
the presence of A. heterochaelis, Panopeus spp., and L. setiferus at the
oyster reefs. The species composition at oyster reefs was also 84.7%
and 89.6% different, respectively, compared to the MUD treatment.
These differenceswere driven largely by the presence of A. heterochaelis,
Panopeus spp., and C. sapidus at the oyster reefs. Oyster reefs differed
from one another by 53.59% with significantly greater densities of
C. sapidus at LOW treatments and significantly greater densities of
A. heterochaelis at HIGH treatments.

SIMPER analysis indicated that in 2010 the species compositions
of LOW and HIGH treatments were 88% and 80.5% different,
bitat structure and complexity on nekton assemblages using exper-
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respectively, than the CAGE treatment, and that the species composi-
tion at oyster reefs was 97.3% and 92.0% different, respectively,
than the MUD treatment. These differences were driven primarily
by the high abundance of G. bosc at oyster reefs compared to the
other treatments.
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4. Discussion

Nekton abundance, biomass and diversity all increased at experi-
mental oyster reefs as compared tomud-bottom, but failed to increase
with greater structural complexity (i.e., shell volume, reef height).
Fig. 3. Results of MDS ordination of species abundance (ind m−2) in, (A) 2009 and
(B) 2010.
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Similarly, nekton assemblages were distinct between treatments with
(reef) and without (mud and cage control) structure, indicating that
the structural reefs supported not only greater abundances, but also
different assemblages of species. Our results document the value of
constructed oyster reefs in creating immediate nekton habitat and
providing enhanced habitat value as compared to non-vegetated
mud bottom. Furthermore, these results suggest that the presence of
structure per se is more important than the actual degree of structural
complexity.

The higher nekton density we observed at our experimental oys-
ter reefs indicates the high habitat value subtidal oyster reefs provide
in the northern Gulf of Mexico, and this result is consistent with other
studies from the region (Plunket and La Peyre, 2005; Shervette
and Gelwick, 2008; Soniat et al., 2004; Stunz et al., 2010; Tolley and
Volety, 2005). In our study, the highest fish density was associated
with the high volume reefs (10.0±1.4 ind m−2). This density is sim-
ilar to the mean density (10.7±1.1 ind m−2) reported by Stunz et al.
(2010), who used gear identical to ours to sample subtidal, created
oyster reefs in Galveston Bay, TX, and the mean density (13.9±
1.6 ind m−2) from Plunket and La Peyre (2005), who used trays to
sample subtidal oyster leases in Barataria Bay, LA. In all cases, despite
differences in reef origin (natural, created), method of creation, or
sampling gear, fish densities were comparable.

Unlike those for fishes, densities of decapod crustaceans reported
in the literature vary widely. Our study documented decapod crusta-
cean densities that were relatively low (16.6±1.9 ind m−2 mean for
HIGH treatment) in comparison to a similar study using experimental
reefs in Galveston Bay (41.8±2.7 ind m−2; Stunz et al., 2010). Stunz
et al. (2010), however, created 0.50 m2 reefs using 57 L of live, local
oysters, whereas our HIGH reefs were created with a relatively minis-
cule 8 L of cultched clean shell over a 0.45 m2 area. Thus, the available
structure and interstitial spaces available in our reefs were only 7–
14% of that provided by the reefs used by Stunz et al. (2010). Both
our study and Stunz et al. (2010) documented much higher decapod
crustacean densities than a study using a modified epibenthic sled to
sample existing subtidal reefs (2.23±1.0 ind m−2; Robillard et al.,
2010), but lower densities than studies using modified trays to sam-
ple over created cultch reefs (86.3±7.3 ind m−2; Humphries,
2010), existing harvested reefs (168.4±16.1 ind m−2; Plunket and
La Peyre, 2005) and unharvested reefs (245.6±4.2 ind m−2; Beck,
unpublished data) in Louisiana. While catch efficiency of drop sam-
plers has been estimated at greater than 96% (Rozas and Minello,
1997; Stunz et al., 2010), the catch efficiency of trays has not been
documented. Trays have been used extensively to sample the resident
and benthic community of reefs (e.g., Breitburg, 1999; Gregalis et al.,
2009; Lehnert and Allen, 2002; Lenihan et al., 2001; Plunket and La
Peyre, 2005), and nekton densities reported from these studies are
equal to or greater than those reported from studies employing
drop samplers. The relatively high nekton densities collected by
trays provide evidence for the validity of their use in reef studies.
These elevated densities may be, at least in part, a response to the
structure created by the tray itself; however, this potential artifact
may be remedied by embedding the trays in the substrate. This possi-
ble tray effect, however, has yet to be explicitly tested. In our study,
the cage structure did not appear to affect the overall densities of
organisms, but did affect the nekton diversity. The large range of
decapod crustacean densities documented from various oyster
reefs indicates that decapod crustacean density may be influenced
by factors other than sampling gear type, including reef character-
istics (created, natural, complexity) or reef location (biophysical
environment, adjacent habitat).

In our study, the presence of biogenic structure seems to be the
most important factor determining species abundance and diversity,
and our results fail to support the common assumption that any in-
crease in structural complexity, and thus habitable surface area,
translates into increased species abundance and diversity (Coull and
Please cite this article as: Humphries, A.T., et al., Testing the effect of ha
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Wells, 1983; Fretter and Manly, 1977; Gibbons, 1988; Morse et al.,
1985). While this assumption is widely supported in the estuarine lit-
erature (e.g., seagrass patches with variable blade densities; Diehl,
1988, 1992; Orth and Heck, 1980; Wyda et al., 2002), it has not
been tested using shell reefs as substrate. Oyster reef size, age, sub-
strate type, and height may all affect nekton, and in particular, deca-
pod crustacean use of created and existing reefs. We may have
created the simplest and smallest artificial reefs possible using piles
of clean unaggregated oyster shell. Consequently, these reefs may
have lacked the complexity of living oyster reefs, had a high edge:
area ratio, and relatively low vertical relief (5–20 cm). Our experi-
mental design may have also failed to incorporate a great enough dif-
ference in complexity between reef treatments (4 L versus 8 L of
clean cultched shell) and consequently failed to rigorously test the
hypothesis that greater structural complexity begets greater species
abundance and diversity. Lastly, our use of relatively simple reef
treatments could explain the lower densities in our study than
those from the more complex reefs used by Stunz et al. (2010). De-
spite these potential criticisms, we believe that our study provides
an opportunity to begin to understand how structure and structural
complexity may influence function within oyster reefs.

In addition to site-specific reef complexity, adjacent habitat or
the size of the reef may further influence decapod crustacean densi-
ties. Although using small, simple reefs can be extremely valuable
for testing hypotheses, it is quite possible that this approach, while
documenting the high value of the reef structure itself, underesti-
mates the total value of the oyster reefs by creating small reef
“islands” surrounded by mud-bottom. Numerous studies in different
estuarine habitats have demonstrated the importance of location in
determining nekton densities and assemblages (Grabowski et al.,
2005; Gregalis et al., 2009; Irlandi and Crawford, 1997; Lehnert and
Allen, 2002; Micheli and Peterson, 1999; Robblee and Zieman, 1984;
Rozas and Minello, 2006; Rozas and Odum, 1987). For example,
Irlandi and Crawford (1997) demonstrated higher abundances of pin-
fish in seagrass beds adjacent to marsh than seagrass beds adjacent to
non-vegetated bottom. Gregalis et al. (2009), examining constructed
oyster reefs of different designs and located at three different sites,
concluded that nekton response to site differences may be due to
biophysical characteristics of each reef location and less a response
to individual reef differences. We sampled half of the reefs 4 months
following construction and did not sample the other half until a year
later. Because half of the reefs were sampled and destroyed in the
first year, the reefs that remained were spaced farther apart. It is
possible, given the size of our reefs and the increased amount of
space among treatments during the second year, that the location
of the reef “islands” may have influenced our results by limiting re-
cruitment. We believe, however, that reef spacing is unlikely to have
confounded our experiment because the reefs were initially spaced
relatively far apart (15 m) at deployment.

In the 16 month study, we failed to detect an increase in nekton
abundance or assemblage structure over time; the only temporal
changes evident involved reductions from 2009 to 2010 in abun-
dance, diversity and biomass, and these changes were more pro-
nounced in the oyster reef than mud-bottom treatments. These
changes are likely associated with the sinking of, or sedimentation
over, the experimental reefs, and a lack of reef development (i.e.,
reef building organisms) over time. The lack of change in nekton as-
semblages, or increase in nekton density, at our experimental reefs
between sampling events suggest that the reefs are only attracting
organisms, or that conditions are preventing the reefs from develop-
ing through recruitment and growth of oysters and other sessile
fauna (Peterson et al., 2003; Powers et al., 2003). For example, in
Mobile Bay, AL, Gregalis et al. (2009) found that reef community struc-
ture failed to change after 2 years, and suggested that local environ-
mental conditions may be preventing the reefs from developing. Our
experimental reefs failed to develop a live oyster or attached faunal
bitat structure and complexity on nekton assemblages using exper-
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community, and, in fact, the 2010 samples showed a slight decline in
reef volume from 2009 when the experiment was initiated, which
may indicate a loss of shell or reef burial through sedimentation.
The lack of recruitment to our experimental reefs by oyster spat
may be due to an unusually low spat set recorded for 2010 in coastal
Louisiana, and within Sister Lake in particular, where our sites were
located (Casas-Liste, unpublished data). Some of these temporal
changes, however, may be related to timing of the sampling events
(e.g., weather conditions). For example, L. setiferuswas completely ab-
sent in 2010, even though this species was relatively abundant in
2009. Although the water temperature had rebounded by the time
we collected samples in 2010, this sampling event was preceded by
the passage of a strong cold front and a sharp decline in water temper-
ature from 30 to 19 °C (LDWF/USGS data recorder 07381349— Caillou
Lake southwest of Dulac, LA, USA). This sudden drop in temperature
likely caused juvenile white shrimp to migrate out of our shallow
study area and into deeper inshore waters or offshore (Knudsen
et al., 1996; Lindner and Anderson, 1956; Rogers and Herke, 1985).

Although our study corroborates other work documenting that
the presence of structure provided by oyster reefs supports relatively
high nekton populations and thus may be increasing refugia, this and
other studies fail to identify the mechanism by which added structur-
al complexity affects community assemblages. While increased struc-
tural complexity is often highlighted as a benefit to resident nekton
communities by providing more refugia and reducing predation
(Hixon and Menge, 1991; Nelson, 1979; Warfe and Barmuta, 2004),
it remains unclear whether this structural complexity increases prey
survivorship by providing more refuge areas (Beukers and Jones,
1997; Heck and Thoman, 1981) or increases predator foraging effi-
ciency by reducing inter- and intraspecific competition among preda-
tors (Finke and Denno, 2002; Grabowski et al., 2008; Grabowski and
Powers, 2004). However, if structure decreases the visibility of pred-
ators (Rilov et al., 2007; Underwood, 1982) or obstructs their move-
ments (van de Koppel et al. 1996), predator foraging efficiency may
be negatively affected. Regardless of the methods by which density
regulation may be achieved, the presence of structure in our study
seemingly provided additional refugia for most fishes and decapod
crustaceans as evidenced by greater abundances of resident organ-
isms. At the same time, the relatively high abundance of nekton on
the reefs may also have created areas with increased predator densi-
ties and/or foraging efficiency; while more complex reefs may in
fact provide greater refugia than low complexity reefs, structurally
complex reefs may also act to increase predator foraging efficiency by
aggregating their prey. The interaction of these processes could explain
the lack of significant differences in nekton assemblages between
oyster reef treatments. However, because our sampling technique
(drop sampler) and design are unable to detect such changes in tran-
sient predator species and their behavior, we may only speculate on
causal relationships.

Our results show that oyster reefs contribute to increased species
abundance, biomass, and diversity in estuarine systems. While the
estimates of nekton densities we documented on our experimental
reefs are likely conservative, our findings are similar to those of
many previous studies that used more complex reefs and different
reef materials (Gregalis et al., 2009; Lehnert and Allen, 2002; Shervette
and Gelwick, 2008; Steimle and Zetlin, 2000; Stunz et al., 2010;
Szedlmayer and Howe, 1997; Tolley and Volety, 2005). Newly con-
structed oyster reefs appear to provide immediate nekton habitat and
support a diverse and spatially distinct community. Increasing the
structural complexity of reefs, however, may not necessarily result
in a greater abundance, biomass, or diversity of organisms. Biotic and
abiotic interactions among local spatial characteristics of reefs and
adjacent habitat, substrate morphology, competition among resident
species, and increased predation by transients may obscure responses
to structural complexity by the nekton community. It is possible that
density-dependent effects limit the populations of resident nekton
Please cite this article as: Humphries, A.T., et al., Testing the effect of ha
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assemblages at oyster reefs that vary in complexity. Future studies
should consider these factors as well as differences in reef design and
construction techniques to improve the sustainability of this valuable
estuarine habitat.
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