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1.  INTRODUCTION

Complex structure in marine ecosystems provides
habitat heterogeneity and increased surface area for
organisms (e.g. Soniat et al. 2004). Shellfish farming
may provide such a complex structure to the sur-
rounding environment. Oyster farming makes up
one-third of all shellfish production worldwide (Wijs-
man et al. 2019) and constitutes the largest portion of
US shellfish aquaculture operations both in terms of
revenue and production (NMFS 2020). The US shell-
fish aquaculture industry has experienced rapid
growth in the last decade, and both regulators and
coastal communities are interested in environmental
benefits that may be provided by aquaculture gear.
Off-bottom oyster cages and floating gear are an

increasingly common method for culturing large
numbers of oysters on a small footprint. We define
off-bottom farms as those that use gear in which oys-
ters are elevated off the sea floor, including opera-
tions where the gear itself sits on the bottom. These
farm gears provide complex structure for fish and
invertebrates, potentially providing habitat compara-
ble to naturally ex isting structured habitats, like
intertidal marsh edges or seagrass beds.

Previous studies in the USA have examined the
community assemblages associated with oyster
farms. It is well established that aquaculture gear
alters habitat (e.g. increases structural complexity)
and the benthic community of the habitat in which
the gear is placed. O’Beirn et al. (2004) documented
45 species of macrofauna utilizing floating oyster
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aquaculture gear in Virginia. Their findings high-
light the diverse and abundant natural communities
associated with cultured oysters, both on taxonomic
and trophic levels. In Rhode Island, DeAlteris et al.
(2004) concluded that oyster farm gear has substan-
tially greater habitat value than does nonvegetated
seafloor, and has ecological value equal to and possi-
bly greater than that of submerged aquatic vegeta-
tion, another type of naturally structured, ecologi-
cally important estuarine habitat. Marenghi et al.
(2010) observed that 2 types of oyster aquaculture
gear (rack and bag, and floating cages) supported
similar assemblages of finfish and invertebrates as
restored oyster reefs in the Delaware Inland Bays.

Given the logistical differences often required to
sample structured and unstructured habitats, and
different biological communities that naturally reside
in these habitat types, many previous studies exam-
ining fish habitat use at oyster farms were unable to
use a uniform sampling method on farms and natural
features (e.g. DeAlteris et al. 2004, Erbland & Ozbay
2008). However, Glenn (2016) used a custom volu-
metric sampling device to sample 3 natural habitats
and a replicated farm using ¼ scale farm gear in
Great Bay, New Hampshire. Previous studies have
also largely employed sampling methods that are
known to disturb assemblages and habitats (e.g. lift
nets, fish traps, suction dredge). Underwater video
has been successfully used to monitor structure-
oriented reef species in natural habitats that are not
easily sampled by traditional methods (Willis & Bab-
cock 2000). The use of cameras in aquaculture set-
tings has only recently been employed on bottom
cages in coastal Connecticut (Mercaldo-Allen et al.
2021) and on-bottom and long-line oyster farms in

Washington (Muething et al. 2020). In this proof-of-
concept study, we similarly used this easily adopted
video recording technology to allow uniform data
collection across 2 habitats created by oyster farms
and 1 natural structured habitat in an estuary where
this farmed habitat is representative of such and ex -
panding future footprints.

2.  MATERIALS AND METHODS

All data were collected at an actively farmed east-
ern oyster Crassostrea virginica aquaculture site in
the southern Barnegat Bay, at Rose Cove, New Jer-
sey, USA (39° 36’ 12.0” N, 74° 18’ 09.4” W). The farm
is located in a shallow Atlantic Coast backbay estu-
ary with both a long history of shellfisheries (Ford
1997) and a growing farming sector, with 20 new
shellfish farm leases created in 2017.

Video data were collected using action cameras
(GoPro Hero3+®) deployed in waterproof cases on an
oyster farm and an adjacent natural structured habi-
tat, a marsh edge. The 0.81 ha, shallow-water farm
(0.5 m depth) was located on a sandy-bottom lease
flanked by marsh and used 2 gear types: high-
density polyethylene (HDPE) mesh floating bags and
coated metal wire bottom cages (Fig. 1). During the
course of this study, the farm site contained approxi-
mately 100 floating bags and 15 oyster cages. Each
cage measured 1.5 m (length) × 0.9 m (width) ×
0.76 m (height) and held 12 HDPE mesh bags of oys-
ters. Farm work (i.e. human farm-tending activity
and occasional boat traffic) was ongoing during all
video collections. Camera deployments collected
~80 min of continuous footage and included all tidal
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Fig. 1. (A) Floating oyster bags anchored to the bottom of the farm lease. (B) Oyster cages with grow-out bags inside viewed at 
low tide. (C) Video camera affixed to the bottom of a floating bag
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conditions during active farm operations on 7 d dur-
ing July through September 2018 (8 and 28 July; 4,
12, and 25 August; 3 and 30 September). More than 7
dates were sampled, but due to various mechanical
or environmental factors, some could not be analyzed
and thus are not included. For each of the 7 deploy-
ments, 1 camera was set to record in each of the 3
habitat types concurrently (floating bag, cage, and
marsh). A camera was attached to the bottom of a
floating bag such that the bottom edge of the bag
was in the water, and water directly beneath the bag
was in view (Fig. 1C). A camera attached to a cage
was either affixed to the top or side, such that the
cage was partially in the frame and water around the
cage was viewed. The adjacent marsh edge was re -
corded by attaching a camera to a small T-shaped
platform anchored into the sediment to elevate the
camera above the bottom. The marsh edge was veg-
etated with Spartina spp., colonized by ribbed mus-
sels Geukensia demissa, and located about 25 m
away from the nearest farm gear. The specific loca-
tion of camera placement within the 3 treatments
was randomized on each deployment. The typical
camera perspective can be viewed in Video 1 at
www. int-res. com/ articles/ suppl/ q013 p295 _ supp/

Videos were analyzed using the Behavioral Obser-
vation Research Interactive Software (BORIS; Friard
& Gamba 2016). All mobile animals (excluding some
macroinvertebrate taxa) present in each video were
identified to the closest possible taxon and coded in
BORIS. See Video 1 for examples of species inter -
acting with the sampled habitats.

Nekton abundance was determined using MaxN,
defined as the maximum number of individuals of a
given species present in a single frame within each
1 min segment of video (Campbell et al. 2015). MaxN
avoids the potential for double-counting individual
fish or invertebrates that repeatedly move in and out
of the camera view. Because the entire structure
could not be observed at once, it provides a conser-
vative estimate of total nekton abundance. As an
indicator of habitat preference, species were classi-
fied into 3 groups: those primarily using oyster reefs
as habitat (obligate residents), those normally found
on reefs (facultative residents), and those that range
farther and tend to forage on or near reefs (transient
residents) (Breitburg 1998, Coen et al. 1999).

Summary metrics were calculated for each habitat
and sampling event, including total number of indi-
viduals (sum of MaxN across all species), species rich-
ness (total number of species observed), and Shannon
diversity index. The community metrics were com-
pared among habitat types using a re peated measures

test based on difference scores, trimmed means, and a
percentile bootstrap method. Bootstrapping was cho-
sen over the classical repeated measures ANOVA,
be cause bootstrapping requires no assumptions of
normality or homoscedasticity and typically has
higher power to detect differences between groups
(Wilcox 2017). Repeated measures analysis was con-
ducted using R v.3.6.1 (www. r-project.org).

Cumulative species richness was calculated by
summing the number of species observed across all
sampling dates within each habitat type. Eastern
mud snails Tritia obsoleta and ctenophores (Mnemi -
opsis leidyi) were observed, but were removed from
further analysis, as their behaviors do not exhibit
strong habitat selection. Rarefaction curves were
generated by plotting the cumulative number of spe-
cies observed against a cumulative measure of sam-
pling effort to test whether habitats were sampled
sufficiently to represent true diversity (Holthe 1975).
Rare faction curves were plotted along with cumula-
tive species counts over time for all 3 habitat types.

Multivariate analysis of combined fish and inverte-
brate data (MaxN of each species for each 80 min
video over 3 habitat types on 7 deployment dates, n =
21) was performed using Primer v.7 (www. primer-e.
com). A square root transformation was ap plied to
upweight the relative contribution of the less numeri-
cally dominant species and ensure the results were
not driven solely by the most abundant species. A
Bray-Curtis coefficient was used to generate a simi-
larity matrix across all pairs of samples. Non-metric
multidimensional scaling (nMDS) was used to visual-
ize relative similarities among all pairs of samples.
Categorical variables such as sample month and sam-
ple habitat type were overlaid onto the nMDS plot to
visualize potential patterns in habitat and time, and
the ANOSIM test in Primer was used to test for differ-
ences in communities across habitat type and by
month (individual dates were thus pooled to achieve
a larger sample size).

3.  RESULTS

In total, 8937 observations of animals were coded
from the videos captured concurrently on the 3 habi-
tat types over 7 sampling dates. Twenty-one species
from 4 phyla (Chordata, Arthropoda, Mollusca, and
Ctenophora) were observed across all days and habi-
tats. Obligate, resident, and transient species of com-
mercial and recreational importance were observed
(Table 1), and oyster-reef-associated species were
observed using all 3 habitat types.
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Significantly more total individuals were observed
in the cage habitat than around the floating bags (p =
0.01) or at the marsh edge over the 7-date time series
(p < 0.001; Fig. 2A). No significant differences were
ob served between the total number of individuals
near the floating bags or marsh over time (p = 0.755).
Likewise, no significant differences in species rich-
ness or Shannon diversity were observed among
habitats for any of the pairwise combinations over
time (all p > 0.05; Fig. 2B,C). Cumulative species rich-
ness for floating bags, cages, and marsh were 14, 15,
and 11, respectively. Although similar values were
ob served in each habitat, rarefaction curves in di -
cated that the true richness of sampled habitats was
likely higher than what was documented over the
course of this study, since the number of species ob -
served continued to increase over the study period
(Fig. S1 in Supplement 1 at www.int-res.com/articles/
suppl/q013p295_suppl/).

In multidimensional space, samples tended to
group more strongly by habitat type than by sample
month (Fig. 3), and communities associated with the
cage habitat differed significantly from the other 2
habitat types (global test, p = 0.005, R = 0.223; cage
vs. floating bag, p = 0.004, R = 0.378; cage vs.
marsh, p = 0.027, R = 0.205). Floating bag and
marsh communities were not significantly different
from each other (p = 0.214, R = 0.075). No significant
differences were observed in community composi-
tion by month (all p > 0.05). Species of both eco -

logical and economic importance, such as striped
bass Morone saxatilis, summer flounder Paralichthys
den tatus, and blue crabs Calinectes sapidus were
observed using the farm gear as habitat (Table 1;
Fig. S2).

4.  DISCUSSION

Several species observed in this study were only
associated with aquaculture habitats, suggesting
that the oyster farm gear may provide a habitat ele-
ment not found on adjacent natural structured habi-
tat. Differences in abundance, as a metric of habitat
preference, could be driven by life history features
or biological factors such as prey choice or refuge.
Sheeps head Archosargus probatocephalus and cun-
ner Tautogolabrus adspersus were only observed in
farm habitats, but are known to be associated with
structure, and prey on bivalves and crustaceans
usually closely associated with structure (Steimle &
Ogren 1982). In a comparison of aquaculture gear
and created oyster reefs in Delaware’s Inland Bays,
Marenghi et al. (2010) noted that juvenile sheeps -
head were uniquely associated with farm cages that
may provide enhanced foraging opportunities.

Availability of naturally structured estuarine habi-
tat may be depressed relative to historic levels due to
anthropogenic impacts. Oyster reefs are an impor-
tant source of natural 3-dimensional habitat in estu-
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Common name                                Species                                    Residency                Cage            Floating bag           Marsh

Atlantic silverside              Menidia menidia                                  Transient               310.67                  3.14                   23.55
Mummichog                       Fundulus heteroclitus                          Transient                 1.91                   11.66                   2.32
Feather blenny                   Hypsoblennius hentz                            Obligate                  0.99                    2.75                    0.87
Blue crab                            Callinectes sapidus                             Facultative                0.53                    1.24                    1.64
Atlantic needlefish             Strongylura marina                              Transient                 2.70                       0                         0
Grass shrimp                       Palaemonetes spp.                                Transient                 0.13                    1.44                    0.29
Naked goby                        Gobiosoma bosci                                   Obligate                  0.26                    0.85                    0.39
Sheepshead                        Archosargus probatocephalus          Facultative                1.25                    0.20                       0
Silver perch                        Bairdiella chrysoura                             Transient                 1.25                       0                         0
Permit                                  Trachinotus falcatus                             Transient                    0                         0                       1.06
Striped bass                        Morone saxatilis                                  Transient                    0                       0.98                       0
Hermit crab                        Pagurus spp.                                         Transient                 0.07                    0.59                       0
Cunner                                Tautogolabrus adspersus                     Transient                 0.40                       0                         0
Atlantic mud crab               Panopeus herbstii                                  Obligate                  0.07                    0.07                    0.10
Atlantic menhaden            Brevoortia tyrannus                             Transient                    0                         0                       0.19
Summer flounder               Paralichthys dentatus                           Transient                 0.07                    0.07                       0
Northern kingfish               Menticirrhus saxatilis                           Transient                    0                         0                       0.10
Diamondback terrapin       Malaclemys terrapin                            Transient                 0.07                       0                         0
American eel                      Anguilla rostrata                                  Transient                    0                       0.07                       0

Table 1. Summary of species observed in video footage. The number of raw observations per hour of viewable footage col-
lected across sampling dates is shown. Species listed in bold are part of a commercial or recreational fishery in New Jersey. 

Classification of species by residency type is sourced from Breitburg (1998) and Coen et al. (1999)
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aries, and have declined primarily due to historic
overfishing (Beck et al. 2011). Oyster farms may pro-
vide similar habitat (Glenn 2016), and thus may be
especially important sources of trophic resources in
areas lacking natural reef habitat (Lefcheck et al.
2021). Several species classified as obligate reef resi-
dents were observed in this study in farm and natural
marsh habitats, indicating that the services provided
to the animals by these habitats may be comparable.

Young-of-the-year, juveniles, and adults of multi-
ple species including blue crabs, Atlantic silversides

Menidia menidia and grass shrimp (Palaemonetes
spp.) were observed in farm habitats, suggesting that
farms, like marshes, might enhance estuarine nurs-
ery function. One added benefit of using camera sys-
tems for data collection instead of traditional sam-
pling techniques (e.g. lift nets, traps) is the ability to
capture behavioral data. Interactive behaviors in -
cluding predation, hunting, foraging, and shelter
seeking were observed among several life history
stages of animals. Although our data are insufficient
for quantitative assessment of animal behaviors, an
experiment addressing behavior would provide spe-
cies-specific links to ecosystem services provided by
oyster farms. Nonetheless, camera systems have lim-
itations in their ability to capture data in habitats
with obstructed views. Since all habitats sampled in
this study were structured, species were likely pres-
ent that went undocumented. In addition to in -
creased sampling, multiple cameras simultaneously
recording in a single habitat to reduce hidden views
could help to reduce underestimation of species rich-
ness and other important community metrics.

Although the data and video footage captured dur-
ing this study are limited by lack of replication across
additional farms, they provide evidence of habitat
provisioning for both finfish and invertebrates by
intertidal oyster farms that could operate similarly to
a naturally structured habitat. Globally, oyster aqua-
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Fig. 2. (A) Total number of individuals (sum of MaxN
across all species, where MaxN is defined as the maximum
number of individuals of a given species present within
each 80 min segment of video). (B) Species richness (total
number of species observed). (C) Shannon diversity index
for the 3 habitat types over the 7 dates during which video 

was collected (n = 21)

Month
July
August
September

Transform: 
square root resemblance: 
S17 Bray-Curtis similarity

2D  stress: 0.15

Treatment
Cage

Marsh
Floating bag

Transform: 
square root resemblance: 
S17 Bray-Curtis similarity

A

B

2D stress: 0.15

Fig. 3. Non-metric multidimensional scaling plots of nekton
community based on MaxN calculated from each 80 min
video for each species (n = 21), with overlays of (A) habitat 

treatment type and (B) sampling month
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culture accounts for one-third of all shellfish aqua-
culture production, and oyster farming has been
increasing in Asia and Africa (Wijsman et al. 2019).
As this sector continues to grow, it is important to
understand the ecological role that oyster farms play
in various nearshore coastal habitats around the
world. Supporting management efforts by providing
data about wildlife and aquaculture interactions is
critical. The readily accessible methods employed
here provide a relatively inexpensive way to docu-
ment faunal utilization of various habitats, thus sup-
porting expansion of this method to other regions of
the world and cultivated species and gear types.
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