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Abstract—Black sea bass (Centro-
pristis striata) feed on epibenthic prey,
particularly decapods, and become
more piscivorous as they grow larger, a
trend that has energetic consequences
for growth. In the coming decades, con-
struction of wind energy systems will
expose black sea bass to a large-scale
manipulation of continental shelf habi-
tats in the northeastern United States.
In this study, we tested the effects of
habitat type (natural versus artificial
reef habitats) on size, age, growth, diet,
and trophic dynamics of black sea bass,
using 407 specimens collected with rod-
and-reel gear near Ocean City, Mary-
land, in 2016 and 2018. No significant
differences in fish length, age, size at
age, or diet are attributable to habitat.
The stable isotope composition (5'°C
and 8'°N) in samples of 3 tissue types
(liver, muscle, and mucus) vary signifi-
cantly by habitat except for 5'°N values
in mucus samples. Across tissue type,
513C values are higher for fish at arti-
ficial habitats, indicating more littoral
than pelagic feeding. We conclude that,
although both types of reef habitats are
ecologically equivalent as a source of
growth and diet for black sea bass, the
differences in stable isotope signatures
indicate functional differences in sys-
tem energy flow that should be investi-
gated further in this and other marine
species that will be affected by offshore
wind energy development.
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In the coming decades, black sea bass
(Centropristis striata) will be exposed
to a large-scale manipulation of the eco-
system of the U.S. continental shelf, with
construction of wind energy systems
that will significantly increase the pro-
portion of structured habitats along the
coasts of Maryland and New England
(Kimmell and Stalenhoef, 2011; Meth-
ratta et al., 2020). The black sea bass
is a reef-oriented fish species (Steimle
et al., 1999; Steimle and Zetlin, 2000;
Fabrizio et al., 2013, 2014), and it may
or may not benefit from more structured
habitats in this region, which overlaps
with the distribution of its northern
stock. Some researchers have examined
effects of habitat on abundance of black
sea bass. Malek et al. (2014) stated that
black sea bass are sensitive to physical
changes in the seafloor, such as those
caused by structural development.

Schweitzer and Stevens (2019) reported
an increase in abundance of black sea
bass in areas where colorful sea whips
(Leptogorgia virgulata) were located on
the seafloor. Although the intent of our
study was not to determine whether
environmental disturbances associated
with the construction of offshore wind
structures could affect black sea bass,
offshore wind structures can serve as
artificial reefs, and therefore habitats,
for these fish given the physical char-
acteristics of such structures. In this
study, we investigated the effects of
habitat type (natural versus artificial
reef structures) on the demographics
(size, age, and size at age) and feeding
history (gut contents and stable isotope
composition) of black sea bass to test
the hypothesis that type of reef habitat
does not affect these aspects of the biol-
ogy and ecology of this species.
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Sampling occurred offshore of Maryland, near Ocean
City, from coastal waters in spring and summer to near the
continental shelf edge in the fall and winter (Moser and
Shepherd, 2009; Fabrizio et al., 2014). During the period of
this study, May—November, black sea bass associate with
hard-bottom structures, henceforth referred to as reefs,
with high rugosity at depths <28 m (Fabrizio et al., 2013).
Black sea bass are protogynous hermaphrodites, reaching
a maximum size of about 45 cm in standard length (2.3 kg)
and longevity of >10 years (Lavenda, 1949; Wenner et al.,
1986; Provost et al., 2017).

Black sea bass have a broad benthic diet, with some
degree of dietary specialization on decapod crab species
(particularly Cancer spp.), but the diet also includes a vari-
ety of other invertebrates and small fish species (Smith
and Link, 2010). Byron and Link (2010) found ontogenetic
diet shifts in black sea bass from mostly polychaetes and
arthropods to fish, when the black sea bass are between 9
and 14 cm in total length (TL). However, considering that
black sea bass prefer reef habitats, and even have exhib-
ited fidelity to their selected habitats on an annual basis
(Moser and Shepherd, 2009; Fabrizio et al., 2013; Secor
et al., 2019), our focus was on the effect of reef habitat sub-
strates, whether artificial or natural. In other studies, hab-
itat of black sea bass has been related to feeding dynamics
(Steimle and Ogren, 1982; Sedberry, 1988; Lindquist et al.,
1994; Steimle and Figley, 1996), but no study has involved
characterization of life history, feeding, and stable isotope
signatures as they relate to habitat. For example, if hab-
itat type affects prey type and growth, changes in avail-
able habitat could affect the productivity of a fishery that
targets black sea bass, and effects on fishery productivity
may be dynamic and widespread at the large scale of wind
energy development planned in this region (Methratta
et al., 2020).

Feeding history has been inferred from values of §°C
and 5'°N, both measures of stable isotope composition, in
the tissues of fish (Aradjo et al., 2007; Becker et al., 2007,
Bauchinger and McWilliams, 2009), but in our study, we
employed a tissue source that is relatively novel for black
sea bass. For 2 commonly used sources, muscle and liver
tissues, isotopic turnover occurs over months and weeks,
respectively. In mucus, a tissue that can be collected in a
way that is not lethal, turnover times for stable isotope
signatures apparently are quite variable.

Church et al. (2009) noted the utility of using external
mucus to determine short-term (30-36 d) turnover in §*3C
and §'°N values in juvenile steelhead trout (Oncorhyn-
chus mykiss) but recommended sampling multiple tis-
sues, and Maruyama et al. (2017) reported a much longer
turnover (200 d) for these signatures in mucus samples
of 5-year-old Japanese catfish (Silurus asotus). Results
from a study by Ibarz et al. (2019) support the notion that
food ingestion affects mucus exudation in gilthead bream
(Sparus aurata) in short time intervals (<24 h). Ibarz et al.
(2019) found some enrichment at 12 h but did not find a
significant difference at 24 h, suggesting that mucus sam-
pling could be useful for examining “the effects of envi-
ronmental challenges.” Winter et al. (2019) suggested that

epidermal mucus collected from live common carp (Cypri-
nus carpio) can replace the use of dorsal muscle for read-
ings of stable isotope composition, on the basis of results
from diet-switching lab experiments, but they cautioned
that differences in tissue turnover rates are dependent on
diet and need to be considered if used in field research.
However, the reliability of mucus in tracking uptake of
stable isotopes in wild fish has been quantified in few
studies, and none, to our knowledge, have included testing
mucus as a tissue fraction for readings of stable isotope
signatures in black sea bass.

Sampling black sea bass at artificial and natural reefs
offshore of Maryland over 2 years, we examined if habitat
type was associated 1) with specific length, age, or size-
at-age traits determined with otolith-based ages, 2) with
snapshots of diets inferred from whole gut content analy-
sis and compared to broad-scale diet data for the region,
and 3) with feeding history inferred from analysis of sta-
ble isotope composition as sourced from fish liver, muscle,
and mucus tissues and compared to isotopic values of com-
mon prey organisms in the region. We considered whether
the 2 types of reef habitats were equivalent in terms of
attracting and supporting black sea bass and what any
differences might indicate about the biology and ecology of
black sea bass on a continental shelf where wind energy
systems may be developed.

Methods and materials
Field sampling

Black sea bass were collected through rod-and-reel
angling at natural and artificial reef habitats off the coast
of Maryland, near Ocean City (Fig. 1), from May through
November 2016 and from May through August 2018.
Angling occurred during daylight hours, by using squid
(Loligo spp.) as bait. All fish were immediately euthanized
upon retrieval. Natural hard-bottom reef habitats con-
sisted mostly of substrates of cobble and shell with a few
soft corals, whereas artificial reef habitats were mostly
shipwrecks and other metal structures. The locations and
more detailed descriptions of the sampling sites appear in
Supplementary Table 1.

Additional stomach content data were provided from
black sea bass examined at sea, after capture from New
Jersey to North Carolina during bottom-trawl surveys con-
ducted by the NOAA Northeast Fisheries Science Center
(Politis et al.}). These comparative data were available for
fish caught during spring (March—May) and fall (Septem-
ber—-November) in 2000-2016 at latitudes between 35°N
and 40°N (Fig. 1). Black sea bass were measured for size (in
TL), and sex was determined macroscopically. Stomach

L Politis, P. J., J. K. Galbraith, P. Kostovick, and R. W. Brown. 2014.
Northeast Fisheries Science Center bottom trawl survey pro-
tocols for the NOAA Ship Henry B. Bigelow. NOAA, Natl. Mar.
Fish. Serv., Northeast Fish. Sci. Cent. Ref. Doc. 14-06, 138 p.
[Available from website.]
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Figure 1

Map of sampling sites at natural (gray symbols) and artificial (white symbols) reefs
near Ocean City, Maryland, where black sea bass (Centropristis striata) were collected
through rod-and-reel angling during May-November 2016 (circles) and May—August
2018 (triangles). The bounding box indicates the area where additional black sea bass
were caught in NOAA bottom-trawl surveys during spring and fall in 2000-2016. The
gray lines represent the 25-m, 50-m, and 100-m isobaths.
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contents were identified macroscopically and recorded to
the lowest possible taxonomic level (Smith and Link, 2010).
The methods of measurement and of stomach content and
sex determination were consistent for fish sampled in
bottom-trawl surveys and for the fish caught during the
rod-and-reel angling of this study.

To compare stable isotope composition, §'°C and §°N
values, for samples of potential prey items to those for fish
tissues, whole organisms representative of potential prey
species were fished in the fall of 2018 in both natural and
artificial reefs, by using a small-mesh otter trawl to sam-
ple benthic organisms from flat-bottom habitats adjacent
(<1 km) to the sites sampled in 2018. Specimens of the known
species collected during tows of the trawl were retained.

Fish and tissue processing

Upon capture by angling, fish were immediately placed in
individual plastic freezer bags to prevent mucus contam-
ination and immersed in ice. Samples were subsequently
frozen at —-27°C (-80°F) as recommended for minimal
effect on §'°C and §'°N values in contrast to other meth-
ods (Bosley and Wainright, 1999; Kaehler and Pakhomov,
2001). In the laboratory, fish were measured for TL (to
the nearest 1 cm) and weighed (to the nearest 1 g), and
sex was determined by the examination of gonad tissues.
Fish that were not clearly identifiable as male or female
after dissection were categorized as either transitional or
unknown.
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Stomachs were initially placed in 10% formaldehyde
for a minimum of 2 weeks and transferred to 70% eth-
anol for preservation until further sorting of prey items.
Prey items were removed from stomachs of black sea bass,
weighed to the nearest 0.01 g, and identified to the lowest
possible taxonomic level.

Mucus, liver, and muscle samples were prepared for
stable isotope analysis. Livers were removed, white mus-
cle tissue was excised from an area directly above the
pectoral fin, and both types of tissue samples were imme-
diately frozen at —-27°C. In 2018, a subsample of fish
collected that year was selected to test mucus for stable
isotope analysis with §3C and §'°N values. Also in 2018,
otoliths were collected from and used to age fish sampled
in that year.

Age and growth

Otoliths (sagittae) were taken from fish, when possi-
ble, rinsed with fresh water to remove excess tissue, and
stored dry in envelopes. Following techniques adapted
from Penttila and Dery (1998), whole otoliths were placed
in a black dish containing a solution of 5% dish soap, and
whole annuli were counted by using reflected light and a
dissecting microscope. A subset of paired ages of fish from
a second reader were used for quality control, by following
the guidance of McBride (2015) and by using the package
ALKTr (vers. 0.5.3.1; Loff et al., 2014), with code developed
by Ogle (2016), in statistical software R, vers. 3.4.0 (R Core
Team, 2017). Ages assigned to fish by using otoliths were
compared between readers by using percentage of agree-
ment and Chang’s coefficient of variation (Chang, 1982),
and bias was assessed by using Bowker’s test (Bowker,
1948). Between-reader precision was good (percentage of
agreement=80%, Chang’s coefficient of variation=4.98%),
and there was no significant bias between readers (Bowk-
er’s test: P=0.25). For each otolith, final monthly age was
assigned as follows (Wuenschel et al.?):

A+M-(4/12), (1

where A = the number of annuli; and
M = the month of collection.

The fraction (4/12) is used to assume a spawning date in
April.

Growth was examined by using a multinomial model of
size at age in the R package FSA (vers. 0.818; Ogle et al.,
2018) developed by Ogle (2016). Size-at-age relationships
were not separated by sex because the black sea bass is a
protogynous hermaphrodite (Hood et al., 1994). Instead,

2 Wuenschel, M. J., G. R. Shepherd, R. S. McBride, R. Jorgensen,
K. Oliveira, E. Robillard, and J. Dayton. 2012. Sex and maturity
of black sea bass collected in Massachusetts and Rhode Island
waters; preliminary results based on macroscopic staging of
gonads with a comparison to survey data. A working paper for
SARC 53- [sic] black sea bass data meeting, September 2011.
In 53rd Northeast regional stock assessment workshop (53rd
SAW) assessment report. NOAA, Natl. Mar. Fish. Serv., North-
east Fish. Sci. Cent. Ref. Doc. 12-05, p. 529-546. [Available from
website.]

the covariate used to test if size at age differed was habi-
tat type. To determine whether fish sizes at habitat were
significantly different, we used several tests, including a
Student’s ¢-test, which can be used to determine whether
the mean sizes of the population are different. A Kolm-
ogorov—Smirnov test, a nonparametric test to compare 2
sample distributions, was also used to help compare age
at length based on our samples.

Stomach analysis

A prey-specific index of relative importance (PSIRI),
expressed as a percentage, was calculated as follows
(Brown et al., 2012; Varela et al., 2017):

PSIRI = (%FO; x [%PN; + %PW)/ 2, 2)

where %FO; = (number of stomachs with prey item i / total
number of non-empty stomachs)100;
%PN; = (number of prey item ¢ / total number of
prey items)100; and
%PW,; = (weight of prey item i / total weight of all
prey items)100.

The PSIRI was chosen because the values are additive in
respect to taxonomic level, and that additive approach facil-
itates the comparison of prey composition of fish stomach
contents between the habitat types (Brown et al., 2012).
Chi-square tests of independence were used to determine
if significant differences existed between diets of fish at
artificial and natural habitats, with response variables
of habitat type, size, or sex. The PSIRI was used to com-
pare prey composition in stomach contents between fish
collected for this study and those collected during NOAA
bottom-trawl surveys. Fish were categorized as small
(0-25 ecm TL), medium (25-50 cm TL), and large (>50 ¢cm
TL) on the basis of sizes used in Byron and Link (2010). No
large fish were sampled by using rod-and-reel gear.

Stable isotope analysis

Muscle and liver samples were dried for 48 h in an oven at
65°C, homogenized with a mortar and pestle, and enclosed
in tin capsules before being shipped for analysis. Samples
not sent on the day that they were processed were stored
in a desiccator to prevent hygroscopic weight gain. Mus-
cle and liver samples were shipped to the Stable Isotope
Facility of the University of California, Davis, for stable
isotope analysis and processed with an elemental ana-
lyzer interfaced to a continuous flow isotope ratio mass
spectrometer. Samples were prepared in accordance to the
University of California, Davis, protocol regarding sample
preparation for analysis of *C and '°N in solids by using
an elemental analyzer and isotope ratio mass spectrome-
ter (UC Davis®).

3 UC Davis (Regents of the University of California, Davis). 2023.
Carbon and nitrogen in solids: carbon (**C) and nitrogen (*°N)
sample preparation. UC Davis Stable Isot. Facil. Last updated
2 May 2023. [Web page, accessed June 2016.]
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Samples of mucus were treated in accordance with
methods adapted from Church et al. (2009). Fish were
removed from the freezer, which was set to —27°C, and
still in their respective bags, thawed for 5 min or until
mucus was present on the epidermis of the fish. Mucus
was gently scraped from the dorsal side of the fish and
placed into a glass scintillation vial, and then the col-
lected mucus was rinsed 3 consecutive times with 5 mL
of reverse osmosis water. Samples were shaken between
each addition of reverse osmosis water. The filtrate of
mucus and water was then passed through a 5-pym poly-
carbonate filter. A final rinse of 5 mL of reverse osmosis
water was passed through the filter before the filtrate was
decanted into a 50-mL plastic test tube. Subsequently, the
filtrate was frozen at 0°C for at least 24 h and then cryo-
desiccated for 48 h in a lyophilizer. A spatula was used
to mix the sample, which was then weighed, enclosed in
tin capsules, and shipped to the Stable Isotope Facility
for stable isotope analysis as described in the previous
paragraph.

Results from analysis of stable isotope composition at
the University of California, Davis, were reported in §
notation, scaled in parts per thousand (%.), which can be
expressed in the following equation (adapted from Hayes,
2004), originally introduced by McKinney et al. (1950):

8*Xg1p = ([*Rgample / “Rsrpl - 11000, (3)

where 8 Xgpp = “the abundance of isotope A of element
X in a sample relative to the abundance
of that same isotope in a [. . .] standard”

(Hayes, 2004);
ARSample = the ratio of the abundance of isotope A in

a sample; and
ARgrp = the ratio of the abundance of isotope A in

an isotopic standard.

Stable isotope composition was compared by using
2-way analyses of variance to determine whether signif-
icant differences existed between the 2 habitat types or
among fish sizes and whether an interaction of habitat
type and fish size existed. The assumptions that the obser-
vations were independent, normally distributed, and had
constant variance, as advocated by Ogle (2016), were met.
The following linear model was the one tested by using
analyses of variance:

Dy~ (H;xS) +¢, (4)

where D = either the §'°N or §'3C value;
T = tissue type;
H = habitat type;
S = size (TL in centimeters); and
€ = experimental error.

The analyses of variance were evaluated with the criti-
cal P-value set at 0.01, less than the standard threshold
of 0.05, to account for some of the multiple comparisons
inherent in the use of multiple tissue types. Scatterplots
with ellipses were used to display overlap of §'°N and
313C data, with ellipses representing the 95% confidence
intervals. Ellipses were created by using the function

stat_ellipse in the R package ggplot2, vers. 2.2.0 (Wick-
ham, 2016).

To compare isotopic niches between fish sampled at arti-
ficial habitats and those sampled at natural habitats, the
R package SIBER (vers. 2.1.0; Jackson et al., 2011) was
used. In part of this package, Bayesian statistics are used
to make models that help display isotopic niches among
groups in a community. The SIBER package is used to
compare isotopic niches between groups of samples, as
advocated by Suca and Llopiz (2017).

Results

In this study, 407 black sea bass were caught: 107 fish
in 2016 and 300 fish in 2018 (Suppl. Table 1). Fish were
sampled from 2 types of reef habitats: 194 fish at artificial
reefs and 213 fish at natural reefs. Of the 300 fish caught
in 2018, 280 fish were used for age analyses. As expected
for individuals of a protogynous hermaphroditic species,
female black sea bass were caught more often than males.
This pattern occurred for fish caught through rod-and-
reel angling, with 235 females, 165 males, 6 transitional
fish, and 1 fish of unknown sex, as well as for fish in the
data from NOAA bottom-trawl surveys, with 874 females,
323 males, 2 transitional fish, and 105 fish of unknown
sex (Fig. 2). As expected, males were larger than females.
Among fish captured by using rod and reel, males had a
mean size of 27.2 cm TL (standard error [SE] 0.41) and
females had a mean size of 23.9 cm TL (SE 0.26) (¢=6.83,
P<0.001). In the data for fish captured during bottom-trawl
surveys, the mean size of males and females was 26.7 cm
TL (SE 0.46) and 23.7 cm TL (SE 0.24) (¢=5.89, P<0.001).
In terms of habitat, the size of fish sampled by using rod-
and-reel gear did not differ between artificial and natural
habitats (Kolmogorov—Smirnov test: D=0.82, P=0.49).

Age-length analysis

The estimated age of the fish caught for this study ranged
from 2 to 6 years, with the age of the majority of the fish
between 2 and 4 years (Fig. 3). Fish age did not differ
between types of reef habitat, whether ages were esti-
mated directly from otoliths (sample size [n]=280) (Stu-
dent’s t-test: P=0.0015) or, for a larger subsample of fish
caught by using rod-and-reel gear, ages of some fish were
estimated with an age-length key (n=407; Student’s ¢-test:
P>0.11).

Stomach content analysis

Arthropods dominated the diets of black sea bass at arti-
ficial and natural habitats by percent number, weight,
and frequency of occurrence, with relatively higher PSIRI
values for annedlids and mollusks in natural habitats. A
graphic display of PSIRI values for components of the diet
of black sea bass is provided in Figure 4. Calculated PSIRI
values for the prey categories of annelids, arthropods,
fishes, and mollusks in stomach contents of fish caught at
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Figure 2
Length—frequency distributions for black sea bass (Centropristis striata) sampled (A)
with rod and reel in 2016 and 2018 off the coast of Maryland and (B) during NOAA
bottom-trawl survey in 2000-2016 from New Jersey to North Carolina. The sex of fish
was categorized as female, male, transitional, or unknown.

natural habitats from 2016 through 2018 are 2.9%, 17.4%,
0.5%, and 11.1%, respectively, and the PSIRI values for
fish caught at artificial habitats during that same period
are 0.1%, 51.5%, 1.1%, and 2.3% (Fig. 4, Suppl. Table 2).
A full list of PSIRI values for prey items in the stomach
contents of fish sampled is provided in Supplementary
Table 2. Graphic representation of PSIRI values for prey
items of the fish captured from artificial and natural habi-
tats in 2018 can be found in Supplementary Figure 1.

The majority of arthropod taxa in the data from our
stomach content analysis and in the data from NOAA
bottom-trawl surveys were true (Brachyura) and hermit
(Anomura) crabs (Suppl. Table 3). Annelids composed a
higher percent weight (34%) but had a lower frequency
of occurrence (0.07%) in the diets of black sea bass caught
during bottom-trawl surveys than in those of black sea
bass caught through rod-and-reel angling. For fish in the
small and medium size classes, arthropods had the high-
est percent number, as shown in the graphic display of
PSIRI values in Supplementary Figure 2. Approximately
40% (n=83) of the 205 fish caught at natural habitats had

empty stomachs, but only about 13% (n=25) of 193 fish
from artificial habitats had stomachs that were empty.
For fish with prey present in their stomachs, results of a
chi-square test of independence indicate that there were
no significant differences in prey consumption by black
sea bass between artificial and natural habitats, when
examining the relationships of prey number and fish size
(P=0.29, %*=2.43) or sex (P=0.18, *=3.41). A full list of
prey items found in stomachs of fish based on data from
rod-and-reel angling and from bottom-trawl sampling can
be found in Supplementary Table 3.

Stable isotope analysis

For all tissue types (liver, muscle, and mucus), 5°C and
8'°N values overlapped between habitat types (artificial
versus natural) and available fish size classes (medium
versus small) (Fig. 5). Isotopic values differed between
habitats for both stable isotope signatures and for all 3
tissue types except for 5'°N in muscle samples (Table 1). In
addition, isotopic values differed by fish size only for 5'°C


https://doi.org/10.7755/FB.123.1.5s2
https://doi.org/10.7755/FB.123.1.5s2
https://doi.org/10.7755/FB.123.1.5s2
https://doi.org/10.7755/FB.123.1.5s3
https://doi.org/10.7755/FB.123.1.5s4
https://doi.org/10.7755/FB.123.1.5s5
https://doi.org/10.7755/FB.123.1.5s4

64

Fishery Bulletin 123(1)

Age (years)

Total length (cm)

Figure 3

Length at age for 280 black sea bass (Centropristis striata) caught with rod and reel in 2018 off the coast of
Maryland. Age and length did not differ between habitat types; therefore, samples caught at natural and
artificial reefs were pooled. Bubble size is proportional to the relative number of fish per age and length

interval.
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Figure 4

Values for components of the prey-specific index of relative importance (PSIRI) used to examine the diets of
black sea bass (Centropristis striata) caught at (A) natural and (B) artificial reef habitats through rod-and-reel
angling off the coast of Maryland in 2016 and 2018. Prey items include annelid, arthropod, fish, and mollusk
taxa. The PSIRI is based on the following components: percent number (%PN), weight (%#PW), and frequency of

occurrence (%FO).
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Figure 5

Stable isotope signatures, 5'3C and 8N, in muscle, liver, and mucus tissues
of medium (M) and small (S) black sea bass (Centropristis striata) caught in
natural (N) and artificial (A) reef habitats off the coast of Maryland in 2018.
Fish were categorized as small if they measured 0—25 cm in total length (TL)
and medium if they measured 25-50 cm TL. Ellipses represent 95% confidence
intervals.

in mucus tissues, and they differed as an
interaction of habitat and size only for
§!3C in muscle and mucus tissues.

Results from visual analysis for poten-
tial prey items sampled in 2018 indicate
a lack of direct overlap in stable isotope
signatures with the §'C and §'°N values
for sand dollars (Echinarachnius spp.),
mussels (Mytilus spp.), clams (Merce-
naria spp.), and scallops (Pecten spp.),
indicating that the black sea bass is posi-
tioned at a higher trophic level.

For the SIBER analysis in which isoto-
pic niches were compared between habi-
tat types, the standard ellipse area is a
proxy for isotopic niche and can be inter-
preted as the area that an ellipse would
occupy on a Cartesian coordinate plane.
The vertical length, representing the
area, of each icon conveys the variabil-
ity of the predator’s prey consumption or
how diverse a predator’s diet may be in
a food chain, with the assumption that
this diet is reflected in the tissues sam-
pled. The location of the plot symbol, as
it relates to the y-axis, provides a general
indication of where the animal feeds on
a basic trophic scale, where an increase
of one trophic level would be represented
as an increase of 3—4%:” in the stable
isotope signatures shown. The SIBER
analysis results indicate small differ-
ences (<5%¢” total) in the standard ellipse
area, signifying isotopic niches in small
and medium fish; these results also indi-
cate inconsistency among tissue types
(Fig. 6). Standard ellipse areas for liver
and muscle samples were larger than
those for mucus samples in a compari-
son of values between small and medium
fish, regardless of habitat type. Isotopic
niches between fish sampled at artifi-
cial and natural habitats did not differ
greatly (<4%%), but for both groups, val-
ues for liver samples were consistently
the highest, followed by those for muscle
and mucus samples.

Discussion

Artificial reefs function similarly to nat-
ural reef habitats for black sea bass in
marine waters off Maryland and New
England, given that individuals sam-
pled at sites of both habitat types were
similar in several traits that we exam-
ined: age, length, length at age, and gut
contents. The initial expectation of this
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Table 1

Comparison of stable isotope signatures, 5'°N and 8'°C, in liver, muscle, and mucus tissues of black sea
bass (Centropristis striata) caught in 2018 near Ocean City, Maryland, based on analysis of variance for
habitat type (natural versus artificial) and size class (small [0-25 cm in total length] versus medium
[25-50 cm in total length]) and for the interaction of those 2 variables and the interaction between hab-
itat type and consumer level (predator versus prey). P-values from analysis of variance were assessed
at 2 levels of significance: P<0.001 and P<0.01.

P-value
615N 5130
Variable Liver Muscle Mucus Liver Muscle Mucus
Habitat type <0.001 <0.001 0.07 <0.001 <0.001 <0.001
Fish size class 0.01 0.99 0.03 0.74 <0.001 <0.001
Habitat x size 0.88 0.79 0.81 0.92 <0.001 0.54
Habitat type x consumer level <0.001 <0.001 <0.001 <0.01 0.28 <0.01
3.5 l Artificial
[0 Natural
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Figure 6

Standard ellipse areas, by tissue type and corrected for small sample size, for small (0—25 cm in
total length [TL]) and medium (25-50 cm TL) black sea bass (Centropristis striata) sampled at
natural and artificial reef habitats off the coast of Maryland in 2018. The lines on each box rep-
resent the 95%, 75%, and 50% credible intervals. The standard ellipse area is a proxy for isotopic
niche, the location of the plot symbol in relation to the y-axis indicates the general trophic level
of black sea bass based on stable isotope analysis of tissues, and the vertical length of each box
indicates variability in prey consumption.

study was that habitat differences might drive variance
in diet and subsequent differences in size or age, as sug-
gested by Lawson et al. (2018). If black sea bass had a
more calorically rich diet (e.g., one composed primarily of
fish) at one habitat—but a calorically poorer diet (e.g., one

composed of primarily crabs) at another habitat—this dif-
ference in diet could have affected fish size, particularly
size at age, between habitats. The interactions between
feeding and growth, as well as survival, are in fact com-
plex (Goodrich and Clark, 2023); therefore, it was not
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surprising that we did not find evidence of such a simple
postulation.

Nonetheless, values of stable isotope composition dif-
fered between fish of both size classes captured at natural
and artificial habitats. There were notable differences in
habitat traits and prey composition based on data from
otter trawl collections near sampling habitats: natural
habitats consisted mostly of large shell and cobble, with
sea robins (Prionotus spp.) and squid egg mops, and otter
trawl hauls at natural habitats mostly consisted of shrimp
(Crangonidae) and small shells.

As expected, arthropods, a common prey item for black
sea bass, dominated gut contents of fish from focused
rod-and-reel sampling and broad-scale bottom trawling.
We did not observe an ontogenetic diet shift from inver-
tebrates to finfish, as reported by Byron and Link (2010);
however, black sea bass in the large size class (>50 cm TL)
were not present in the habitats that we sampled. We did
notice a higher proportion of empty stomachs at natural
habitats, but this trend was not associated with slower
growth of black sea bass.

Analysis of stable isotope composition was more sensi-
tive than analysis of gut contents alone, indicating trophic
differences between natural and artificial reef habitats
for the fish size classes evaluated. Significant differences
in values of 8'C in liver samples between habitat types
may indicate that fish at different reef habitats frequently
prey on items with distinctive 83C values. Specifically,
fish caught at artificial reefs had higher 8'3C values, indi-
cating that they feed on prey from more littoral or benthic
sources, such as sand dollars or snails, instead of pelagic
prey, such as smaller finfish. Yet this distinction was not
reflected in our diet analyses, or in data on prey types from
NOAA bottom-trawl surveys. The cause of this apparent
disconnect in results between analysis of stable isotope
signatures and analysis of stomach contents at the 2 hab-
itat types is challenging to assign. Isotopic turnover times
in wild fish would likely vary, considering that wild fish
may have a wide breadth of prey options, a need to forage,
and arguably slightly higher metabolic demands, which
can alter turnover time.

In mucus samples, 8'3C values were significantly dif-
ferent between habitat types, but 8'°N values were not.
The former result was consistent with findings for the
other tissues tested, indicating that it is possible to use
mucus, which can be sampled in a nonlethal way, for black
sea bass in future isotopic studies. The use of fish mucus
for stable isotope analysis has great potential, but this
approach would benefit from experimental validation.
Altering the stable isotope signatures of black sea bass
in a controlled diet-switching experiment, in which food
amounts (offered and consumed) and growth would be
tracked from a known fish age until the end of the exper-
iment, could help verify how long it takes for isotopic
signatures to change in certain tissues, which food items
have the greatest effect on signatures, and how certain
foods affect growth by isolating the variable of diet. In
fact, the black sea bass is a suitable model species for
this research because of its history of being reared in

aquaculture facilities (Perry et al., 2007). The results pre-
sented herein (Fig. 7) can be used to inform selection of
prey items for a prey-switching experiment over a season
of growth.

Conclusions

In this study, black sea bass were found to feed and grow
at identical rates at natural and artificial habitats, indi-
cating that, from an ecological perspective, artificial reefs
function in a similar manner as natural reefs as habi-
tat for this species. Therefore, we conclude that risks of
habitat alteration, or the addition of artificial habitat
structures, associated with construction of wind energy
systems should be relatively low for this common species
on the continental shelf in this region. Nonetheless, the
differences between habitat types in the stable isotope
composition of tissue samples indicate functional differ-
ences in system energy flow that should be investigated
further, not only for black sea bass but also for marine
species that may also be affected by climate change or off-
shore wind energy development (Kleisner et al., 2017)—if
we are to explain and predict the response of the many
other such species in this region, we need to include them
as well.

Resumen

El serrano estriado (Centropristis striata) se alimenta de
presas epibentodnicas, sobre todo decapodos, y se vuelve
mas piscivora a medida que crece, una tendencia que tiene
consecuencias energéticas para su crecimiento. En las
préximas décadas, la construccion de sistemas de energia
edlica expondra a el serrano estriado a una manipulacién a
gran escala de los habitats de la plataforma continental en
el noreste de Estados Unidos. En este estudio, probamos
los efectos del tipo de habitat (habitats de arrecifes natu-
rales versus artificiales) en el tamano, la edad, el crec-
imiento, la dieta y la dindamica tréfica del serrano estriado,
utilizando 407 especimenes recolectados con cafna y car-
rete cerca de Ocean City, Maryland, en 2016 y 2018. No
hay diferencias significativas en la longitud, edad, talla a
la edad o dieta de los peces atribuibles al habitat. La com-
posicién de is6topos estables (8*3C y 8'°N) en muestras de
3 tipos de tejidos (higado, musculo y mucus) varia signifi-
cativamente segun el hébitat, excepto los valores de §'°N
en las muestras de mucus. En todos los tipos de tejidos, los
valores de 8'3C son més elevados en los peces de hébitats
artificiales, lo que indica una alimentacién mas litoral que
peléagica. Concluimos que, aunque ambos tipos de habitats
arrecifales son ecolégicamente equivalentes como fuente
de crecimiento y dieta para el serrano estriado, las difer-
encias en las senales de is6topos estables indican difer-
encias funcionales en el flujo de energia del sistema que
deberian investigarse mas a fondo en esta y otras espe-
cies marinas que se veran afectadas por el desarrollo de la
energia edlica marina.



68

Fishery Bulletin 123(1)

Muscle
15
10 > \
e
“r_‘\ \ J
1 )
\'-3
U‘
-30 -20 -10 0
Liver
15
o
10 )
N
-30 -20 -10 0
Consumer
Mucus - BSB
= Clam
- Flounder
- Mussel
15 - Rock crab
- Sand dollar
- Scallop
- Shrimp
- Slug
o - Snail
N
10 ~
-30 -20 -10 0
8"°C (%o)
Figure 7

Stable isotope signatures, 5'%C and 8'°N, in muscle, liver, and mucus tissues
of black sea bass (Centropristis striata) (BSB) caught with rod and reel off
the coast of Maryland in 2016 and 2018, in relation to those for specimens of
potential prey species collected with otter trawl in 2018 near the rod-and-reel

sampling sites. Ellipses represent 95% confidence intervals.




Price et al.: Comparing the feeding ecology of Centropristis striata between natural and artificial reefs 69

Acknowledgments

Sea sampling was aided by Capt. C. Daniels, Capts. C.
and W. Townsend, the Ecosystems Surveys Branch of the
NOAA Northeast Fisheries Science Center, and the staff
of NOAA research vessels. In Woods Hole, advice on sam-
ple processing was provided by J. Dayton, E. Robillard,
S. Rowe, and B. Smith of the Northeast Fisheries Sci-
ence Center. Special thanks to D. Secor, I. Oliver, N. Coit,
I. Fenwick, and O. Scott Price. Base code for plotting PSIRI
values was shared by S. Brown. This project was supported
by the NOAA Living Marine Resources Cooperative Sci-
ence Center (award no. NA16SEC4810007).

Literature cited

Araujo, M. S, D. L. Bolnick, G. Machado, A. A. Giaretta, and S. F.
dos Reis.

2007. Using 8'3C stable isotopes to quantify individual-level
diet variation. Oecologia 152:643—-654. Crossref

Bauchinger, U,, and S. McWilliams.

2009. Carbon turnover in tissues of a passerine bird: allome-
try, isotopic clocks, and phenotypic flexibility in organ size.
Physiol. Biochem. Zool. 82:787-797. Crossref

Becker, B. H., M. Z. Peery, and S. R. Beissinger.

2007. Ocean climate and prey availability affect the trophic level
and reproductive success of the marbled murrelet, an endan-
gered seabird. Mar. Ecol. Prog. Ser. 329:267-279. Crossref

Bosley, K. L., and S. C. Wainright.

1999. Effects of preservatives and acidification on the stable
isotope ratios (1°N:*N, 3C:'2C) of two species of marine
animals. Can. J. Fish. Aquat. Sci. 56:2181-2185. Crossref

Bowker, A. H.

1948. A test for symmetry in contingency tables. J. Am. Stat.

Assoc. 43:572-574. Crossref
Brown, S. C., J. J. Bizzarro, G. M. Cailliet, and D. A. Ebert.

2012. Breaking with tradition: redefining measures for diet
description with a case study of the Aleutian skate Bathy-
raja aleutica (Gilbert 1896). Environ. Biol. Fishes 95:3-20.
Crossref

Byron, C. J., and J. S. Link.

2010. Stability in the feeding ecology of four demersal fish
predators in the US Northeast Shelf Large Marine Ecosys-
tem. Mar. Ecol. Prog. Ser. 406:239-250. Crossref

Chang, W. Y. B.

1982. A statistical method for evaluating the reproducibility
of age determination. Can. J. Fish. Aquat. Sci. 39:1208—
1210. Crossref

Church, M. R., J. L. Ebersole, K. M. Rensmeyer, R. B. Couture, F. T.
Barrows, and D. L. G. Noakes.

2009. Mucus: a new tissue fraction for rapid determination
of fish diet switching using stable isotope analysis. Can. J.
Fish. Aquat. Sci. 66:1-5. Crossref

Fabrizio, M. C., J. P. Manderson, and J. P. Pessutti.

2013. Habitat associations and dispersal of black sea bass
from a mid-Atlantic Bight reef. Mar. Ecol. Prog. Ser.
482:241-253. Crossref

2014. Home range and seasonal movements of black sea bass
(Centropristis striata) during their inshore residency at a reef
in the mid-Atlantic Bight. Fish. Bull. 112:82-97. Crossref

Goodrich, H. R., and T. D. Clark.

2023. Why do some fish grow faster than others? Fish Fish.

24:796-811. Crossref

Hayes, J. M.

2004. An introduction to isotopic calculations, 10 p. Woods Hole

Oceanogr. Inst., Woods Hole, MA. [Available from website.]
Hood, P. B., M. F. Godcharles, and R. S. Barco.

1994. Age, growth, reproduction, and the feeding ecology
of black sea bass, Centropristis striata (Pisces: Ser-
ranidae), in the eastern Gulf of Mexico. Bull. Mar. Sci.
54:24-37.

Ibarz, A., B. Ordénez-Grande, I. Sanahuja, S. Sanchez-Nuno, J.
Ferndndez-Borras, J. Blasco, and L. Fernandez-Alacid.

2019. Using stable isotope analysis to study skin mucus exu-
dation and renewal in fish. J. Exp. Biol. 222(8):jeb195925.
Crossref

Jackson, A. L., R. Inger, A. C. Parnell, and S. Bearhop.

2011. Comparing isotopic niche widths among and within
communities: SIBER — Stable Isotope Bayesian Ellipses
in R. J. Anim. Ecol. 80:595-602. Crossref

Kaehler, S., and E. A. Pakhomov.

2001. Effects of storage and preservation on the §°C and
SN signatures of selected marine organisms. Mar. Ecol.
Prog. Ser. 219:299-304. Crossref

Kimmell, K., and D. S. Stalenhoef.

2011. The Cape Wind offshore wind energy project: a case
study of the difficult transition to renewable energy. Golden
Gate Univ. Environ. Law J. 5:197-225.

Kleisner, K. M., M. J. Fogarty, S. McGee, J. A. Hare, S. Moret, C. T.
Perretti, and V. S. Saba.

2017. Marine species distribution shifts on the U.S. North-
east Continental Shelf under continued ocean warming.
Prog. Oceanogr. 153:24-36. Crossref

Lavenda, N.

1949. Sexual differences and normal protogynous hermaph-
roditism in the Atlantic sea bass, Centropristes striatus.
Copeia 1949:185-194. Crossref

Lawson, C. L., I. M. Suthers, J. A. Smith, H. T. Schilling, J. Stewart,
J. M. Hughes, and S. Brodie.

2018. The influence of ontogenetic diet variation on consump-
tion rate estimates: a marine example. Sci. Rep. 8:10725.
Crossref

Lindquist, D. G., L. B. Cahoon, I. E. Clavijo, M. H. Posey, S. K.
Bolden, L. A. Pike, S. W. Burk, and P. A. Cardullo.

1994. Reef fish stomach contents and prey abundance on reef
and sand substrata associated with adjacent artificial and
natural reefs in Onslow Bay, North Carolina. Bull. Mar. Sci.
55:308-318.

Loff, J. F., A. Murta, and L. Kell.

2014. ALKr: generate age-length keys for fish populations.
R package, vers. 0.5.3.1. [Available from website, accessed
October 2018.]

Malek, A. J., J. S. Collie, and J. Gartland.

2014. Fine-scale spatial patterns in the demersal fish and
invertebrate community in a Northwest Atlantic ecosys-
tem. Estuar. Coast. Shelf Sci. 147:1-10. Crossref

Maruyama, A., E. Tanahashi, T. Hirayama, and R. Yonekura.

2017. A comparison of changes in stable isotope ratios in the
epidermal mucus and muscle tissue of slow-growing adult
catfish. Ecol. Freshw. Fish 26:636—642. Crossref

McBride, R. S.

2015. Diagnosis of paired age agreement: a simulation of
accuracy and precision effects. ICES J. Mar. Sci. 72:2149—
2167. Crossref

McKinney, C. R., J. M. McCrea, S. Epstein, H. A. Allen, and H. C.
Urey.

1950. Improvements in mass spectrometers for the measure-
ment of small differences in isotope abundance ratios. Rev.
Sci. Instrum. 21:724-730. Crossref


https://doi.org/10.1007/s00442-007-0687-1
https://doi.org/10.1086/605548
https://doi.org/10.3354/meps329267
https://doi.org/10.1139/f99-153
https://doi.org/10.1080/01621459.1948.10483284
https://doi.org/10.1007/s10641-011-9959-z
https://doi.org/10.3354/meps08570
https://doi.org/10.1139/f82-158
https://doi.org/10.1139/F08-206
https://doi.org/10.3354/meps10302
https://doi.org/10.7755/FB.112.1.6
https://doi.org/10.1111/faf.12770
https://doi.org/10.1575/1912/27058
https://doi.org/10.1242/jeb.195925
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.3354/meps219299
https://doi.org/10.1016/j.pocean.2017.04.001
https://doi.org/10.2307/1438985
https://doi.org/10.1038/s41598-018-28479-7
https://cran.r-project.org/package=ALKr
https://doi.org/10.1016/j.ecss.2014.05.028
https://doi.org/10.1111/eff.12307
https://doi.org/10.1093/icesjms/fsv047
https://doi.org/10.1063/1.1745698

70

Fishery Bulletin 123(1)

Methratta, E. T., A. Hawkins, B. R. Hooker, A. Lipsky, and J. A. Hare.

2020. Offshore wind development in the Northeast US Shelf

Large Marine Ecosystem. Oceanography 33:16—27. Crossref
Moser, J., and G. R. Shepherd.

2009. Seasonal distribution and movement of black sea bass
(Centropristis striata) in the Northwest Atlantic as deter-
mined from a mark-recapture experiment. J. Northwest
Atl. Fish. Sci. 40:17-28.

Ogle, D. H.

2016. Introductory fisheries analyses with R, 333 p. Chap-
man and Hall, Boca Raton, FL.

Ogle, D. H., J. C. Doll, A. P. Wheeler, and A. Dinno.

2018. FSA: simple fisheries stock assessment methods. R
package, vers. 0.8.18. [Available from website, accessed
October 2018.]

Penttila, J, and L. M. Dery (eds.).

1998. Age determination methods for Northwest Atlantic
species. NOAA Tech. Rep. NMFS 72, 132 p.

Perry, D. M., D. A. Nelson, D. H. Redman, S. Metzler, and R. Katersky.

2007. Growth of black sea bass (Centropristis striata) in
recirculating aquaculture systems. NOAA Tech. Memo.
NMFS-NE-206, 12 p.

Provost, M. M., O. P. Jensen, and D. L. Berlinsky.

2017. Influence of size, age, and spawning season on sex change

in black sea bass. Mar. Coast. Fish. 9:126-138. Crossref
R Core Team.

2017. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna,
Austria. [Available from website, accessed April 2017.]

Schweitzer, C. C., and B. G. Stevens.

2019. The relationship between fish abundance and benthic
community structure on artificial reefs in the Mid-Atlantic
Bight, and the importance of sea whip corals Leptogorgia
virgulata. Peerd 7:e7277. Crossref

Secor, D. H., F. Zhang, M. H. O’'Brien, and M. Li.

2019. Ocean destratification and fish evacuation caused by a
Mid-Atlantic tropical storm. ICES J. Mar. Sci. 76:573-584.
Crossref

Sedberry, G. R.

1988. Food and feeding of black sea bass, Centropristis stri-
ata, in live bottom habitats in the South Atlantic Bight. J.
Elisha Mitchell Sci. Soc. 104:35-50.

Smith, B. E., and J. S. Link.

2010. The trophic dynamics of 50 finfish and 2 squid spe-
cies on the Northeast US Continental Shelf. NOAA Tech.
Memo. NMFS-NE-216, 624 p.

Steimle, F. W., Jr., and L. Ogren.

1982. Food of fish collected on artificial reefs in the New York
Bight and off Charleston, South Carolina. Mar. Fish. Rev.
44(6-7):49-52.

Steimle, F. W., and W. Figley.

1996. The importance of artificial reef epifauna to black sea
bass diets in the Middle Atlantic Bight. N. Am. J. Fish.
Manag. 16:433-439. Crossref

Steimle, F. W., and C. Zetlin.

2000. Reef habitats in the Middle Atlantic Bight: abundance,
distribution, associated biological communities, and fish-
ery resource use. Mar. Fish. Rev. 62(2):24—42.

Steimle, F. W., C. A. Zetlin, P. L. Berrien, and S. Chang.

1999. Essential fish habitat source document: black sea bass,
Centropristis striata, life history and habitat characteris-
tics. NOAA Tech. Memo. NMFS-NE-143, 42 p.

Suca, J. J., and J. K. Llopiz.

2017. Trophic ecology of barrelfish (Hyperoglyphe perci-
formis) in oceanic waters of southeast Florida. Bull. Mar.
Sci. 93:987-996. Crossref

Varela, J. L., K. M. Intriago, J. C. Flores, and C. R. Lucas-Pilozo.

2017. Feeding habits of juvenile yellowfin tuna (Thunnus
albacares) in Ecuadorian waters assessed from stomach
content and stable isotope analysis. Fish. Res. 194:89-98.
Crossref

Wenner, C. A., W. A. Roumillat, and C. W. Waltz.

1986. Contributions to the life history of black sea bass, Cen-
tropristis striata, off the southeastern United States. Fish.
Bull. 84:723-741.

Wickham, H.

2016. ggplot2: elegant graphics for data analysis, 2nd ed., 260
p. Springer-Verlag, New York.

Winter, E. R., E. T. Nolan, G. M. Busst, and J. R. Britton.

2019. Estimating stable isotope turnover rates of epidermal
mucus and dorsal muscle for an omnivorous fish using
a diet-switch experiment. Hydrobiologia 828:245-258.
Crossref


https://doi.org/10.5670/oceanog.2020.402
https://cran.r-project.org/package=FSA
https://doi.org/10.1080/19425120.2016.1274696
https://www.r-project.org/
https://doi.org/10.7717/peerj.7277
https://doi.org/10.1093/icesjms/fsx241
https://doi.org/10.1577/1548-8675(1996)016%3c0433:TIOARE%3e2.3.CO;2
https://doi.org/10.5343/bms.2017.1003
https://doi.org/10.1016/j.fishres.2017.05.017
https://doi.org/10.1007/s10750-018-3816-4

	Comparing the localized feeding ecology of black sea bass (Centropristis striata) at natural and artificial reefs: gut content and stable isotope analyses
	Methods and materials
	Field sampling
	Fish and tissue processing
	Age and growth
	Stomach analysis
	Stable isotope analysis

	Results
	Age–length analysis
	Stomach content analysis
	Stable isotope analysis

	Discussion
	Conclusions
	Resumen
	Acknowledgments
	Literature cited




