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ABSTRACT

Autogenic engineers (i.e., biogenic structure) add to habitat complexity by altering the
environment by their own physical structures. The presence of autogenic engineers is
correlated with increases in species abundance and biodiversity. Biogenic structural
communities off the coast of Delaware, Maryland, and Virginia (Delmarva) are
comprised of multiple species including boring sponge Cliona celata, various hydroids
(i.e., Tubularia sp., Obelia sp., Campanular sp.), northern stone coral Astrangia
poculata, sea whips Leptogorgia virgulata, and blue mussels Mytilus edulis. Sea whips
are soft corals that provide the majority of vertical height to benthic structure off
the coast of the Delmarva peninsula. The mid-Atlantic bight is inhabited by several
economically valuable fishes; however, data regarding habitat composition, habitat
quality, and fish abundance are scarce. We collected quadrat and sea whip images from
12 artificial reef sites (i.e., shipwrecks) ranging from 10 to 24 m depth to determine
proportional coverage of biogenic structures and to assess habitat health, respectively.
Underwater video surveys were used to estimate fish abundances on the 12 study sites
and determine if fish abundance was related to biogenic coverage and habitat health.
Our results showed that higher fish abundance was significantly correlated with higher
proportional sea whip coral coverage, but showed no significant relationship to other
biogenic structure. Assessment of sea whip condition (as a damage index) showed
that sea whip corals on artificial reefs off the Delmarva coast exhibited minor signs
of degradation that did not differ significantly among study sites.

Subjects Fisheries and Fish Science, Ecology, Marine Biology

Keywords Sea whip, Black sea bass, Biogenic structure, Mid-atlantic bight, Coral,
Fish abundance, Temperate reef, Artificial reef

INTRODUCTION

Structurally complex habitats, such as cobble and rock reefs, and natural or artificial reefs,
are profoundly important for fish and crustaceans by providing spatial refuge and feeding
sites (Robertson ¢ Sheldon, 1979; Hixon & Beets, 1993; Forrester ¢ Steele, 2004; Scharf,
Manderson & Fabrizio, 2006; Johnson, 2007; Cheminee et al., 2016; Gregor ¢ Anderson,
2016). Structural habitat can be essential for the settlement and proliferation of autogenic
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engineers (e.g., corals, sponges, bivalves, sea grasses). The presence of biogenic structure can
increase the quality of habitats and can affect habitat selection, abundance of economically
valuable species, and survival and settlement of fishes (Gibson, 1994; Garpe & Ohman,
2003; Diaz, Solan ¢ Valente, 2004; Miller et al., 2012; Komyakova, Jones ¢ Munday, 2018;
Seemann et al., 2018; Soler-Hurtado, Megina ¢ Lopez-Gonzilez, 2018). This is most evident
when biogenic structures are damaged or undergo mortality events, which often results in
regional loss of fish biomass, biodiversity, and abundance (Jones et al., 2004; Lotze et al.,
20065 Thrush et al., 2008; Dudgeon et al., 2010; McCauley et al., 2015). The extent to which
autogenic engineers influence fish abundance has been well studied in tropical marine
ecosystems (Richmond, 1996; Downs et al., 2005; Hughes et al., 2010; Newman et al., 2006),
but is poorly understood within temperate rock reef systems of the Mid-Atlantic.

Within the Mid-Atlantic Bight, biogenic structure primarily consists of boring sponge
Cliona celata, various hydroids (i.e., Tubularia sp., Obelia sp., Campanular sp.), northern
stone coral Astrangia poculata, sea whip corals Leptogorgia virgulata (Gotelli, 1991; Guida
etal, 2017), and blue mussels Mytilus edulis (Steimle ¢ Zetlin, 2000; Cullen ¢ Stevens,
2017). Among this community, sea whip corals are the primary contributors of additional
height to artificial and natural rock reefs. Previous studies conducted within coral reef
ecosystems have demonstrated that rugosity and coral height are the strongest predictors
of fish biomass (Harborne, Mumby & Ferrari, 2012). Benthic rock reefs and artificial reefs
within the Mid-Atlantic Bight are poorly studied and the composition of benthic biogenic
structures is unknown.

Marine benthic structure within the Delaware, Maryland, Virginia peninsula (Delmarva)
portion of the Mid-Atlantic Bight consists of both natural rock reefs and artificial reefs.
Natural rock reefs are composed of rock, mud, and clay outcrops, and artificial reefs,
both unintentional (e.g., shipwrecks) and intentional (e.g., concrete blocks and pipes,
subway cars, ships). Natural rock reefs are sparse, sporadically distributed and highly
fragmented. Artificial reefs provide the dominant source of benthic structure either
through accidental shipwrecks or constructed through artificial reef programs. Artificial
reef construction has become a popular way to increase regional habitat production,
biodiversity, fish abundance, and to restore biogenic structure (Bohnsack, 1989; Grossman,
Jones & Seaman, 1997; Sherman, Gilliam & Spieler, 2002; Granneman ¢ Steele, 2015; Scott
et al., 2015; Smith et al., 2017). Artificial reef sites are constructed regularly off the coast of
the Delmarva peninsula, with the goal of increasing the abundance of structure-oriented
fish of economic value. Some of these species, such as black sea bass Centropristis striata,
and tautog Tautoga onitis, reside directly within the structures; whereas others, such as
Atlantic croaker Micropogonias undulatus, and summer flounder Paralichthys dentatus, are
commonly found on sandy bottoms near benthic structures as adults (Feigenbaum et al.,
1989; Hostetter & Munroe, 1993; Scharf, Manderson & Fabrizio, 2006; Fabrizio, Manderson
& Pessutti, 2013).

Habitat quality on benthic rock reefs and its relationship to species abundance has
been largely neglected in the Mid-Atlantic Bight. Previous research investigating habitat
association for economically important species (e.g., black sea bass) within the Mid-Atlantic
Bight focused on benthic hardness and did not consider biogenic composition (Fabrizio,
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Manderson & Pessutti, 2013). Diaz, Solan ¢ Valente (2004) performed a small-scale study
investigating fish abundance in relation to biogenic structure in relation to density of
patches of infaunal tubes at Fenwick Shoals off the coast of Delaware. They found that
patch size and presence of biogenic structure was significantly related to juvenile fish
abundance for that site. However, there are still insufficient data to suggest that these
results are representative of habitat patches throughout the Mid-Atlantic Bight. To date,
there is a paucity of data regarding the composition variability and degree of coverage
of biogenic structure on natural or artificial reefs, and its relationship to fish abundance
within the Mid-Atlantic Bight.

It is important to understand how sensitive, stable, or resilient complex habitats are
in order to preserve the sustainability of economically valuable species. An improved
understanding in the relationship between benthic habitat quality and fish abundance in
the Mid-Atlantic Bight can lead to improvements in management policies. Assessments
in habitat quality is commonly achieved by monitoring indicator species that are selected
based on their sensitivity to habitat disturbances, and can be effective in the evaluation of
an ecosystems response to stressors (Andersen, 1986; Simberloff, 1998; Siddig et al., 2016).
Since sea whip corals primarily contribute to additional vertical relief, they may be more
susceptible to fishing disturbances, and external damage and over-colonization can be
easily quantified, we hypothesize that sea whip corals may be an indicator species for
benthic habitats in the Mid-Atlantic Bight.

We undertook a study to determine the structure of marine biogenic communities and
their relationship to fish abundance in the Delmarva portion of the Mid-Atlantic Bight.
Our study had four specific objectives which were: (1) to determine the species composition
and proportional coverage of biogenic structure at various artificial reefs; (2) to estimate
relative fish abundance at those sites; (3) to estimate habitat quality using a damage index
(DI) for sea whips; and (4) to determine the relationships between fish abundance and the
quantity and quality of biogenic habitat.

METHODS

Description of study sites
Twelve artificial reef study sites were selected based on site age and SCUBA accessibility
(Table 1). Sites were located off the cost of the Delaware, Maryland, and Virginia (Delmarva)
peninsula between the latitudes of 37°N and 38.5°N ranging from 9 to 32 km off the coast
(Fig. 1) at depths from ~10 to ~24 m. The maximum distance between sites (Site FW and
RG) was ~60.1 km and the minimum separation distance (between Sites EP and E2) was
~0.52 km. The majority of the sites (n = 8) were intentionally sunk in association with
the Maryland Artificial Reef Program, and the remaining four were natural wrecks. Both
sites PH and RG became separated into two sections with approximately 122 m and 27 m
between each section, respectively.

There have been few studies on habitats in the Mid-Atlantic Bight by SCUBA or other
in-situ methods due to unpredictable weather and turbid conditions. For these reasons,
diving and data collection were restricted to the months of June through November during

Schweitzer and Stevens (2019), PeerJ, DOI 10.7717/peerj.7277 3/20


https://peerj.com
http://dx.doi.org/10.7717/peerj.7277

Peer

Table 1 Table showing approximate age, name abbreviations, and depth of the study sites. Month surveyed is the month fish abundance surveys
were completed. Survey method states whether the fish abundance survey was conducted via line transect method (Line) or via stationary camera
method (Stationary). Category states whether sites were constructed or naturally sank. Site names are common names of the wreck or region; how-
ever; some site names are not universal.

Site Site name Abbr. Approx. age (y) Approx. depth (m) Month surveyed Survey method Category

1 Fenwick Shoals FW 120 10 July Line Unintentional
2 Elizabeth Palmer EP 104 23.5 July Stationary Unintentional
3 EP2 E2 100 24 July Stationary Unintentional
4 Pharoby PH 37 20 June Stationary Deliberate

5 Blenny BL 30 23.5 July Line Deliberate

6 Kathleen Riggins RG 28 16.5 June Stationary Unintentional
7 Memorial Barge MM 26 18 — — Deliberate

8 Sussex SX 24 24 July Line Deliberate

9 Navy Barge NV 19 20 July Line Deliberate

10 New Hope NH 2 19 August Line Deliberate

11 Barge BA 0.5 18 August Line Deliberate

12 Boiler Wreck BW NA 24 July Line Deliberate

2017 and 2018 and only conducted on days with a wave height < one m. Fish abundance
surveys were conducted June through August. If quadrat sampling could not be completed
during the same sampling day, the site was resampled at a later time. Bottom temperatures
were collected via a Castaway® CTD (Sontek Inc., San Diego, CA, USA) once daily. During
these months bottom water temperatures ranged from 9.31 °C to 22.57 °C and surface

temperatures ranged from 13.48 °C to 27.23 °C. Bottom visibility ranged from ~0.5 to

~18 m. Neither quadrat nor video data could be collected on days with bottom visibility

<1.5m.
IReference to trade names does not imply
endorsement by either the University Data collection
of Maryland Eastern Shore or funding . . . . . .
sources. Quadrat sampling was used to estimate the proportional coverage of the dominant biogenic

organisms: boring sponge, C. celata, various hydroid species (e.g., Tubularia sp., Obelia
sp., Campanularia sp.), northern stone coral A. poculata, sea whip corals L. virgulata, and
blue mussels M. edulis. Quadrat images (n =11 to 60) were taken by SCUBA divers with a
Canon DSLR camera in a housing attached to a 0.25 m? PVC frame.' Images were taken
at one m intervals along the long axis of the artificial reef for 30 m, or to end of the wreck.
Quadrat sampling was conducted once at each of the sites.

To assess sea whip damage, images of sea whips were taken with GoPro® Hero 4 action
camera.' If sea whips were abundant (e.g., >1 m~2), a subset of sea whips was haphazardly
selected and photographed. However, if sea whip abundance was low, then all sea whips
present were photographed.

To estimate fish abundance on artificial reefs, an underwater video survey was conducted
via two methods: (1) line transect method, and (2) stationary cameras (Table 1). Line
transects were conducted at eight sites while stationary camera surveys were conducted
at four of sites. The latter method was used primarily to estimate fish abundance for an
artificial reef building project and incorporated into this analysis. Line transects were
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Figure 1 Map of study sites. Map of the study area showing the locations of the 12 artificial reefs off the
coast of the Delmarva (Delaware, Maryland, Virginia) peninsula.
Full-size &l DOI: 10.7717/peer;j.7277/fig-1

conducted for 30 m along the long axis of the site, or until the end of the wreck. Divers
swam along the transect approximately one m above the wreck with the camera facing at
a slight angle toward the wreck surface. The mean duration of line transect videos was 306
s & 102 s SD. Stationary surveys were conducted by placing non-baited aluminum tripods,
each of which bore two GoPro® camera placed at 90° angles. Two tripods were placed
facing the wreck at a distance of approximately one m from where fish were observed. At
Sites 3 and 4, tripods were also placed in the open bottom area between each section to
determine the abundance and behavior of fish at those sites. Cameras were left on tripods
to record for 45 min, and then retrieved. Stationary camera observations were repeated at
least twice at each location, but line transect counts were not repeated due to hazardous
weather that restricted diving frequency.
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Data analysis

Images were analyzed with image analysis software Image] (version 2.0.0-rc-69/1.52], NIH)
and statistical analysis was completed with R statistical software (v 3.5.2; R Core Team,
2018). Proportional cover for each of the biogenic species was estimated by outlining
regions of interest (ROI) in each quadrat image. For sea whip corals, ROI were drawn over
the projection of the sea whip on the surface. Analysis of similarities (ANOSIM) based on
the Euclidean distance metric was used to test for differences between biogenic structure
assemblages at sampling sites. A non-metric multidimensional scaling (NMDS) was used
to visualize similarities and differences in biogenic composition throughout the research
sites. Five biogenic species composed of two corals and three non-coral organisms were
included in the NMDS analysis, which represent the dominant structural organisms that
inhabit the Mid-Atlantic.

Due to the frequency of low bottom visibility during video surveys, identification of
species was substantially impaired, such that only fish relatively close to the camera could
be identified. Therefore, fish abundance was estimated for all fish present and not separated
by species. To estimate fish abundance on artificial reefs, we used a modified method of the
fish MeanCount method, which is defined as the mean number of individuals observed in
a series of frames throughout a viewing interval (Bacheler ¢ Shertzer, 2014). To maintain
independence between frames and statistical independence, 12 frames were randomly
selected from the line transect surveys and the number of fish within each frame were
counted. The MeanCount was calculated as the mean of those 12 frame counts. Since the
stationary camera surveys produced two videos, the 12 randomly selected frame counts
for each video were averaged per site. In addition to MeanCount, the highest number of
fish observed in a single frame during the video (MaxNo) was also reported. Relationships
between fish abundance (MeanCount) and coverage of biogenic structure and at each site
were analyzed with a linear model (LM) with fish abundance (i.e., MeanCount) as the
response variable and biogenic structure species as the predictors. A logit transformation
was applied to all proportional data before LM analysis.

To estimate sea whip damage, we initially calculated the relative area of sea whips in
using each image using ROIs via a line segment tool that was set at the same width as
the sea whip branches. We then calculated the damaged area or region of overgrowth as
a proportion of total line length. Proportional damage of individual sea whip corals was
averaged at each site, and the mean value was used to assign a damage index (DI) from 1 to
5 (Table 2) as described in Schweitzer, Lipcius ¢ Stevens (2018). The proportional data was
analyzed with a LM to determine if there was a was a difference in sea whip DI between
sites and if DI had an effect on fish abundance.

RESULTS

Composition of artificial reefs

Data derived from quadrat images showed a significant difference, but with some overlap
in biogenic assemblages between study sites (ANOSIM R = 0.32; p = 0.001; Fig. 2). The
mean proportional coverage of biogenic structure on artificial reefs off the Delmarva coast
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Table 2 Damage index classifications. Criteria used to classify individual sea whip damage index (DI)
and overall habitat DI for images captured. For individual sea whips, damage is defined as any visible tis-
sue damage, exposed skeletal structure, or overgrowth by hydroids or bryozoans.

DI Damage Description

1 Minimal <0.05 damage or overgrowth

2 Minor 0.06-0.25 damage or overgrowth
3 Moderate 0.26-0.50 damage or overgrowth
4 Severe 0.51-0.75 damage or overgrowth
5 Critical >0.75 damage or overgrowth

was 0.47 + 0.14 (mean £ SD). Proportional coverage was lowest at Site SX (0.27), and
greatest at Site NV (0.83; Fig. 3). Sea whip corals L. virgulata and northern stone coral A.
poculata were present on 10 of the 12 sites. One of the two sites void of sea whip corals was
constructed 6 mo prior to the quadrat survey and only exhibited colonization by hydroid
species (Site BA; Table 3). Blue mussel M. edulis beds were found on 5 of the 12 sites.
Boring sponge C. celata was observed at eight of the 12 sites. Site BW was the only location
that contained all five structure-forming species.

Results from the NMDS supported the results from the ANOSIM such that some
sites showed distinction in biogenic structure communities, while some sites showed
considerable overlap (Fig. 2). Northern stone coral and blue mussels were negatively
correlated. Sites NV and NH were associated with blue mussel coverage, while sites EP,
E2, PH, and RG were associated with northern stone coral (Fig. 2). Sea whip corals and
hydroids were negatively correlated. Sites PH, RG, MM, SX, NV, and BW were associated
with sea whips. Sites BL and BA were associated with hydroids. Sites FW, and PH were
associated with the boring sponge (Fig. 2).

Fish MeanCounts were obtained from 11 of the 12 sites. Visibility was too poor for a
video survey to be conducted at Site MM, and hazardous weather prevented additional
outings. The highest fish count observed (MaxNo; Table 4) in the video survey was also
reported because fish were often observed aggregated near biogenic structure, specifically
sea whip corals, rather than dispersed throughout the wreck (Fig. 4). The two highest
MeanCounts were at Sites E2 and PH, while the lowest were at Sites FW and NH, whereas
the Sites E2 and SX had the highest MaxNo (Table 4). No fish were observed swimming
on open sandy bottom. Since MeanCounts and MaxNo were highly correlated (r* = 0.94)
results are reported in MeanCounts. A LM analysis of all 12 sites showed that total
proportional coverage of biogenic structure was not significant predictor to fish abundance
(ANOVA, F=0.14; p=10.72; r2 =0.02). Proportional sea whip coverage, however, was
the only significant predictor to fish MeanCounts (p = 0.028; r? = 0.48; Table 5; Fig. 5).
An additional analysis was conducted for sites where video surveys were conducted via
line transect method to determine if stationary cameras created an upward bias. Similarly,
line transects showed a significant relationship between MeanCount and proportional sea
whip coral coverage (p=0.014; r* =0.69).

Evidence of habitat disturbance due to fishing (e.g., lures, fishing line, abandoned traps)
was observed at 10 of the 12 sites (all but Sites E2 and BA). Observations of tangled fishing
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Figure 2 NMDS plot. Results of the nonmetric multidimensional scaling analysis depicting biogenic
structure assemblages on the 12 artificial reef sites off the Delmarva coast. P value is from the ANOSIM
analysis. Variables: SW, sea whip corals; SC, northern stone coral; SP, boring sponge; MS, blue mussel;

HY, hydroids.
Full-size &al DOI: 10.7717/peerj.7277/fig-2

line were common at edges of shipwrecks. Fishing gear was observed in direct contact with
sea whips corals at nine of the 10 sites where sea whips occurred (Fig. 6). To determine if
cumulative sea whip damage was related to reduced fish abundance we analyzed a total of
193 sea whip images from 10 of the 12 study sites, excluding Sites FW and BA, where sea
whip corals were absent. Sea whips at most sites exhibited various levels of degradation
(Fig. 7). However, despite evidence of fishing disturbance at all sites, with the exception of
Site E2, the mean damage index (DI) was 0.15 & 0.19 SD for all sites, which is indicative
of minor levels of degradation (Table 6). Site LP showed the highest DI with a mean of
0.26 & 0.19 indicating a moderate level of degradation, however this was not significantly
different from the other sites (ANOVA; p = 0.061) therefore no further analysis was
conducted. Consequently, we could not determine if sea whip corals could serve as an

indicator species for habitat quality.
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Figure 3 Proportional cover of five structure-forming species groups at the 12 study sites. Pie charts
showing the proportions of the five biogenic structures at the 12 study sites (A) Site FW, (B) Site LP, (C)
Site E2, (D) Site PH, (E) Site BL, (F) Site RG, (G) Site MM, (H) Site SX, (I) Site NV, (J) Site NH, (K) Site
BA, (L) Site BW. Total, Cumulative total coverage of all five biogenic species groups from quadrat images.
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Table 3 Summary table of quadrats. Summary table of proportional cover of biogenic structures by site.
n quadrats are the number of images taken and analyzed at each site. X is the mean proportional coverage
for each variable: SW, sea whip coral; SC, northern stone coral; SP, boring sponge; MS, blue mussel; HY,

hydroids.
Site n quadrats x SW xSC x SP xMS x HY
FW 27 0.00 0.10 0.31 0.00 0.11
LP 36 0.06 0.17 0.05 0.00 0.15
E2 11 0.11 0.18 0.04 0.00 0.15
PH 60 0.14 0.11 0.10 0.00 0.07
BL 51 0.01 0.01 <0.01 0.23 0.24
RG 41 0.08 0.26 <0.01 0.00 0.00
MM 33 0.08 0.10 0.00 0.29 0.05
SX 31 0.17 0.07 <0.01 0.00 0.03
NV 37 0.11 <0.01 0.00 0.65 0.07
NH 27 <0.01 0.00 0.00 0.54 0.01
BA 31 0.00 0.00 0.00 0.00 0.35
BW 27 0.11 0.05 0.02 0.24 0.1
Schweitzer and Stevens (2019), PeerJ, DOI 10.7717/peerj.7277 9/20


https://peerj.com
https://doi.org/10.7717/peerj.7277/fig-3
http://dx.doi.org/10.7717/peerj.7277

Peer

Table 4 Table showing fish MeanCount and MaxNo. Summary of fish MeanCount and MaxNo for un-
derwater video census surveys.

Site MeanCount SD MaxNO
Fw 0.50 0.76 2
EP 5.25 2.18 14
E2 14.4 5.67 35
PH 7.49 3.07 24
BL 3.93 5.44 18
RG 5.05 2.66 18
MM - - -
SX 6.64 7.56 27
NV 4.36 4.86 15
NH 0.64 2.41

BA 1.57 0.84

BW 7.07 4.92 19

Figure 4 Comparisons of fish aggregations on sites. Photos taken at two locations at Sites SX and NV.
(A) Region of Site SX with minimal biostructure. White arrow highlights the single fish located within

this frame. (B) Photo taken during the same dive survey as 4A. Region of Site SX with increased sea whip
coverage. White arrows show the location of the 14 fish seen within this frame. (C) An area of Site NV
that is mostly composed of rock, broken shells and concrete blocks with a single sea whip coral and some
colonies of northern stone coral on the wall of the wreck. White arrows show the locations of the 4 fish in
the frame. (D) Photo taken during the same dive survey as 4C showing an area with increased sea whip
colonies. White arrows show the location of the 12 fish within the frame. Photo credit: Cara C. Schweitzer.

Full-size &l DOL: 10.7717/peerj.7277/fig-4
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Table 5 Results from linear model of fish MeanCount vs proportional cover. ANOVA results from the
linear model analysis for 11 of the 12 sites. Fish MeanCount is the response variable and biogenic struc-
tural species are the predictor variables.

Variable Sum Sq F value df P value

Sea whips 73.87 9.31 10 0.028

Stone Coral 20.01 2.52 10 0.173

Sponge 0.13 0.17 10 0.904

Blue mussel 7.87 0.99 10 0.365

Hydroids 11.21 1.41 10 0.288
DISCUSSION

The presence of autogenic engineers often increases habitat quality resulting in increases
in species abundance and biodiversity across terrestrial, freshwater, and marine ecosystems
(Jones, Lawton ¢ Shachak, 1994; Hastings et al., 2007), however, not all can be considered
equivalent having positive correlations with species biodiversity and abundance (Jones,
Lawton & Shachak, 1997; Daleo et al., 2004). Therefore, it is important to understand the
relationships between composition of biogenic structure and fish abundance. Benthic rock
reefs and artificial reefs within the Mid-Atlantic Bight are poorly studied and inhabited
by multiple economically important species (Hostetter ¢ Munroe, 1993; Shepherd, Moore
& Seagraves, 2002) that are exploited both recreationally and commercially. Many of
these species (e.g., black sea bass and tautog) are considered structure oriented, but it
remains unclear if biogenic structure affects their habitat selection. Insights into the
relationships between biogenic structure and fish abundance will be useful for developing
ecosystem-based fisheries management (EBEM).

In this study we measured habitat composition and relative fish abundance on 12
artificial reef sites to determine if relationships existed between biogenic structure and
habitat use by fish. We concluded that fish abundance was significantly correlated with
sea whip coral as a proportion of total cover and that fish were often aggregated near sea
whips. In fact, sites without sea whips, or having a proportional abundance of <0.01, had
low values for both fish MeanCounts and MaxNo. Within the Mid-Atlantic Bight, sea whip
corals are the primary autogenic engineer that contributes to height of benthic structure,
increasing the structural complexity of such habitats. In previous studies, coral height has
been found to be a significant predictor of fish abundance and biodiversity within coral reef
systems (Hoyle ¢~ Harborne, 2005). Due to their height, sea whip corals can be susceptible
to disturbance (e.g., fishing) that may result in damage and degradation (Schweitzer, Lipcius
¢~ Stevens, 2018), which could lead to reduced fish abundance.

Habitat degradation is commonly correlated with a reduction in biodiversity and
abundance of associated species (Wilson et al., 2006). We observed sea whips entangled
in fishing line and rope, along with various levels of damage to colonies throughout the
study sites. However, our study sites did not differ significantly from each other; therefore,
we could not determine the effect of sea whip damage on fish abundance. This result is
not surprising because, these sites are exposed to seasonal recreational fishing pressure,
and are seldom fished by commercial fishers. Seasonal fishing pressure (i.e., June through
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Figure 5 Relationship between fish MeanCount and proportional sea whip coverage. Linear model
showing the relationship between fish MeanCount and proportional sea whip coral coverage for 11 of the
12 study sites. There is a significant positive correlation (p =0.018; r*> = 0.48).

Full-size Gl DOI: 10.7717/peerj.7277/fig-5

September) may allow for some recovery from disturbance, however sea whip recovery rate
from tissue damage is poorly understood. Previous studies have shown that commercial
traps drag along the ocean bottom upon retrieval, running over and breaking sea whips
(Schweitzer, Lipcius ¢ Stevens, 2018), which may accelerate degradation. In order to test
the hypothesis that sea whip coral health affects fish abundance on patch reefs, data are
needed on sites with wider distribution of impact levels, ranging from moderate to severe
degradation, to compare with less-impacted sites.

In this study we did not investigate natural reef sites due to their inaccessibility to
SCUBA. Natural reefs off the coast of the Delmarva peninsula are highly fragmented and
sparse, occurring at depths > 27 m. Attempts to locate these by SCUBA diving along
commercial trap lines demonstrated that greater amounts of time were needed to locate
and sample patch reefs than could be accommodated by no-decompression diving on air or
EAN32 gas mix. Natural reefs are commonly targeted by both recreational and commercial
fishers; therefore, it is important for future studies to incorporate surveys of natural reefs.
Schweitzer, Lipcius ¢ Stevens (2018) surveyed three naturally occurring patch reefs with a
remotely operated vehicle in an area targeted by commercial fishers. The mean DI for those
sites was 0.37, substantially greater than 0.15 for the study sites in this survey. However,
biogenic structure composition and relative fish abundance for those sites or other natural
reef sites is unknown.
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Figure 6 Anthropogenic disturbance effecting sea whip corals. Two photographs showing representa-
tive examples of anthropogenic disturbance observed at the research sites. (A) Sea whip coral from Site
PH entangled in rope. (B) Sea whip from Site NV with fish line entangled around a portion of branches.
Photo credit: Cara C. Schweitzer.

Full-size & DOI: 10.7717/peerj.7277/fig-6

Our research showed a significant difference in the composition of biogenic structure
between sites. Blue mussels were the dominant epifauna at five sites (i.e., >22% cover),
however they were not observed at the other seven sites. Northern stone coral was observed
at ten sites and was dominant (>17%) at three. Only two sites were not inhabited by sea
whips, one of which was an artificial reef constructed ~6 mo prior to quadrat sampling.
Site NH, constructed 2 y prior to being surveyed exhibited <0.01 proportional sea whip
coverage, indicating that it takes a minimum of 2 y for sea whips to begin to grow on
concrete and metal substrata. However, settlement and growth rates for sea whips (L,
virgulata) are currently unknown. In contrast, sites BA and NH, both of which were
constructed <3 y before surveying, were occupied exclusively by hydroids and mussels,
respectively, indicating that those species settle quickly, and are probably replaced over
time by longer-lived species such as sea whips and stone corals. We conducted quadrat
surveys only once at each site. Repeated quadrat surveys, especially after severe weather
events, would give insight on rates of succession, changes in sea whip DI, and sea whip
colonization rates on newer artificial reefs.

One limitation of our study is that fish abundance was estimated via two different
underwater video survey methods: line transects and non-baited stationary cameras,
that were conducted over the course of two years. Ideally, abundance censuses would
be conducted in a synoptic fashion; however, weather and water conditions in the Mid-
Atlantic Bight were often deemed too hazardous for SCUBA surveys, making it difficult
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Figure 7 Sea whip corals at various levels of damage. Photographs showing sea whip corals with four
different degrees of damage. (A) Sea whip coral exhibiting a minimal proportional damage index of 0.02.
White arrow highlights the region of damage. (B) Sea whip coral exhibiting minor proportional damage
index of 0.13, localized at the base of the coral. (C) Sea whip coral exhibiting a severe proportional damage
index of 0.51. The white arrow is showing a region where the tissue has completely decayed, exposing the
skeletal structure. This coral also exhibits colonization of hydroids. (D) Sea whip coral exhibiting critical
proportional damage index of 1.00 with no live tissue remaining. Photo credit: Cara C. Schweitzer.
Full-size Gl DOI: 10.7717/peerj.7277/fig-7

to collect data within specific time blocks. The video surveys acquired from the stationary
cameras at four sites (Sites LP, E2, PH, & RG) could result in an upward bias of the
MeanCount; nevertheless, fish MeanCount still showed a significant correlation with sea
whip abundance at the remaining seven sites. Additional surveys are needed to understand
how fish abundance at sites varies seasonally and annually since many of the prominent
fish species (e.g., black sea bass and tautog) are seasonal migrators.
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Table 6 Damage indices for the research sites. Summary of the mean proportional damage for sea whips
and the habitat DI by site. n is the number of sea whips analyzed at each site. X is the mean proportional
damage for the measured sea whips. SD is the standard deviation. Max is the highest proportional damage
observed. Min is the lowest proportional damage observed. D.I. is the damage index assigned to the site.

Site n x SD Max Min D.I Degradation Category
FW 0 - - - - - -

EP 31 0.26 0.19 0.77 0.05 3 Moderate
E2 11 0.02 0.02 0.02 0.00 1 Minimal
PH 19 0.15 0.24 1.00 0.00 2 Minor
BL 17 0.15 0.24 1.00 0.00 2 Minor
RG 19 0.07 0.05 0.18 0.02 2 Minor
MM 24 0.15 0.15 0.47 0.00 2 Minor
SX 21 0.12 0.11 0.40 0.00 2 Minor
NV 26 0.11 0.15 0.66 0.00 2 Minor
NH 7 0.15 0.30 0.82 0.00 2 Minor
BA 0 - - - - - -

SW 28 0.15 0.21 0.78 0.00 2 Minor

Our study is the first to quantify the composition of biogenic structure on artificial
reefs off the coast of Delmarva peninsula and to show that fish abundance is significantly
correlated with the presence and abundance of sea whip corals. Construction of artificial
reefs off the coast of Delmarva occurs on an annual basis to increase the local abundance
of economically valuable species. Creating artificial reefs near regions with established sea
whip coral populations may help facilitate sea whip settlement and colonization of new
structures. Future studies to determine variations in fish abundance over time, and to
determine the succession of biogenic structure would be useful. In addition, future surveys
of naturally occurring patch reefs should be conducted, in order to gain a more detailed
assessment of habitat quality in the mesophotic regions of the Mid-Atlantic Bight.

CONCLUSION

These results show that there is significant variation in biogenic structure assemblages
between artificial reef sites off the coast of the Delmarva peninsula. Fish aggregations and
abundance on these artificial reefs are significantly correlated to the abundance of the sea
whip coral L. virgulata. Sites voided or containing low abundance of L. virgulata exhibited
the lowest fish abundance. Currently, these artificial reef sites show only minor signs of
degradation with no significant difference between sites. It would be important to further
these surveys to natural rock reefs and sites that undergo both commercial and recreational
fishing pressure to determine if such sites exhibit different levels of sea whip damage, and
if higher levels of sea whip degradation effect fish abundance and aggregations. This study
could be used as a baseline for current conditions of artificial reef sites off the Delmarva
peninsula. Similar surveys should be conducted in the future to monitor succession rates
of biogenic structure assemblages. Furthermore, continuing surveys that monitor sea whip
settlement rate on new constructed artificial reefs, changes sea whip abundance, and the
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progression or recovery of damaged sea whips could be valuable to understanding habitat
selection and fidelity for economically valuable species in the Mid-Atlantic Bight.

ACKNOWLEDGEMENTS

The authors would like to thank captain ] Kogon of the OC Dive Boat, and fellow divers:
B McMahon, A Sterling, E Gecys, and C Coon for field assistance.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This publication was made possible by the Atlantic Coastal Fish Habitat Partnership and
the National Oceanic and Atmospheric Administration, Office of Education Educational
Partnership Program award numbers NA11SEC4810002 and NA16SEC4810007. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Oceanic and Atmospheric Administration.

Office of Education Educational Partnership Program award: NA11SEC4810002,
NA16SEC4810007.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Cara C. Schweitzer conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

e Bradley G. Stevens conceived and designed the experiments, authored or reviewed drafts
of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Schweitzer, Cara (2019): SW data_FS.xlsx. figshare. Dataset. https://doi.org/10.6084/
m9.figshare.7772951.v1.

REFERENCES

Andersen A. 1986. Patterns of ant community organization in mesic southeastern Aus-
tralia. Australian Journal of Ecology 11:87-97 DOT 10.1111/j.1442-9993.1986.tb00920.x.

Bacheler NM, Shertzer KW. 2014. Estimating relative abundance and species richness
from video surveys of reef fishes. Fishery Bulletin 113:15-26 DOI 10.7755/FB.113.1.2.

Schweitzer and Stevens (2019), PeerdJ, DOI 10.7717/peer|.7277 16/20


https://peerj.com
https://doi.org/10.6084/m9.figshare.7772951.v1
https://doi.org/10.6084/m9.figshare.7772951.v1
http://dx.doi.org/10.1111/j.1442-9993.1986.tb00920.x
http://dx.doi.org/10.7755/FB.113.1.2
http://dx.doi.org/10.7717/peerj.7277

Peer

Bohnsack JA. 1989. Are high densities of fishes at artificial reefs the result of habitat
limitation or behavioral preference? Bulletin of Marine Science 44:631-645.

Cheminee A, Merigot B, Vanderklift M, Francour P. 2016. Does habitat com-
plexity influence fish recruitment? Mediterranean Marine Science 17:39-46
DOI10.12681/mms.1231.

Cullen DW, Stevens BG. 2017. Use of an underwater video system to record observations
of black sea bass (Centropristis striata) in waters off the coast of Maryland. Fishery
Bulletin 115(3):408-419 DOI 10.7755/FB.115.3.10.

Daleo P, Escapa M, Alberti J, Iribarne O. 2004. Negative effects of an autogenic
ecosystem engineer: interactions between coralline turf and an ephemeral green alga.
Marine Ecology Progress Series 315:67—73 DOI 10.3354/meps315067.

Diaz R, Solan M, Valente R. 2004. A review of approaches for classifying benthic habitats
and evaluating habitat quality. Journal of Environmental Management 73(3):165-181
DOI 10.1016/j.jenvman.2004.06.004.

Downs CA, Woodley CM, Richmond RH, Lanning LL, Owen R. 2005. Shifting
the paradigm of coral-reef ‘health’assessment. Marine Pollution Bulletin 51(5—
7):486—494 DOI 10.1016/j.marpolbul.2005.06.028.

Dudgeon SR, Aronson RB, Bruno JF, Precht WFE. 2010. Phase shifts and stable states on
coral reefs. Marine Ecology Progress Series 413:201-216 DOI 10.3354/meps08751.

Fabrizio MC, Manderson JP, Pessutti JP. 2013. Habitat associations and dispersal
of black sea bass from a Mid-Atlantic Bight reef. Marine Ecology Progress Series
482:241-253 DOI 10.3354/meps10302.

Feigenbaum D, Bushing M, Woodward J, Friedlander A. 1989. Artificial reefs in
Chesapeake Bay and nearby coastal waters. Bulletin of Marine Science 44:734—742.

Forrester GE, Steele MA. 2004. Predators, prey refuges, and the spatial scaling of density-
dependent prey mortality. Ecology 85:1332-1342 DOI 10.1890/03-0184.

Garpe KC, Ohman MC. 2003. Coral and fish distribution patterns in Mafia Island
Marine Park, Tanzania: fish—habitat interactions. Hydrobiologia 498:191-211
DOI 10.1023/A:1026217201408.

Gibson RN. 1994. Impact of habitat quality and quantity on the recruitment of juvenile
flatfishes. Netherlands Journal of Sea Research 32:191-206
DOI 10.1016/0077-7579(94)90040-X.

Gotelli NJ. 1991. Demographic models for Leptogorgia virgulata, a shallow-water
gorgonian. Ecology 72:457-467 DOI 10.2307/2937187.

Granneman JE, Steele MA. 2015. Effects of reef attributes on fish assemblage similarity
between artificial and natural reefs. ICES Journal of Marine Science 72:2385-2397
DOI 10.1093/icesjms/fsv094.

Gregor C, Anderson T. 2016. Relative importance of habitat attributes to predation risk
in a temperate reef fish. Environmental Biology of Fishes 99(6—7):539-556.

Grossman G, Jones G, Seaman W. 1997. Do artificial reefs increase regional fish
production? A review of existing data. Fisheries 22:17-23
DOI 10.1577/1548-8446(1997)022<0017:DARIRF>2.0.CO;2.

Schweitzer and Stevens (2019), PeerdJ, DOI 10.7717/peer|.7277 17/20


https://peerj.com
http://dx.doi.org/10.12681/mms.1231
http://dx.doi.org/10.7755/FB.115.3.10
http://dx.doi.org/10.3354/meps315067
http://dx.doi.org/10.1016/j.jenvman.2004.06.004
http://dx.doi.org/10.1016/j.marpolbul.2005.06.028
http://dx.doi.org/10.3354/meps08751
http://dx.doi.org/10.3354/meps10302
http://dx.doi.org/10.1890/03-0184
http://dx.doi.org/10.1023/A:1026217201408
http://dx.doi.org/10.1016/0077-7579(94)90040-X
http://dx.doi.org/10.2307/2937187
http://dx.doi.org/10.1093/icesjms/fsv094
http://dx.doi.org/10.1577/1548-8446(1997)022<0017:DARIRF>2.0.CO;2
http://dx.doi.org/10.7717/peerj.7277

Peer

Guida V, Drohan A, Welch H, McHenry J, Johnson D, Kentner V, Brink J, Timmons D,
Estela-Gomez E. 2017. Habitat mapping and assessment of northeast wind energy
areas. OCS Study BOEM 2017-088 312. Sterling: US Department of the Interior,
Bureau of Ocean Energy Management.

Harborne A, Mumby P, Ferrari R. 2012. The effectiveness of different meso-scale
rugosity metrics for predicting intra-habitat variation in coral-reef fish assemblages.
Environmental Biology of Fishes 94:431-442 DOI 10.1007/s10641-011-9956-2.

Hastings A, Byers JE, Crooks JA, Cuddington K, Jones CG, Lambrinos ]G, Talley
TS, Wilson WG. 2007. Ecosystem engineering in space and time. Ecology letters
10(2):153-164 DOI 10.1111/j.1461-0248.2006.00997 .x.

Hixon MA, Beets JP. 1993. Predation, Prey refuges, and the structure of coral-reef fish
assemblages. Ecological Monographs 63:77-101 DOI 10.2307/2937124.

Hostetter EB, Munroe TA. 1993. Age, growth, and reproduction of tautog Tautoga onitis
(Labridae: Perciformes) from coastal waters of Virginia. Fishery Bulletin 91:45-64.

Hoyle M, Harborne AR. 2005. Mixed effects of habitat fragmentation on species
richness and community structure in a microarthropod microecosystem. Ecological
Entomology 30(6):684—691.

Hughes TP, Graham NA, Jackson JB, Mumby PJ, Steneck RS. 2010. Rising to
the challenge of sustaining coral reef resilience. Trends in Ecology ¢ Evolution
25(11):633-642 DOI 10.1016/j.tree.2010.07.011.

Johnson DW. 2007. Habitat complexity modifies post-settlement mortality and recruit-
ment dynamics of a marine fish. Ecology 88:1716—1725 DOI 10.1890/06-0591.1.

Jones CG, Lawton JH, Shachak M. 1994. Organisms as ecosystem engineers. In:
Ecosystem management. New York: Springer, 130-147.

Jones CG, Lawton JH, Shachak M. 1997. Positive and negative effects of organisms as
physical ecosystem engineers. Ecology 78(7):1946-1957
DOI10.1890/0012-9658(1997)078[1946:PANEOQO]2.0.CO;2.

Jones GP, McCormick MI, Srinivasan M, Eagle JV. 2004. Coral decline threatens fish
biodiversity in marine reserves. Proceedings of the National Academy of Sciences of the
United States of America 101:8251-8253 DOI 10.1073/pnas.0401277101.

Komyakova V, Jones G, Munday P. 2018. Strong effects of coral species on the di-
versity and structure of reef fish communities: a multi-scale analysis. PLOS ONE
13:e0202206 DOI 10.1371/journal.pone.0202206.

Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH, Cooke RG, Kay MC, Kidwell
SM, Kirby MX, Peterson CH, Jackson JB. 2006. Depletion, degradation, and
recovery potential of estuaries and coastal seas. Science 312(5781):1806—1809
DOI10.1126/science.1128035.

McCauley DJ, Pinsky ML, Palumbi SR, Estes JA, Joyce FH, Warner RR. 2015. Ma-
rine defaunation: animal loss in the global ocean. Science 347(6219):1255641
DOI 10.1126/science.1255641.

Miller R, Hocevar J, Stone R, Fedorov D. 2012. Structure-forming corals and sponges
and their use as fish habitat in bering sea submarine canyons. PLOS ONE
7(3):e33885 DOI 10.1371/journal.pone.0033885.

Schweitzer and Stevens (2019), PeerdJ, DOI 10.7717/peer|.7277 18/20


https://peerj.com
http://dx.doi.org/10.1007/s10641-011-9956-2
http://dx.doi.org/10.1111/j.1461-0248.2006.00997.x
http://dx.doi.org/10.2307/2937124
http://dx.doi.org/10.1016/j.tree.2010.07.011
http://dx.doi.org/10.1890/06-0591.1
http://dx.doi.org/10.1890/0012-9658(1997)078[1946:PANEOO]2.0.CO;2
http://dx.doi.org/10.1073/pnas.0401277101
http://dx.doi.org/10.1371/journal.pone.0202206
http://dx.doi.org/10.1126/science.1128035
http://dx.doi.org/10.1126/science.1255641
http://dx.doi.org/10.1371/journal.pone.0033885
http://dx.doi.org/10.7717/peerj.7277

Peer

Newman MJ, Paredes GA, Sala E, Jackson JB. 2006. Structure of Caribbean coral reef
communities across a large gradient of fish biomass. Ecology Letters 9(11):1216-1227
DOI10.1111/j.1461-0248.2006.00976.x.

R Core Team. 2018. R: a language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. Available at https:// www.R-project.
org/.

Richmond RH. 1996. Coral reef health: concerns, approaches and needs. In: Crosby MP,
Gibson GR, Potts KW, eds. A Coral reef symposium on practical, reliable. Low cost
monitoring methods for assessing the biota and habitat conditions of coral reefs, January
(1995) 26-27. Silver Springs: Office of Ocean and Coastal Resource Management,
NOAA, 25-30.

Robertson DR, Sheldon J. 1979. Competitive interactions and the availability of sleeping
sites for a diurnal coral reef fish. Journal of Experimental Marine Biology and Ecology
40:285-298 DOI 10.1016/0022-0981(79)90057-1.

Scharf FS, Manderson JP, Fabrizio MC. 2006. The effects of seafloor habitat com-
plexity on survival of juvenile fishes: species-specific interactions with struc-
tural refuge. Journal of Experimental Marine Biology and Ecology 335:167-176
DOI 10.1016/j.jembe.2006.03.018.

Schweitzer CC, Lipcius RN, Stevens BG. 2018. Impacts of a multi-trap line on benthic
habitat containing emergent epifauna within the Mid-Atlantic Bight. ICES Journal of
Marine Science 75(6):2202—2212 DOI 10.1093/icesjms/fsy109.

Scott ME, Smith JA, Lowry MB, Taylor MD, Suthers LM. 2015. The influence of
an offshore artificial reef on the abundance of fish in the surrounding pelagic
environment. Marine and Freshwater Research 66:429—437 DOI 10.1071/MF14064.

Seemann J, Yingst A, Stuart-Smith R, Edgar G, Altieri A. 2018. The importance of
sponges and mangroves in supporting fish communities on degraded coral reefs in
Caribbean Panama. Peer] 6:e4455 DOI 10.7717/peerj.4455.

Shepherd GR, Moore CW, Seagraves R]J. 2002. The effect of escape vents on the capture
of black sea bass, Centropristis striata, in fish traps. Fisheries Research 54(2):195-207
DOI 10.1016/S0165-7836(00)00305-2.

Sherman R, Gilliam D, Spieler R. 2002. Artificial reef design: void space, complexity, and
attractants. ICES Journal of Marine Science 59:5196-5200 DOI 10.1006/jmsc.2001.1163.

Siddig A, Ellison A, Ochs A, Villar-Leeman C, Lau M. 2016. How do ecologists
select and use indicator species to monitor ecological change? Insights from 14
years of publication in Ecological Indicators. Ecological Indicators 60:223-230
DOI 10.1016/j.ecolind.2015.06.036.

Simberloff D. 1998. Flagships, umbrellas, and keystones: is single-species man-
agement passé in the landscape era? Biological Conservation 83:247-257
DOI 10.1016/S0006-3207(97)00081-5.

Smith JA, Cornwell WK, Lowry MB, Suthers IM. 2017. Modelling the distribution of
fish around an artificial reef. Marine and Freshwater Research 68(10):1955-1964.

Schweitzer and Stevens (2019), PeerdJ, DOI 10.7717/peer|.7277 19/20


https://peerj.com
http://dx.doi.org/10.1111/j.1461-0248.2006.00976.x
https://www.R-project.org/
https://www.R-project.org/
http://dx.doi.org/10.1016/0022-0981(79)90057-1
http://dx.doi.org/10.1016/j.jembe.2006.03.018
http://dx.doi.org/10.1093/icesjms/fsy109
http://dx.doi.org/10.1071/MF14064
http://dx.doi.org/10.7717/peerj.4455
http://dx.doi.org/10.1016/S0165-7836(00)00305-2
http://dx.doi.org/10.1006/jmsc.2001.1163
http://dx.doi.org/10.1016/j.ecolind.2015.06.036
http://dx.doi.org/10.1016/S0006-3207(97)00081-5
http://dx.doi.org/10.7717/peerj.7277

Peer

Soler-Hurtado M, Megina C, Lopez-Gonzalez P. 2018. Structure of gorgonian
epifaunal communities in Ecuador (eastern Pacific). Coral Reefs 37:723-736
DOI 10.1007/s00338-018-1697-7.

Steimle FW, Zetlin C. 2000. Reef habitats in the middle Atlantic bight: abundance,
distribution, associated biological communities, and fishery resource use. Marine
Fisheries Review 62(2):24-42.

Thrush SF, Halliday J, Hewitt JE, Lohrer AM. 2008. The effects of habitat loss, fragmen-
tation, and community homogenization on resilience in estuaries. Ecological Society
of America 18:12-21.

Wilson SK, Graham NA, Pratchett MS, Jones GP, Polunin NV. 2006. Multiple distur-
bances and the global degradation of coral reefs: are reef fishes at risk or resilient?
Global Change Biology 12(11):2220-2234 DOI 10.1111/§.1365-2486.2006.01252.x.

FURTHER READING

FoxJ, Weisberg S, Adler D, Bates D, Baud-Bovy G, Ellison S, Firth D, Friendly M,
Gorjanc G, Graves S, Heiberger R, Laboissiere R, Monette G, Murdoch D. 2012.
Package ‘car’. Vienna: R Foundation for Statistical Computing.

Lé S, Josse J, Husson F. 2008. FactoMineR: an R package for multivariate analysis.
Journal of Statistical Software 25(1):1-18.

Lenth RV. 2016. Least-squares means: the R package Ismeans. Journal of Statistical
Software 69(1):1-33.

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’hara RB, Simpson GL, Solymos P,
Stevens MHH, Wagner H. 2010. vegan: community ecology package. R package
version 1.17-2. Available at https:// cran.r-project.org/ package=vegan.

Schweitzer and Stevens (2019), PeerJ, DOI 10.7717/peerj.7277 20/20


https://peerj.com
http://dx.doi.org/10.1007/s00338-018-1697-7
http://dx.doi.org/10.1111/j.1365-2486.2006.01252.x
https://cran.r-project.org/package=vegan
http://dx.doi.org/10.7717/peerj.7277

