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Rock hind (Epinephelus adscensionis) and spotted moray (Gymnothorax moringa) are

in the South Atlantic Ocean, where they have significant cultural and subsistence

system is home to high biomass and low species diversity, which poses two key ques-

tions: How can two mesopredators that perform similar ecological roles coexist? And
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if these two species are so ecologically similar, can they be managed using the same

ble isotope analysis to (i) explore space use and diet choices within and between

Although rock hind had high residency and small calculated home ranges (0.0001-

0.3114 km?), spotted moray exhibited shorter periods of residency (<3 months)
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o . before exiting the array. Vertical space use differed significantly across the 20-month
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tracking period, with individual differences in vertical space observed for both spe-
cies. A hierarchical generalized additive model using 12-h averaged depth data identi-
fied that rock hind occurred lower in the water column than spotted moray, with
both species occupying moderately deeper depths at night versus day (+1.6% relative
depth). Spotted moray depth was also significantly predicted by lunar illumination.
Aggregating samples by species and tissue type, Bayesian ecological niche modeling
identified a 53.14%-54.15% and 78.02%-97.08% probability of niche overlap from
fin clip and white muscle, respectively, whereas limited stomach content data indi-
cated a preference for piscivorous prey. Variability in niche breadth between years
suggests these species may exploit a range of prey items over time. These findings
indicate that although these two species perform a similar ecological role by feeding
on prey occupying the same trophic levels, subtle differences in movement behaviors
between them suggest a one-rule-fits-all management approach is not likely the most

effective option.
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1 | INTRODUCTION
Species coexistence is central to maintaining biodiversity (Chesson,
2000); therefore, understanding the mechanisms that facilitate coexis-
tence is pivotal to conservation and resource management. Resource
partitioning describes how species with similar trophic roles can coex-
ist, namely through differences in space use, or the resources they use
over time (Bolnick et al., 2011). By identifying similarities and differ-
ences in space use and diet, appropriate and effective management
options that preserve biodiversity and ensure ecosystem stability can
be chosen, for example, in the wake of increased fishing pressure. In
aquatic systems, resource partitioning often occurs via dietary segrega-
tion whereby individuals consume different dietary items or size spec-
tra of prey to alleviate competition for resources (Higgins &
Mehta, 2018; Meyer & Dierking, 2011; St-John, 1999). Behavioural
strategies such as dietary generalism, whereby species consume a wide
variety of available resources, including exploiting seasonal prey fluctu-
ations (Gkenas et al., 2012; Ward et al., 2018), provide a further mech-
anism for coexistence. Various ecophysiological and morphological
adaptations often facilitate dietary generalism. For example, flexible
diel activity rhythms allow a species to make use of fluxes in available
prey (Fox & Bellwood, 2011; Piet & Guruge, 1997; Sanchez-Hernandez
et al., 2020). Dietary generalism can also facilitate the maintenance of
small home ranges, allowing individuals to readily acquire resources. At
the same time, this minimizes the energy spent finding prey (in line
with optimal foraging theory, MacArthur & Pianka, 1966).
Advancements in acoustic telemetry have enabled the tracking of
multiple species across a plethora of habitats and environmental gra-
dients (Hussey et al, 2015) and informed ecosystem-based
approaches to fisheries management (Hussey et al., 2017; Lennox
et al., 2019). Discontinuous lines and gates of acoustic receivers can
provide information on the presence/absence of species, which can
be used to estimate residency, activity space, and home range (Heupel
et al., 2006). When sensors are integrated into electronic tags, such as
a pressure sensor to record depth, the vertical behavior of species can
be quantified to estimate the degree of intra- and interspecific varia-
tion that occurs (Andrzejaczek et al., 2022). Pairing acoustic telemetry
with stomach content and stable isotope analysis can contextualize
spatial data and identify differences in dietary choice over a range of
temporal scales (Chan et al., 2022; Guzzo et al, 2016; Harmelin-
Vivien et al., 1989). Stomach contents provide an immediate snapshot
of an animal's diet but require lethal sampling. In contrast, stable iso-
tope ratios of carbon (61°C) and nitrogen (5*°N) derived from minor
invasive sampling can indicate habitat use and trophic level, respec-
tively, based on the premise that “you are what you eat” (Kohn,
1999). By comparing tissues with differing turnover rates, that is, fast
turnover tissues such as fin clip and blood plasma that show recent
insights into diet, versus slow turnover tissues such as muscle that
provide a measure of time-averaged insight of diet spanning months

(Church et al. 2009; Cunjak et al. 2005; Post, 2002), can improve our
understanding of species' coexistence and resource partitioning in
aquatic environments (Fry, 2006; Guzzo et al., 2016, Kristensen et al.,
2010; Matich et al., 2017; Shipley & Matich, 2020).

Ascension Island (7.9467° S, 14.3559° W) is a young volcanic
island situated in the central South Atlantic Ocean, with a high bio-
mass but low species diversity nearshore environment (Wirtz
et al., 2017) (Figure 1). In 2019, Ascension's entire exclusive economic
zone (445,000 km?) was designated as a marine protected area (MPA),
which forms part of a network of protection across British Overseas
Territories, including Ascension, St Helena, and Tristan da Cuhna (The
Ascension Island Government, 2021). Pivotal to the effectiveness of
this MPA and its nearshore monitoring and management strategy is
gathering knowledge on key coastal species with a high cultural and
subsistence value across the South Atlantic: rock hind (Epinephelus
adscensionis) (Osbeck, 1765) and spotted moray (Gymnothorax mor-
inga) (Cuvier, 1829) (The Ascension Island Government, 2020).
Despite the prevalence of these two mesopredators and their impor-
tance in recreational and subsistence fishing, few published studies
have explored their fine-scale movements, and current management
measures do not take into account non-commercial fisheries take. If
stocks appear to decline in the future, for example, due to fishing
(Ferreira et al., 2018; Guabiroba et al., 2020; Sadovy, 1994; Sadovy
et al., 2013) or climate change pressures (Brulé et al., 2022; Pratchett
et al., 2017), this knowledge is central to identifying appropriate spa-
tial management tools.

In the current study, we examined the movement and diet of
these two morphometrically different mesopredators, the rock hind
and spotted moray, which occur in high abundance in Ascension
Island's nearshore environment. We assessed factors that facilitate
coexistence and used these findings to deduce effective management
options. We hypothesized that rock hind and spotted moray would
exhibit a significant overlap in their observed spatial niche and high
residency and site fidelity to the study area but would alleviate intra-
and interspecific competition via resource partitioning through tem-
poral differences in space use, facilitating coexistence. Additionally,
due to high levels of resource competition among these predators,
individuals would consume a wide variety of prey items, resulting in
generalist diets and a broad trophic niche. This study addresses signifi-
cant regional knowledge gaps and information necessary to inform

practical marine management objectives.

2 | MATERIALS AND METHODS

21 | Range testing

Extensive range testing was undertaken prior to acoustic receiver

deployment. Fixed-distance range tests were conducted in 2017 to
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FIGURE 1

Northwest Array (2017-2019)
English Bay Array (2019-2021)
Bates Point Array (2020-2021)
2017 Tagging location
2019 Tagging location
2021 Tagging location
Fringing rock
Bathymetric contour
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Ascension Island with the three acoustic arrays deployed between 2017 and 2021 includes the northwest linear array (n VR2W

acoustic receivers = 11; 2017-2019 deployment, teal-fill circle), English Bay Vemco Positioning System (n acoustic receivers = 9-22, 2019-
2021, pink-fill circles), Bates Point array (n acoustic receivers = 23, 2020-2021, yellow-fill circle). Fish were tagged in 2017 for the northwest
array (n rock hind grouper = 20, indicated by teal stars), 2019 within the English Bay array (n rock hind grouper = 10; n moray eels = 10, pink
stars), and 2021 within the Bates Point array (n rock hind grouper = 16; n moray eels = 5, yellow stars). The light, gray-filled polygon indicates
rock substrate fringing the island (dark gray polygon). Bathymetric contour (dashed line) derived from Ascension Island Admiralty Chart 1691.
Inset. Ascension Island (black star) in the South Atlantic Ocean (7.9467° S, 14.3559° W).

identify the receiver detection range and guide appropriate tag selec-
tion (n surface range tests from a kayak = 3, Ascension Island Govern-
ment). Detection ranges for V9-2x, V13-1x, and V16-4x tags were
calculated as 90% at 50 m and 30%-70% at 100 m. A second set of
range tests were conducted in 2019 in English Bay to identify the role
of substrate type on detection range (for each substrate type, namely
sand and rock, n surface range tests from a kayak = 1, n benthic range
tests on SCUBA = 1). Detection ranges were higher for sand (10%-
70% at 50 m; 20%-40% at 100 m) than rock (10%-40% at 50 m; 0%-
20% at 100 m). Further information on 2017 and 2019 range tests is
provided in Orrell & Hussey 2023 Data S1. Sync tag data generated
between September 1, 2019, and October 1, 2019, within the English
Bay array were also used to determine the detection range and select
appropriate receiver spacing for the Bates Point array deployed
in 2020.

2.2 | Acoustic receiver deployments and data
available for analysis

Movements of rock hind and spotted moray were identified using
acoustic telemetry data from three different array designs with differ-
ing receiver spacing, which generated data over a range of spatial
scales (see overview in Figure 1). All arrays were focused on the
northwest coastline of Ascension Island. For additional technical infor-

mation, see Data S1. All datasets were trimmed to remove any

detections recorded within the first 12 h of tagging to ensure the data
generated reflected normal animal behavior and were not due to han-
dling effects.

2.2.1 | Northwest linear array

In 2017, a single line of 11 acoustic receivers was deployed along the
coastline moored at depths of 15-35 m and between 241 and 336 m
apart. This work aimed to explore broadscale rock hind movements,
with data collected between August 3, 2018, and April 14, 2019,

made available and subsequently used in the analysis.

2.2.2 | English Bay Vemco positioning system

From August 7, 2019, to April 14, 2021, a grid of receivers with
overlapping detection ranges were deployed in English Bay to track
the fine-scale movements of rock hind and spotted moray.
Receivers were moored at depths of 11-33 m and conservatively
spaced 55-80 m apart. The total number of receivers within the
English Bay array fluctuated between years, ranging from 23 from
August 7, 2019, to January 14, 2020; to 20 from January 23, 2020,
to May 18, 2020; to 9 from May 18, 2020, to April 14, 2021. The
English Bay array data were trimmed to August 7, 2019-April
13, 2021 (inclusive).
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TABLE 1 Transmitter information for the acoustic tags deployed in 2017, 2019, and 2021.
Tag Tag Transmission rate (s) Battery
Tagging Tag Number diameter length Tag weight Power life
Species  year type of tags (mm) (mm) in water (g) Nominal Minimum  Maximum (db) (days)
RH 2017 V13-1x 10 13 30.5 51 210 240 180 152 904
V16-4x 10 16 68 12 210 240 180 158 3393
2019 V16TP- 10 16 98 16.5 60 40 80 158 1236
6x
2021 V16-4x 10 16 68 12 210 240 180 158 3393
V16P- 6 16 98 16.5 220 170 270 158 3650
6x
SM 2019 V16TP- 10 16 98 16.5 60 40 80 158 1236
6x
2021 V16-4x 10 16 68 12 210 240 180 158 3393
V16P- 6 16 98 16.5 220 170 270 158 3650
6x

Abbreviations: RH, rock hind; SM, spotted moray.

2.2.3 | Bates Point array

In 2020, most receivers from English Bay had been recovered, and a
grid of 23 receivers were deployed at Bates Point to track both the
fine- and broadscale movements of rock hind and spotted moray.
Receivers were moored at 13-71 m depth between 180 and 495 m
apart, 1 km west of the original English Bay array. Acoustic detection
data from this array for the present study were trimmed to January
7, 2021-April 15, 2021, when the full array was in place and fish

tagged in 2021 were available for detection.

2.3 | Acoustic tag attachment

Adult rock hind (n 2017 = 20; n 2019 = 10; n 2021 = 16) were cap-
tured using conventional medium rig fishing rods or handlines with
size 10/0 barbless circle hooks. Adult spotted moray (total
n 2019 = 10; total n 2021 = 5) were collected using both rod and
handline with 8/0 barbless circle hooks (n 2019 = 10; n 2021 = 2)
and from the shore using a soaked pelagic carcass (Acanthocybium
solandri, n 2021 = 3). To reduce the risk of barotrauma and to ease
capture due to an observed shift to shallow depths in the pursuit of
seasonal prey pulses (e.g., green turtle Chelonia mydas hatchlings in
2020), all individuals were caught at depths of <20 m. Upon capture,
animals were transferred to a 25-L saltwater tote containing 300 ppm
of clove oil to induce anesthesia before handling. After anesthesia
was induced, fish were measured, and total length (TL) and weight
were recorded. Sex was not determined. A small non-lethal tissue
sample was then taken from the front dorsal fin (posterior region, tip;
600-800 mg), and two bicolor T-bar tags (FD-94 Floy tag, Floy Inc.,
USA) were inserted into the body midway along the dorsal fin to aid
future identification. An acoustic transmitter (InnovaSea Systems Inc.,
Boston, USA) was surgically implanted into the intraperitoneal cavity
(see Table 1 for tag specifications and programming). The incision was

closed with two independent sterile sutures (Ethicon 2-0 non-

absorbable suture used on rock hind; Ethicon 3-0 absorbable suture
used on spotted morays; Ethicon Inc., New Jersey, USA). All fish were
aspirated with a combination of clove oil (300 ppm) and seawater
throughout the procedure. All tagged fish were then held for <30 min
in a 25-L recovery container of fresh saltwater until a strong swim
response was observed before release at their original capture site.

2.4 | Acoustic detection analysis: Calculating fish
fate and residency

All statistical analyses were completed using the R statistical comput-
ing package (v. 3.6.2; RStudio Team, 2021). For fish tagged in 2019
and 2021, fish fate was determined using location and depth data.
Due to the variation in the array size and related difficulties inferring
fate across the entire study period, fish tagged in English Bay in 2019
were assigned two fate categories. Stage 1 encapsulated fate during a
20-23 receiver array between August 2019 and May 2020, and stage
2 covered the period that the 9-receiver array remained (May 2020-
April 2021). Fate classifications included resident, resident®, emigrant,
or predated (following Bacheler et al., 2021). Residents were defined
by persistent detections within the study area, whereas residents on
the edge (terminal line or “edge” of the receiver grid) of the array
(resident®) were classed as consistent detections across receivers at
the edge of the array (applies to stage 1 with 23-receiver English Bay
array only). Emigration was assumed if the transmitter was detected
at the edge of the array and was not re-detected. Predation (e.g., by
Galapagos sharks Carcharhinus galapagensis) was inferred from two
potential data patterns: the transmitter moving rapidly horizontally or
vertically and/or at a swim speed that far exceeded plausible limits for
the focal species. Both predation scenarios were likely linked to the
later cessation of tag movement indicated by continuous detections
on a single receiver with a depth variation of <1.3 m (+ 0.5 m quoted
tag accuracy, InnovaSea Systems Inc., 2021; plus 0.8-m average tidal

range, Ascension Island Government, 2015b). For each individual,
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TABLE 2 Summary data for rock hind (RH) Epinephelus adscensionis tagged in 2017 tracked from August 3, 2018, to April 14, 2021.
Tracking data
Study
Capture TL Weight Tag Tracking First Last duration No. RI

Animal ID date (cm)  (kg) type start date detection  detection (days) detections Fate RD (%)

RHO01-2017 Aug 22, 415 09 V13-1x  Aug 3, Aug 20, Nov 13, 904 923 R 111 12
2017 2018 2018 2019

RHO02-2017  Aug 25, 33 0.7 V13-1x  Aug 3, Mar 1, Mar 16, 904 6 R 2 0
2017 2018 2019 2019

RH03-2017  Aug 22, 45 -recorded V13-1x Aug3, Aug 3, Oct 12, 904 2 R 2 0
2017 2018 2018 2018

RH04-2017  Aug 22, 41 -recorded V13-1x  Aug3, 0 UK 0 0
2017 2018

RH05-2017  Aug 22, 36.5 -recorded V13-1x Aug3, 0 UK 0 0
2017 2018

RH06-2017  Aug 22, 345 -recorded V13-1x Aug3, 0 UK 0 0
2017 2018

RHO07-2017 Aug 17, 40.5 1.0 V13-1x  Aug 3, 0 UK 0 0
2017 2018

RHO08-2017 Aug 17, 37.5 1.1 V13-1x  Aug3, 0 UK 0 0
2017 2018

RH09-2017 Aug 17, 37 1.0 V13-1x  Aug3, Aug 25, Nov 21, 904 5 R 3 0
2017 2018 2018 2018

RH10-2017 Aug 22, 40.5 -recorded V13-1x Aug3, 0 UK 0 0
2017 2018

RH11-2017 Aug22, 51 -recorded V16-4x Aug3, Aug 19, Oct 27, 1330 2162 R 192 14
2017 2018 2018 2020

RH12-2017 Aug 22, 49 -recorded V16-4x Aug3, 0 UK 0 0
2017 2018

RH13-2017 Aug 22, 46 -recorded V16-4x Aug3, Sep 14, Apr 4, 1330 53 R 15 1
2017 2018 2018 2021

RH14-2017 Aug22, 50 -recorded V16-4x Aug3, Jul 9, May 24, 1330 163 R 103 8
2017 2018 2019 2019

RH15-2017  Aug 25, 51 2.1 V16-4x  Aug 3, Feb 15, Apr 29, 1335 22 R 16 1
2017 2018 2019 2021

RH16-2017 Aug17, 44 1.4 V16-4x  Aug3, Nov 25, Mar 23, 1327 140 R 20 2
2017 2018 2018 2021

RH17-2017 Aug 22, 47 -recorded V16-4x Aug3, Jul 11, Mar 21, 1330 10 R 9 1
2017 2018 2018 2021

RH18-2017 Aug 22, 495  -recorded V16-4x Aug3, Jul 17, Jul 18, 1330 2 R 2 0
2017 2018 2018 2018

RH19-2017 Aug17, 58 3.5 V16-4x  Aug 3, Sep 17, Apr 30, 1327 61 R 22 2
2017 2018 2018 2021

RH20-2017  Aug 25, 455 1.5 V16-4x  Aug 3, 0 UK 0 0
2017 2018

Note: Data include capture date, animal total length (TL, recorded to an accuracy of 1 cm), animal weight (dash indicates this was not recorded, values
rounded to one decimal place), acoustic tag type, tracking start date (date all receivers were deployed and recording), date of first and last detection, study
duration (date animal tagged to either end of tag life, predation event, or until April 14, 2021), total number of detections, fish fate includes resident (R),
resident® (RE), unknown (UK), and predated (P), residency days (RDs), and residency index (RI, %).

detection data were trimmed to the last detection of pre-predation
event. Harvest events were not considered due to constant communi-
cation with the local fishing community and the absence of recapture
reports.

Fish residence time was estimated using residency days (RD,

number of days detected in the receiver array) and residency indices

(RI, number of days detected as a proportion of the total study period,
RI). Tracking periods used to calculate RDs and Rls vary between the
three arrays owing to different receiver deployment periods, and
within an array owing to animal tagging dates (see Tables 2-4 for fur-
ther details). The 2017 tagged rock hind detection period spanned a
maximum of 903 days owing to tag battery limitations. For rock hind
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TABLE 3 Summary data for rock hind (RH) Epinephelus adscensionis and spotted moray (SM) Gymnothorax moringa tagged in 2019 tracked
from August 7, 2019, to April 14, 2021.

. Tracking data Fate
Tracking Study _—
Capture TL Weight Tag start First Last duration Total RI

Animal ID date (cm)  (kg) type date detection  detection (days) detections  S1 S2 RD (%)

RHO02-2019  Jun9, 51 1.8 V16TP  Aug7, Aug 7, Mar 21, 605 131,253 R R 436 72
2019 2019 2019 2021

RHO3-2019  Jun9, 46 1.8 V16TP  Aug7, Aug 7, Apr 7, 605 119,217 R R 509 84
2019 2019 2019 2021

RHO04-2019  Jun9, 45 1.8 V16TP  Aug7, Aug 7, Mar 15, 605 121,775 R R 430 71
2019 2019 2019 2021

RHO05-2019  Jun9, 45 1.8 V16TP  Aug7, Aug 7, Mar 20, 605 107,338 R R 505 83
2019 2019 2019 2021

RH06-2019  Jun9, 47 1.8 V16TP  Aug7, Aug 7, Mar 20, 605 82,450 R R 507 84
2019 2019 2019 2021

RH11-2019  Aug 6, 45 1.5 V16TP  Aug7, Aug 7, Apr 2, 605 40,644 R R 592 98
2019 2019 2019 2021

RH12-2019  Aug 6, 48 2.3 V16TP  Aug7, Aug 7, Apr 14, 605 521,502 R R 605 100
2019 2019 2019 2021

RH13-2019  Aug 6, 55 3.3 V16TP  Aug?7, Aug 7, Jan 29, 605 213,341 E UK 166 27
2019 2019 2019 2021

RH14-2019  Augé, 47 1.8 V16TP  Aug?7, Aug 7, Apr 14, 605 251,529 R R 604 100
2019 2019 2019 2021

RH15-2019  Augé, 46 1.8 V16TP  Aug?7, Aug 7, Apr 9, 605 14,326 R R 382 63
2019 2019 2019 2021

SM03-2019  Jun 17, 74 1.1 V16TP  Aug?7, Aug 7, Dec 21, 605 190,937 R E 284 47
2019 2019 2019 2021

SM04-2019  Jun 17, 85 1.6 V16TP  Aug7, Aug 7, Apr 12, 605 150,407 R R 605 100
2019 2019 2019 2021

SM05-2019  Jun 18, 120 3.6 V16TP  Aug7, Aug 7, Dec 6, 605 23,144 RE R 122 20
2019 2019 2019 2019

SM06-2019  Jun 18, 91 19 V16TP  Aug7, 605 0 UK UK 0 0
2019 2019

SM07-2019  Jun 18, 84 15 V16TP  Aug7, Aug 7, Mar 29, 605 58,909 R E 226 37
2019 2019 2019 2020

SM08-2019  Augé, 84 15 V16TP  Aug7, Aug 7, Jan 20, 605 45855 R R 262 43
2019 2019 2019 2021

SM09-2019  Augé, 84 15 V16TP  Aug7, Aug 7, Mar 31, 605 10,390 RE E 216 36
2019 2019 2019 2020

SM10-2019 Aug7, 107 40 V16TP  Aug7, Aug 8, Feb 7, 604 104,680 R R 283 47
2019 2019 2019 2021

SM11-2019  Aug7, 105 3.0 V16TP  Augs, Aug 8, Sep 15, 38 235(1750) P 38 100
2019 2019 2019 2019

SM12-2019 Aug7, 107 3.8 V16TP  Augs8, Aug 8, Oct 26, 604 22,273 R R 169 28
2019 2019 2019 2020

Note: Animal total length (TL) is rounded to the nearest centimeter. Animal weight was recorded to an accuracy of 100 g. Study duration spans from the
date the animal was tagged to a predation event, or until April 14, 2021; it excludes maintenance days during receiver recovery and redeployment from
January 14, 2020, to January 24, 2020 (10 days). Fish tagged within the study period were given a 12-h recovery window, for example, SM11 and SM12.
The total number of detections excludes detections within the 12-h recovery period after tagging and detections recorded after a predation event, with
detections recorded post-predation event given in brackets. Fish fate describes resident (R), resident® (RE), unknown (UK), and predated (P) categorized for
the two deployment periods, stage 1 (S1) during the 23-receiver array and stage 2 (S2) during the 9-receiver array. Also includes residency days (RDs), and
residency index (RI, %).

and spotted moray tagged in 2019, calculations were based on a maxi- individuals predated, the tracking period was calculated as the time
mum detection period of 605 days. Rock hind and spotted moray between the tagging date (which included a 12-h recovery window)

tagged in 2020 were tracked for a maximum of 98 days. For any and the predation event. Rls were used to summarize the amount of
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(Continued)

TABLE 4

Tracking data

e FISHBIOLOGY

Home range (95%

AKDE, km?)

No. COA
estimates

RI

No.

Last Study

First

Tracking

Tag

Weight
(kg)
1.5

TL

Capture
date

(%)

RD

Fate

detections

duration (days)

detection

detection

start date

type
V16P

(cm)

Animal ID

UK

Mar 25, Mar 25, 85

Jan 21, 2021

88

Jan 21,

SM20-2021

2021

2021

2021
Jan 21,

UK

85

Jan 21, 2021

V16P

1.8

94

SM21-2021

2021
Jan 21,

12

Jan 21, 2021 Jan 24, Jan 30, 85

V16

4.7

122

SM22-2021

2021

2021

2021

Note: Animal total length (TL) is rounded to the nearest centimeter. Animal weight was recorded to an accuracy of 100 g. Tracking start date excludes a 12-h recovery period where relevant. Study duration
spans from the date the animal was tagged to a predation event, with detection days post-predation event given in brackets, or detections until April 14, 2021, if not predated. The total number of detections
includes those recorded until a predation event occurred, with detections recorded post-predation given in brackets. Fish fate describes resident (R), resident® (RF), unknown (UK), and predated (P) individuals.
Residency days (RDs), residency index (RI), number of center of activity (COA) estimates, and home range estimates calculated using autocorrelated kernel density estimators (95% AKDE, rounded to four

decimal places) are provided.
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time a tagged animal was detected within the array and were calcu-
lated using base R (Collins et al., 2007). The resultant decimal (0-1)
was converted to a percentage ranging from 0% (no residency) to
100% (absolute residency). The linear arrangement of the northwest
receiver line (e.g., 2.9 km between the furthest west and east
receivers) and limited coverage of the English Bay (cumulative listen-
ing area = 0.0984 km?) array prevented the calculation of additional

spatial statistics beyond RD and RI.

2.5 | Investigating horizontal space use

For the Bates Point array, center of activity (COA) analysis was used to
estimate space use of acoustic-tagged animals; the algorithm estimates
an average position within the specified period based on the propor-
tion of detections at each receiver location (see Simpfendorfer
et al., 2002). This approach disaggregates detection data from a
receiver location, reducing the propensity for autocorrelation by sub-
sampling data into a user-defined period (in this case, 60 min) (Matley
et al., 2017). COA positions were calculated using the Animal Tracking
Toolbox (ATT package; Udyawer et al., 2018). COA analysis was only
calculated for fish with >100 detections; therefore, this metric was only
calculated for four rock hind. These sequential average positions were
then used to estimate rock hind home range (95% utilization distribu-
tion) using an autocorrelated kernel density (AKDE) estimator (akde
function) in the ctmm package (Fleming & Calabrese, 2021). AKDE was
selected as it accounts for temporal autocorrelation in telemetry data
and has been found to outperform traditional home range estimators

across species and sample sizes (Noonan et al., 2019).

2.6 | Modeling vertical space use

To investigate differences between in relative water column depth
use between the species, hierarchical generalized additive models
(hGAMs) were used. The English Bay detection data (n detected rock
hind = 10; n detected spotted moray = 9) were trimmed to include
only data recorded, whereas the 23-receiver array was in place
(251 days, see Section 2.4). Raw depth sensor values were converted
so that an individual's depth represented a value relative to the listen-
ing receiver's mooring depth ranging from O to 1 (i.e., a fish at 2m
depth relative to a 10-m water column depth would translate to a
value of 0.2). This conversion was undertaken to account for how
a fish's depth relative to the available water column may have differ-
ent ecological impacts, given inherent variation in the conditions a fish
is exposed to. For example, surface currents and tidal change are more
likely to be buffered at depth. Due to Ascension's topographic com-
plexity, 35% (of the 702,573 fish pressure detections) had a water col-
umn depth exceeding 1, which was a result of the tagged fish sitting
below a ledge where the listening receiver was moored. Values
exceeding 1 were forced to 0.99 (reoccurring) due to the require-
ments of the selected beta regression distribution family, which can

only accommodate values between O and 1. Relative depth values
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were then aggregated over diel periods (day or night) to generate a
mean position in the water column for each diel period and day.

Within the hGAM models, relative depth (D) was modeled as
response variable, whereas diel period (data retrieved using the sun-
calc package in R, Thieurmel & Elmarhraoui 2019; day or night, DP as
factor), percentage lunar illumination (retrieved using the lunar pack-
age, Lazaridis 2022; denoted as i), fish TL (z-score), and day of the year
(denoted as DOY) were included as explanatory variables. hGAMs
were fitted using the bam function in the mgcv package
(Wood, 2011). Because lunar illumination cyclically fluctuated with
month, this variable was fitted using a tensor product of a cubic spline
function of lunar illumination i and a cyclic cubic spline function with a
monthly cycle of t. Tensor products required two values for k and
were set to ¢ (10, 5) to explain the interaction between lunar illumina-
tion and month across the 10 months of the study. A smoothing
parameter of k = 6 was selected for simple smooths such as fish TL. A
higher k = 30 was selected for DOY given the range of values (0-
285). The unique fish ID (FishID) was considered a random effect in
the model and therefore fitted with the smooth term “re.” Random
effects were assigned a k value equal to the number of levels
(as recommended in Pedersen et al., 2019); therefore, fish ID k was
set to 19. The gam.check function in mgcv was used to evaluate
whether an optimal value for k was selected. The full model with all
terms and candidate subset models was evaluated using AIC values.
Models with AAIC scores within 10 units of the best model were
deemed informative and to have reasonable support (Burnham &
Anderson 2004). The model intercepts were log transformed to con-
vert this value to relative fish depth.

The most complex model of those deemed informative included

the following terms:

D ~ Species +s(DP,by = species) + s(TL,by = species)
+ S(fimonth (i, t), by = species) +s(DOY, by = species)
+ s(FishID, by = species)

27 |
analysis

Estimating diet using stomach content

Stomachs were collected from euthanized fish caught using targeted
rod-and-line angling and opportunistic sampling during local fishing
competitions. Collected stomachs were stored in individual Whirl-Pak
bags and chilled (for immediate dissection) or frozen (processed within
1 month of collection). During stomach processing, the full and empty
weight of the stomach was recorded, and stomach contents were
weighed to the nearest 0.01 g and identified to family level. Digested
material that could not be identified was removed from subsequent
analysis. Percentage weight (%W), number (%N), and frequency occur-
rence (%F) were calculated for all identified prey (Hyslop, 1980).

2.8 | Estimating diet using stable isotope analysis

Fin clips were collected from acoustic-tagged animals and lethally
sampled animals (as described in Section 2.2), with 600-800 mg taken

s FISHBIOLOGY |

from the posterior region of the front dorsal fin. White muscle and
stomach content data were collected using lethal sampling. After
euthanasia, 2 g of white muscle was collected from the dorsal anterior
surface, which was subsequently rinsed with fresh water and stored
in 2-mL cryovials in a freezer at —18°C.

Prior to stable isotope analysis, tissues were dried at 80°C to
enable transport and thereafter freeze-dried and ground into a fine
powder. Lipid extraction of all samples was undertaken by agitating
the dried tissue sample in a 2:1 chloroform-methanol solution for 24 h
(following Hussey et al., 2011). The excess solvent was removed, and
the sample was left to dry for 48 h in a fume cupboard to evaporate
any remaining solvent. All samples were lipid extracted, and between
400 and 600 pg of each sample was then weighed into a tin capsule
and analysed using a continuous-flow isotope ratio mass spectrometer
(IMRS, Finnigan MAT DeltaP“*, Thermo Finnigan, San Jose, CA, USA),
equipped with an elemental analyser (Costech, Valenica, CA, USA).

Stable isotope abundances are expressed in delta (5) values as the
deviation from standards in parts per thousand (%o) using the follow-
ing equation:

X = [ (Rsample /Rstandara) — 1] x 1000

where X is C or '®N, and R is the ratio of *3C/*2C or
15N/2N. Isotope ratios are expressed per mille (%o) relative to a sec-
ondary standard, which includes Pee Dee Belemnite carbonate for
83C and atmospheric nitrogen for §°N.

Samples with percentage carbon to nitrogen ratios of >4 were
removed prior to analysis as lipids were likely still present within the
sample (three rock hind white muscle tissue samples excluded). Isoto-
pic ellipses were then fit for each species, for both tissue types (fin
and muscle) and for each of the three sample years using the stat_el-
lipse function in ggplot2 (Wickham, 2016). This stat_ellipse function
assumes a multivariate t-distribution and fits an ellipse to the data
with a 95% confidence level (Wickham, 2016). The range of &%C
(CR) and &*°N (CN) (Layman et al., 2007) was calculated for each iso-
tope and tissue type to examine isotopic variation between species.
Hypervolume isotopic niche area and overlap between the two study
species were calculated for white muscle and fin using the package
nicheROVER (Lysy et al., 2014), with the number of Monte-Carlo
draws set to 10,000 and a to 0.95 (95% overlap). The overlap metric
is directional, representing the probability that species A is found in
the niche of species B and vice versa (see Swanson et al., 2015 for
detailed methodology). By incorporating a Bayesian inference frame-
work and simulating multiple iterations of each ellipse (10,000), all

measures incorporate a measure of uncertainty (Lysy et al., 2014).

2.9 | Ethics statement

All research was conducted under appropriate research permits pro-
vided by the Ascension Island Government. Experimental procedures
were also approved under license AUPP #19//10 issued by the Uni-
versity of Windsor, Canada. Animal handling followed best practice
guidelines for the focal species.
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3 | RESULTS

3.1 | Tagged animal total length and tag burden

In total, 46 rock hind ranging from 33 to 58cm TL (mean
+ SE =47.1+£0.853) and 15 spotted morays ranging from 74 to
122 cm TL (mean + SD = 94.2 + 3.749) were equipped with acoustic
tags and released into the three respective arrays. Tag burden
(weight of the tag in the air in relation to animal mass) was calcu-
lated as <2.4% for tagged rock hind (note weights of 11 rock hind
were not recorded in 2017 and were therefore not included)
and <3.6% for tagged spotted moray.

3.2 | Fish fate and residency

Of the rock hind tagged in 2017 (n = 20), 12 (60%) were detected on
the northwest array (2018-2019), 3 (15% of those tagged) were
detected across the English Bay array (2019-2021; equates to 60% of

those tagged <200 m from the edge of the array), and 4 (20%) were
detected across the Bates Point array (2020-2021). Calculated Rls
ranged from 0% to 15% (RH11) (Table 3). Seven tagged rock hind
were recorded over 1-year post-tagging near their original tagging
location. For example, 3549 detections were recorded for RHO1
across 2018-2020 (Figure 2a), with most of the detections within
50 m of the original tagging location (Figure 2b).

Of the 10 rock hind tagged in 2019, 9 (90%) remained within the
monitored region for 250% of the study period, and of these, 6 (60%)
for 275% of the study period. On average, tagged rock hind remained
in the array for a total period of 474 + 132 days, which corresponded
to RIs between 27% and 100% (mean + SD = 78.2 + 22.05) (Table 4;
Figure 3a). Of the 10 tagged spotted moray, 9 (90%) were detected.
Of these, one spotted moray was predated 38 days after tagging as
shown by a continuous static vertical movement profile. In total, eight
(89% of those detected) remained within English Bay for >25% of the
study period, and two (22%) were detected for 275% of the study
period. Residency ranged from O to 605 days, which equated to Rls
ranging from 0% to 100% (Table 4; Figure 3b).

(a) 139 14391 1430 14389 14388
26% \A
: * - 2600
* @ 2100
®  Northwest Array (2018-2019)
2591 . * . . * English Bay Array (2019-2021)
> L % Tagging location
Rock substrate
8 *
7.892 *
. * . .
0 40 80 120 160 m
L | 1 1 J
(b)
800
3
RHO1 detections
600
w
c
i=]
S FIGURE 2 Detections of a rock
2 400 hind grouper, fish ID “RHO01,” tagged in
5 2017 within English Bay, northwest of
2 Ascension Island. (a) Proportional
§ circles represent the cumulative
=z 200 5 number of detections across the two
discrete arrays. Grouper tagging
4 location indicated by red star.
1 5 (b) Cumulative number of detections
0 : . - ; grouped by distance from the original
0-50 51-100 101-150 151-200 201+ 2017 tagging location (number of
Distance from tagging location (m) unique stations expressed above the
respective bar).
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FIGURE 3 Horizontal movements of (a)
individual fish acoustically tagged in 2019
across the English Bay array (“EBAY”)
between August 7, 2019, and April

14, 2021. Dashed lines indicate
maintenance periods where receivers
were out of the water for battery
replacements, with the gray rectangle
showing when no receivers were installed.
Proportional circles indicate the total
number of detections of a fish on a
specific receiver on a given day. Includes
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two species: (a) rock hind (RH, Epinephelus
adscensionis, n = 10) and (b) spotted
moray (SM, Gymnothorax moringa, n = 9).
A solid red line indicates a mortality event.
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Of the rock hind tagged in 2021 (n = 16), 14 (87%) were detected
within the Bates Point array across the <98-day study period. Of
these individuals, three (19%) were detected for the full study dura-
tion (100% residency), and eight (50% tagged) remained in the array
for >25% of the study (Table 4). Rock hind home range (95% AKDE)
estimates ranged from 0.0001 to 0.3114 km? (n individuals = 4;
mean + SE = 0.1013 + 0.07; Figure 4). Of the five spotted morays
tagged in 2021, only two (20%) were detected across the 3-month
study period with a total of three and 12 detections each. Corre-

sponding Rls were low and ranged from 1% to 7%.

Date

3.3 | Vertical movements

Rock hind occupied a mean depth of 17.2 + 4.8 m SD (one decimal
place), with depths ranging from the water's surface to the seafloor
(n tagged in 2019 = 10; maximum recorded depth = 38.1 m)
(Figure 5a). The mean depth of detected spotted morays was 15.2
+ 10.9 m SD (one decimal place) (Figure 6a); however, animal depth
ranged from 2.4 to 38.1 m. Both species exhibited individual variabil-
ity in their vertical position over time (Figures 5b and 6b). Individuals

of both species performed frequent short-duration movements to
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1200

FIGURE 4 Space use estimates (95%
N autocorrelated kernel density estimate

A [AKDE]) of rock hind (RH), Epinephelus

adscensionis (n = 4) tagged in 2021 off of
Bates Point, northwest of Ascension
Island (RH57, RH71). Two fish (RH64 and
RH65) with 95% AKDE estimates overlap
and appear as a single circle. The middle
AKDE contour represents the maximum
likelihood area where the animal spends
95% of its time, and the inner and outer
contours correspond to Cls on the
magnitude of the calculated area.

RH2021

* Acoustic Receiver
Rock Habitat

Space use estimate
RH57 95% AKDE
RH64 95% AKDE
RH65 95% AKDE
RH71 95% AKDE

1600

M | |

depth, whereas several tracked spotted morays undertook a direc-
tional shift to deeper habitats.

In the hGAM depth model, all terms except fish TL were chosen
(R? = 0.69, deviance explained = 87.2%), given that the additional
term did not improve the model fit (most complex model
AIC = —24,525; model excluding TL AIC = —24,525). The 0.125
intercept indicating relative water column depth calculated for rock
hind was significantly different from the intercept for spotted moray
at 0.082 relative water column depth (t = —3.21, p = <0.001). How-
ever, there was a significant random effect of individual fish ID on rel-
ative fish depth in the water column, with a large component of the
variation explained by this effect (F = 844.82, p = <0.001). Time of
the day (day or night) had a significant effect for both species
(t = 9.00, p = <0.001); however, the effect size was small, with a pref-
erence for a 1.6% deeper position in the water column at night. The
interactive effect of month on lunar illumination found that the depth
of spotted moray within the water column was significantly different
across the lunar cycle (F = 0.73, p = <0.001); however, no effect was
observed for rock hind (F = 0.12, p = 0.08). DOY was a significant
predictor of depth for rock hind (F = 1.65, p = <0.05), with deeper
depths occupied in February to July and in October. Depth of spotted
moray fluctuated greatly with the DOY (F = 20.17, p = <0.001); dee-
per depths were observed in March and June and shallower depths in
late April and September to October. Smoothers are visualized
in Data S2.

3.4 | Temperature data

Integrated tag temperature sensors showed that the temperature of
fish tagged in English Bay (n detected rock hind = 10, n detected

spotted moray = 9) ranged from 21.99 to 29.52°C across the study
period (Data S3). These profiles matched the measured seasonal varia-
tion in sea temperature recorded in English Bay with an external envi-
ronmental logger, which ranged from 23.61°C to 29.20°C (August
7, 2019-April 13, 2021, mean + SD = 26.15 + 1.48). Several fish
occupied variable temperatures. However, these individuals predomi-
nantly occupied deeper moored receiver stations; for example, A-line
receivers and O-line receivers moored at >20 m in English Bay.

3.5 | Stomach content data

The majority of sampled rock hind (n = 46, 87%) and spotted moray
(n = 14, 70%) had empty stomachs upon collection (Data S4). Of the
rock hind sampled (n = 53), only individuals caught in 2020 had iden-
tifiable stomach contents (n = 7, 13% of all sampled rock hind). Of
identifiable rock hind stomach contents, teleost fish were the most
commonly consumed (54.55% of stomachs) followed by crustaceans
(36.36%F). Of the sampled spotted moray (n = 20), only six had iden-
tifiable stomach contents (n 2019 = 2; n 2021 = 4). Teleost fish were
the most common prey items in both 2019 (50%F) and 2021 (97.67%
F) and accounted for the largest proportion of prey mass (98.42%W in
2019; 98.39%W in 2021) and number (86.67%N in 2019, 97.67%N
in 2021).

3.6 | Stableisotopes

Muscle tissue and fin clip §*3C values were variables ranging from
—15.7%0 to —13.8%o for spotted morays and —18.3%o to —13.6%o
for rock hind, respectively. Additionally, 8°N values ranged from



ORRELL ET AL

(a) 66313 59489 50996 53347 41488 20207 259541 106578 125349 7019
0
10
€
£20
[]
a
30
40
RH02 RHO3 RHO04 RHO5 RHO8 RH11 RH12 RH13 RH14 RH15
Fish ID
(b) , RHO02 Il RHO3 I RHO4 ]

Station Name
EBAY 6C
EBAY 5C
EBAY 4C
EBAY 3C
EBAY 2C

] EBAY 1C

RHO6 1[ RHT1 I

Depth (m)

® EBAY 6B
® EBAY 5B
® EBAY 4B
® EBAY 3B
@® EBAY 2B
@ EBAY 1B
@ EBAY 6A
@ EBAY 5A

40

RH14 ][ RH15 |

ol 1o [

30

40 2020-01 2020-07 2021-01 2020-01 2020-07 2021-01

2020-01 2020-07 2021-01

il @ EBAY 4A
2020-01 202007 2021-01 @ Epay 3A
@ EBAY2A
@ EBAY 1A
@ EBAY OF
@ EBAYOD
@ EBAYOC
@ EBAY 0B
@ EBAYOA

FIGURE 5 Rock hind (RH, n = 10) pressure sensor detections recorded across the English Bay array between August 7, 2019, and April

14, 2021. Excludes a 10-day receiver maintenance period (January 14-24, 2020). (a) The total number of pressure detections per tagged
individual is given above the corresponding boxplot, with data presented indicating the mean + 1 SD. (b) Raw pressure detections. Dashed lines
indicate changes in receiver configuration, for example, maintenance period (January 2020) or reduction in array size (reduced from 23 to

9 receivers on May 18, 2020.)

12.1%o to 13.9%o for spotted morays and 12.1%. to 15.9%o for rock
hind (Data S5). Ecological niche modeling indicated an overlap in iso-
topic niches of rock hind and spotted moray for both fin clips and
white muscle (Figure 7). For fin clips, the 95% mean posterior proba-
bility that an individual rock hind would be present in the niche of
spotted moray was estimated as 53.1%. On the contrary, the mean
posterior probability that an individual spotted moray would be found
in the niche of rock hind was 54.2%. The 95% mean posterior overlap

probability was higher for white muscle tissue. The mean posterior

probability that rock hind would be present in the niche space of spot-
ted moray was 97.08%. In comparison, there was a 78.02% mean pos-
terior probability that spotted moray would be found in the niche
space of rock hind. The niche size of rock hind was estimated as 3.3
+ 0.5 (mean * SE) and spotted moray as 2.5 + 0.5 based on fin clips
and 5.7 £ 0.7 (rock hind) and 9.6 + 1.8 (spotted moray) for white
muscle.

When isotope data were visualized by year, fin tissue 8'°C and

8'°N values for the two species varied slightly over the three study
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FIGURE 6 Spotted moray (SM, n = 9) pressure sensor detections recorded across the English Bay array between August 7, 2019, and April

14, 2021. Excludes detections post-predation (SM11) and during the 10-day receiver maintenance period (January 14-24, 2020). (a) The total
number of pressure detections per tagged individual is given above the corresponding boxplot, the asterisk (*) indicates cumulative detections pr-
epredation with data presented indicating the mean + 1 SD. (b) Raw pressure detections. Dashed lines indicate changes in receiver configuration,
for example, maintenance period (January 2020) or reduction in array size (reduced from 23 to 9 receivers on May 18, 2020).

years (2019, 2020, and 2021), whereas white muscle showed consis-
tent overlap (Figure 8).

4 | DISCUSSION
Differences in predominantly horizontal and, to a lesser degree, verti-
cal space use of two coexisting mesopredators provide evidence of

resource partitioning. Although rock hind exhibited high site fidelity

and residency and occupied very small home ranges, moray eels were
seen to undergo spatial shifts, that is, lower residency and emigration
from the array areas. Individual differences in vertical space within
and between these two species were extremely high and are likely
the key factor facilitating coexistence. Dietary and trophic niche space
from stomach content and stable isotope analysis indicated a level of
niche overlap with both species identified as predominantly piscivo-
rous predators consuming prey across the same two trophic levels.

Minor differences in diet were identified over finer temporal scales
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FIGURE 7 Fin clip (FC) and white muscle (WM) isotopic compositions (§13C, §1°N) of rock hind (Epinephelus adscensionis, red points; n FC

samples = 38, n WM samples = 76) and spotted moray (Gymnothorax moringa, blue points; n FC samples = 28, n WM samples = 28). Points
represent values for individual fish, and ellipses represent the species' isotopic niche.
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FIGURE 8

-14

Fin clip (FC) and white muscle (WM) isotopic compositions (6*3C, §*°N) of rock hind (RH, Epinephelus adscensionis, red points) and

spotted moray (SM, Gymnothorax moringa, blue points). Points represent values for individual fish, and ellipses represent the species' isotopic
niche. In the absence of enough data, ellipses were not generated. Data span April-August 2019 (RH FC samples = 13, SM FC =10, RH
WM = 16, SM WM = 2), November-December 2020 (RH FC samples = 19, SM FC = 7, RH WM = 41, SM WM = 15), and January-April 2021

(RH FC samples = 16, SM FC = 11, RH WM = 19, SM WM = 11).

(from fin tissue isotope data and stomach contents); however, further
work is required to confirm these observations, given the small sample
sizes. These data suggest that although these two species perform
similar ecological roles, differences in space use and residency identify
the need for species-specific management, that is, no-take protected
areas for grouper and fisheries management measures for spotted

moray.

41 | Horizontal space use and home range

Resource partitioning alleviates competition for resources, with differ-
ences in space use reducing competition for shelter and available
prey. This study used telemetry data generated over a range of spatial
scales and array designs, from a linear curtain of receivers with 300-m

spacing to a tightly spaced gridded array of acoustic receivers. These
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arrays overlapped across the study area, with tagging sites within the
spatial constraints of all arrays, facilitating the tracking of rock hind
and spotted moray across longitudinal scales. Data generated from
three cohorts of tagged rock hind suggest temporally stable Rls and a
small home range across this multi-year study. High fidelity and small
home ranges have been widely reported for acoustically tagged grou-
per in existing literature (Afonso et al., 2016; Biesinger et al., 2013;
Eklund & Schull, 2001; Kiel, 2004; Koeck et al., 2014; Popple &
Hunte, 2005). For example, in the Azores, dusky grouper (Epinephelus
marginatus) were detected almost every day for 5 years at their initial
capture site (Afonso et al., 2016).

Rock hind home ranges spanned 0.0001 to 0.3114 km? (calcu-
lated for AKDE from COAs of four fish tracked in 2021). This is similar
to the home ranges of dusky grouper (E. marginatus) and blacktail
comber (Serranus atricauda) in and around a small marine reserve in
the Azores positioned using COA and estimated using kernel utiliza-
tion distribution areas (KUD). Home range estimates were <0.268 and
<0.004 km?, respectively, across a 5-year study period (Afonso
et al., 2016). It should be noted that AKDE was developed based on
positions derived using fine-scale tracking approaches, which provide
an associated error for each position. As a result, for two additional
rock hind in this study where sufficient detection data were available,
realistic home range values could not be estimated, given that detec-
tions were recorded on a single receiver leading to model conver-
gence failure. Despite these limitations, we suggest AKDE offers the
best approach as conventional methods have been shown to system-
atically underestimate home range for autocorrelated relocation data
(Fleming et al., 2015). This metric was chosen to illustrate the high
residency of rock hind and demonstrate the potential for spatial man-
agement measures. Owing to the limited number of spotted moray
detections on the Bates Point array (within the specified 60 minute
time bin for COA), it was not possible to estimate home range using
AKDEs.

Spotted morays tracked in this study were seen to undergo shifts
in the area they occupied, which terminated periods of observed resi-
dency. An observational survey conducted in English Bay prior to
acoustic tagging in 2019 identified that individuals had high fidelity
for 10 days, with some movement between dens along a 200-m tran-
sect (D. Orrell, unpublished data). Similar den-swapping behavior has
been identified by moray eel tracking and observational studies
(Abrams et al, 1973; Bassett & Montgomery, 2011; Kendall
et al., 2021; Young & Winn, 2003). Abrams et al. (1973) conducted a
6-week observational survey of spotted moray movements within the
Coki reef in the Caribbean and found that individuals exhibited short
residency periods, with some returning to previously occupied dens.
Whether the observed behavior in the Ascension telemetry study
described here is due to emigration or the capture of animals at the
edge of their home range is uncertain. Due to logistical constraints
and difficulty in catching spotted morays at deeper sites in 2021, all
individuals were captured <100 m from the shore. None of the five
individuals tagged in 2021 were subsequently detected after one
week. Ideally, animals would have been tagged toward the center of

the acoustic array to maximize detection likelihood and therefore

enable home range estimation. The cryptic shelter-dwelling behavior
of spotted moray may also have limited data yield due to acoustic sha-
dowing and reduced line-of-sight between receivers preventing
detection (Bassett & Montgomery, 2011; Orrell, Webber & Hussey,
2023). Additionally, although the spotted moray are the most impor-
tant moray species locally to recreational fishers (recreational, cultural,
and for consumption) and one of the most abundant, 11 moray spe-
cies are found in Ascension's waters (Wirtz et al., 2017). Future work
should aim to characterize residency and movement behaviors among
moray species or capture larger cohort sizes to identify inter- and
intraspecific differences in movement behaviors. Despite these limita-
tions, this study provides the most comprehensive tracking data avail-
able for this species, owing to high data yield and longitudinal study
duration.

Intra- and interspecific differences in residency and space use of
spotted moray and rock hind could be linked to several factors, includ-
ing internal state, personality, sex, local population dynamics, or other
biological factors (Hollins et al., 2018; Killen et al., 2016; Nilsson
et al,, 2014). For example, all tracked fish were caught using baited
lines, which may have led to the capture of hungry or risk-averse indi-
viduals (Thomsen et al, 2010). Additionally, sex and population
dynamics may have also played a role in the movements of these spe-
cies. For example, rock hind are protogynous hermaphrodites that
form haremic social structures with a single dominant male defending
a territory containing one or several females (Kline et al., 2011;
Marques & Ferreira, 2018). Removal of a dominant male can trigger
the transition of the largest female (Kline et al., 2011). Given that it
was not possible to identify the sex of tagged rock hind and their her-
maphroditic ability, this may have led to inherent differences in
behavior between individuals or the same individual throughout the
study period. However, the high Rls and small home ranges estimates
calculated for rock hind suggest they are amendable to spatial protec-
tion. In contrast, low Rls suggest that spotted moray may be more

effectively managed using a fisheries management-based approach.

4.2 | Vertical space use

Individuals of both species showed variable vertical movements,
including static depth recordings with minimal change (see RH06 and
RH11 in Figure 5b and SM03 and SMO09 in Figure 6b), a shift from
shallow to deep habitats (SM10, SM12, Figure 6b), a synchronized
shift to depth for several days before return to a typical depth (almost
all grouper, Figure 5b; SMO04, Figure 6b), and cyclical diurnal move-
ments between shallow and deep habitats (RHO2, Figure 5b; SMQ6,
Figure 6b). Factors that drive individual differences in vertical fish
movements have been linked to sea temperature (Freitas et al., 2016),
diel cycles (Fox & Bellwood, 2011), available prey depth (St-
John, 1999), predator avoidance (Power, 1984), reproductive behavior
(Koeck et al., 2014), and the lunar cycle (Froehlich et al., 2021). Our
results suggest that temporal differences in individual space use
within and between the two study species may facilitate their

coexistence.
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Due to an observed bias in the number of recorded detections
during the day versus night on fixed tags (synchronization and refer-
ence tags co-deployed in English Bay) owing to high ambient noctur-
nal noise, fine-scale diel activity was not assessed (similar issues
previously identified by Payne et al., 2010, Koeck et al., 2014). How-
ever, the average depth of both species in the water column (12-h
averaged relative depths) differed significantly between day and night,
with a preference for slightly deeper depths at night. Grouper are
commonly described as diurnal predators (Koeck et al., 2014). How-
ever, several tagged individuals in this study undertook forays into
deeper habitats at night. Similarly, although moray eels are known as
nocturnal foragers (Young & Winn, 2003) during observational sur-
veys and capture attempts, spotted morays were observed to actively
hunt during daylight hours. Similar observations of active moray eel
swimming during daylight hours have been reported on other remote
tropical islands in the South Atlantic (St. Paul's Rocks, Luiz-
Junior, 2005). The plasticity of diel activity rhythms in tropical fishes
can facilitate temporal niche partitioning, for example, to utilize differ-
ent high-quality prey items or effectively exploit a high number of
low-quality prey (Fox & Bellwood, 2011; Sanchez-Hernandez
et al., 2020). For example, Fox and Bellwood (2011) found that the
diel activity of golden-lined rabbitfish (Siganus lineatus) differed
depending on the habitat they occupied within a tropical reef. Individ-
uals occupying the boulder shoreline were active during daylight
hours and rested in rest holes at night. Conversely, individuals occupy-
ing fringing reef habitats were active at night and rested in rest holes
during the day. Additionally, moray eels have been observed to initiate
diurnal cooperative hunting forays alongside other groupers (Bshary
et al., 2006; Diamant & Shpigel, 1985; Vail et al., 2013), suggesting
flexible diel activity rhythms. It should be noted that more detections
were recorded for both species across day than night in our study.
This is a common limitation of acoustic tracking owing to increased
biological noise at night on reefs (How & de Lestang, 2012;
Huveneers et al., 2016; Stocks et al., 2014; Swadling et al., 2020) and
the nature of cryptic diurnal species that hide among complex struc-
tures preventing signal reception (Zhang et al., 2015).

Lunar illumination significantly affected the depth of spotted mor-
ays within the water column. However, no effect was observed for
rock hind. This association could be due to intrinsic differences in
reproductive behavior. Although moray eels spawn throughout the
year (Zokan et al., 2022), rock hind are seasonal spawners (Nolan
et al.,, 2017). Samples collected off the southeast United States sug-
gest that female spotted moray spawning periodicity ranges from
24 to 31 days, which suggests that females could spawn 12 times dur-
ing the 278-day spawning season (Zokan et al., 2022). Additionally,
spotted moray larvae have been collected throughout the year in the
Caribbean, indicating tropical populations may spawn throughout
the year (Smith, 1989). It has been suggested that, unlike anguillid,
congrid, and ophichtid eels, morays do not appear to migrate to spawn
and instead spawn on the reefs they inhabit. Site fidelity during
spawning may explain how this behavior could be captured despite
the small area of the array (Thresher, 1984) and may explain some of

the variation in vertical behavior observed for this species.
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The significant predictor of the DOY in the depth model could be
due to the distribution of seasonal prey within the water column.
Grouper are gape-limited feeders, whereby they will feed opportunis-
tically on food items that their mouths are large enough to engulf
(Reshetnikov et al., 1972). St-John (1999) found coral trout (Plectropo-
mus leopardus, family Serranidae) depth selection varied with the
depth of available prey items. Similarly, Williams-Grove and Szedl-
mayer (2017) found the occurrence of red snapper (Lutjanus campe-
chanus) higher in the water column was tied to spawning patterns and
prey availability over diel and monthly periods. Ascension has clear
seasonal fluxes in prey occurrence, which also vary with depth. For
example, green turtles (C. mydas) hatch from January to June
(Ascension lIsland Government, 2015a) and are surface swimmers,
which may stimulate surface feeding by predators. Mantis shrimp
(suspected Pseudosquillisma oculata) are benthic crustaceans observed
to spawn in April (D. Orrell, personal observation), which may prompt
opportunistic feeding lower in the water column. Opportunistic feed-
ing strategies can reduce interspecific competition and facilitate the
coexistence of fishes across a variety of contexts (Flores-Ortega
et al., 2020; Friedlander et al., 2014; Mavuti et al., 2004; Neves
et al., 2021). Additionally, optimal foraging theory predicts that feed-
ing on abundant prey, such as seasonal prey pulses of longjaw squir-
relfish and mole crab, would offer rock hind and spotted moray a
greater energetic benefit than searching for less abundant prey
(Gerkings, 1994; MacArthur & Pianka, 1966).

Significant individual differences in vertical space use within and
between these two species suggest they can exploit available
resources, which may facilitate coexistence. Future research is
required to identify other relevant drivers of vertical space use, for
example, seasonal prey availability and fluxes and the abundance of
(non-tagged) individuals of each species within the study area. Validat-
ing the observed behaviors using underwater cameras and routine
sampling across a range of depths and habitats would be beneficial, so

to confirm the findings reported here.

4.3 | Dietary composition and overlap

The observed overlap and preference for piscivorous prey items,
accepting our small sample size, aligns with other studies of serranids
(Artero et al., 2015; Stewart & Jones, 2001) and moray eels (Higgins
et al., 2018; Young & Winn, 2003) within tropical reef environments.
There was a high incidence of empty stomachs for both rock hind and
spotted moray, which could be a result of several factors, including
the capture method, time of sampling, and food availability. Fish cap-
ture occurred exclusively during daylight hours using baited lines;
therefore, fish may have been caught in the interval between evacua-
tion of their last meal and successful capture of their next prey
(Rindorf & Lewy, 2004). Future research could focus on using a range
of capture techniques (e.g., SCUBA or spearfishing), sampling across a
range of temporal scales (day and night, repeated across several sea-
sons and years) and use supplementary techniques, such as environ-
mental DNA (eDNA), to identify diet in an absence of identifiable
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material. Both species were cannibalistic, as found in other studies of
serranids (Hseu et al., 2003) and moray eels (Young & Winn, 2003).
Cannibalism in predatory species persists when resources are not lim-
ited, for example, laboratory trials providing food in excess to juvenile
orange-spotted grouper (Epinephelus coioides) found that cannibalism
continued to occur (Hseu et al., 2003). Whether the observed canni-
balism in rock hind reduces competition and facilitates coexistence or
results from exploiting available prey remains unclear.

Similar to previous studies that have integrated stomach contents
and stable isotope analyses (Artero et al., 2015; Condini et al., 2015;
Refiones, Polunin & Goni, 2002), this complementary approach
allowed the identification of diet items across a range of time scales.
Although no controlled diet feeding trials have been conducted for
rock hind, or in general for moray eels, work by Matley et al. (2016)
suggests tissue turnover rates of 37 days for fin and 126 days for
white muscle (based on adult leopard coral grouper, P. leopardus).
These turnover rates would suggest that we captured a snapshot of
diet across several seasons of seasonally abundant prey resources.

Diet studies typically span multiple years to enable comprehen-
sive identification of annual and seasonal changes in prey availability
and predator numbers (e.g., Dicken et al., 2017). Due to time con-
straints, diet analysis utilized opportunistic sampling across two field
seasons (May-August 2019; November 2020-May 2021), coinciden-
tally spanning several unique prey pulses. Seasonal prey pulses were
noted during wider food web sampling and personal observations,
including mole crab (Emerita spp.), spawning November 2020-
February 2021, land crab (Johngarthia lagostoma), spawning January-
May 2021, and green turtle (C. mydas), hatchling season January-June
(Ascension Island Government, 2015b). In 2021, attempts to catch
and tag rock hind at depths of >20 m were largely unsuccessful, and
this could be linked to the turtle hatchling season. During hatchling
season, rock hind form ‘“conveyor belts” close to shore, ready to
receive incoming turtles on their first foray into the ocean (R. Joshua,
personal communication; January 3, 2021).

The overlap in dietary niche between these two species is
expected if they both consume seasonally abundant prey resources
(Cusa Berge & Varpe, 2019). The more variable 8*3C value in fin clips
suggests that spotted moray exploits a broader range of basal sources,
accepting the small sample size by year. Some separation in trophic
niche may result from generalist feeding behavior (Wantzen et al.,
2002) and spatially explicit available prey exploitation. Variation in
both carbon and nitrogen isotope data suggests variable individual
feeding strategies between individuals and species, similar to the
individual-specific movement behaviors observed. Tentative compari-
sons of stable isotope values between years suggest niche width may
fluctuate to some degree between species. However, this requires

further investigation due to low sample sizes.

44 | Management implications

Groupers are ubiquitous mesopredators in warm-water reef ecosys-

tems, which have been historically exploited throughout their range

and form the basis of a billion-dollar global fishery (Mitchenson
et al., 2011). Understanding an animal's home range is essential for a
basic ecological understanding of the species and determining effec-
tive fisheries management measures (Hays et al, 2019; Lennox
et al,, 2019). The Ascension Island's MPA prohibits large-scale com-
mercial fishing within 200 nm of the island, and recreational fishing is
only permitted within 12 nm of the island (The Fisheries [Conserva-
tion and Management] Ordinance, 2015, Ascension Island Govern-
ment Conservation and Fisheries Directorate, 2021). However,
currently, there are no restrictive measures on non-commercial rock
hind fishing practices except for individuals to hold a permit to export
fish off the island (Customs [Export Control] Regulations, 2010).
Nonetheless, given the isolated nature of the stock, we encourage
considering proactive management and addressing several key
research areas.

Multi-year tracking data collected across a range of spatial scales
find rock hind have small home ranges and high residency to near-
shore areas. These findings indicate that Ascension rock hind popula-
tions are vulnerable to overexploitation and local extirpation.
However, high site fidelity and small home ranges suggest that rock
hind are amenable to spatial protection measures. Owing to potential
increases in fishing pressure linked to the island's runway reopening in
2023, we suggest several proactive management measures to ensure
population stability and health. Note that although several measures
are suggested here, their actualization would only be reached after
careful consideration, engagement, and discussion by the local gov-
ernment alongside the fishing community.

Management options for rock hind could include the following:

1. Small no-take zones covering a range of depths and habitats. No-
take MPAs have proved effective in conserving grouper popula-
tions elsewhere. For example, juvenile dusky grouper numbers
were much higher in a no-take zone than in a fishing zone in an
MPA at Ustica Island off the Sicilian coast of Italy (Vacchi et al.,
1999). This recommendation echoes the call Choat and Robertson
(2008) made for the neighboring island of St Helena, whereby
small no-take zones would effectively protect populations from
perilous declines. Identifying local oceanographic conditions and
prevailing currents may aid in selecting no-take protected areas
that are not typically fished at present but could provide an oppor-
tunity for replenishment owing to the rock hind's planktonic larval
stage.

2. Bag and vessel limits, with lower limits imposed on visitors
(< 6-month trip duration), may be necessary if the population or
recreational fishery on the island substantially increases with
improved access. Bag limits are a well-established management
tool to ensure reef fish population health and are in place for grou-
per, gag, and snapper species in the USA and the Gulf of Mexico.

3. A minimum landing size could ensure that individuals can spawn
before removal from the system. Nolan et al. (2017) identified rock
hind reach sexual maturity on Ascension Island at 28.9 cm TL for
females and 35.1 cm for males. Therefore, a minimum size of

29 cm could ensure a healthy reproductive stock for population
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replenishment. However, current evidence suggests rock hind are
protogynous hermaphrodites; therefore, removal of only larger
individuals could also lead to an altered sex ratios and timing of
maturation and protogyny (Choat & Robertson, 2008; Nolan
et al., 2017), a factor that requires consideration when selecting an
appropriate management strategy.

Moray eel ecology and space are understudied, despite their vital
role in the structure of tropical reefs (Moretto, Stahl & Mehta, 2022).
Spotted moray is locally consumed on Ascension Island and are cultur-
ally and recreationally significant. There is no monitoring or manage-
ment of spotted moray besides limiting exports off-island through a
permit system (Customs [Export Control] Regulations, 2010). Acoustic
telemetry data presented here do not conclusively suggest that spatial
management is an appropriate tool to manage this species. Owing to
these findings, an alternate approach should be evaluated to manage
spotted moray populations, for example, using bag limits and mini-
mum landing sizes.

Overall, the results for rock hind and spotted moray support sev-
eral key research areas that would help guide fisheries management

decisions for these species, including the following:

1. Use of low-cost tools to improve population monitoring and
stock size estimates. Previously, annual dive surveys (2010-2020)
focused on the north side of the island were used to assess grou-
per age structure and abundance; however, restrictions on dive
activities have prevented their continuance. Rock hind and spotted
moray population monitoring could include conducting routine
video surveys to estimate abundance and biomass, and through
increased participation in the voluntary logbook programme to
identify current catch rates. Genetic sampling and use of close-kin
mark-recapture (Casas & Saborido-Rey, 2023) may be a low-cost
option to build upon this dataset and estimate population sizes
and genetic connectivity.

2. Studying island-wide animal movements. Building upon the exist-
ing telemetry work, using an island-wide array of receivers could
identify whether nearshore populations function as discrete units
with minimal movements or one homogenous population that is
capable of high localized replenishment facilitated by island
circumnavigation.

3. Identification of rock hind and spotted moray spawning aggrega-
tions and spawning areas. Ascension's grouper spawning season
spans July-November and peaks in August (astral winter) as identi-
fied using monthly gonad staging (Nolan et al., 2017). However,
although grouper are predominantly aggregate spawners, it is not
currently reported whether they do so in Ascension's waters and if
so, where. Routine ichthyoplankton monitoring through water
sampling may be helpful in identifying aggregate spawning areas.

4. Detailed bathymetric mapping of nearshore areas. Bathymetric
and relief maps could help determine suitable habitats for these
species and may also aid in identifying probable areas for
spawning.

5. Identification of key prey fluxes and their annual timing. Develop-
ing a long-term opportunistic diet sampling programme using

sm FISHBIOLOGY

stomach content and stable isotope analysis could elucidate diets
across seasons and with ecosystem change. Additionally, pairing
local ecological knowledge with eDNA could identify species not
isolated from stomach contents. Because prey movements are a
key driver in the nearshore movements of recreational and sport
fishes, this knowledge could be used to evidence perceived sea-

sonal differences in predator population abundance.

5 | CONCLUSION

Our data provide new insights into the spatial and dietary niche of
two recreationally important fisheries species found in Ascension's
nearshore environment. High individual variation in vertical move-
ments and observed range in isotopic values suggest that individuals
of both species feed on prey occupying the same trophic levels but
may feed opportunistically on available prey. The high residency and
high site fidelity of rock hind tracked across multiple years, in tan-
dem with small home ranges of individuals tracked in 2021, suggest
spatial management measures would be an effective tool to manag-
ing this species. In contrast, variable residency and site fidelity of
spotted moray highlight that an alternate non-spatial management
approach, including bag limits and minimum landing size, may be
more effective. These results highlight that although rock hind and
spotted moray occupy a similar ecological role across a nearshore
environment, differences in space use suggest that a one-rule-fits-all
management approach is not appropriate to managing these two

coexisting species.
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