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Abstract 

Background: Information regarding the movement ecology of horse‑eye jack Caranx latus throughout the Carib‑
bean is limited despite their prevalence. Passive acoustic telemetry was used to infer movement patterns of seven 
adult C. latus within Buck Island Reef National Monument (BIRNM), a no‑take marine protected area (MPA) northeast 
of St. Croix, U.S. Virgin Islands. In addition, a preliminary exploration of detections recorded outside of BIRNM was used 
to gain knowledge of the potential for larger scale movements. Ascertaining long‑term movement patterns, includ‑
ing residency, mobility, and identifying core activity spaces can play a considerable role in how MPAs, like BIRNM, are 
adapted to meet the needs of mobile species.

Results: High residency index values were observed for individual C. latus within the BIRNM array (mean ± SE: 
0.913 ± 0.04, range 0.75–1.0) across the 17 months monitored. Most fish were also detected on receivers located 
outside BIRNM. An observed to expected detection ratio revealed that despite high residency, only 9.6% of expected 
transmissions were detected based on the average tag transmission rate. Network analysis revealed high individual 
connectivity with many of the receivers inside BIRNM and a large number of core use receivers (mean: 10.7, range 
6–14) within individual networks.

Conclusions: Most C. latus were present in BIRNM at least twice per day, but were overall detected below the 
expected rates, demonstrating mobility, large core activity spaces and wide use of the acoustic array inside BIRNM 
and greater St. Croix shelf. How residency is inferred from acoustic telemetry detections, and interpreted for species 
with variable mobility, has important considerations for spatial management planning and telemetry analyses. For 
MPA development to meet the spatial requirements of species with mixed resident–mobile spatial ecology, detailed 
long‑term movement data are required. Assessing residency in MPAs using acoustic telemetry should be formalized 
and carefully interpreted based on specific species, environmental conditions, and array configuration.
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Background
Animal movements have important ramifications for 
ecological processes as they often link disparate habi-
tats and impact the pathways of energy flow, potentially 
in ways that strengthen ecosystem resilience [1, 2]. Fur-
thermore, as spatial management has become more 
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widely applied, so has the importance of considering how 
species movements expose them to differential fishing 
mortality, in particular when moving among areas with 
varying levels of protection [3]. Incorporating movement 
data from species of interest at the inception point of 
marine protected area (MPA) design or when consider-
ing boundary adjustment of an existing MPA is critical 
in ensuring that a necessary and sufficient space is pro-
tected [4]. Ultimately, data from which the spatial extent 
and patterns in fish movements can be inferred will 
strengthen our understanding of MPA efficacy for species 
and ecosystems.

Marine species are particularly challenging to protect 
through static spatial closures because of interspecific 
and ontogenetic changes in the scale of movement pat-
terns. Within species or populations, individual behav-
iors can range between the extremes of true resident 
and transient characteristics [5, 6], often with individu-
als transitioning between the two types for parts of their 
life cycle [7]. Transitions can occur abruptly as when resi-
dent behavior is interrupted when individuals undertake 
migrations to form spawning aggregations before revert-
ing to resident behavior [8, 9]. Further, morphological 
transformations that alter the physiology and ecology of 
individuals may result in a transition in movement type, 
such as the development of saltwater tolerance in juve-
nile anadromous fish followed by an emigration to salt-
water ecosystems [10] or ontogenetic shifts in scale of 
home range and habitat use [11]. To address complexity 
and variability in movement dynamics across species, 
one of the first steps is to understand general patterns in 
long-term residency and space use [12]. Since successful 
spatial management requires knowledge of animal move-
ments at different scales, it becomes important to ensure 
the combination of tools used to analyze movements are 
effective in accurately characterizing whether species are 
resident, mobile, or where they fall along the movement 
spectrum between these extremes.

Network analysis has become a useful tool for modeling 
animal movement, offering an alternative or complemen-
tary approach to traditional methods for analyzing acous-
tic telemetry data in fixed receiver arrays. For example, 
network analysis emphasizes movement corridors and 
links between core use areas and areas used infrequently 
[13–15]. Network methods can also explore connectivity 
across large geographic regions for migratory species and 
highlight unique movement strategies [16]. Understand-
ing connections amongst receivers (inferred movement 
within an array) and identifying less frequently visited 
areas, often excluded from typical movement analysis 
(i.e., kernel utilization density estimators), is information 
managers can employ to adequately preserve space used 
by target species or infer important pathways between 

infrequently, but ecologically vital sites (i.e., spawning 
and foraging areas).

The horse-eye jack Caranx latus is a pelagic, widely 
distributed member of the Carangidae family found 
throughout the Caribbean [17]. In the western Atlantic, 
C. latus range from New Jersey to Brazil [18]. Although 
related to more economically valuable Carangids such as 
giant trevally C. ignobilis and crevalle jack C. hippos, C. 
latus are of minor commercial importance in the United 
States due to high levels of ciguatoxins [19]. In other parts 
of their range, such as the Southeast coast of Brazil, C. 
latus are relied on as a major source of income and food 
in artisanal fishing communities [20]. This species is also 
occasionally taken as bycatch, making up a small part of 
other Carangid fisheries [21] and is periodically targeted 
by recreational anglers as a gamefish. Despite regional use 
and high local abundances across its range, little informa-
tion exists on reproduction, life-history characteristics, 
population trends, and long-term movement patterns. As 
both an important inshore and offshore mobile piscivo-
rous predator [20, 22] ascertaining movement dynamics 
is a considerable step in understanding the role this spe-
cies plays within the ecosystems it inhabits. Two conven-
tional tagging studies were unsuccessful in recapturing or 
resighting tagged fish [23, 24]. Both studies attributed the 
lack of detection to C. latus being a highly mobile species 
with low tagging-site fidelity. Recently, one acoustically 
tagged C. latus demonstrated broad-ranging movements, 
a finding which supports interpretations from the previ-
ous two mark–recapture studies [17].

To assess the degree of mobility versus residency, iden-
tify key activity spaces, and determine whether Buck 
Island Reef National Monument (BIRNM), a no-take 
Caribbean MPA, provides coverage of primary activity 
spaces for C. latus, we used passive acoustic telemetry 
and multiple analytical techniques to (1) compare overall 
and monthly residency using published detection cutoff 
values and the expected detection ratio and (2) identify 
high use areas for individual C. latus by graphing spatial 
networks of core use receivers. We hypothesized that C. 
latus would be a relatively mobile species with low resi-
dency compared to other reef-associated species in the 
region.

Methods
Study area and array design
BIRNM is a no-take MPA located 1.5  km northeast 
of St. Croix, U.S. Virgin Islands (Fig. 1a, b) and is man-
aged by the U.S. National Park Service (NPS; 25). The 
Monument was established in 1961 to preserve fringing 
reef habitat that surrounds an uninhabited island (Buck 
Island) from the southeast to the northwest creating a 
continuous lagoon habitat. The original boundary was 
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expanded in 2001 to 77  km2 and new regulations were 
simultaneously implemented restricting all extractive 
activities within Monument boundaries [25]. In 2003, 
BIRNM became contiguous with St. Croix’s East End 
Marine Park (EEMP), a multi-use protected area with 
over 80% of 155 km2 open to fishing (Fig. 1b; [26]). Some 
regions within EEMP, for example Teague Bay, off the St. 
Croix mainland, have been designated as recreational 
areas which allow bait fish harvest, recreational guided 
fishing, and recreational shoreline take fishing. Follow-
ing BIRNM’s shallow shelf break eastward, Lang Bank 
(LB), an 11.7 km2 seasonal no-take closure implemented 
in 1993 for a red hind Epinephelus guttatus spawning 
aggregation, provides some additional protection from 
December to February of each year and may be a spawn-
ing aggregation site for additional species (Fig.  1b; [8, 
27]).

For this study, 78 VR2W acoustic receivers (69  kHz; 
Vemco, Nova Scotia, Canada) were deployed as fixed 

stations within BIRNM (depth of receivers, range 
7–116 m, mean: 44.5 m) as part of a large collaborative 
acoustic network (Fig.  1b). In addition, three receivers 
were placed outside the eastern boundary of the Monu-
ment in EEMP, and five were located along the shallow 
shelf break out to LB, but not within the seasonal closure 
boundaries (Fig.  1b). The three receivers in EEMP and 
the five located along the shelf break were placed in areas 
open to fishing and these stations were present through-
out the duration of the study period, from January 2016 
to May 2017. In October (n = 13) and November (n = 3) 
2016, additional receivers were installed near Teague Bay 
off the St. Croix mainland and supplemental receivers 
were installed within the LB closure area (n = 4; Fig. 1b). 
Finally, a seasonal array of 15 receivers was installed 
inside LB from December 2015 to April 2016. Data from 
the entire array were downloaded biannually via SCUBA 
and free diving by NPS employees, collaborators, and 
volunteers.

Fig. 1 a Location of St. Croix, U.S. Virgin Islands within the greater Caribbean region. b Boundaries and acoustic receiver stations in Buck Island Reef 
National Monument (white circles), Lang Bank (white triangles), St. Croix’s East End Marine Park (white squares) and Teague Bay (white hexagons). 
The shallow water benthic habitat shapefile was obtained from NOAA Biogeography Branch. Unmapped deep‑water habitat is represented by 
white
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All receivers were anchored with either sand screws 
(0.91-m-long, 15-cm-diameter blades) or cement blocks, 
as determined by the underlying benthic habitat type 
[14]. BIRNM consists of a variety of habitat types distrib-
uted throughout the shallow shelf area in a patchy mosaic 
pattern [25] while benthic habitat type inside EEMP and 
LB is dominated by coral reef and colonized hardbottom, 
although habitat in Teague Bay is predominantly seagrass 
[26]. Each of these habitat types, as well as other environ-
mental and study design factors, uniquely affects the abil-
ity of receivers to detect transmission signals from tagged 
fish. Range testing for a smaller subset of the current 
BIRNM array determined a 50% average detection prob-
ability at approximately 125 m [28].

Fish capture and tagging
On four separate tagging trips over three consecutive 
years (Table 1; Additional file 1), C. latus were captured 
inside BIRNM during day and dusk hours by trolling with 
recreational fishing gear using a variety of artificial lures, 
and at night by bottom jigging around a full moon event. 
No two fish were caught at the same location. Upon cap-
ture, fish were visually assessed to ensure there was no 
external physical trauma present. If this condition was 
met, individuals were implanted with a coded transmit-
ter dependent on body size where tag type was assumed 
to not influence detection probability or differ between 
tag type (Vemco V9, V13, or V16, 69 kHz, approximate 
632, 1299, 3650-day battery life, respectively; Table  1). 
Each transmitter was programmed with a varying domi-
nant delay ping rate between 50 and 130 s (mean: 90  s) 
which reduced the risk of transmission collisions and 
were assumed to not influence detection probability. In 
addition, all tags had a 2-week interval of a quicker 15-s 
minimum ping rate and 45-s max ping rate (mean: 30 s) 
to maximize detection probability, set to start at either 
30, 120, 210, or 300  days post-activation. Prior to tag 
implantation, fish were placed in a large tote of ambient 
seawater with 10-g  l−1 of the anesthetic tricaine meth-
anesulfonate (MS222) to induce stage 4 anesthesia (see 
[14] for a detailed description of tagging methodology). 
Once individuals displayed slowed gill movement and a 
loss of equilibrium, they were held in a supine position 
for the duration of the surgery. Halfway through the sur-
gery, fresh seawater was added to initiate recovery. Each 
transmitter was disinfected with 70% isopropyl alcohol 
prior to being inserted anteriorly into the coelomic cavity 
through a small incision off the central mid-line between 
the pelvic and anal fins. The incision was closed with 
2–3 simple interrupted sutures (Ethicon polydioxanone 
monofilament sterile absorbable FS-1, 24  mm reverse 
cutting needle sutures; Model PDS*II) and all surgeries 
lasted approximately 8 min. A small fin clip was sampled 

from the anal fin of each tagged fish for future genetic 
and stable isotope analyses and fork length was meas-
ured to the nearest centimeter. All individuals responded 
well to surgery and were briefly held over the side of the 
boat until they were strong enough to swim away within 
200 m of the capture location.

Data analysis
From 2015 to 2017, eleven C. latus were tagged with 
acoustic transmitters and tracked within BIRNM. Fish 
that were recorded on receivers for less than 3 days and 
fish that had less than 1000 detections were removed to 
ensure individuals that either died, shed the tag post-
release, or quickly emigrated from the array did not influ-
ence space-use analyses. Based on these criteria, three 
tagged fish were excluded from analyses (see Additional 
files 1, 2, 3). The smallest tagged C. latus (FL = 35.5 cm), a 
potentially immature individual, provided limited move-
ment data, being only present in the array for 36 days and 
visiting four receivers. Due to inconclusive space-use pat-
terns and a sudden departure from the system indicated 
by consistent detection data followed by an abrupt end of 
detections, this fish was not included in further analyses. 
The number of detections recorded over the duration of 
the study has the potential to influence ecological infer-
ences [14]. Therefore, the two cutoffs (less than 3 days of 
detections and less than 1000 detections) were employed 
to reduce the potential for inaccurate interpretation of 
space-use patterns inside BIRNM. Detection data recov-
ered from all receivers were corrected for time drift, then 
filtered for detections that occurred less than 15 s apart, 
based on the quickest tag ping rate (occurred during the 
rapid 2-week ping rate). Short ping transmissions (i.e., 
those that occurred < 15 s apart) were assumed to be spu-
rious, attributed to echoes or simultaneous detections, 
and were removed.

Residency within the BIRNM array was represented 
using a residency index (RI). The RI was calculated by 
dividing the total number of days a fish was detected on 
any receiver within BIRNM by the maximum number of 
possible days the fish could have been detected (i.e., the 
period between the day of release and the last day the fish 
was detected; [29]). An individual was considered present 
if there were at least two detections per day [30]. RI val-
ues range from 0 (complete absence) to 1 (complete pres-
ence) and was calculated for each individual fish for the 
entire BIRNM array (i.e., overall residency). Monthly RI 
values for each fish were calculated based on the number 
of days the individual was detected at least twice divided 
by the total number of days in the month.

The ratio between the observed and expected (O/E) 
detections in a given day was also examined (based on 
the mean dominant delay of 90 s) and averaged monthly. 
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For all tags, the rapid 2-week ping rate often overlapped 
neighboring months, thus the different expected val-
ues were calculated separately. When overlap occurred 
between months, the mean expected rapid rate (30  s) 
value was averaged with the mean expected dominant 
rate (90  s) to estimate monthly ratio. For reference, an 
O/E detection ratio was calculated for two synchroni-
zation or “sync” tags (range: 500–700  s; nominal delay: 
600  s) within the array that were co-located with indi-
vidual receivers, both located west of Buck Island. Avail-
able detection data from January 2016 to November 
2016 for sync tags were filtered in the same way as ani-
mal tags. Both reference O/E detection ratios were cal-
culated based on the observed amount of detections for 
the receiver it was co-located with (i.e., how well did the 
receiver detect the co-located sync tag).

Though additional receivers outside BIRNM were 
deployed at opportunistic times throughout the primary 
study period (January 2016 to May 2017), data collected 
were aggregated and used as a preliminary investigation 
to assess movement outside the BIRNM array. Detections 
observed on all receivers outside Monument boundaries 
(LB, EEMP and Teague Bay) were summed by month 
across the study period.

To examine broad-scale usage of the array by C. latus, 
network analysis (NA) as described by Finn et al. [31] was 
implemented using the igraph package [32]. Briefly, NA 
created individualized spatial graphs where stationary 
receivers were treated as network nodes with node size 
weighted according to the number of detections recorded 
at that location. Movements between nodes were repre-
sented by edges weighted by the amount of movement 
between two receivers. All receivers were placed in their 
actual (x, y) locations to facilitate interpreting the extent 
of space used within the BIRNM array. Edge arrows indi-
cate directed movement pathways, with self-loop arrows 
representing detections occurring consecutively at the 
same receiver [31]. The ggnetworkmap function in the 
GGally package [33] and the ggmap package [34] were 
used to geographically plot individual fish movements in 
a network.

To test whether individual fish exhibited non-random 
movements, 10,000 random networks for each individual 
fish were generated using a bootstrap approach. Each 
new sequence of movements was based on the number 
of filtered detections retained for an individual fish and 
allowed the individual to be detected at any receiver 
(n = 78 BIRNM stations) throughout the sequence (i.e., a 
link rearrangement). A to/from matrix was constructed 
from the new random sequence creating a weighted 
movement list and thus a new random movement graph 
(i.e., random network). Network-level metrics (degree, 
betweenness, and closeness) were calculated for each 

new random movement graph (n = 10,000) to test against 
the original observed movement graph metrics using a 
one-sample Wilcoxon signed rank test (α = 0.05).

Core use receivers (CURs) were identified to define 
highly visited areas with the igraph package [32] follow-
ing methodology of Becker et al. [14]. Centrality metrics 
based on degree value (also referred to as node strength: 
the total number of ingoing/outgoing movements from 
a receiver) were used to rank the receivers in an indi-
vidual’s network, with receivers falling below the 50% 
identified as being CURs [14]. Centrality degree should 
be broadly comparable to other utilization techniques 
that estimate frequency of use, therefore we chose degree 
over betweenness and closeness centrality metrics to 
identify CURs for individual networks. CURs generated 
through NA were used as an alternative to conventional 
utilization density estimators as they provide a more 
holistic representation of individual space use [15]. All 
data processing and analyses were conducted in R statis-
tical software version 3.3.3 [35].

Results
Seven C. latus were tracked within BIRNM from Janu-
ary 2016 to May 2017. Fish ranged in size from 45.0 to 
82.0  cm fork length (FL; mean ± SD = 60.9 ± 11.9  cm; 
Table 1). Maturity for this species is presumed to occur 
at a mean FL between 35.0 and 40.0  cm [36], suggest-
ing all fish monitored were mature adults. Individu-
als were present in the array from 114 to 477  days and 
accumulated moderate to large detection histories (range 
6826–78,321; Table  1). Maximum time between succes-
sive detections on BIRNM receivers ranged from 0.82–
14.7 days for individual fish (see Additional file 4).

Residency index values for the seven C. latus were 
high (mean ± SE = 0.913 ± 0.04, range = 0.75–1.0) for 
the entire BIRNM array. Monthly variation was evi-
dent, with decreasing RI values from January (RI = 1.0) 
to June (RI = 0.78) 2016 and increasing RI values from 
June (RI = 0.78) to November (RI = 1.0) of the same year 
(Fig.  2a). No evident trend marked differences in resi-
dency in the first half of 2017. Although the O/E detec-
tion ratio was typically less than 0.2 (< 20% of expected 
detections; mean ± SE: 9.62 ± 2.89%), it generally 
matched monthly RI patterns (Fig.  2b). As 2016 pro-
gressed, the number of detections recorded on receivers 
inside BIRNM decreased. However, the observed number 
of detections increased towards the end of year and into 
2017, peaking in January and decreasing to May 2017. 
The O/E detection ratio for the two sync tags determined 
that 90.1% and 82.3% (mean: 86.2%) of all transmissions 
were recorded by the co-located receiver.

In total, 224 detections from six of the seven indi-
vidual fish (range 3–91 detections) were recorded on 
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receivers outside of Monument boundaries over the 
duration of the study (Table  1; see Additional files 5 
and 6 for detailed detection data outside BIRNM). 
Fish were detected between 1 and 6 different days 

per month (mean: 2.11, median: 2) when they were 
detected outside BIRNM (see Additional file  7). Peak 
detections outside the MPA occurred March through 
June 2016 (45.5% of total detections) and began to peak 

Fig. 2 a Monthly residency index values averaged (± SE) across seven C. latus monthly from January 2016 (01/16) to May 2017 (05/17). b 
Observed to expected detection ratio at the mean delay ping rate (i.e., 90‑s dominant delay averaged with the 30‑s rapid rate when applicable) for 
each tag and averaged (± SE) per month. c Total number of detections (± SE) recorded on receivers outside of BIRNM. Vertical black line denotes 
the time when an additional 20 receivers were deployed near Teague Bay (n = 16) and Lang Bank (n = 4). Detection data for receivers outside of 
BIRNM were not available in May 2017. Numbers above the top panel (a) represent the number of fish averaged each month for all three panels
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again in March and April 2017 (32.6% of total detec-
tions; Fig. 2c).

Observed network metrics for each individual fish 
were all significantly different than random (P < 0.001). 
Therefore, all networks were considered non-random 
and included in analyses. Individual spatial networks 
visually showed that C. latus frequently moved over 
large areas within the BIRNM array. However, differ-
ent fish were detected more regularly over specific 
areas than others, indicating some level of inter-indi-
vidual variation in space use (see Additional file  8 for 
all spatial plots). For example, three fish (Tags 17203, 
23604, and 23608) showed a higher concentration of 
movement south of Buck Island while also using the 

deep-water receivers in the northeastern portion of the 
Monument (Tag 23608 shown in Fig.  3a). In contrast, 
movements of two fish (Tags 23601 and 23603) were 
concentrated in the northwestern side of Buck Island 
but also displayed occasional movements to the same 
deep-water receivers in the northeastern portion of the 
Monument (Tag 23603 shown in Fig. 3b).

The number of CURs identified varied between 
individual C. latus (mean = 10.7, range = 6–14). One 
specific receiver was present as a CUR in all C. latus 
networks, although individuals shared between two and 
seven CURs (mean: 2.34, median: 2). There were some 
fish that had CURs exclusive in their own networks. 

Fig. 3 Individual spatial graphs (a = 23608, b = 23603) showing connectivity and space use in BIRNM. The left panel show visited receivers (white 
dots with dark and light grey halos) with directed movement pathways (white lines). Receivers the fish did not visit, but had the potential to, are 
shown as the grey dots without a halo. The right column shows unipartite spatial plots of the same two fish (a = 23608, b = 23603). Grey lines 
connecting nodes are directed movement pathways. Note, this type of plot does not show the non‑visited receivers. For both panels, dark nodes 
represent core use receivers (CURs) while light grey nodes are the remaining receivers each fish visited. Thickness of movement pathway lines 
is proportional to use frequency. Node size corresponds with amount of detections, with larger nodes indicating higher use. The red ‘x’s are the 
release locations
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Notably, release locations were near or surrounded by 
CURs in each individual spatial network.

Discussion
The seven C. latus used for analyses were detected on 
receivers across the entire spatial extent of the BIRNM 
array, with five fish displaying extensive use of the array 
and an ability to move over large distances. These fish 
demonstrated long-term fidelity to the BIRNM array, 
indicated by the lowest observed individual residency 
index of 0.75. When the expected maximum number of 
daily detections was compared to those observed, most 
individuals were not detected for much of the day (9.6% 
of expected detections were recorded). While missed 
detections result from smaller detection ranges for 
receivers in high-rugosity habitats [28], lack of receiver 
coverage in deep water and other environmental and 
study design effects, movement outside of BIRNM did 
occur and suggests fish were spending time outside the 
Monument (see Additional files 5, 6, 7). The dichotomy 
of high RI within the BIRNM array with low detections 
compared to what was expected, led to questions around 
the application of residency indices to inform spatial 
management and conservation approaches.

Characterizing residency index values for movement 
studies has become a common method used to assess 
the number of days an animal was detected (i.e., was pre-
sent) within the acoustic receiver arrays. Many studies, 
regardless of the study animal, select a minimum of two 
detections per day to consider an animal present or ‘resi-
dent’ (e.g., [30, 37–39]). However, a residency index does 
not translate into amount of potential protection gained 
since an animal detected twice within minutes but then 
not detected again for long periods, could easily be resi-
dent to another undetected and potentially unprotected 
location [6]. We suggest that additional metrics, such as 
the O/E ratio or comparable metric, be included to infer 
residency and for determining species-specific differ-
ences in movement capabilities that directly influence 
conservation and management goals.

In the BIRNM array, two stationary sync tags had high 
O/E detection ratios (mean: 86.2%) for transmitters that 
were co-located (i.e., in close proximity) with a receiver. 
Determining temporal fluctuations in detection effi-
ciency throughout BIRNM and amongst various depths 
and benthic habitat types would strengthen the interpre-
tation of expected numbers of detections for all receiv-
ers in the array. By doing so, the estimated O/E detection 
ratios for animal tags could be refined across the study 
system and improve the accuracy of this metric in reflect-
ing presence within the array as a probability of occur-
rence. Incorporating multiple metrics (RI and an O/E 
detection ratio or comparable metric) would help bridge 

the inference of residency to likelihood that a species 
occupied areas within the range of receivers over time. By 
providing O/E detection ratios, the residency and move-
ments, the potential protection offered by MPAs can be 
assessed more completely.

Interpreting residency patterns relative to the level of 
protection achieved by MPAs can be enhanced by under-
standing detailed movement patterns, including those 
of other tagged species in the system. Using residency 
metrics and network analysis to visualize space use of 
C. latus revealed high individual residencies, low O/E 
detection ratios in the BIRNM array, and large core use 
areas compared with other co-occurring species (great 
barracuda Sphyraena barracuda: [6], yellowtail snapper 
Ocyurus chrysurus: [46]). For example, S. barracuda and 
O. chrysurus were rarely (only once for one O. chrysurus) 
detected on receivers outside of BIRNM over the same 
or longer time periods. Most C. latus were detected on 
receivers outside BIRNM, between one and six different 
days in any given month, demonstrating greater mobility 
that is affording individuals from different species vary-
ing levels of protection.

Although C. latus were present throughout the year in 
BIRNM, monthly fluctuations in residency and the O/E 
detection ratio were evident. Seasonal variation in abun-
dance in another population of C. latus was documented 
through underwater visual observations off the coast 
of Belize, where fish exhibited peaks corresponding to 
spawning events in July and August along the shelf edge 
of the reef promontory and during April when court-
ship behavior was identified [40]. Additional receivers 
deployed outside of the BIRNM array (LB, EEMP, and 
Teague Bay) detected all but one fish, although time and 
individual use varied, and amount of detections were 
relatively low in comparison to the amount of detections 
recorded inside BIRNM. Detections outside of the array 
peaked around March and April in both years and sug-
gest that boundary crossings and movement in general 
are more frequent during spring months. Therefore, it is 
possible that C. latus monitored in this study were exhib-
iting movements to courtship or spawning aggregation 
sites [40]. This interpretation is supported by the lowest 
monthly RI value in June 2016 and the lowest amount 
of detections recorded inside BIRNM during summer 
months, though this hypothesis warrants additional 
investigation given the limited number and distribution 
of receivers outside BIRNM.

The movement of most individuals outside BIRNM 
boundaries over time indicates that the current extent 
of the MPA does not envelop the entire space used by 
these fish. In some circumstances, large MPAs are not 
feasible so conservationists and managers look to pro-
tect small activity spaces important for spawning or other 
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deliberate aggregations [41]. Based on CUR results from 
network analysis, it appears that core activity spaces of C. 
latus monitored were often close to capture (and release) 
locations and likely contained within BIRNM. However, 
due to the low number and distribution of receivers out-
side of BIRNM, core spaces might extend to areas with 
little to no receiver coverage. Some fish not included in 
analyses (4 of 11 tagged fish) may also have core spaces 
and entire home ranges outside the array, like barra-
cuda [6]. Additional research is needed to refine activity 
space estimates, and to determine environmental drivers 
of movement outside BIRNM, which will clarify to what 
degree boundary crossings are being made. If C. latus 
or similar species were to require protection, additional 
regulations and more enforcement or protection dur-
ing periods of substantial movement might be impor-
tant conservation initiatives. Fish, such as C. latus, that 
form spawning aggregations outside protected areas are 
more vulnerable to overexploitation [42]. Future research 
should move towards developing quantitative compara-
tive tools to determine occupancy inside and outside of 
MPAs and the optimal strategic array configuration to 
estimate exposure to fishing pressure. A balance between 
conservation and sustainable exploitation is needed to 
continue ensuring support for MPAs as a management 
tool [43].

Telemetry technology and the tools to quantify move-
ment data are continuously improving and as a result 
there has been an upsurge in the number of studies 
highlighting species-specific movement patterns [44]. 
As additional data become available, better spatial man-
agement frameworks and designs can be applied with an 
ultimately higher chance of success in meeting their con-
servation goals [4]. As the integration of multi-species 
movements becomes increasingly beneficial in manage-
ment decisions, the influence of geographic scale on the 
level of protection needs to be elucidated since it can 
play a role in structuring the ecosystem dynamics in and 
around MPAs. For example, individual S. barracuda have 
been observed establishing small core territories within 
BIRNM with high residencies, potentially attributed 
to increased protection from fishing pressure [6, 14]. 
Although the few C. latus monitored in this study had 
high site fidelity to the BIRNM array, they will not receive 
the same level of protection as S. barracuda that had no 
detections recorded outside BIRNM, due to recurrent 
transient movements between the different protected 
and non-protected areas.

Successful spatial management draws on the availability 
of movement data [4] and is especially critical when little 
ecological research has been conducted on a presumably 
high trophic niche predator. A growing number of studies 
highlight the importance of marine predators in shaping 

the foundation of coral reef ecosystems [2, 39, 45]. Given 
the mobility of C. latus and general fidelity to the BIRNM 
array, this species may play an integral role in influenc-
ing community structure and function, but may also act 
as a conduit of nutrient and energy transfer outside of 
the study area. Spatial distributions of marine predators 
and wide-ranging species can generally provide informa-
tion necessary to ensure long-term protection of all spe-
cies when using no-take MPA management approaches 
[39]. Since C. latus are a common reef fish throughout 
the Caribbean and likely exhibit similar movement pat-
terns to other Carangids, specifics of their movement 
ecology and establishing a baseline understanding of 
spatial dynamics can aid in MPA management decisions. 
However, additional research on seasonal utilization pat-
terns inferred with different residency metrics, specific 
delineation of habitat use, responses to abiotic condi-
tions or extreme weather events, and lunar phase shifts 
in distribution might provide accompanying insights for 
improving management strategies of this species as well 
as other Carangids. Ultimately, research combining mul-
tiple movement studies on reef fish, sharks, sea turtles, 
and other organisms, all with unique residencies and 
movement patterns, will lead to a better understanding of 
the role MPAs play in conserving species and ecological 
communities.

Conclusions
Although this study has a small sample size of seven adult 
C. latus, it presents the most robust movement findings 
to date on this common Caribbean and greater Atlantic 
Ocean reef predator. Our observations substantiated the 
only previous telemetry study, with opportunistic data 
on one fish of comparable size, that showed high mobil-
ity and extensive use of the acoustic array [17]. Here, we 
were able to gain valuable insights on the movements 
of seven fish over an extended period (up to 17 months 
monitored), showing similar movement characteristics of 
high mobility and extensive use of the array. Simultane-
ous movement studies in BIRNM on S. barracuda and 
O. chrysurus documented little to no movement outside 
of the BIRNM array during the same time period [6, 46], 
thereby suggesting C. latus are a more transient species, 
perhaps occupying a role of both a resident and roaming 
predator.

High residency for most individual fish contrasted the 
periods of time C. latus were not being detected. Poten-
tial influences of missed detections could be attributed to 
receiver configuration or environmental variables affect-
ing detection efficiency, rather than fish moving outside 
of BIRNM, resulting in some uncertainty in interpret-
ing detections. Reconciling lack of detections and array 
configuration should be a priority consideration for all 
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future telemetry studies. Yet, receivers located outside 
the BIRNM array showed frequent visitation of tagged C. 
latus suggesting that a portion of missed daily detections 
are attributable to movement outside of BIRNM. The 
longer and more consistent residency patterns of other 
species in BIRNM support this conclusion.

General conclusions were made regarding the spatial 
protection afforded by an MPA to a relatively mobile 
fish, with core activity spaces of C. latus mostly con-
tained within BIRNM boundaries, but consistent move-
ment to areas with seasonal or little protection. Providing 
multiple residency metrics and illuminating connectiv-
ity pathways of movements in relation to management 
boundaries are important considerations when develop-
ing effective spatial management plans. The formaliza-
tion of how we assess residency based on species, array 
configuration, and ecosystem composition should be 
key considerations during the development phase with 
specific attention to how the data will be used to inform 
management decisions.
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Additional file 1. Tagging and detection information for the four indi‑
vidual C. latus that were not included in analyses. 
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(Tags 19663, 23591, 23592, and 45878) that were not used in analyses due 
to limited spatial inference, low detection histories, and were only present 
in the array for a relatively short period of time (see Additional files 1 and 
3 for tagging/detection details). Note that CUR assignment was not done 
for these fish. Red ‘x’ marks release location. 

Additional file 3. Detection histories for all C. latus tagged within the 
BIRNM acoustic receiver array. Asterisks denote the four fish with insuf‑
ficient detection histories that were excluded from all analyses. 

Additional file 4. Delta time (Δt) represents the time between a recorded 
detection and the next recorded detection for each individual fish only 
on BIRNM receivers. For example, Tag 23601 had a max Δt of 14.3 days, 
meaning that the maximum amount of time between two successive 
detections was over two‑weeks from one detection to the next. Average 
Δt is the mean time in minutes between successive detections. 

Additional file 5. Total number of individual fish detections recorded on 
receivers (n = 20) outside of Buck Island Reef National Monument (BIRNM) 
from January 2016 to May 2017. There were no detections recorded in 
January 2016 and detection data for receivers outside BIRNM were not 
available for May 2017. Note, Tag 19678 did not have any detections 
recorded on receivers outside of the Monument. 

Additional file 6. Total number of C. latus (n = 6, no outside detections 
from Tag 19678) detections recorded on receivers outside of Buck Island 
Reef National Monument (BIRNM) either in East End Marine Park (EEMP), 
Lang Bank (LB), or Teague Bay (TB) from January 2016 to May 2017. Note, 
there were no detections recorded in January 2016 and detection data 
was not available for May 2017. 

Additional file 7. Number of days in each month when individual C. 
latus were detected on either East End Marine Park (EEMP), Lang Bank 
(LB), or Teague Bay (TB) receivers. For example, in June 2016, Tag 23603 
was detected on outside receivers on 6 different days within the month. 
Dashed lines indicate the tag had not been deployed yet. Note, Tag 

19678 did not have any detections recorded on receivers outside of the 
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Additional file 8. Individual spatial graphs of all seven tagged horse‑eye 
jack C. latus used for analyses. Dark nodes represent core use receivers 
(CURs) while light grey nodes are the remaining receivers each fish visited. 
Note, this type of plot does not show the non‑visited receivers. Grey 
lines connecting nodes are directed movement pathways and thickness 
of lines is proportional to frequency of use. Node size corresponds with 
amount of detections, with larger nodes indicating higher use. The red 
‘x’ in each graph is the release location. Spatial graphs for Tags 23603 and 
23608 were selected as examples for Fig. 3 in the article.
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