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ranges, with limited movements to flats that were no 
further than 3  km away. Network analyses revealed 
distinct groups of bonefish that were associated with 
the specific reef flats where they were tagged. This 
high site fidelity has considerable implications for the 
risk of disturbance to bonefish inhabiting reef flats. 
These small, isolated groups of fish are likely vulner-
able to localized impacts such as habitat degradation 
or harvest and highly dependent on these specific 
locations.

Keywords Bonefish · Connectivity · Movement 
patterns · Site fidelity · Spatial ecology

Introduction

Bonefish (Albula spp.) are a group of marine fishes 
that inhabit shallow, nearshore tropical and subtropi-
cal waters around the globe (Adams and Cooke 2015). 
Bonefish are benthivores and often reside and feed in 
large schools, contributing to their ecological role 
as a vector for nutrient flow and as key components 
within food webs of nearshore flats ecosystems (Mur-
chie et  al. 2013; Brownscombe et  al. 2017). Their 
occupancy of very shallow nearshore marine habi-
tats, wary behavior, and powerful swimming abilities 
also make several species of bonefish (A. vulpes in 
the Atlantic, and A. glossodonta in the Indo-Pacific) 
the focus of highly popular catch-and-release rec-
reational fisheries that support the economy of local 
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marily in shallow, nearshore habitats, and their move-
ment patterns are largely dominated by tidal flows, 
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the movement patterns of bonefish inhabiting small 
fringing reef flats in the nearshore waters of Culebra, 
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communities and entire regions (Fedler 2010, 2013). 
Some species of bonefish also play an important role 
as a subsistence food item for local communities (Fil-
ous et al. 2019), contributing to food security as well 
as cultural heritage (Filous et al. 2021).

Given the biological and socioeconomic impor-
tance of several bonefish species, their conservation 
and management are highly relevant for maintain-
ing healthy coastal environments, sustainable fisher-
ies, and resilient communities and economies (Wood 
et  al. 2013; Adams and Cooke 2015). However, the 
shallow, nearshore flats they inhabit have come under 
considerable pressure during the Anthropocene due 
to a range of human-induced stressors (Brownscombe 
et al. 2019a). For example, A. vulpes, now considered 
Near Threatened on the IUCN Red List (Adams et al. 
2014), has experienced major declines in abundance 
in South Florida (Frezza and Clem 2015; Rehage 
et al. 2019), potentially linked to habitat loss (Adams 
et al. 2014), historical harvest (Barbieri et al. 2008), 
and increased susceptibility to disease and infection 
because of the proximity to urbanization (Dunn et al. 
2020). Also, tropical and subtropical habitats that 
bonefish rely on, such as mangrove forests and sea-
grass beds, have been in decline for decades because 
of direct physical disturbance and destruction tied 
to coastline development (Orth et  al. 2006; Waycott 
et  al. 2009; Polidoro et  al. 2010). To better manage 
bonefish populations, considerable efforts are being 
directed towards understanding their biology and 
ecology to shape conservation strategies and manage-
ment actions (Adams 2017).

A sound understanding of animal behavior, includ-
ing their movements and spatial use in the environ-
ment, is central to effective conservation planning 
(Berger-Tal et  al. 2011; Cooke et  al. 2022). Quanti-
fying when and where individuals spend their time 
can lead to deeper insights on essential habitats, how 
organisms make a living throughout their life his-
tory, and what influences population dynamics across 
a range of spatial and temporal scales (Nathan et al. 
2008; Morales et al. 2010). As such, the spatial ecol-
ogy and movement patterns of bonefish have been 
the focus of considerable attention over the past few 
decades to identify important habitats across life 
history stages (Adams et al. 2019, 2021; Haak et al. 
2019). For large juveniles and adults, this work has 
been conducted primarily through the use of mark-
recapture (Boucek et al. 2019; Perez et al. 2019b) and 

acoustic telemetry (Humston et  al. 2005; Murchie 
et al. 2013, 2015; Brownscombe et al. 2017, 2019b). 
Much of this research has shown that movement pat-
terns of bonefish to and from coastal flats are linked 
to tidal cycles and thermal tolerances (Humston et al. 
2005; Murchie et  al. 2011a; Brownscombe et  al. 
2017, 2019b; Perez et  al. 2019a). Studies from The 
Bahamas, Mexico, and Belize for A. vulpes (Danyl-
chuk et  al. 2011; Boucek et  al. 2019; Perez et  al. 
2019b; Adams et al. 2021) and French Polynesia for 
A. glossodonta (Filous et al. 2020) have shown that, 
although they live primarily in shallow water with 
relatively small home ranges, they make seasonal 
migrations to deeper nearshore habitats such as chan-
nels for prespawning aggregations, prior to move-
ments offshore into deep-water drop offs to spawn 
(Danylchuk et al. 2011, 2019; Lombardo et al. 2020).

Although past studies on the movement patterns of 
bonefish have provided important insights related to 
habitat use and connectivity among nearshore coastal 
seagrass and sand flats, to date there has been lim-
ited research on the spatial ecology of bonefish that 
use smaller and more isolated fringing reef flats that 
are common to the islands of the Caribbean (but see 
Finn et  al. 2014; Brownscombe et  al. 2017, 2019c). 
These fringing reef flats are often physically much 
smaller than large sand flats and tidal creeks in other 
regions, such as The Bahamas and Florida, and spa-
tially disconnected from the coastline, bounded by 
deeper lagoonal waters. Fringing reef flats are directly 
adjacent to productive reefs and largely consist of 
heterogeneous and compacted habitats, whereas 
most bonefish habitats in The Bahamas and Florida 
are many kilometers from coral reefs and consist of 
more homogeneous soft-substrate habitats. Neverthe-
less, these areas of the coastline remain threatened by 
anthropogenic disturbances. As such, understanding 
how bonefish use fringing reef flats is fundamental 
for developing conservation strategies and manage-
ment plans that can help maintain the ecological and 
economic services they provide.

The purpose of this study was to characterize the 
spatial ecology of bonefish inhabiting coastal waters 
of Culebra, Puerto Rico. We selected this study loca-
tion because it supports an existing recreational fish-
ery that targets bonefish inhabiting shallow fringing 
reef flats that are largely decoupled from adjoining 
landmasses via deeper, back-reef lagoons. For this 
work, we used fixed station acoustic telemetry and 
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network analyses to quantify bonefish movement 
patterns. Given the results of studies elsewhere, we 
hypothesized that bonefish in Culebra would exhibit 
some degree of site fidelity to specific flats (their 
“home flats”). But because of the proximity (< 3 km) 
of reef flats along the coast of Culebra, we anticipated 
considerable rates of mixing among individuals from 
different home flats, and that the timing of move-
ments between reef flats would be associated with 
potential spawning related movements and the lunar 
cycle, a well-established spawning cue for bonefish 
in The Bahamas (Danylchuk et al. 2011, 2019; Lom-
bardo et al. 2020).

Methods

Study sites

The study took place from July 2012 to June 2015 on 
Culebra, Puerto Rico (18.31578°N, –65.28763°W). 
Culebra is a relatively small island (28  km2) situated 
in between the main island of Puerto Rico and St. 
Thomas, United States Virgin Islands, and is a popu-
lar tourist destination.

Recreational angling for bonefish in Culebra 
occurs principally on shallow reef flats (< 2 m deep) 
separated by deeper channels (8–10 m deep) and we 
concentrated our efforts on two main flats and their 
adjacent waters. We heretofore refer to these flats 
only in terms of their general localities, Dakity or 
Manglar Bay (Fig. 1a). This approach represents best 
practice for ensuring that potentially sensitive data on 
the space use of vulnerable animals is protected (Len-
nox et al. 2020). These shallow fringing reef flats are 
comprised of a several benthic habitat types, includ-
ing sand and coral rubble flats, seagrass beds (Thalas-
sia testudinum, Syringodium filiforme, Halodule 
wrightii), macroalgae (e.g., Halimeda spp., Penicillus 
spp.), sponges, hard bottom, and small patches of live 
coral. Deeper lagoons are inshore of the reef flats, 
consisting mostly of sand and seagrass, while the sea-
ward slopes are dominated by fringing reefs and reef 
patches (Brownscombe et al. 2017).

Acoustic tracking system

The telemetry array included 59 fixed acoustic 
receivers (VR2W receivers, Innovasea, Amirix Inc., 

Bedford, NS, Canada) deployed on the focal reef flats, 
as well as locations along the perimeter of Culebra, 
the neighboring island of Culebrita, or deployed as 
part of a Vemco Positioning Systems (VPS) sub-array 
within Manglar Bay (n = 25) to quantify the fine-scale 
movement patterns of bonefish (e.g., Brownscombe 
et  al. 2017). The receiver positions outside of the 
VPS were selected to monitor the overall space use of 
bonefish and green turtles (Chelonia mydas) (Griffin 
et al. 2019a) with the highest concentration of receiv-
ers around Dakity or Manglar Bay. For the purposes 
of this paper, only broad-scale movement patterns of 
bonefish were analyzed, with receivers in the VPS 
being collapsed into aggregate receiver groups. Spe-
cifically, VPS receivers that were in the lagoon were 
aggregated (n = 17) as a single node and those pre-
dominantly around the reef (n = 8) were aggregated 
together. The mean latitude and longitude for these 
receivers were derived for each group, respectively. 
Thus, for the final analyses, position data were avail-
able for 36 distinct locations (Fig. 1a) with an approx-
imate area (including land) of 40  km2.

Individual receivers were secured to a 60-cm 
piece of rebar anchored into a cement base 
(50 × 30 × 10  cm, approx. 30  kg) and were situated 
vertically when depths were greater than 1 m (at low 
tide), and oriented either horizontally or 5–10° above 
horizontal when the water depth at low tide was less 
than 1  m (as per Murchie et  al. 2011b). Detection 
probability, as assessed and described in Griffin et al. 
(2019a), indicated our shallow water flats receivers 
had 50% detection efficiency at a radius of 80 m.

Tagging

Tags were deployed over two time intervals, occur-
ring between 25 June and 10 Aug 2012 and between 
23 April and 25 May 2013. A total of 43 bonefish 
(n = 20, Dakity; n = 23, Manglar Bay, Fig.  1b) were 
surgically implanted with V13-1L coded acoustic 
transmitter tags (13 mm diameter, 36 mm long, 6.0 g 
in air, min and max delay times 45 to 135  s, 880-
day battery life, Innovasea, Amirix Inc., Bedford, 
NS, Canada) or V13AP accelerometer tags (12.2  g, 
45–135  s transmission delay, ± 3.43  g acceleration 
range, 323-day battery life, 5 Hz sampling frequency, 
Innovasea, Amirix Inc., Bedford, NS, Canada).

All bonefish were caught using rod and reel, either 
with fly-fishing gear (8–9 weight rods, 6  kg break 
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strength leaders with no. 4–8 flies) or spinning gear 
(medium-heavy strength rods, 6  kg break strength 
monofilament line with 1/0 circle hooks with small 
live crabs ~ 2 cm width). Based on 50% size at matu-
rity estimates in Florida (418  mm fork length [FL] 
for males; 488  mm FL for females, Crabtree et  al. 

1996) and in an attempt to tag only large subadults or 
adults, only bonefish that were greater than or equal 
to 410 mm were tagged. Once landed, bonefish were 
anesthetized with MS-222 (approx. 100  ppm) in a 
cooler (45 L), and then placed on a portable surgery 
table in a small skiff. While on the surgery table, a 

Fig. 1  a Culebra Island, Puerto Rico, with Dakity and Man-
glar Bay labeled. Receiver locations (including aggregated 
receivers from Vemco Positioning System) and habitat types 

are indicated by colors. Habitat mapping was provided by the 
National Oceanic and Atmospheric Administration (Kågesten 
et al. 2015); b capture locations for tagged bonefish
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recirculating pump was used to irrigate the gills of 
the bonefish and supply a maintenance dose of MS 
222 (approx. 50 ppm) in fresh seawater. Transmitters 
and surgical tools were cleaned with Betadine and 
the surgeon always wore surgical gloves. To implant 
transmitters, a small incision (2–3  cm) was made 
through the body wall into the coelomic cavity to 
the right side of the ventral midline and posterior to 
the pectoral fin girdle using a #10 disposable scalpel. 
The transmitter was gently inserted through the inci-
sion and slid towards the pectoral fins. The incision 
was closed with 2–4 interrupted sutures (Ethicon 3–0 
PDS II, monofilament absorbable suture material, 
Johnson and Johnson, New Jersey), and the length 
of the fish measured (total length [TL] and FL, to 
nearest mm). The entire surgical procedure took less 
than 5  min and was conducted by trained surgeons. 
Fish were then held for up to 30 min in a floating net 
pen (1.2L × 1.2  W × 1.2H m) in  situ prior to release 
to allow for recovery and minimize the risk of post-
release predation. All procedures were approved 
under the University of Massachusetts Amherst 
IACUC protocol #2010–004.

Data analyses

All statistical analyses were conducted using R 3.6.2 
(R Core Team 2019) and R studio 1.4.953 (RStudio 
Team 2020) and, unless otherwise indicated, means 
are presented with one standard deviation. Raw detec-
tion records were inspected for overall individual 
detection patterns and anomalies (e.g., expelled tag 
sitting near a receiver), and then sorted by transmit-
ter identity and location so that individual broad scale 
movement patterns could be elucidated. A Student’s 
t-test was used to identify any differences in the 
size of individuals between the two tagging areas. 
In addition, multiple data filters identified potential 
false detections from code mutations or collisions 
(Simpfendorfer et  al. 2015) using three criteria (1) 
consecutive detections that were less than the mini-
mum tag delay (45  s), (2) unrealistic movements 
between receivers (> 3 m per second), and (3) singu-
lar detections occurring within a specific time frame 
(120 min).

Using the VTrack package (Campbell et al. 2012), 
summary statistics for each fish were extracted 
including number of detections, number of stations 
visited (including the aggregated VPS receivers), 

days detected, tracking duration (time difference from 
the first detection to the last), residency (days detected 
divided by tracking duration), and dispersal distances. 
Subsequently, we converted the detections into short-
term centers of activity (COAs) using the mean posi-
tion algorithm (Simpfendorfer et  al. 2002), again, 
using the VTrack package (Campbell et  al. 2012). 
This method provides an estimated xy position for a 
specified time window (here, 60  min) based on the 
weighted means of the number of detections among 
each receiver (Simpfendorfer et  al. 2002). Using the 
constructed COAs and the VTrack package (Camp-
bell et  al. 2012), overall and cumulative monthly 
space use estimates were derived from minimum con-
vex polygons (MCPs). Here, an MCP encapsulates 
the extent of the distribution of locations of a given 
animal and provides a simplified and approximate 
home range estimate. Furthermore, for bonefish with 
fewer than six unique locations, MCPs were unable 
to be estimated. For bonefish with greater than six 
unique locations, it should be noted that MCPs could 
span over small areas of land that separate the two 
regions. Lastly, considering space use MCP estimates 
of 0  km2 are unrealistic, we added 0.02  km2 (via π 
*  802) to each MCP estimate based on the approxi-
mate 50% detection efficiency at 80 m distance from 
receivers (Griffin et al. 2019a).

Linear regressions were implemented to test (with 
an alpha level set to 0.05) if fish size influenced 
residency, dispersal distance, and MCP size. Model 
assumptions were evaluated for normality and homo-
geneity of variance by simulating the residuals 10,000 
times using the DHARMa package (Hartig 2017), 
and if violated, the respective dependent variable was 
log10 transformed.

To understand connectivity across the region, 
we examined if and how frequently bonefish moved 
between Dakity and Manglar Bay. Subsequently, we 
examined if individuals demonstrated coordinated 
and directed movements across these areas that may 
indicate potential pre-spawning/spawning related 
movements. Furthermore, we evaluated the relation-
ship between the number of bonefish movements 
between the areas (dependent variable) and lunar 
cycle (independent variable), classified as new, wax-
ing, full, or waning. This model was implemented 
with a generalized linear mixed model (Poisson), via 
the glmmTMB package (Brooks et  al. 2017), using 
an alpha level of 0.05 and with tag ID included as a 
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random effect to control for dependency at the level 
of individuals. The model was evaluated again using 
the DHARMa package (Hartig 2017) and checked 
for overdispersion using the performance package 
(Lüdecke et al. 2019).

Network analysis, a useful acoustic telemetry 
analysis technique based in graph theory (Jacoby 
et al. 2012, Jacoby & Freeman 2016), was also used 
to explore bonefish space use across Culebra via 
the igraph package (Csardi and Nepusz 2006). This 
approach links the movements of each tagged indi-
vidual to each visited area (Dakity or Manglar Bay) 
by an edge (arrow) and is weighted by the number of 
movements/detections, thus providing an indicator of 
the use of each region. When the connections between 
individuals and the areas they visited are plotted, they 
produce bipartite graphs (Dale and Fortin 2010) and 
can be arranged/positioned by numerous layout algo-
rithms. To qualitatively determine homogeneous or 
heterogeneous space use of bonefish, we applied the 
Fruchterman-Reingold force-directed layout algo-
rithm (Fruchterman and Reingold 1991). This algo-
rithm, commonly used with acoustic telemetry data 
(Finn et al. 2014; Ledee et al. 2016), balances repul-
sive forces among all nodes with attractive forces 
between adjacent nodes, and the attractive force being 
proportional to the weight of the edges connecting 
adjacent nodes (Tamassia 2013).

To explicitly determine if bonefish displayed simi-
lar or dissimilar space use patterns to one another, 
especially respective to where they were captured, we 
applied a community detection algorithm that clus-
tered groups of nodes based on their connections. 
This acoustic telemetry network community approach 
was first applied as an exploratory analysis on a sub-
set of bonefish detection data from this study by Finn 
et al. (2014) but has since been implemented in mul-
tiple studies using acoustic telemetry (e.g., Griffin 
et  al. 2018, 2019a; Becker et  al. 2020; Casselberry 
et  al. 2020). Specifically, Finn et  al. (2014) demon-
strated that the Fast-Greedy algorithm (Clauset et al. 
2004; Newman and Girvan 2004) produced partitions 
that isolated reef flats where bonefish tend to spend 
much of their time and was the best algorithm to test 
our hypothesis regarding site fidelity. Using this algo-
rithm, we identified groups of highly connected nodes 
that represented potential “communities.” Subse-
quently, we used a Wilcoxon rank-sum test to confirm 
or reject community designations (Song and Singh 

2013; Finn et al. 2014). If a potential community was 
significant and the nodes were linked to more nodes 
within the group (in-degree) than other groups (out-
degree), it was deemed a community.

Results

A total of 43 bonefish (522 ± 56  mm) were tagged 
for this study and a Student’s t-test indicated bone-
fish tagged at Manglar Bay (540 ± 57  mm) were 
significantly larger than those tagged at Dakity (501 
± 48  mm) (Supplementary Information Table  S1). 
Across all bonefish, mean tracking duration was 
412  days (± 237  days), for fish tagged with trans-
mitters that had 880-day battery lives, mean track-
ing duration was 457  days (± 246  days), and for 
fish tagged with transmitters that had 323-day bat-
tery lives, mean tracking duration was 243  days 
(± 61  days). Overall residency was 0.78 (± 0.25), 
and overall dispersal distances from respective tag-
ging locations ranged from 0 to 3.52  km (1.42 ± 
1.08  km) (Supplementary Information Table  S1). 
For tagged individuals with enough locations for 
MCP calculations (n = 32), MCP estimates ranged 
from 0.02 to 2.82  km2 (0.65 ± 0.77  km2) with fish 
on average generally reaching their full MCP esti-
mates 6 months after their first detection (Fig. 2). Fish 
size had no effect on residency (linear regression, 
r2 = 0.05, F1,41 = 2.19, P = 0.15), dispersal distance 
(linear regression, r2 = 0.03, F1,41 = 1.70, P = 0.29), 
or MCP size (linear regression, r2 = 0.05, F1,30 = 1.60, 
P = 0.22).

No bonefish was ever detected outside the Dakity 
or Manglar Bay regions. While only 11 of the gener-
ated MCPs (constructed from COAs) spanned across 
Dakity and Manglar Bay (Fig.  3), examining raw 
detections highlighted that a total of 15 bonefish actu-
ally traveled between the two areas, ranging from 1 to 
32 times (7.13 ± 7.98) (Fig. 4, Supplementary Infor-
mation Figure S1). Bonefish detection histories were 
widely consistent across time, indicating the majority 
of time was spent within their respective region; how-
ever, occasional detection gaps occurred across mul-
tiple days or even months for multiple fish (Fig. 4a). 
Examining the movements across the two areas by 
individuals did not highlight any distinctive directed 
movements. However, between December 2013 and 
December 2014, when most tracking data occurred, 
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movements across the two areas were generally low-
est between May and September (Fig. 4b). While the 
results from the generalized linear mixed model indi-
cated there was no effect of lunar cycle on the number 
of trips between Dakity and Manglar Bay (marginal 
r2 = 0.08, conditional r2 = 0.38, intraclass correla-
tion coefficient = 0.33, Supplementary Information 
Table S2), the full moon stage had a P value of 0.07.

Network analysis revealed that bonefish showed 
high site fidelity to their respective capture areas 
(Fig.  5). Furthermore, community analysis iden-
tified two statistically significant regional com-
munities associated with Dakity (Wilcoxon rank-
sum test, W = 341, P < 0.001; in-degree = 40, 

out-degree = 15), and Manglar Bay (Wilcoxon rank-
sum test, W = 472.5, P < 0.001; in-degree = 46, out-
degree = 15). Although 15 bonefish crossed between 
these two communities, all fish belonged to the 
regional community where they were captured and 
tagged.

Discussion

Bonefish movements during our study showed a high 
degree of fidelity and residency to the fringing reef 
flats and general areas where individual fish were 
caught, tagged, and released. Although 15 of the 43 

Fig. 2  a Mean cumulative minimum convex polygon (MCP 
 km2) estimates for tagged bonefish across each month after 
first detection, b boxplots, median shown by black horizontal 

bar, showing proportion of monthly cumulative MCPs to full 
MCPs for each individual across each month after first detec-
tion
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bonefish (35%) were found to move between the reef 
flats of Dakity and Manglar Bay, individuals spent 
the majority of their time on or near their respective 
capture location. Of the 15 fish that moved between 
Dakity and Manglar Bay (< 3  km), only three indi-
viduals did so with some regularity and, overall, 
while we found no effect of lunar cycle on inter-flats 

movements, movements between flats generally 
occurred between October and April. Moreover, no 
tagged bonefish were detected on receivers deployed 
outside of Dakity and Manglar Bay, including the 
west and north sides of Culebra, or on receivers in 
the channel between Culebra and Culebrita, a smaller 
island to the east.

Fig. 3  Mean cumulative minimum convex polygon (MCP 
 km2) estimates plotted for tagged bonefish that a spanned 
across Dakity and Manglar Bay, b Manglar Bay alone, and c 

Dakity alone. Unique colors bounded by red dashed lines indi-
cate individual MCP estimates
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While we were unable to identify any distinctive 
spawning migrations, the mean MCP of less than 

1  km2 (± 0.77  km2) in-combination with bonefish 
rarely leaving their respective flats represents one of 

Fig. 4  Abacus plot of bonefish detections assigned to Dakity (red) and Manglar Bay (blue) with movements between the two as indi-
cated by circles (Dakity to Manglar Bay) or Xs (Manglar Bay to Dakity)
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the most extreme examples of Albula spp. having a 
small home range and high site fidelity. Similarly, 
past studies have also documented high site fidel-
ity to shallow water foraging habitats (e.g., Humston 
et  al. 2005; Boucek et  al. 2019); however, bonefish 
space use was more extensive than in Culebra. For 
example, across three islands within The Bahamas, 
excluding movements related to spawning, the mean 
distance between mark and recapture for bonefish was 
3.5–11.1  km (Boucek et  al. 2019). In another bone-
fish study example, within a reef atoll in the Indian 
Ocean, acoustic telemetry documented a mean MCP 
of 5.42  km2 (± 1.85  km2) (Moxham et al. 2019). Col-
lectively, the small size of MCPs, low estimates of 
distance traveled, high rates of residency, and the rar-
ity with which we observed individuals beyond their 
“home flats” suggest that bonefish in Culebra, Puerto 
Rico, exhibit strong site fidelity to specific fringing 
reef flats.

Given bonefish are shallow water benthivores 
(Colton and Alevizon 1983; Crabtree et  al. 1998; 
Griffin et  al. 2019b; Murchie et  al. 2019), their 
energy landscape and associated movements may be 
influenced by the extent and availability of preferred 

habitats. Using stable isotope analysis, Murchie et al. 
(2019) suggested that seagrass-dominated habitats 
and food webs in The Bahamas may offer a greater 
availability of high energy density prey items for 
foraging bonefish relative to macroalgal-dominated 
food webs and sand habitats. Interestingly, in The 
Bahamas, where bonefish tend to exhibit lower site 
fidelity (e.g., 3.5–11.1  km; Boucek et  al. 2019) and 
where their habitats are far from productive reefs 
and are comprised of predominantly soft substrates 
such as sand and mud, bonefish growth rates are 
slow relative to the Florida Keys and the main island 
of Puerto Rico (Crabtree et  al. 1996; Adams et  al. 
2007). However, it should be noted that growth rates 
across locations with seagrass-dominated habitats 
are variable. For example, in Cuba, where collec-
tion of some bonefish were within/nearby seagrass 
habitats, their growth rates were unexpectedly lower 
than bonefish from Florida Keys; however, this may 
be linked to over harvesting of bonefish and/or their 
prey bases (Rennert et  al. 2019). Regardless, rela-
tive to The Bahamas, Culebra’s compact reef flat 
habitats are more heterogeneous per unit area and 
are directly adjacent to both highly productive reefs 
and seagrasses, potentially resulting in an increase in 
prey availability. Indeed, within a single flat in Man-
glar Bay, Brownscombe et  al. (2017), using energy 
expenditure estimates and acoustic telemetry data, 
demonstrated bonefish foraging behaviors were most 
concentrated in these seagrass and reef crest areas. 
Furthermore, magnifying these differences in habi-
tat configuration, tides within Culebra (mean vari-
ation = 0.21  m, max = 0.52  m) are relatively weaker 
than in The Bahamas (e.g., max = 0.8) and have less 
of an effect on bonefish movements (Murchie et  al. 
2013; Brownscombe et  al. 2019c), likely enabling 
bonefish to remain longer within not only their pre-
ferred depth but also in or near optimal foraging 
areas. Thus, Culebra’s relatively stable environment 
and its arrangement and spatial extent of fringing reef 
flats habitats adjacent to productive reefs may support 
smaller home ranges with restricted movements.

The observed small home range and high site fidel-
ity to reef flats for bonefish may also be in part moti-
vated by predation risk associated with longer-dis-
tance movements (Lima and Dill 1990; Sih 2005), as 
bonefish may avoid deeper waters where refugia are 
limited and predator encounters may be higher (Rypel 
et  al. 2007; Guttridge et  al. 2012). In this study, 

Fig. 5  Bipartite graph of bonefish region network in Cule-
bra, Puerto Rico, with Fruchterman-Reingold force-directed 
layout algorithm. The network displays the links (gray edges) 
between the bonefish (color nodes) and regions visited (white 
nodes labeled Dakity or Manglar Bay). Bonefish nodes are 
colored by the region they were captured within, and the width 
of edges is proportional to the number of detections at each 
region per individual. This algorithm balances attractive and 
repulsive forces among nodes which are proportional to the 
weight of edges connecting adjacent nodes
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deeper water is directly adjacent to the reef flats that 
bonefish occupy, thus may help to constrain bonefish 
space use. In contrast, predation risk may be lower for 
bonefish that occupy contiguous shallow water flats, 
like that in The Bahamas where deep-water areas 
are many kilometers away and bonefish space use is 
higher (Boucek et al. 2019). In Puerto Rico, the most 
common predator for bonefish is the great barracuda 
(Sphyraena barracuda). In fact, using acoustic telem-
etry data from two barracuda tagged within this study 
site, Finn et  al. (2014) demonstrated that barracuda 
space use aligned with deeper coastal habitats that 
bonefish would have to traverse to reach other nearby 
reef flats. Similarly, Humston et al. (2005) noted that 
the limited use of deeper channel habitats by bone-
fish in the Florida Keys may be attributed to predator 
avoidance.

Ultimately, whether due to foraging or predation 
risk, the high affinity of bonefish to specific shallow 
fringing reef flats brings to question population resil-
ience in the face of disturbance (Adams et al. 2014). 
Should future disturbance (e.g., hurricanes or net-
ting) alter habitats or reduce one of these bonefish 
groups, then the recovery time on a given flat may 
be longer due to limited inflow of individuals. Fur-
thermore, considering the suggested bonefish reliance 
on isolated fringing reef flats in Culebra (Browns-
combe et  al. 2017, 2019b), protecting these produc-
tive habitats should also be prioritized. Since Cule-
bra is largely protected through the Culebra National 
Wildlife Reserve and by its classification of Resource 
Category I critical habitat for the green turtle (Che-
lonia mydas) (63 FR 46,693, September 2, 1998), its 
coastal habitats are comparatively undamaged, pro-
viding a means into examining unaltered bonefish 
behaviors. However, sewage wastewater contamina-
tion and sediment runoff have been observed within 
both Dakity and Manglar Bay (Griffin et  al. 2019a; 
Mclaughlin 2019), potentially threatening adjacent 
bonefish habitats (e.g., seagrass), as it has in other 
regions such as in South Florida (Brownscombe et al. 
2019a).

The region-wide population connectivity of bone-
fish across the Caribbean (Wallace and Tringali 2016) 
is largely mediated through source-sink dynamics 
via larval dispersal (Zeng et al. 2019; Douglas et al. 
2021). Thus, isolation through physical, individual 
behavior, or other ecological processes, can increase 
the risk of population declines, especially if these 

factors lead to the loss of large/older individual bone-
fish from the population (Filous et al. 2019), or if they 
affect recruitment (Zeng et al. 2019). Although we did 
not detect any spawning-related movement patterns 
similar to those observed in the Florida Keys (Lar-
kin et al. 2007), The Bahamas (A. vulpes, Danylchuk 
et al. 2011; Murchie et al. 2013, 2015; Adams et al. 
2021), and French Polynesia (A. glossodonta, Filous 
et al. 2020b), if larger/older individuals are lost from 
these isolated flats, their contribution to the spawning 
potential of the population could be impacted. This 
may be increasingly important in this region since 
larvae recruitment is believed to originate from local 
spawning populations (Zeng et al. 2019).

As with all studies with acoustic telemetry, our 
conclusions could be influenced by the distribution of 
the receivers, temporal coverage/consistency in detec-
tion histories, as well as where bonefish were tagged 
(Heupel et  al. 2006; Brownscombe et  al. 2019c). 
While no clear space use patterns were observed that 
suggested spawning-related movements, movements 
across the two areas appeared to occur more often 
between October and April, the general period when 
other studies have noted bonefish spawning is likely 
to occur (Danylchuk et al. 2011; Adams et al. 2019, 
2021; Perez et  al. 2019b). Furthermore, congruent 
with Brownscombe et  al. (2019b), we found lunar 
cycle to have no effect on bonefish space use. This 
was a surprising result, considering Albula vulpes are 
well documented to form pre-spawning aggregations 
in The Bahamas prior to moving offshore in the night 
to spawn during the new and full moons (Danylchuk 
et  al. 2011, 2019; Lombardo et  al. 2020). Collec-
tively, these results highlight unresolved questions 
about their spawning behaviors and future opportu-
nities to fill important life history knowledge gaps. 
If we had the capacity to deploy additional receiv-
ers for our study, it may have been prudent to create 
small curtains to better capture movement patterns to 
and from fringing reef flats and to identify spawning 
migrations.

As the threats of anthropogenic disturbances to 
shallow nearshore marine environments increase dur-
ing the Anthropocene (Crain et al. 2009), understand-
ing how fish move among their key habitats is essen-
tial for adapting conservation and management plans 
to improve resilience (Lowerre-Barbieri et al. 2021). 
In the case of bonefish that have small home ranges 
and high site fidelity to small reef flats, impacts from 
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disturbance can be especially high and result in long 
lasting population-level effects. Even if harvest is 
prohibited by laws and regulations, undocumented 
and uncontrolled illegal harvest via gillnetting, for 
instance, can quickly reduce bonefish numbers. Such 
declines may not only impact the ecological role 
bonefish play on reef flats, but also quickly reduce the 
viability of the catch-and-release recreational fishery. 
As such, the results of our study imply that a unified 
approach to conservation and management is needed 
to reduce the treats to bonefish that have a high affin-
ity to shallow, nearshore fringing reef flats.
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