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ABSTRACT: Understanding the functional role of habitats to wild animals can aid in implementing
management actions to protect critical habitat from anthropogenic threats. However, habitat func-
tion is challenging to measure across extensive space and time, particularly in marine systems. We
used acoustic telemetry tags equipped with tri-axial accelerometer sensors to track the movement
and locomotor activity of permit Trachinotus falcatus in coastal marine habitats of the Florida Keys
(USA) so that we could remotely characterize their behavioural ecology and infer habitat function.
Recent research in this system explored space use by permits and identified shallow seagrass flats
and offshore reefs and wrecks as important foraging and spawning habitats, respectively. Predic-
tive models applied here identified variation in permit activity patterns across a diversity of spatial
(i.e. habitat type and site) and temporal (e.g. time of day, lunar phase) factors as well as complex
interactions. Based on known permit behavioural ecology, peaks in activity in the late afternoon to
evening at putative spawning sites were used to infer the spatial-temporal dynamics of likely
spawning activity. This spawning signature was observed at 8 offshore reef locations, with consid-
erable seasonal variation amongst sites. Timing of spawning may therefore vary among sites, while
the functional role of some sites likely extends beyond spawning (e.g. staging, foraging). These
data provide insights into permit spawning sites and behaviour and highlight the potential for
acoustic telemetry equipped with acceleration sensors to generate knowledge relevant to habitat
and fisheries management.

KEY WORDS: Spatial fisheries management - Behavioural ecology - Fish ecology * Acoustic
telemetry - Marine conservation - Accelerometers - Behaviour

1. INTRODUCTION

Understanding habitat function is essential for the
conservation and management of aquatic animals.
Effective marine management involves the protection
of critical habitats that support behaviours such
as reproduction, foraging, and predator avoidance
(McLeod et al. 2009, Foley et al. 2010). Identifying
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habitat function and the spaces that support these
behaviours can inform decisions about marine spatial
planning and spatial area restrictions (e.g. seasonal
fishing closures, marine protected areas) and harvest
regulations (Foley et al. 2010, Lennox et al. 2019,
Grorud-Colvert et al. 2021). Although effective mar-
ine spatial planning should consider habitat function,
historically it has been challenging to measure over
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large spatial scales and across seasons and years. This
is particularly true for mobile animals in expansive
aquatic systems, such as marine fishes in the open
ocean (Brownscombe et al. 2023). These species often
inhabit a mosaic of habitat types which are difficult to
identify without continuous monitoring.

Advances in biologging and biotelemetry techno-
logy have enabled researchers to track the location
and behaviour of species allowing them to assess crit-
ical habitats and their function (Hussey et al. 2015,
Cooke et al. 2016). Acoustic telemetry has become a
common tool for remotely tracking the spatial and
behavioural ecology of marine organisms over ex-
tended periods of time (Hussey et al. 2015, Brown-
scombe et al. 2019a). Further, the inclusion of sen-
sors such as tri-axial accelerometers in acoustic
telemetry transmitters (see Lennox et al. 2023) can
help to elucidate habitat function and drivers of space
use. Accelerometers measure acceleration across 3
axes (e.g. in marine species: dorso-ventral, anterior—
posterior, and lateral) generating large time series
data sets which are often analysed using semi-auto-
mated (e.g. machine learning) techniques (Clarke et
al. 2021). Previous studies that used accelerometers
alongside telemetry data were able to identify fish
spawning and foraging sites as well specific behav-
iours related to seasonal activity patterns (Landsman
et al. 2015, Clarke et al. 2021) and biotoxin accumula-
tion (O'Toole et al. 2012). The additional information
gained from the inclusion of accelerometer sensors
can help improve ecosystems and fisheries manage-
ment efforts as we learn about how animals interact
with complex habitat landscapes over space and time.

The nearshore habitats of tropical/subtropical coast-
al marine ecosystems are an example of complex hab-
itat landscapes with high species diversity (Maliao et
al. 2008, Burke et al. 2012). In the tropics, these land-
scapes consist of a variety of habitat types including
mangrove forests, shallow-water (<3 m) seagrass flats,
and coral reefs that are home to diverse populations of
aquatic species (Bohnsack et al. 1999). However, these
coastal marine species are threatened by numerous
anthropogenic impacts such as coastal development,
pollution and contamination, changing environmental
factors (i.e. climate change, extreme weather events),
invasive species, boating activity, habitat loss and de-
gradation, and overexploitation of fisheries (De Freese
1991, Lapointe & Clark 1992, Mclvor et al. 1994,
Brownscombe et al. 2019b, Danylchuk et al. 2023).
Careful management of these diverse and pressured
ecosystems relies on understanding both habitat func-
tion and connectivity. The identification of fish spawn-
ing aggregation sites through acoustic telemetry has

created opportunities to protect species from overex-
ploitation (Nemeth et al. 2007, 2023, Boucek et al.
2017, Brownscombe et al. 2019a). The identification of
spawning sites in particular provides fisheries man-
agers the opportunity to protect habitats that play an
important role in the life cycle of threatened species,
by designating these habitats as protected areas. How-
ever, the protection of spawning sites alone may not be
sufficient, as it is often essential to consider the full
range of habitat utilized by a species (i.e. seasonal
home range, spatial connectivity between sites, onto-
genetic habitat requirements, catchment area) and the
habitat characteristics within these sites that support
fish in various ways (e.g. foraging). In doing so, a spe-
cies' full spatial network can be considered in man-
agement designs to provide them optimal protection
against the aforementioned threats. One such example
of a species whose spatial habitat use and spawning
site identification led to a seasonal fishing closure des-
ignation is the permit Trachinotus falcatus in the Flor-
ida Keys, USA (Brownscombe et al. 2019a). Permit are
a popular sport fish in the Florida Keys, occupying
nearshore seagrass flats (1—5m) primarily to feed, and
offshore natural and artificial reefs to spawn (Brown-
scombe et al. 2020a,b). Permit are targeted by recre-
ational anglers in both habitat types, but catch rates
are higher on offshore structures, as their spawning
aggregations (>100 individuals) are easier to locate
than individual permit on flats (Holder et al. 2020,
Brownscombe et al. 2022). In recent years, local fishing
guides in South Florida reported a decline in permit
fishing quality observed in the flats fishery dating
back to as early as 1995 (Piczak et al. 2023). To address
these concerns, researchers used acoustic telemetry to
assess permit space use, finding high connectivity be-
tween nearshore flats and offshore reef structures
(Brownscombe et al. 2019a). The results of that work
led to recognition that overexploitation at offshore
spawning aggregations was affecting permit popula-
tions on nearshore flats (Brownscombe et al. 20194,
2022, 2023). The identification of offshore spawning
sites led to regulation changes in South Florida's Spe-
cial Permit Zone (https://myfwc.com/fishing/saltwa-
ter/recreational/Permit/), shifting the prohibition on
permit harvest from May—July to April—July. Further
research found permit catch-and-release to have up to
a 90% depredation rate at some offshore reefs and
wrecks, making this angling practice likely unsustain-
able (Holder et al. 2020). Therefore, to protect permit
and other species spawning in the area, the Western
Dry Rocks (WDR) seasonal fishing closure was estab-
lished in 2021, where all angling is now prohibited be-
tween April and July for added protection (Florida Ad-
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ministrative Code, Chapter 68B-35). The designation
of this seasonal closure is a potentially important step
for permit conservation, though it remains unclear
whether the spatial and temporal extent of this closure
is sufficient to protect permit in the Florida Keys
throughout their spawning period.

To date, research has identified permit habitat con-
nectivity (Brownscombe et al. 2020b), resource ecology
(Brownscombe et al. 2022), seasonal habitat occupancy
(Brownscombe et al. 2023), and likely spawning sites
(Brownscombe et al. 2020a) in the Florida Keys. Little is
known about the exact reproductive biology of permit
in the Florida Keys; however, based on knowledge of
other Trachinotus species in Florida (e.g. Florida pom-
pano T. carolinus), there is potential that permit may
spawn multiple times throughout their spawning period
(Kloth 1980, Graham & Castellanos 2005). We aimed to
build upon our understanding of spawning permit and
potential permit spawning sites (see Brownscombe et
al. 2020a) by examining patterns of permit locomotor
activity (body movement) in the Florida Keys using a
subset of tagged permit tracked with acoustic trans-
mitters equipped with acceleration sensors to serve as
an indicator of their habitat-specific behavioural ecol-
ogy. Likely permit spawning locations have previously
been identified in these data based on space use pat-
terns (Brownscombe et al. 2020a). Here, we aimed to

use activity to assess potential spawning behaviour to
provide more evidence for spawning site locations, as
well as the seasonal timing and broader function of
those sites. The identification of critical spawning sites
offers insight into where and when permit are spawning
and therefore vulnerable to angling pressures. This
provides an opportunity to implement protections that
are spatial and temporally informed, like what has been
done with the seasonal fishing closure at WDR. Man-
agers can use spatially and temporally explicit data to
identify site function and prioritize where management
action needs to occur, ensuring that protective mea-
sures align with biologically relevant patterns.
Acceleration has proven useful in the past for iden-
tifying spawning behaviours (Tsuda et al. 2006, Sakaji
et al. 2018, Clarke et al. 2021). Permit specifically are
known to become more active near spawning reefs in
the late afternoon and evening hours to conduct
broadcast spawning (Graham & Castellanos 2009,
Bryan et al. 2015). This is consistent with behaviours
observed in other marine species who aggregate on
reefs to spawn (Domeier & Colin 1997, Claydon et al.
2014), and creates an opportunity to use acceleration
data to look for this potential ‘spawning signature'
(e.g. afternoon peak in activity) as a proxy for spawn-
ing behaviour (Fig. 1). We hypothesized that diurnal
patterns in activity from acceleration sensors will
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Fig. 1. Example of acceleration pattens across the day which were considered indicative of no spawning activity (i.e. flat line in
acceleration) versus spawning (i.e. late afternoon peak in acceleration)



Author copy

4 Mar Ecol Prog Ser 783:meps15112, 2026

help to identify the exact timing and locations of per-
mit spawning. These results will be applicable for per-
mit management practices as we attempt to better
protect vulnerable spawning aggregations within and
outside of the recently established seasonal fishing
closure, and more broadly attempt to understand the
functional role of different habitats for permit and
other marine fishes.

2. MATERIALS AND METHODS
2.1. Data collection

Permit space use was assessed in coastal regions of
the Florida Keys using acoustic telemetry from 2016 to
2021 using a broad array of stationary acoustic receiv-
ers maintained by diverse research groups, with data
sharing facilitated through the Florida Atlantic Coast
Telemetry (FACT) Network, integrated Tracking of
Animals in the Gulf (iTAG), and the Ocean Tracking
Network (OTN). A total of 150 permit were tagged
with acoustic transmitters via surgical implantation at
sites throughout the Florida Keys (for more informa-
tion see Brownscombe et al. 2019a, 2020a, 2022, 2023),
30 of which were equipped with acceleration sensors
(13A-1x; low power, 80 to 160 s delay, 21 s sampling
period, activity algorithm, 3.43 g sensitivity, 340 d life,
9.2 g, 13 x 30.5 mm, Innovasea). Permit reach repro-
ductive maturity at approximately 450 to 600 mm in
fork length (Crabtree et al. 2001), so all tagged fish
were assumed to be reproductively active adults.
Here, we focused on data generated from the trans-
mitters with acceleration sensors within this tracking
system to assess patterns of permit activity as a proxy
of their behavioural ecology in the Florida Keys.

2.2. Data analysis

All statistical analyses were conducted in R version
4.4.1 (R Core Team 2024) via RStudio (2024.04.1+748)
(RStudio Team 2024), with data processing and plot-
ting conducted with the packages 'dplyr' (Wickham
et al. 2021), 'ggplot2’ (Wickham 2016), and 'ggmap’
(Kahle & Wickham 2013). A total of 174289 detec-
tions of accelerometer tag-equipped permit were col-
lected between 16 May 2018 and 12 April 2020. These
detections were then filtered to remove potentially
false detections due to environmental and techno-
logical factors (Simpfendorfer et al. 2015, Brown-
scombe et al. 2019b). Firstly, detections that occurred
prior to tag deployment and duplicate detections that

occurred at the same acoustic receiver within a period
of less than the minimum tag delay were removed.
Secondly, duplicate detections that occurred across
acoustic receivers and single detections that occurred
atan acoustic receiver station within a 1 d period were
identified as false and removed from the data (n = 485
total). Finally, instances of potential tag shedding or
mortality were evaluated by examining the accel-
erometer data and removing prolonged instances of
inactivity which are clear indicators of death or non-
functioning tags. Remaining permit acceleration data
were then assigned to a spatially distinct site (n = 29)
as previously outlined by Brownscombe et al. (2020b).
Each site was assigned a habitat type, as either flats
(nearshore areas <5 m), natural reef (coral reef on the
Florida Reef Tract), or artificial reef (shipwrecks or
other human-made structures) (Table S1 in the
Supplement at www.int-res.com/articles/suppl/meps
15112_supp.pdf). Each acceleration value was also
assigned a water temperature from in situ tempera-
ture loggers, either from one of the acoustic receiver
stations of detection at a given site, or from the closest
measurement station near each site with similar hab-
itat characteristics (e.g. to an offshore station from
another offshore site). Temperature data were col-
lected hourly from acoustic receivers (Innovasea
VR2Tx) or Hobo Temperature Pro loggers (Onset
Computer). Each detection was also assigned a time
of day (24 h), month of the year, and lunar phase
(daily timescale) for further exploration of temporal
and environmental correlates of permit activity.
Permit acceleration data were explored amongst
temporal and environmental factors with a random
forest algorithm (Breiman 1984, 2001) with the ‘ran-
domForest' package (Liaw & Wiener 2002). The ran-
dom forest was fit with 1000 trees, the default number
of variables at each split as the square root of the
number of predictors, and a minimum final node size
of 5. The data were randomly split into 70% training
data and 30% test data to assess model fit. Model fit
was assessed by using the model to predict onto the
test data set and R? was calculated from a linear model
with actual acceleration values as the response and
predicted values as the predictor. Predictor impor-
tance was assessed through percent increase in mean
squared error (%IncMSE), by comparing %IncMSE of
fitted trees that contained the variable to those that
did not (Simpfendorfer et al. 2015, Brownscombe et
al. 2019b). A pseudo-R? value was calculated by scal-
ing %IncMSE values 0—1 and multiplying by total
model R? from the test data. Effect sizes were also esti-
mated for each predictor variable using Cohen's f?
(Cohen 1988) using the equation: f2 = dR?/(1—R%,),
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where dR? is the difference between trees in pseudo-
R? without the predictor and R?,, is the full model
predicted on test data. Two-way interactions between
both habitat and site and all other predictors were cal-
culated using Friedman's H-statistic (standardized
range from 0 = no interaction to 1 = strong interac-
tion) using the 'iml' package (Molnar 2019).

Based on the most identified variable importance and
interactions, predictor variables were plotted against
permit acceleration values with violin plots or general-
ized additive model smoothers (e.g. geom_smooth,
where method=gam when n > 1000) depending on vari-
able types. These plots were only produced for sites with
sufficient data to examine temporal patterns (> 100 per-
mit detections between the detection period from 2018
to 2020). Within these plots, peak acceleration values
in the hours of 15:00 to 20:00 h were considered to be
potentially indicative of spawning activity. This was
chosen based on what has been documented to occur at
this time of day for permit (Graham & Castellanos 2005,
Bryanetal. 2015), and based on personal observations of
changes in behaviour in the field at this time. It was val-
idated again based on our plots of hourly acceleration
which aligned with both the literature cited and our ob-
servations. Although no analytical tools were available
to calculate 3-way interactions with random forests, pat-
terns of permit acceleration were further examined by
generating plots by hour of the day for each month at
each site. This was done for sites where the suspected
spawning signature was observed to further examine
potential seasonal patterns of spawning activity among
sites. We also examined individual patterns in spawning
over time, with the goal of determining if any individ-
uals engaged in multiple spawning events, either across

25.2

24.8

Latitude (°N)

24.4

82.5 82.0 81.5

multiple months or spawning locations. Very few in-
dividuals generated enough data to test this statisti-
cally; however, visual trends observed have been in-
cluded in the Supplement (see Figs. S1—S3). All data are
summarized as (mean + SD; min—max) unless otherwise
specified.

3. RESULTS

A total of 28 individual permit (680 = 72; 597—
940 mm fork length) were detected with associated
acceleration data (n = 174 256 detections) from 2018 to
2020 at 29 sites in proximity to the Florida Keys
(Fig. S1). Detection periods were variable across indi-
viduals (260 = 133; 1—-358 d). Receiver site detection
numbers (4 to 63538 detections of 1—11 individuals)
and detection periods (1—679 d) were also highly vari-
able (Tables S2 & S3, Fig. S2).

There was substantial variation in permit locomotor
activity (acceleration) values across sites in proximity
to the Florida Keys (Fig. 2). A random forest algorithm
identified time of day (f2 = 0.05) as the strongest pre-
dictor of permit locomotor activity, followed by lunar
phase (f2 = 0.04), site (f> = 0.03), water temperature
(f? = 0.03), month of the year (2 = 0.02), and finally,
habitat type (f2 = 0.01) (Fig. 3A). Despite strong inter-
site variability, permit generally exhibited the highest
activity levels at natural reef sites, in the months of
April through August at moderate to high water tem-
peratures, between 15:00 and 20:00 h, and during the
full moon phase (Fig. 4). There were, however, impor-
tant interactions, with the interactions between site and
temporal factors being much stronger than habitat type
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@ o000
@ oo
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acceleration
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Fig. 2. Permit acceleration values (mean, m s~2) as a proxy for activity levels at distinct sites in proximity to the Florida Keys, USA
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Fig. 3. Random forest model outputs fit to permit acceleration data in the Florida Keys, including (A) predictor importance

values with pseudo-R? of model and effect size (£); (B) interactions (H-value, ranging from 0 to 1, with higher values indicating

a stronger interaction) between habitat type and temporal predictors (temp: temperature; lunar: lunar phase; timeday: time of
day; month: month of year); and (C) interactions between site (node) and temporal predictors
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interactions with temporal factors (Fig. 3B,C). The
strongest interaction was between time of day and site,
followed by month and site (Fig. 3C). There were varied
levels of data available across months for each site
examined, with varied patterns in permit activity be-
tween sites (Fig. 5A). For example, Sites 24 and 25 (arti-
ficial reefs) and Site 12 (flats) had consistently high per-
mit occupancy year-round, with peak activity levels in
the summer months. Conversely, permit only occupied
Site 22 (natural reef) and Site 5 (artificial reef) in the
spring and summer months, with peak acceleration
values in the spring (Fig. 5A). Sites 1 and 14 exhibited
intermittent permit occupancy throughout the year,
with high acceleration values in winter (Fig. 5A).

In examining permit acceleration data with respect to
hour of day, there were more consistent data available
at all sites than across months, but also highly variable
patterns in permit acceleration amongst hours
(Fig. 5B). Hourly acceleration patterns were grouped
into 3 categories based on the dominant trend in activ-
ity throughout the day: (1) mid-day peak (Sites 1, 13, 18,
21, 28; flats and artificial reef sites), (2) homogeneous
acceleration through the day (Sites 14 and 4; natural
reef and flats habitat), and (3) multi-peak hourly accel-
eration (Sites 2, 5, 19, 22, 24, 25, 26, 27; natural reef and
artificial reef habitats). While individual sites showed
variation in the shape and magnitude of these peaks,
Type 3 sites consistently exhibited a late day increase
(15:00—20:00 h), suggestive of potential spawning
activity (Fig. 5B). These groupings are intended to
highlight broad temporal patterns rather than rigid cat-
egories, as some overlap in diel trends occurred among
sites. When examining permit activity patterns for
lunar phases, there was limited variation at flats sites;
however, at natural and artificial reef sites, permit
exhibited moderately higher activity levels surround-
ing the full moon (Fig. 6A). Relationships between per-
mit activity and water temperature were highly variable
amongst sites, with some exhibiting consistent in-
creases with temperature, others with varied peaks at
intermediate values, and others highest at low tempera-
tures (Fig. 6B).

Although 3-way interactions were not formally tested
given limitations in the data set, the strong interactions
between site and month, as well as site and time of day,
led us to visually explore the interaction between site,
month, and time of day at 8 sites where late-day activity
peaks were observed (Fig. 7). There was a high level of
variability amongst these 8 sites, but all sites (except
Site 2) exhibited a late-day activity peak in the month of
April, although the peak observed at Site 26 was
slightly later in the day relative to the other sites
(Fig. 7). Site 22, which is the WDR seasonal fishing clo-

sure and will be referred to as WDR throughout the
remainder of this paper, exhibited this peak in every
month from April through August, but not in March
(Fig. 7). Site 5 exhibited this peak in April through
August, Site 24 exhibited it in April, June, and August,
while Site 25 showed this peak in April, May, and
August. Sites 2, 19, 26, and 27 all exhibited sparser
monthly detections in varied months; for example,
Site 27 only had permit detected in March, with a clear
late-day activity peak (Fig. 7).

4. DISCUSSION

We found substantial variation in the amount of loco-
motor activity observed in permit across study sites.
Time of day was the strongest predictor of permit loco-
motor activity, with varying influence from other fac-
tors (i.e. lunar phase, site, water temperature, month of
year, habitat type). Exploration into the interaction be-
tween site, month, and time of day led to the identifica-
tion of late-day activity peaks consistent with the sus-
pected spawning signature (15:00—20:00 h, highest
peak of activity at 17:00 h on average) at certain sites,
which may indicate important spawning locations for
permit. Although overall our results indicate high vari-
ability in what drives permit locomotor activity, they
also provide insight into the functional role of different
habitat types across sites. This information contributes
to a growing body of evidence on permit behaviour and
movement in the Florida Keys which has already
influenced species management (e.g. the establish-
ment of the WDR seasonal fishing closure).

Our locomotor activity results indicate that offshore
structures are being used as spawning sites for permit.
At natural and artificial reef sites, permit occupancy is
seasonal (i.e. highest in the spring) and activity levels
were high in general, coinciding with the spawning sea-
son that extends from April to as late as August in some
locations (Crabtree et al. 2001, Graham & Castellanos
2005). Permit are known to use reefs for spawning;
therefore, the increased locomotor activity observed at
these sites and the timing (i.e. April to August) can be
reasonably attributed to spawning behaviour (Brown-
scombe et al. 2020a,b). This information allows us to at-
tribute the functional role of these habitats to spawning.
Water temperature and lunar phase also influenced
permit locomotor activity, although to a lesser degree,
as neither was a major driver of activity. Locomotor ac-
tivity generally increased with temperature and was
also at its peak around the full moon, and to a lesser ex-
tent near the new moon. Major permit spawning periods
are known to occur during the phases leading up to and
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Relationships between hour of the day (24 h) and permit acceleration values, fitted with a generalized additive model (lines) with
the grey area indicating the 95% confidence interval. Only sites with >100 permit detections are shown (n = 16)
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Fig. 6. (A) Relationships between lunar phase and permit acceleration values in the Florida Keys, with panels representing each

site (spatially distinct location identified by number), coloured by habitat types. Violin plots show the distribution of acceleration

values (m s~2) across lunar phases, where the width of each violin represents the density of observations at different values. (B)

Relationships between water temperature and permit acceleration values, fitted with a generalized additive model (lines) with
the grey area indicating the 95% confidence interval. Only sites with >100 permit detections are shown (n = 16)
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Fig. 7. Relationships between hour of the day and permit acceleration values in the Florida Keys, with panels representing each

month of the year, amongst 8 sites (purple = artificial reef, yellow = natural reef) where potential spawning signatures (peak

acceleration values between 15:00 and 20:00 h) were observed. Data are fit with generalized additive models (lines) with the
grey areas indicating the 95% confidence intervals
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including the full moon, which likely explains the in-
creases in activity observed during this phase (Graham
& Castellanos 2005). Our results also provided insight
into the functional role of other habitat types. Artificial
reef and flats occupancy and activity were highly vari-
able among sites. Indeed, interactions between site and
temporal factors were much stronger than habitat inter-
actions with temporal factors. This suggests that differ-
ent sites of the same habitat type likely serve different
functional roles (i.e. spawning versus staging versus for-
aging; Clarke et al. 2021).

Using a random forest algorithm, we identified that
time of day was the strongest predictor of permit loco-
motor activity, supporting our hypothesis that diurnal
activity patterns derived from acceleration data would
reflect previously observed spawning behaviour (Gra-
ham & Castellanos 2005), and allow us to identify
potential spawning sites. From our results, peak activ-
ity occurred in the spring and summer during the late
afternoon to early evening at 8 of the 28 sites (Fig. 7)
and likely indicates spawning (i.e. peak acceleration
values between 15:00 and 20:00 h). Permit are known to
become more active at this time of day to engage in
broadcast spawning in similar offshore reef habitats,
so it is highly likely that the increase in activity we ob-
served in the late afternoon can be attributed to spawn-
ing behaviours, as observed in other systems in the Car-
ibbean (Graham & Castellanos 2005, Bryan et al. 2015).
All 8 sites where this peak in activity was detected were
offshore habitats, and permit are known to spawn at
both natural and artificial offshore reefs (Brownscombe
et al. 2020a,b).

Interestingly, the activity detected at these 8 offshore
sites varied widely among seasons. Fish locomotor
activity was detected continuously at Site 24 and for
most of the year at WDR and Site 25 (Fig. 7). This sug-
gests that the functional role of these sites may extend
beyond spawning specifically and may be used to sat-
isfy other needs such as foraging. Comparatively, the
peak in acceleration considered as the spawning signa-
ture was only detected at Sites 2, 5, 19, 26, and 27 for
less than half of the year, although for many of these
sites we have acoustic detections beyond what is shown
in the figure (Fig. 7). For example, permit are detected
at Site 2 across most months of the year (i.e. February to
November), but we only see the spawning signature in
August. Similarly, we have detections of permit at Site
27 from March to October but only see the spawning
signature in March. This suggests that these sites might
be useful for other functions as well, such as staging
(i.e. aggregating prior to spawning), a behaviour that is
observed across other aggregate spawning species as
well (Nemeth 2012).

Our data also suggest that permit may be multiple
spawners, and that there is some low level of connectivity
across our study sites. Some permit have been observed
spawning at different sites within the same month in dif-
ferent years (i.e. demonstrating low site fidelity), while
others return and repeat spawn at the same site each
year. Individuals that were observed to spawn earlier in
the spring during the peak spawning season, followed
by a second time closer to the end of summer or early
fall, were also considered to be multiple spawners as it
was likely they engaged in spawning activities more
than once in the year. Two individuals engaged in sus-
pected spawning behaviour multiple times between
July and September, and one of these was observed to
do so at 2 different sites in consecutive months (Fig. S3).
These findings are purely observational, as our sample
size was too small to test these trends further. The occur-
rence of multiple spawning events could indicate that
this species engages in a secondary spawning period
laterin the year, after the initial known period from April
to July. Although it has not been observed in permit in
the wild, multiple spawning has been observed in
similar Trachinotus species such as pompanos (T. ovatus,
T. carolinus); thus, it is reasonable to presume that
permit are of indeterminate fecundity (Kloth 1980, Ville-
gas-Hernandez et al. 2016). This may also explain the
variability in activity peaks seasonally, as some permit
move from their spawning site to other habitats for the
rest of their annual cycle, whereas others remain in one
place to engage in multiple spawns.

The behaviour observed at WDR was also notable.
Our results suggest that permit were present in March,
but no spawning signature was observed. Site occu-
pancy at WDR during this time may therefore reflect
staging behaviour, which was similarly observed at
other sites (e.g. Sites 19 and 25). Despite this, from a
management perspective, the presence of permit
aggregations in a staging phase in March still leaves
them vulnerable to fishing in a critical time period prior
to spawning. Notably, spawning was confined to a more
restricted window at some sites, suggesting that tempo-
ral requlations could be tailored to site-specific pat-
terns to better protect permit during both staging and
peak spawning phases.

Aggregate spawning species are especially vulner-
able to overexploitation by fisheries (Sadovy de
Mitcheson et al. 2008, Sadovy de Mitcheson 2016), par-
ticularly reef-associated species such as groupers and
snappers that form predictable spawning aggregations
(Domeier & Colin 1997, Claro & Lindeman 2003,
Nemeth et al. 2023). The findings from our study have
the potential to inform both conservation and manage-
ment action for permit as well as other local aggregate
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spawning species. The patterns of acceleration at WDR
provide valuable insight into permit presence that can
be used to adapt management plans. The current clo-
sure restricts all angling at WDR from April to July;
however, given the observations of potential staging
behaviour in March, and multiple spawns later in the
season (i.e. August, September), a temporal adjustment
of the closure period may be warranted. The identifica-
tion of permit spawning and the subsequent designa-
tion of the WDR seasonal fishing closure protects not
only permit spawning habitat, but also the spawning
grounds of other species such as black grouper Myc-
teroperca bonaci and Nassau grouper Epinephelus stri-
atus and multiple snapper species (Lindeman et al.
2000, Keller et al. 2020). Spawning aggregations such
as these also serve as a natural food source for sharks in
the area (Griffin et al. 2022). Declining populations of
fish that serve as a food source for apex predators may
lead to disturbances across whole food webs.

These findings highlight the value of integrating
acceleration sensors into acoustic telemetry trans-
mitters to better identify habitat function and under-
stand the behaviour of wild free-swimming fish. While
measurements of acceleration are a proxy of locomotor
activity and do not explicitly tell us what these fish are
doing or what exact speed they are moving at, combin-
ing these values with ecological knowledge and other
forms of information allows for broader inference. The
methodology used in this study incorporating both
movement and acceleration data can be adopted by
other researchers to increase our understanding of both
animal movement and behaviour. Although we were
unable to conduct calibration studies (e.g. Wilson et al.
2013) to link acceleration values to specific behaviours
like swimming speed, energy expenditure, or spawn-
ing, these relative activity data remain novel and rel-
evant to management. Adult permit are difficult to
transport and the equipment to measure swim speed is
incredibly costly for fish of this size, making laboratory
calibration studies very challenging. Another chal-
lenge in our study was that the acceleration recordings
did not span the full annual cycle of permit, making it
difficult to classify more potential habitat functions.
Most individuals were tagged during the spawning
period and provided data for less than a year, limiting
our ability to identify behaviours outside of spawning.
With more extensive data, machine learning algo-
rithms could be applied to classify various movement
types, an approach that has proven useful in other
acceleration-based studies (see Clarke et al. 2021).

Using acceleration data to identify potential spawn-
ing signatures provides a valuable proxy for detecting
spawning behaviour in wild permit, particularly given

the limited direct observations of permit spawning in
the wild (Graham & Castellanos 2005) or in captivity.
While this activity signature is not a direct measure of
spawning, it aligns with what is known about permit
behaviour in the wild. Given these constraints, we con-
sidered it a reasonable and informed approximation for
spawning activity. We acknowledge, however, that
some of the variability observed among sites may
reflect data limitations or the sensitivity of the proxy
rather than biological differences. Regardless, these
findings have implications for spatial management for
this species given its seasonally protracted aggregate
spawning strategy. Spawning sites with high occu-
pancy and spawning signatures across months are
likely highly important, whereas those with shorter
monthly windows may be less important but more vul-
nerable to disturbances. Shorter windows can result in
intense short-term pressure from opportunistic anglers
and predators, while prolonged occupancy increases
the likelihood that these groups detect the aggregation
and apply sustained pressure. Extreme pressure on ag-
gregations is known to drive population-level declines,
underscoring the importance of recognizing and man-
aging all forms and durations of pressure (Sala et al.
2001, Waterhouse et al. 2020).

Broadly, the information presented in this study is
helpful as we continue to address knowledge gaps about
permit ecology and attempt to protect this species when
it is especially vulnerable to exploitation. Although the
recent establishment of the WDR seasonal fishing clo-
sure in the Florida Keys is an important step in permit
conservation, it is important to further identify other po-
tential spawning habitats, and the surrounding func-
tional habitats that support spawning permit. Locomotor
activity metrics can confirm suspected spawning sites
that were previously identified by presence alone,
strengthening our ability to identify these sites and as-
cribe a functional habitat role. In doing so, managers can
work to continue protecting permit at sites where and
when they are most vulnerable. Future research should
be directed towards further identifying critical spawning
sites and assessing connectivity between sites that have
been identified thus far. In particular, it would be helpful
to see if the establishment of the WDR seasonal fishing
closure has altered spawning site use over time and if
permit are moving between the sites we have identified
through spawning signatures. This information would
allow us to determine whether more of the identified
spawning sites need protection to promote population
growth and the sustainability of permit stocks. Further,
this work may help inform other studies of marine
spawning behaviour and potential methodology for
other fishes to identify critical habitats.



Author copy

14 Mar Ecol Prog Ser 783:meps15112, 2026

Acknowledgements. This project was funded by Bonefish & ]/ Brownscombe JW, Lédée EJI, Raby GD, Struthers DP and

Tarpon Trust with support from Costa Del Mar, The March others (2019b) Conducting and interpreting fish teleme-
Merkin Fishing Tournament, Hell's Bay Boatworks, and pri- try studies: considerations for researchers and resource
vate donations. Additional support was provided by a = managers. Rev Fish Biol Fish 29:369—400

NASEM Gulf Research Program through a hurricane recov- @ Brownscombe JW, Griffin LP, Morley D, Acosta A and others
ery grant, and the acoustic receiver array was partially sup- (2020a) Application of machine learning algorithms to
ported by a loan from the Ocean Tracking Network. We identify cryptic reproductive habitats using diverse infor-
thank the fishing guides and anglers who assisted with the ~ ~ mation sources. Oecologia 194:283—298

telemetry array design and permit tagging for this project, @ Brownscombe JW, Griffin LP, Morley D, Acosta A and others
including Captains Travis and Bear Holeman, Will Benson, (2020b) Seasonal occupancy and connectivity amongst
Rob Kramarz, Zack Stells, Brandon and Jared Cyr, Chris nearshore flats and reef habitats by permit Trachinotus
Trosset, Nathaniel Linville, Ian Slater, Augustine Moss, falcatus: considerations for fisheries management. J Fish
Sandy Horn, Ted Margo, Richard Berlin, and Jeff Rella. We o Biol 96:469—479

also thank the researchers who shared permit acoustic @ Brownscombe JW, Shipley ON, Griffin LP, Morley D and
telemetry detection data with us through integrated Track- others (2022) Application of telemetry and stable isotope
ing of Animals in the Gulf (iTAG) and FACT, in particular analyses to inform the resource ecology and management
Susan Lowerre-Barbieri of iTAG, and Harold "Wes' Pratt of of a marine fish. J Appl Ecol 59:1110—1121

Mote Marine Laboratory, funded by The Shark Founda- Brownscombe JW, Griffin LP, Morley D, Acosta A and others
tion/Hai Stiftung, and Mike McAllister. We thank Aman- (2023) Spatial-temporal patterns of permit (Trachinotus
dine Vaslet for sharing isotope data, which ultimately were falcatus) habitat residency in the Florida Keys, USA.
not used here, but were still appreciated. J.A.R. is supported ~ ~ Environ Biol Fishes 106:419—431

by the Natural Sciences and Engineering Research Council @ Bryan DR, Luo J, Ault JS, McClellan DB, Smith SG, Snod-
of Canada. J.W.B. was supported by a Banting Postdoctoral grass D, Larkin MF (2015) Transport and connectivity
Fellowship, Dalhousie University, Carleton University, and modeling of larval permit from an observed spawning
Bonefish & Tarpon Trust. G.A.C. was supported by the aggregation in the Dry Tortugas, Florida. Environ Biol
NOAA ONMS Dr. Nancy Foster Scholarship. A.J.D. is sup- Fishes 98:2263—2276

ported by the National Institute of Food & Agriculture, US Burke JS, Kenworthy WJ, Viehman TS, McDonough VL,
Department of Agriculture, the Massachusetts Agricultural Degan B (2012) Biodiversity and ecosystem function of
Experiment Station, and Department of Environmental Con- shallow bank systems within Florida Keys National Mar-
servation. Some receivers were provided by the Ocean ine Sanctuary (FKNMS). Marine Sanctuaries Conserva-
Tracking Network with support from the Canada Founda- tion Series ONMS-12-03. US Department of Commerce,
tion for Innovation. A.J.D. and S.J.C. are Bonefish & Tarpon NOAA, NOS, ONMS, Silver Spring, MD

Trust Research Fellows. This research was conducted with @ Clarke TM, Whitmarsh SK, Hounslow JL, Gleiss AC, Payne
permission of the Florida Keys National Marine Sanctuary NL, Huveneers C (2021) Using tri-axial accelerometer
under Permit # FKNMS-2013-040-A2, and the Florida Fish loggers to identify spawning behaviours of large pelagic
and Wildlife Conservation Commission under Permit#SAL- ~  fish. Mov Ecol 9:26

16-1205. This study was conducted by a diverse research @ Claro R, Lindeman K (2003) Spawning aggregation sites of
team, including researchers and resource managers from the snapper and grouper species (Lutjanidae and Serranidae)
locality of the study site. We also worked in close collabo- ~ ~~ on the insular shelf of Cuba. Gulf Caribb Res 14:91—-106
ration with local fishing guides to design and implement this " Claydon JAB, McCormick MI, Jones GP (2014) Multispecies
work. Due to inclusion of both resource users and managers, spawning sites for fishes on a low-latitude coral reef: spa-
this research program has already been successful in impact- tial and temporal patterns. J Fish Biol 84:1136—1163

ing local fishing regulations, including altering the harvest Cohen J (1988) Statistical power analysis for the behavioral
prohibition period for permit, and the establishment of a sea- sciences, 2nd edn. Lawrence Erlbaum Associates, Hills-
sonal fishing closure. We thank several referees for provid- =~ dale, NJ

ing thoughtful comments on our paper. A Cooke SJ, Brownscombe JW, Raby GD, Broell F, Hinch SG,

Clark TD, Semmens JM (2016) Remote bioenergetics
measurements in wild fish: opportunities and challenges.

LITERATURE CITED Comp Biochem Physiol A Mol Integr Physiol 202:23—37
Crabtree RE, Hood PB, Snodgrass D (2001) Age, growth, and
Bohnsack JA, McClellan DB, Harper DE, Davenport GS and reproduction of permit (Trachinotus falcatus) in Florida
others (1999) Baseline data for evaluating reef fish pop- =~ waters. Fish Bull 100:26—34
ulations in the Florida Keys, 1979—1998. NOAA Tech & Danylchuk AJ, Griffin LP, Ahrens R, Allen MS and others
. Memo NMFS-SEFSC-427 (2023) Cascading effects of climate change on recre-
N Boucek RE, Leone E, Bickford J, Walters-Burnsed S, Lowerre- ational marine flats fishes and fisheries. Environ Biol
Barbieri S (2017) More than just a spawning location: ~ ~ Fishes 106:381—416
examining fine scale space use of two estuarine fish spe- @ De Freese DE (1991) Threats to biological diversity in marine
cies at a spawning aggregation site. Front Mar Sci 4:355 and estuarine ecosystems of Florida. Coast Manage 19:
Breiman L (1984) Classification and regression trees. Rout- 73—101
. ledge, New York, NY Domeier ML, Colin PL (1997) Tropical reef fish spawning
& Breiman L (2001) Random forests. Mach Learn 45:5—32 aggregations: defined and reviewed. Bull Mar Sci 60:
A Brownscombe JW, Adams AJ, Young N, Griffin LP and o 698—726
others (2019a) Bridging the knowledge-action gap: a case @ Foley MM, Halpern BS, Micheli F, Armsby MH and others
of research rapidly impacting recreational fisheries pol- (2010) Guiding ecological principles for marine spatial

icy. Mar Policy 104:210—215 planning. Mar Policy 34:955—966



Author copy

Robichaud et al.: Permit habitat use and spawning activity 15

Graham RT, Castellanos DW (2005) Courtship and spawning
behaviours of carangid species in Belize. Fish Bull 103:
. 426—432
]‘i Griffin LP, Casselberry GA, Lowerre-Barbieri SK, Acosta A and
others (2022) Predator—prey landscapes of large sharks
., and game fishes in the Florida Keys. Ecol Appl 32:e2584
N Grorud-Colvert K, Sullivan-Stack J, Roberts C, Constant V.
and others (2021) The MPA Guide: a framework to
achieve global goals for the ocean. Science 373:eabf0861
A‘Holder PE, Griffin LP, Adams AJ, Danylchuk AJ, Cooke SJ,
Brownscombe JW (2020) Stress, predators, and survival:
exploring permit (Trachinotus falcatus) catch-and-release
fishing mortality in the Florida Keys. J Exp Mar Biol Ecol
o 924:151289
]“ Hussey NE, Kessel ST, Aarestrup K, Cooke SJ and others
(2015) Aquatic animal telemetry: a panoramic window
., intothe underwater world. Science 348:1255642
HKahle D, Wickham H (2013) ggmap: spatial visualization
with ggplot2. R J 5:144—161
] Keller JA, Herbig JL, Morley D, Wile A, Barbera P, Acosta A
(2020) Grouper tales: use of acoustic telemetry to eval-
uate grouper movements at Western Dry Rocks in the
Florida Keys. Mar Coast Fish 12:290—307
] Kloth TC (1980) Observations on the spawning behavior of
captive Florida pompano, Trachinotus carolinus. Copeia
., 1980:834—886
A" Landsman SJ, Martins EG, Gutowsky LFG, Suski CD, Arling-
haus R, Cooke SJ (2015) Locomotor activity patterns of
muskellunge (Esox masquinongy) assessed using tri-axial
acceleration sensing acoustic transmitters. Environ Biol
., Fishes 98:2109—-2121
N Lapointe BE, Clark MW (1992) Nutrient inputs from the
watershed and coastal eutrophication in the Florida keys.
., Estuaries 15:465—476
A Lennox RJ, Engler-Palma C, Kowarski K, Filous A, Whitlock
R, Cooke SJ, Auger-Méthé M (2019) Optimizing marine
spatial plans with animal tracking data. Can J Fish Aquat
o Sci76:497—-509
]“ Lennox RJ, Eldgy SH, Dahlmo LS, Matley JK, Vollset KW
(2023) Acoustic accelerometer transmitters and their
growing relevance to aquatic science. Mov Ecol 11:45
Liaw A, Wiener M (2002) Classification and regression by
randomForest. R News 2:18—22
Lindeman K, Pugliese R, Waugh G, Ault J (2000) Develop-
mental patterns within a multispecies reef fishery: man-
agement applications for essential fish habitats and pro-
., tected areas. Bull Mar Sci 66:929—-956
A" Maliao RJ, Turingan RG, Lin J (2008) Phase-shift in coral reef
communities in the Florida Keys National Marine
Sanctuary (FKNMS), USA. Mar Biol 154:841—853
Mclvor CC, Ley JA, Bjork RD (1994) Changes in the fresh-
water inflow from the Everglades to Florida Bay includ-
ing effects on biota and biotic processes: a review. In:
Davis S, Ogden JC (eds) Everglades: the ecosystem and
its restoration. CRC Press, Boca Raton, FL, p 117—146
AMcLeod E, Salm R, Green A, Almany J (2009) Designing
marine protected area networks to address the impacts of
climate change. Front Ecol Environ 7:362—370
Molnar C (2019) Interpretable machine learning. A guide for
making black box models explainable. Lean Publishing
Nemeth RS (2012) Ecosystem aspects of species that aggre-
gate to spawn. In: Sadovy de Mitcheson Y, Colin P (eds)
Reef fish spawning aggregations: biology, research and
management. Fish Fish Ser 35. Springer, Dordrecht,
p21-55

Editorial responsibility: Jana Davis,
Annapolis, Maryland, USA
Reviewed by: D. Bryan and 1 anonymous referee

]\'i Nemeth RS, Blondeau J, Herzlieb S, Kadison E (2007) Spatial
and temporal patterns of movement and migration at
spawning aggregations of red hind, Epinephelus guttatus,
in the US Virgin Islands. Environ Biol Fishes 78:365—381

] Nemeth RS, Kadison E, Jossart J, Shivji M, Wetherbee BM,
Matley JK (2023) Acoustic telemetry provides insights
for improving conservation and management at a spawn-
ing aggregation site of the endangered Nassau grouper
(Epinephelus striatus). Front Mar Sci 10:1154689

] O'Toole AC, Dechraoui Bottein MY, Danylchuk AJ, Rams-
dell JS, Cooke SJ (2012) Linking ciguatera poisoning to
spatial ecology of fish: a novel approach to examining the
distribution of biotoxin levels in the great barracuda by
combining non-lethal blood sampling and biotelemetry.

., SciTotal Environ 427-428:98—105

A Piczak M, Cooke S, Adams A, Griffin L, Danylchuk A,
Brownscombe J (2023) Permit (Trachinotus falcatus) fish-
ing quality and conservation threats in the Florida Keys:
a recreational angler and fishing guide survey. Gulf Car-
ibb Res 34:1—12

R Core Team (2024) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna

RStudio Team (2024) RStudio: integrated development for R.

o RStudio, Inc., Boston, MA

A Sadovy de Mitcheson YS (2016) Mainstreaming fish spawn-
ing aggregations into fishery management calls for a pre-
cautionary approach. BioScience 66:295—306

] Sadovy de Mitcheson YS, Cornish A, Domeier M, Colin PL,
Russell M, Lindeman KC (2008) A global baseline for
spawning aggregations of reef fishes. Conserv Biol 22:

o 1233-1244

A Sakaji H, Hamada K, Naito Y (2018) Identifying spawning

events of greater amberjack using accelerometers. Mar
_ BiolRes 14:637—-641

A Sala E, Ballesteros E, Starr RM (2001) Rapid decline of Nas-
sau grouper spawning aggregations in Belize: fishery
management and conservation needs. Fisheries 26:23—30

] Simpfendorfer CA, Huveneers C, Steckenreuter A, Tattersall
K, Hoenner X, Harcourt R, Heupel MR (2015) Ghosts in
the data: false detections in VEMCO pulse position mod-
ulation acoustic telemetry monitoring equipment. Anim

., Biotelem 3:55

N Tsuda Y, Kawabe R, Tanaka H, Mitsunaga Y, Hiraishi T,
Yamamoto K, Nashimoto K (2006) Monitoring the spawn-
ing behaviour of chum salmon with an acceleration data
logger. Ecol Freshw Fish 15:264—274

] Villegas-Hernandez H, Mufioz M, Lloret J (2016) Reproduc-
tive traits of the pompano, Trachinotus ovatus (Linnaeus,
1758), in the north-western Mediterranean. J Mar Biol

., Assoc UK 96:1053—1063

A Waterhouse L, Heppell SA, Pattengill-Semmens CV, McCoy
C, Bush P, Johnson BC, Semmens BX (2020) Recovery of
critically endangered Nassau grouper (Epinephelus stria-
tus) in the Cayman Islands following targeted conserva-
tion actions. Proc Natl Acad Sci USA 117:1587—1595

Wickham H (2016) ggplot2: Elegant graphics for data analy-
sis. Springer-Verlag, New York, NY

Wickham H, Francois R, Henry L, Miiller K (2021) dplyr: a
grammar of data manipulation. R package version 1.1.4.
https://dplyr.tidyverse.org/

] Wilson SM, Hinch SG, Eliason EJ, Farrell AP, Cooke SJ
(2013) Calibrating acoustic acceleration transmitters for
estimating energy use by wild adult Pacific salmon. Comp
Biochem Physiol A Mol Integr Physiol 164:491—498

Submitted: July 29, 2025
Accepted: January 8, 2026
Proofs received from author(s): April 13, 2026





