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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 

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 techn o -
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 elu cidate habitat function and drivers of space 
use. Accelero meters 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, McIvor 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 re quirements, 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 (1–5 m) 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 
ag gregations (>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. 2019a, 
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 eco logy 
(Brownscombe et al. 2022), seasonal habitat oc cupancy 
(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 2005, 
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)
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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 × 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 174 289 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 
at an 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 R2 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-R2 value was calculated by scal-
ing %IncMSE values 0–1 and multiplying by total 
model R2 from the test data. Effect sizes were also esti-
mated for each predictor variable using Cohen’s f 2 
(Cohen 1988) using the equation: f 2 = dR2/(1–R2

full), 
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where dR2 is the difference between trees in pseudo-
R2 without the predictor and R2

full 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, 
Bryan et al. 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 inter actions 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 

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 63 538 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 (f 2 = 0.05) as the strongest pre-
dictor of permit locomotor activity, followed by lunar 
phase (f 2 = 0.04), site (f 2 = 0.03), water temperature 
(f 2 = 0.03), month of the year (f 2 = 0.02), and finally, 
habitat type (f 2 = 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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Fig. 3. Random forest model outputs fit to permit acceleration data in the Florida Keys, including (A) predictor importance 
values with pseudo-R2 of model and effect size (f2); (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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Fig. 4. Relationships between spatial–temporal factors and permit acceleration data in the Florida Keys. Violin plots show the 
distribution of acceleration values (m s–2) across (A) hours, (B) months, (C) habitat types, (D) sites, and (F) lunar phases. The 
width of each violin represents the density of observations at different values. The black line represents a smoothed trend with 
a generalized additive model smoother for temporal factors. Site values are coloured by habitat type (purple = artificial reef, 
teal = flats, yellow = natural reef). (E) Temperature raw data are plotted in blue points, fitted with a generalized additive model  

smoother (black). Grey area indicates the 95% confidence interval
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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 in fluenced 
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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Fig. 5. (A) Relationships between month of the year 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 accel-
eration values (m s–2) across months, where the width of each violin represents the density of observations at different values. (B) 
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. 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, inter actions 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 
be come 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 ob served 
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 
later in 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-Hernández 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 an nual 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 regulations 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 
Mitche son 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 -
tero perca 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 de clines, 
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. 
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