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ABSTRACT

A 15-year dataset (2005-2019) of 706 photo-identified whale sharks (Rhincodon typus) off Praia do Tofo in Mozambique allowed
us to assess the local abundance trend, and size- and sex-specific sighting and abundance trends, using both generalised addi-
tive models and capture-mark-recapture models. Overall sightings per day were partially explained by temporal (year, day of
year) and biophysical (sea surface temperature, time from high tide, moon illumination, Indian Ocean dipole index) predictors.
There were no differences in environmental drivers between females, which comprised 26% of the study population, and males
(74%). Similarly, demographic parameters (recapture probability, apparent survival, and probability of entry into the population)
estimated in multi-state open robust design capture-mark-recapture models showed no differences between sexes. Generalised
additive models and multi-state open robust design models showed a steep decline in whale shark sightings (—87%) and abun-
dance (—89%), respectively. Female abundance was lower and decreased more sharply (—92%) than that of males (—81%), while
the abundance of larger >7-m individuals declined more (—=99%) than medium-sized (5-6.9m, —87%) and small (<5m, —68%)
sharks. This pronounced decline in one of the largest global aggregations of whale sharks highlights the pressing need for ongo-
ing work to understand movement drivers, mitigate threats and protect this Endangered species.

1 | Introduction human pressures. The global whale shark population is esti-

mated to have decreased by more than half since the 1980s, from

The abundance of oceanic elasmobranchs has declined sharply
in recent decades, with almost three-quarters of these species
now threatened with extinction (Pacoureau et al. 2021). The
whale shark (Rhincodon typus) is an oceanic megaplanktivore
with a circumtropical distribution. Long-lived and slow to ma-
ture, whale sharks are susceptible to region-specific and broader

aretrospective assessment of ‘Least Concern’ in 1980 (Pacoureau
et al. 2021) to ‘Endangered’ on the contemporary IUCN Red List
(Pierce and Norman 2016), with a ‘Largely Depleted’ assessment
on the TUCN Green Status (Pierce, Grace, et al. 2021). Their
major threats are targeted fisheries, bycatch and vessel strikes
(Pierce and Norman 2016). As many directed fisheries have now
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ended, it is important to assess contemporary population trends
to monitor the effectiveness of whale shark conservation efforts.

Population monitoring of whale sharks has focused on coastal
aggregations, where tens to thousands of individuals can come
together seasonally to feed on ephemeral prey, which includes
fish eggs, zooplankton and schooling baitfish. Such productive
feeding opportunities can draw whale sharks from large dis-
tances, making them useful and accessible locations to assess
shark abundance through time. However, many of the sharks
that aggregate in these areas are juveniles, typically 3 to 9m in
total length (TL), and most sites have a pronounced (often > 75%)
male bias (Norman et al. 2017; Rohner, Norman, et al. 2021).
A majority of whale shark monitoring at coastal aggregation
sites is, therefore, primarily assessing the abundance of juve-
nile male sharks, which may not be representative of the entire
population. The distribution and habitat use of large, mature
individuals (>9m TL), young whale sharks (< 3m TL) and fe-
male sharks are poorly understood at present (Rohner, Norman,
et al. 2021). Such segregation by size and sex is common in
sharks (Wearmouth and Sims 2008) and can lead to differing
threat profiles for different life stages and sexes. For instance, ei-
ther males or females may be subjected to higher mortality from
fisheries depending on their habitat use (Mucientes et al. 2009).
Incorporating demographic classes in long-term monitoring is
an important way to assess how differing threat profiles affect
overall population recovery.

Sightings-based abundance trends have been recently assessed
in three South-West Indian Ocean whale shark aggregations:
Madagascar, Tanzania and Mozambique. Aggregations in
Madagascar and Tanzania had a stable trend, albeit over rela-
tively short time frames of 5 and 8years, respectively (Diamant
et al. 2021; Rohner, Venables, et al. 2022). In contrast, a steep
(79%) decline in whale shark sightings off Praia do Tofo in
southern Mozambique was documented between 2005 and 2011
(Rohner, Pierce, et al. 2013). This is one of the largest-known
aggregations of the species with one of the longest monitoring
time series available (Araujo et al. 2022). Whale sharks were de-
clared a protected species in Mozambique in 2020, and their ag-
gregation was one of the triggers for declaring the Tofo coast an
internationally significant Key Biodiversity Area the same year
(KBA 2023). The area was also declared an Important Shark
and Ray Area, partially based on this whale shark aggregation
(Jabado et al. 2023). A year-round marine ecotourism industry,
based on swimming with whale sharks, is an important con-
tribution to the local economy (Ziegler and Dearden 2021). An
ongoing field study since 2005 has shown that this is a ‘typical’
whale shark aggregation, consisting mostly of large juveniles
ranging from 4 to 9m TL, with ~72% males (Prebble et al. 2018;
Araujo et al. 2022).

Here, we studied and updated the sightings and abundance
trends of whale sharks at their aggregation site off Praia do Tofo
in Mozambique. We extend the monitoring dataset to cover a
15-year period (2005-2019), including more than 700 individual
whale sharks, to assess trends in localised sightings and abun-
dance with one of the longest time series of sightings data avail-
able for the species. We use generalised additive models (GAMs)
to explore whale shark sightings in relation to the local biophys-
ical variables and to investigate potential environmental drivers

behind the male bias in this aggregation. Capture-mark-re-
capture (CMR) models estimate local population abundance
in sightings and demographic parameters of male and female
whale sharks and size classes. By examining potential differ-
ences in the structure and demographic parameters of the ag-
gregation, we aim to better understand the drivers and ecology
behind the abundance trends.

2 | Methods
2.1 | Whale Shark Surveys

Whale shark sightings were recorded off Praia do Tofo (Tofo
Beach) (23.85° S, 35.54° E), Inhambane Province, Mozambique.
Data were collected by scientists and trained volunteers during
boat-based surveys over a 15-year period, between January 2005
and December 2019. Surveys generally followed whale shark
tourism search protocols in the area, focused from behind the
surf zone to ~1 km offshore, extending 8 km south of the launch
site, with opportunistic sightings during other activities, such
as on the way to/from dive sites in the area. Surveys were con-
ducted on research vessels or aboard tourist vessels dedicated to
searching for whale sharks. Commercial boat trips were on av-
erage 2h (+/-15min) long, operating between 11 AM and 2PM,
when overhead light makes it easier to see whale sharks near
the surface.

2.2 | Population Structure

Individual whale sharks have a unique spot pattern on their
skin, and the flank area behind the fifth gill to posterior of the
pectoral fin is used for individual identification (Taylor 1994;
Arzoumanian et al. 2005). Each shark was photographed under-
water, and their ID image was uploaded to the global online da-
tabase (wWww.sharkbook.ai) to determine whether the shark was
a new or a previously identified individual. Only high-quality
left-side photos were used to identify new individuals within the
database, following outlined standard quality assurance meth-
ods (Pierce, Holmberg, et al. 2018; Rohner, Norman, et al. 2021;
Norman et al. 2017).

Sex was determined by the presence (males) or absence (females)
of claspers on the pelvic fins, with the calcification and exten-
sion of claspers past the pelvic fins used to assess maturity in
males (Norman and Stevens 2007; Rohner, Richardson, Prebble,
et al. 2015; Pierce, Pardo, et al. 2021). TL was estimated visually
underwater, while swimming next to the shark, in increments of
0.5m. The mean value was calculated where >2 estimates per in-
dividual had been recorded. Visual length estimates are prone to
error (Rohner, Richardson, Marshall, et al. 2011; Sequeira, Thums,
et al. 2016); thus, following Fox et al. (2013), we excluded length
from individuals where only two estimates were available if the TL
estimates varied by >3m (n=84). Any other outlying length esti-
mates (>3 m different from the nearest TL estimate) were excluded
when calculating the mean for each individual. Photographs sub-
mitted to the database from the public were also included in anal-
yses if the quality was adequate for identification, making up <3%
of all encounters. Sex from these encounters was only accepted
if accompanied by photographic confirmation (unless the shark
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was already identified), due to regular confusion between females
and juvenile males (which have small claspers). To assess survey
effort, we included days with no sightings reported in Marine
Megafauna Foundation or All Out Africa research logbook data
and calculated the number of whale sharks per survey day. The
inclusion of public submissions means that effort calculations will
be slight underestimates, as days with no public submissions were
not logged unless a researcher was also present on that trip. The
low occurrence of this situation meant that, in practice, this bias
was negligible. Individuals identified in only one calendar year or
one season of the CMR framework (see below) were termed ‘tran-
sient,” following Holmberg et al. (2009). All analyses were carried
out using R (version 4.1.2) (R Core Team 2021).

2.3 | Generalised Additive Models

GAMs were used to examine the influence of a suite of pre-
dictors on the response variable (Zuur et al. 2009; Hastie and
Tibshirani 1986): the number of whale sharks identified per
survey day (‘sightings’ henceforth). Year was used to assess
the long-term trend, and day of the year (DOY) examined sea-
sonality. Remotely sensed Chl a data from just off Praia do
Tofo (23.893° S; 35.578° E) were extracted from the Moderate
Resolution Imaging Spectroradiometer (MODIS) satellite, via
the National Oceanographic and Atmospheric Administration's
(NOAA) Environmental Research Division Data Access Program
(ERDAP), using the rerddapXtracto package (Mendelssohn 2021).
An 8-day composited mean with a 4-km resolution was selected
to account for patchiness due to cloud cover (96 survey days had
missing values). Daily sea surface temperature (SST) data from the
multi-scale ultrahigh resolution (MUR) satellite were similarly ex-
tracted at a 1-km resolution.

Moon phase was extracted using the suncalc package (Benoit
Thieurmel 2019), and tidal records from the nearest reference
buoy in Inhambane Bay (18 km from Praia do Tofo) were gath-
ered using worldtides.info. The tidal difference between the
buoy and the study location was calculated using a 31-day period
of 58 high tide readings for Praia do Tofo from www.surf-forec
ast.com. Historical tide data were corrected using the mean tidal
difference of +121 min (£10.7 min SD). The time of daily whale
shark sightings to the nearest high tide was calculated for 1380
survey days with logged time (84.8% of sightings).

The Indian Ocean Dipole Index (IOD) was derived from the
NOAA Hadley Centre's sea ice and SST dataset (HadISST1) and
expressed as monthly mean values. Historical data for wind
bearing and speed were obtained via visualcrossing.com, from
Inhambane Bay. Either the wind bearing, speed or both values
were missing for 289 survey days. Predictors were assessed for
collinearity using a Pearson rank coefficient with a threshold
correlation value of r=0.7, which is considered linear (Dormann
et al. 2013). All pairwise combinations were below this level and
thus included in analyses.

Three GAMs were constructed using the mgcy package
(Wood 2017) with response variables: total, male and female
sightings. For all three GAMs, we used a Poisson distribution ap-
propriate for count data. DOY (1-365) had a cyclic cubic spline to
ensure continuity between day 365 and day 1. Year was included

as a categorical predictor. Because of gaps in the data of some envi-
ronmental variables (Chl a, wind speed and direction, tidal data),
the process of assessing which predictors to include in each final
model was carried out on variations of the full dataset (986-1628
survey days) to optimise for the retention of predictors while mini-
mising loss of observations in the time series. The residuals of final
models (total, male and female) were visually assessed for normal-
ity and homogeneity of variance. The individual significance of re-
tained predictors was determined using a y> ANOVA test on each
final model. Model output plots show the relationship between
whale shark sightings and each predictor, while others are held
constant at their median value (Breheny and Burchett 2017).

The trend in sightings from 2005 to 2019 was estimated using a
predictive model for each group (total, male and female sharks).
Values of final GAM predictors that resulted in the highest
whale shark sightings were used, i.e., the maximum number of
whale sharks that could be sighted in a day, for each year. In all
three cases, annual estimates displayed a negative exponential
relationship and were fit with log-linear regressions. The per-
centage change of predicted regression estimates from 2005 to
2019 was calculated for each group.

2.4 | CMR Modelling

CMR models were used to estimate a suite of demographic pa-
rameters, seasonal abundance and trend. ‘Abundance’ here re-
fers to the local abundance of whale sharks in our survey area.
The unique spot pattern used in individual identification (see
above) was considered a ‘mark,” with a ‘capture’ being the first
time that an individual was encountered and all subsequent
sightings as ‘recaptures.” The primary sampling periods were
defined as fourteen 6-month seasons over the 15years. Although
whale shark trips took place throughout the year in recent years,
October to March were dedicated to surveys at the start of the
monitoring programme and were consistently sampled through-
out the whole study period, with a relatively high mean effort
(mean + SD=10.5+5.5daysmonth™!). This sampling period
covered 57% of all encounters and 76% of all identified sharks
(see Results).

The dataset was split into subgroups by sex and size to examine
the influence on parameter estimates. Length estimates (TL)
were binned into small (<5m), medium (5-6.9m) and large
(>7m) individuals. Male whale sharks at Praia do Tofo reach
maturity at ~9 m (Rohner, Richardson, Prebble, et al. 2015), and
females at a similar or larger size (Pierce, Pardo, et al. 2021);
therefore, size bins do not indicate different life stages but align
approximately with ecological groupings that correspond with
sharks entering and leaving aggregations at this site and else-
where (Rohner, Norman, et al. 2021). CMR models were fitted
using the RMark package (Laake 2013). An overall model for all
whale sharks combined (‘base’) was first fitted, and thereafter
group models were constructed with sex and size as covariates.

We used a POPAN parameterisation to estimate the size of the
superpopulation (N) for all sharks and for the subgroups (see
Supplementary materials for POPAN methods and results; Supp.
Tables S1 and S3; Supp. Figure S2). The main parameterisation
was a multi-state open robust design (MSORD) (Kendall and
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Bjorkland 2001), which is a mixture of both open and closed
models that uses a primary sampling season (here, October—
March) with secondary capture sessions within each (here,
each of the six calendar months within this season). The model
structure considers the population to be open between primary
seasons but closed between each of the one-month intervals,
therefore taking into account temporary emigration (i.e., move-
ment out of, and back into, the survey area), which is well suited
to the short-term coastal movements of whale sharks in this area
(Rohner, Richardson, Jaine, et al. 2018). A portion of the super-
population is considered present in the study area (¥), in an ob-
servable state and available for recapture, while others that have
temporarily emigrated (¥) are unobservable. This switching
state of the MSORD framework, as well as the greater number
of sampling occasions in comparison to Jolly-Seber models (see
Supplementary materials), improves precision in abundance and
survival estimates and reduces the bias from unequal capture
probability that can occur in open models (Pollock et al. 1990;
Kendall and Pollock 1992). The MSORD was used specifically
to obtain precise seasonal abundance (Ny) estimates for the total
number of whale sharks and each sub-group. The generated es-
timates of apparent survival (S), the recapture probability (p)
and the probability of entry (pent) were also extracted. Here, S
represents the probability of survival between two seasons for
individuals in the observable state (). The transition probability
(¥) of switching between the observable (¥) and unobservable
(F) state and the probability of an individual remaining in its
current state (@) were also estimated.

In the MSORD base model, S was either constant (.), variable
by primary period, i.e., season (f) or time since marking (tsm),
with the group models additionally variable by group (group)
or group and primary period (group*f). The transition proba-
bility (¥) between the observable (¥) and unobservable (F) state
from ¢ to t+1 is conditional on survival. Because no emigration
is calculable in the first season, ¥¥ and WF were fixed at 0 in
Season 1. To allow for different temporary emigration scenarios,
¥ was modelled as (), (f) for random movement, Markovian (M)
for dependent movement, as well as (group) in group models.
As pent is only estimable for individuals within the study area,
pent® was fixed at 0. The pent? was allowed to be (.), (£), variable
within primary periods (session) and time variable within and
between primary periods (¢t * session). Group models additionally
included pent? variable by (group) and group and secondary ses-
sion (group *session). The ¥ was fixed at 0, while ? was either
(), (), (session) or (t*session), and in group models, it was also
variable by (group) and (group * ). The recapture probability p
was similarly fixed to 0 for the unobservable state. The p” was
(), (1), (session), with group models including (group), (group *¢)
and (group *session). In addition, p was variable by survey ef-
fort, which was the number of sampling days per secondary
session (i.e., month). The base model thus included variation
by (effort), with group models also variable by effort and group
(effort* group).

Variations of the models were ranked using the Akaike's infor-
mation criterion (AIC; Burnham and Anderson 2004). Models
within AAICc < 2 of the top model were considered equally sup-
ported. Model averaging based on the model weight was used
for estimating time-variable parameters. Where models within
AAICc <2 supported a parameter that was not dependent on

time (i.e., constant or group effect), a single parameter estimate
was reported, without model averaging. Results for group mod-
els are only reported where the group effect was significant for
respective parameters in best-supported model(s). Estimates
between sub-groups were compared using the 95% confidence
intervals (CIs), where any overlap indicates that the difference
between subgroups is not significant. Models that led to multiple
inestimable parameters (> 4) were identified and removed from
model selection.

The Ny estimates derived from MSORD models for total whale
sharks, and each subgroup from group models for sex and size,
were fitted with regressions to examine abundance changes over
the seasons. Regressions were fitted according to relationships
of Ny estimates and the distribution and equal variance of resid-
uals. Abundance predictions for Seasons 1 and 14 were obtained
via regression lines, and the trends over the study period were
calculated. We compared the slopes of the regression models
for females and males with an ANOVA to test differences in de-
cline rates.

Power analyses were conducted on the Ny estimates for
total sharks and subgroups, using the fishmethods package
(Nelson 2019). Power is influenced by the measure of a trend,
precision and duration of a study (Gerrodette 1987), and it esti-
mates the percentage change detectable in a given methodology.
Here, the Type 1 (o) and Type 2 (8) errors were set at 0.05, and
the ‘power’ or probability of detecting a true trend (1—f3) was
thus 0.95. Proportional standard error (PSE), based on the av-
erage coefficient of variation from 14 seasons, was input as an
estimate of precision, along with the empirical study duration
and starting value of Ny (Season 1).

3 | Results
3.1 | Population Structure

From a total of 1628 survey days between 2005 and 2019 at Praia
do Tofo, 1078 were successful in sighting whale sharks; 2104
unique daily encounters were recorded. A total of 706 individ-
ual whale sharks were photo-identified, henceforth referred to
as the ‘population’ for the study. Sex was confirmed for 79% of
the population: 415 males and 146 females, while 145 individu-
als remained of unknown sex. The male bias in sharks for which
sex is known (74%) was significant (}?*=128.99, p<0.001).
Seven males (<2%) were mature, with thick, calcified claspers
extending past the pelvic fins. Estimated TL was obtained for
597 individuals (M =381, F=131, U=85) and ranged from 2.5
to 10m, with most individuals (93%) between 4 and 8m TL.
Length estimates of both male (mean + SD=6.34+1.26 m) and
female sharks (6.23+1.32m) had the same TL range, with no
difference between the size-frequency distributions of the sexes
(Z=-0.762, p=0.446) (Figure 1).

3.2 | Transience and Movement
More than half (55%) of individuals were sighted in only one cal-

endar year and were thus considered transient. One male was
seen in 11 of the years, 42 in 5 or more years, while 46% (n =189)

40f 16

Aquatic Conservation: Marine and Freshwater Ecosystems, 2025



70

Female
60

Male
50
40
30

20

Number of whale sharks

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Total length (m)

FIGURE1 | Length-frequency of male (n=381) and female (n=131)
whale sharks off Praia do Tofo (2005-2019).

of males were transient. There was a maximum gap of 5053 days
(nearly 14 years) between sightings of the same individual. Five
females were seen in five of the years, while 53% (n=77) were
transient (similar to males: y*=0.495, p=0.482), with a maxi-
mum time between sightings of 2607days. From the overall
sharkbook.ai database, five males seen in Praia do Tofo were
first sighted in South Africa (>420km south), and two were
later seen at Mafia Island in Tanzania (>1900km north). One
female was also later sighted at Mafia Island.

3.3 | Generalised Additive Models

The final GAM for total whale shark sightings explained 29.7%
of the total deviance. Six predictors were retained: year, DOY,
SST, I0OD, moon phase and time from high tide (Table 1). The
year factor had a strong overall significance (p <0.001) and ac-
counted for most of the model deviance (19.2%), with an over-
all decreasing trend in sightings (Supp. Figure S1). The DOY
(p<0.001) explained 3.5% deviance and indicated a seasonal
peak of sightings in austral spring, from late July to October (Days
~210-300), although the trend was weak with large CIs. Time
from high tide had the greatest non-temporal effect (p <0.001)
and explained 4.7% deviance. Most sightings occurred close to
high tide. SST (p <0.001) contributed 1.2% to deviance. All en-
counters occurred between 22 and 30°C, with more sightings as
water temperature increased. The IOD (p=0.006) contributed
0.5% to model deviance; more sightings occurred with a higher,
positive IOD index. Moon phase (p <0.001) accounted for 0.6%
of the model deviance, with an ambiguous effect on sightings
(Supp. Figure S1).

The final GAM for female sightings explained 27.1% of the total
deviance. Three predictors were retained: year, DOY and SST
(Table 1). Year (p <0.001) contributed most (23.5%) of the model
deviance, with a decreasing trend over time. DOY (p<0.001)
and SST (p<0.001) explained 1.3% and 2.3% of the deviance,
respectively, with more female whale sharks seen between late
July and October (Days ~210-300) and when SST was warmer
(Figure 2a). The final GAM for male sightings explained 20.6%
of total deviance. Five predictors were retained: year, DOY, 10D,
moon phase and time from high tide (Table 1). Year (p <0.001)
contributed most to the overall model deviance (11.3%), with
a decreasing trend over time (Figure 2b). Time from high tide
(p<0.001) and DOY (p<0.001) accounted for 4.9% and 2.9%
deviance, respectively, with more male whale sharks similarly
seen between late July and October and around high tide. The

Final generalised additive models (GAM) for total, male and female whale shark sightings over a 15-year period (2005-2019) at Praia do Tofo.

TABLE 1

Female

Male

Total

edf

k  Deviance (%) X

edf

k  Deviance (%) X
170.7

edf

XZ

291.6

Deviance (%)

Predictors

11.3 < 0.001 23.5 120.3 < 0.001

< 0.001

19.2

Year

6.2

< 0.001

36.97

1.3

3.5

<0.001

2.9 44.55

6.1

< 0.001

58.66

3.5

Day of year

< 0.001 1

15.63

2.3

< 0.001 1

14.22

1.2

Sea surface temperature

10D index

< 0.001 1

14.35

0.7

0.006 2.5

12.75

0.5

5.9

< 0.001

37.83

6.5

< 0.001

47.04

Moon phase

4.3

< 0.001

83.48

4.9

<0.001 44

98.94

4.7

Time from high tide

271

20.6

29.7

Sum

Note: For each retained predictor, model output includes significance from the y? test, number of basis functions (k), estimated degrees of freedom (edf) and % contribution to total model deviance.
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FIGURE 2 | Final generalised additive model (GAM) outputs showing the relationships between whale shark sightings and retained predictors

from 2005 to 2019 in Praia do Tofo for (a) female and (b) male sharks. The shaded area marks the 95% confidence intervals.

10D (p <0.001) explained 0.7% of the deviance, with more males
seen when the IOD was higher. Moon phase (p<0.001) ex-
plained 0.8% deviance but had an ambiguous effect on sightings
of male whale sharks (Figure 2b).

The annual estimates from the whale shark predictive model
showed a steep decline over the study period for total whale
sharks (R>=0.89, F=115.8, p<0.001). From the exponent of
predicted regression values, the change between 2005 and
2019 was —86.6%, decreasing from 34 to 5 individuals day~!
(Figure 3a). Estimates of males also decreased (R?>=0.83,
F=64.03, p<0.001), with an estimated change of —80.1% (7 to
1 individuals day~!; Figure 3b). Sightings of females had the

strongest trend (R>=0.89, F=97.92, p<0.001) and the steepest
decline (—99.2%), with 0 individuals day~! estimated in the final
year (Figure 3c).

3.4 | CMR Modelling

The selection of 6-month sampling periods reduced the number
of whale sharks in the CMR capture history dataset to 1202 en-
counters (57% of the total) of 536 individuals (76% of all identi-
fied sharks). There were 324 males, 114 females and 98 sharks of
unknown sex, maintaining the male bias seen in the total popu-
lation. A total of 337 (63%) sharks were seen in only one season
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and classified as ‘transient.” Transience in males (55%) and fe-
males (61%) was similar (y*=0.310, df=1, p=0.578). Based on
the designated size bins, there were 98 small, 221 medium and
152 large individuals, with a male bias present in each (S: 70%,
M: 74%, L: 78%). Transience was lowest in medium sharks (44%),
while small (70%) and large (73%) individuals had similar levels
of transience.

The base MSORD model included two best-candidate models with
a combined weight of 0.85. One model included apparent survival
(S) as constant, the second as variable by season, while both in-
corporated a constant transition probability (¥) between the ob-
servable and unobservable state, pent (session), p (effort) and a
probability of remaining (¢) that was variable by season. With sex
as a covariate, p (effort*sex) was the only parameter that main-
tained a group effect. The two best models had a combined weight
of 0.53 and differed only in S () or S (tsm). With size as a covari-
ate, the best model had a weight of 0.65, where S (size) and p (ef-
fort*size) had a significant group effect. The best models with sex
and size all contained W(.), pent (session) and (¢) (Supp. Table S2).

In the MSORD base model, p varied by survey effort (range:
0.05-0.37; Table 2). Additionally, p correlated with effort (r=0.95,
t=33.232) where the highest p occurred in secondary sessions with
greater sampling effort. Group models similarly had p depending
on effort, with p in the female (range: 0.02-0.35) and male (range:
0.06-0.4) subgroups correlating with survey effort (F: r=0.92,
t=22.27), (M: r=0.97, t=39.63). The p of small (range: 0.07-0.38)
and medium (range: 0.06-0.42) subgroups also correlated with ef-
fort (S: r=0.98, t=46.41) and (M: r=0.98, t=34.86), as did large
(r=0.94, t=23.35), with a lower range (0.02-0.22).

In the base model, ¢ was time-variable (range: 0.54-0.87), with
no clear trend (Table 2). The pent varied by secondary session,
where the initial session (0.61+0.06) was higher than subse-
quent estimates, which did not differ.

With size as a covariate, small whale sharks (0.69 +0.04) had a
lower S than medium (0.83 +0.02) but were similar to large in-
dividuals (0.74 £ 0.04). Medium and large estimates were similar
(Table 2). Sex was not supported as a group effect for S, ¢, pent or
¥ in the group model, indicating no difference in these parame-
ters between male and female whale sharks. Similarly, size was
not supported as a group effect for ¢, pent, or ¥.

Seasonal abundance estimates (Ny) from the MSORD base and
group models progressively decreased (Table 3). Base estimates
had two seasons of stable/increasing Ny; male estimates had
three. Although females had four seasons with stability, final
Ny was zero. The small subgroup had four seasons with a stable/
increasing trend, medium had three, and large had four.

All regression lines fit to base and subgroup Ny estimates were
negative and significant. Predicted values revealed the change in
abundance (trend) between Seasons 1 and 14 for the population
and its components (Figure 4). The base regression had an 89.4%
decline in seasonal abundance of total whale sharks (526 to 56 in-
dividuals season™). The male regression indicated an 81% decline
(254 to 49 individuals season™); the female a 91.9% decline (173 to
14 individuals season'). Females had a steeper decline than males
(F=39.4, p<0.001). The slope for small sharks suggested a 67.7%
decline (45 to 15 individuals season™), that of medium sharks had
an 87.1% decline (171 to 22 individuals.season™) and a 99.1% de-
cline (380 to 3 individuals season™!) for larger individuals.

With a power of 0.95 (95% probability of detecting a trend), a
decline in Ny of total (PSE=0.133) and male (PSE=0.131) whale
sharks could be detected down to 40%. Females (PSE=0.162)
had a detectable decline down to 48%. In size bins, the declining
trend was detectable to 50% in small (PSE=0.172), 38% in me-
dium (PSE=0.126) and 55% in larger (PSE=0.191) individuals.
Our calculated trends from the MSORD models fall well within
the 95% CI of the power analyses.

4 | Discussion

The southern Mozambique coast is a global hotspot for whale
sharks, with over 700 individual sharks photo-identified during
this study. Almost three-quarters (74%) of sexed sharks were
males, nearly all juveniles, demonstrating pronounced sex-
ual and size-based segregation in this aggregation. A similar
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TABLE2 | Demographic parameter estimates from best selected capture-mark-recapture (CMR) MSORD models: transition state (¥), probability
of remaining (¢), apparent survival (S), recapture probability (p) and probability of entry (pent).

Parameter
Group Subgroup Estimate (+SE) 95% CI Range
()
Base 0.01+0.04 0.04-0.21
% () @
Base 0.54-0.87
S(@) S@®
Base 0.76 £0.02 0.73-0.8 0.76-0.77
Size Small 0.69+0.04 0.60-0.77
Medium 0.83+0.02 0.79-0.86
Large 0.74+0.04 0.66-0.80
pQ) p (Effort)
Base 0.05-0.37
Sex Female 0.02-0.35
Male 0.06-0.40
Size Small 0.07-0.38
Medium 0.06-0.42
Large 0.02-0.22
pent (session) Session
Base 1 0.61+0.06 0.49-0.72
2 0.06+0.04 0.02-0.22
3 0.04+0.03 0.01-0.18
4 0.09+0.03 0.04-0.17
5 0.20+0.03 0.15-0.26

Note: Constant estimates (+SE) include 95% lower and upper confidence intervals (CI). Significant differences between subgroups are in bold. The range is displayed

for time-variable estimates.

population structure has commonly been reported from ag-
gregation sites across their range (Norman et al. 2017; Rohner,
Norman, et al. 2021). Our sex-specific regression analysis showed
a more pronounced decline in female (—92%) than in male shark
abundance (—-81%) in the CMR analyses, corroborated by de-
clining sightings for females (—99%) and males (—80%) over the
15-year study period in the GAMs. Larger juvenile and adult
sharks (>7m) had the most pronounced decline in abundance
(—99%). This rapid decrease in local sightings and abundance at
a long-term hotspot—in the absence of evidence for clear envi-
ronmental change or a population-level habitat shift—increase
the conservation concern for whale sharks in this region.

4.1 | Local Population Decline

The local population declines shown by the present analyses
update and expand on initial (2005-2011) results by Rohner,

Pierce, et al. (2013) on a subset of this dataset. Our new work
demonstrates a continuing decline to 2019 and updates the
overall decline to —87%. Importantly, the decline was not
driven by a few early years with unusually high sightings, but
instead was a continued decline over the study period. The
sex-specific models estimated a decrease of 80% in male sight-
ings and 99% in female sightings over that period. Supporting
these results, the trend in seasonal abundance from MSORD
models decreased in the total population (—89%), as well as
for both males (—81%) and females (—=92%) and in all ecolog-
ical size groupings. Power analyses indicate high confidence
in our calculated abundance trends, and the complementary
results from CMR models and GAMs also verify the declin-
ing trend in the aggregation, for both sexes. The low pent es-
timates in the MSORD models show that recruitment is too
low to counteract the declines from individuals leaving the
population. Concurrent declines in sightings of other oceanic
megafauna have also been recorded at this site over the same
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timeframe, including for reef manta rays (97%), oceanic manta
rays (89%) and short-horned pygmy devil rays (37%) using
models that take temporal and local environmental variables
into account (Venables et al. 2024). Combined, these results
suggest that declines at Praia do Tofo are driven by external
factors that were not accounted for in these models.

In the present study, 55% of individuals were seen in only
lyear of the study (‘transient’ sharks). Although transience
is common in the highly mobile whale shark, low recapture
(re-sighting) rates can hinder the use of CMR models for the
species (Holmberg et al. 2009), as heterogeneity in recap-
ture probabilities can bias parameter estimates (Kendall and
Bjorkland 2001). The percentage of transient sharks at Praia
do Tofo was higher than in Tanzania (36%; Rohner, Venables,
et al. 2022), but lower than aggregations in Madagascar (72%;
Diamant et al. 2021), Western Australia (65%; Holmberg
et al. 2009) and the Gulf of California (85%; Ramirez-Macias
et al. 2012), where CMR modelling techniques have previously
been applied to whale sharks. While our capture histories also
fit the Jolly-Seber framework (Supplementary materials), the
successful application of MSORD models, which incorporate

temporary emigration to overcome transience, lends high
confidence to derived parameters and seasonal abundance es-
timates. Power analyses further show that confidence in the
estimated declines is high.

4.2 | Environmental Influence on Whale Shark
Sightings

Environmental variables influence sightings of whale sharks
and other large, wide-ranging planktivores at coastal aggrega-
tion sites (e.g., Rohner, Pierce, et al. 2013; Sleeman et al. 2010;
Venables et al. 2024). As the whale shark aggregation at Praia
do Tofo almost exclusively consists of large juvenile individuals
ranging between 4 and 8 m TL, variables influencing plankton
availability, and thus feeding opportunity, are likely to be im-
portant drivers of their presence, rather than, for example, mat-
ing opportunities or protection from predators for neonates and
small juveniles <4m TL. However, local variables tested in the
GAMs had a smaller influence on sightings than temporal fac-
tors, which may be a result of the complex oceanography and
variable prey availability in the region.
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Whale sharks were observed throughout the year, with GAMs
predicting peak sightings from the end of July to late October.
Although most whale shark aggregations are characterised
by a defined seasonality (Nelson and Eckert 2007; Rohner,
Armstrong, et al. 2015; Rohner, Norman, et al. 2021), eddy-
driven upwelling events within the Mozambique Channel
drive intermittent bursts of ocean productivity (Schouten
et al. 2003), which have been hypothesised to support a
year-round whale shark presence in southern Mozambique
(Rohner, Weeks, et al. 2014; Rohner, Richardson, Jaine,
et al. 2018). Transport and through-flow in the Mozambique
Channel are variable across years and are related to the IOD,
where a positive index correlates with increasing southward
transport (Ridderinkhof et al. 2010), which may lead to more
upwelling and better feeding opportunities for whale sharks
in southern Mozambique. This would explain why we found
that a positive IOD resulted in more sightings, but the link
between water transport, eddy activity, upwelling and plank-
ton availability in this region requires further examination
(Rohner, Weeks, et al. 2014).

In the absence of in situ zooplankton data, Chl a is often used
as a proxy, despite a lag between phytoplankton and zooplank-
ton blooms (Ware and Thomson 2005; Benedetti et al. 2019).
Although the movement of satellite-tagged whale sharks along
the southern Mozambique coastline is linked to high Chl a
levels (Rohner, Richardson, Jaine, et al. 2018), Chl a was not
significant in our sighting-based GAMs, likely because track-
ing encompasses a greater area, wherein productivity and prey
availability could fluctuate, as opposed to our point-based sur-
vey area. While prevailing winds can drive upwelling events
and productivity in some regions of the globe and have been
previously associated with planktivore and whale shark pres-
ence elsewhere (Wilson et al. 2001; Rowat et al. 2009; Sleeman
et al. 2010), neither wind bearing nor speed had an effect on
shark sightings at Praia do Tofo. Wind appears to have a neg-
ligible role in driving upwelling here relative to the large-scale
dynamic processes that characterise the oceanography of the
southern Mozambique Channel.

Higher SSTs were associated with more sightings per day, al-
though this predictor only explained 1.2% of the deviance. Water
temperatures remained stable over the study period (no increase
or decrease) and spanned 22°C to 30°C, well within the known
thermal tolerance for whale sharks (Pierce, Grace, et al. 2021).
The temperature range was similar to that recorded for offshore
whale shark sightings in the Indian Ocean (Sequeira, Mellin,
Rowat, et al. 2012), as well as temperature ranges experienced
from tagged sharks from five Indian Ocean aggregations, in-
cluding Praia do Tofo (Rohner, Richardson, Jaine, et al. 2018;
Reynolds et al. 2022).

The time from high tide had the greatest environmental ef-
fect (4.7% of the deviance) on total sightings, with most whale
sharks sighted near the slack high tide (1 h prior to 30 min after).
Movement and presence of sharks and rays in relation to tides
can benefit energy expenditure and maximise foraging poten-
tial (Schlaff et al. 2014) where tidal variation and topography
influence the build-up and transport of nutrients and zoo-
plankton (Wiafe and Frid 1996). Whale sharks can position
themselves to make use of tidal transport (Wilson et al. 2001),

although the timing of plankton retention and planktivore pres-
ence is location-specific (Alldredge and Hamner 1980; Dewar
et al. 2008; Armstrong et al. 2016). Our results suggest an op-
timal tidal range for sighting whale sharks at Praia do Tofo
near slack high tide. Clear interpretation of this result would
be assisted through plankton assessment and collation of whale
shark behavioural observations.

4.3 | Could Declines Be Explained by a Regional
Habitat Shift?

It is challenging to differentiate true population declines,
caused by anthropogenic mortality, from shifts in a wide-
ranging species’ distribution in response to changing envi-
ronmental conditions. In the planktivorous basking shark
(Cetorhinus maximus), for instance, a detailed analysis of de-
clines off western Ireland suggested that the sharks had moved
north to more productive feeding areas in the Norwegian
Sea, rather than declining solely from localised fishing pres-
sure (Sims and Reid 2002). The short residency time of whale
sharks in our small survey area (Prebble et al. 2018; Araujo
et al. 2022) and observed high mobility in the region (Rohner,
Richardson, Jaine, et al. 2018) indicate that other, broader-
scale factors may influence whale shark presence and abun-
dance off Praia do Tofo.

Praia do Tofo has been noted as a whale shark hotspot (Cliff
et al. 2007; Rohner, Richardson, Jaine, et al. 2018) since prior
to the initiation of this study. However, regular whale shark
sightings and tracked movements do occur all along the south-
ern Mozambican and northeastern South African coasts (Cliff
et al. 2007; Gifford et al. 2007; Rohner, Richardson, Jaine,
et al. 2018), and there have been occasional reports of signifi-
cant shark numbers during coastal aerial transects, including
54 sharks along a 64-km stretch of the Kwa-Zulu Natal coast
in 1980, 95 sharks along 110km of coast in 1994 and 49 along
73km of the southern Mozambique coast in 1996 (Beckley
et al. 1997). Dive operators in northern South Africa and south-
ern Mozambique reported that whale sharks were common in
the 1990s, declining thereafter (Cliff et al. 2007). Considering
the dynamism of upwelling events in the Mozambique Channel
(de Ruijter et al. 2002; Schouten et al. 2003; Sudre et al. 2023),
climatic changes in SST over time (Han et al. 2019) and vari-
able patches of productivity along the coast (Rohner, Weeks,
etal. 2014), this raises the possibility of the relatively small whale
shark hotspot at Praia do Tofo shifting or dispersing through
time. Such a shift has not been observed, though, and regular
aerial surveys along the Inhambane coast of Mozambique (e.g.,
Rohner, Richardson, Jaine, et al. 2018 and ongoing work) and
South Africa, and marine tourism operations along much of the
coast, would likely detect a population-level shift if it occurred
in coastal waters within this region.

Compared to the severe local population decline observed at
Praia do Tofo, other regional whale shark aggregations have not
recorded a decline in abundance. The two closest sites, off Nosy
Be in Madagascar (Diamant et al. 2021) and Mafia Island in
Tanzania (Rohner, Venables, et al. 2022), have photo-ID records
available online for passive ID matching via the global photo li-
brary at www.sharkbook.ai. There have been no matches with
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Madagascar to date, and only three sharks have moved up to
Tanzania (at the time of writing, October 2024), highlighting
that the population has not shifted to these other regional ag-
gregation sites. These two sites also used similar CMR methods
to analyse the local population trend, which has been stable in
Mafia Island over 8years (Rohner, Venables, et al. 2022) and
at Nosy Be over 5Syears (Diamant et al. 2021). Seasonal abun-
dance in the Praia do Tofo aggregation declined by 70% during
the timeframe of the Mafia Island study (2012-2019) and by 50%
over that of the Nosy Be work (2015-2019).

Given the low connectivity between these aggregations, the de-
cline at Praia do Tofo is not explained by the sharks moving to
another known site but does not preclude a shift to offshore habi-
tat—and hence, fewer whale sharks approaching the coast. Work
by Sequeira, Mellin, Delean, et al. (2013) and Sequeira, Mellin,
Fordham, et al. (2014) examined observer data on whale shark
sightings associated with offshore tuna fisheries in the northern
Mozambique Channel and broader Western Indian Ocean from
1991 to 2007. A slight increase in whale shark sightings was
noted between 1991 and 2000, followed by a decrease from 2000
to 2007 (Sequeira, Mellin, Delean, et al. 2013). In absolute terms,
600 sightings were reported from the 1990s, decreasing to ~200
across 2000 to 2007 (Sequeira, Mellin, Fordham, et al. 2014).
Peak monthly sightings decreased by around 50% over the study
period (Sequeira, Mellin, Fordham, et al. 2014). More recent
data on sightings associated with offshore tuna fisheries would
be highly useful for assessing a potential habitat shift into off-
shore waters and for examining the regional abundance trend
for whale sharks.

4.4 | Sex- and Size-Specific Abundance Trends

Female whale sharks had a steeper decline than males between
2005 and 2019; —99% compared to —80% in sightings GAMs and
—92% compared to —81% in seasonal abundance models. The
steeper decline in females may be explained by sex-specific dif-
ferences in habitat use patterns. Females may be more affected
by offshore environmental changes or threats than males if,
as is yet to be disproved, juvenile females do spend more time
away from the coast than males (Meekan et al. 2020; Rohner,
Norman, et al. 2021). Similar cases from shortfin mako (Isurus
oxyrinchus) and blue sharks (Prionace glauca) show that sex-
specific threats in the divergent ranges of males and females can
impact population trends (Mucientes et al. 2009; Simpfendorfer
et al. 2002; Maxwell et al. 2019). Again, a better understanding
of the open ocean population structure of whale sharks in the
region and differences in habitat use and behaviour between fe-
males and males would aid interpretation of this result.

In the MSORD model outputs, we expected that the probabil-
ity of re-sighting females would be lower than that for males,
that fewer females would enter the population or that more of
those present would permanently emigrate. Results, however,
disproved the hypothesis that demographic parameters within
the aggregation differ between sexes. This result is contrary to
the Mafia Island aggregation where females had a lower appar-
ent survival than males, but also a higher proportion of transient
individuals, indicating lower site fidelity than males (Rohner,
Venables, et al. 2022).

There was also a steep decline in seasonal abundance across
size classes of small (—68%), medium (—87%) and large (—99%)
sharks. The steep decline in larger individuals (—99%) likely
reflects the transition to offshore habitats associated with sex-
ual maturity. If mature whale sharks prefer offshore habitats
(Rohner, Norman, et al. 2021), the decline in larger juvenile
and adult sharks of the large size class may be compounded by
emigration, whereby individuals ‘age out’ of the coastal aggre-
gation. High transience (73%) and low recapture probability in
MSORD estimates of the large subgroup, together with overall
low recruitment and few mature individuals in the population,
support this hypothesis.

4.5 | What Is Causing the Observed Decline?

Globally, the main contemporary threats to whale sharks, based
on the IUCN's Threat Classification Scheme (Rowat et al. 2021),
are fishing and shipping, followed more distantly by (in no par-
ticular order) oil and gas drilling, recreational activities, agricul-
tural and forestry effluents, garbage and solid waste and habitat
shifting and alteration. One, or a combination of these threats,
could be responsible for the ongoing decline in whale sharks
documented off this southern Mozambican aggregation.

Mortality from ship strike by larger commercial vessels has
recently been flagged as a cryptic threat to whale sharks
(Pierce and Norman 2016; Pierce, Grace, et al. 2021; Rowat
et al. 2021; Womersley, Humphries, et al. 2022; Womersley,
Rohner, et al. 2024). Noise from shipping could also affect their
movements and distribution. Whale shark movements along
the Mozambique coastline overlap with busy shipping routes
(Reynolds et al. 2022) and individuals from Praia do Tofo have
been sighted in South African waters, where shipping traffic be-
comes progressively more concentrated (Marine Traffic 2022).
It is difficult to quantify whale shark mortality from ship strike,
with few observations due to their negative buoyancy. However,
injuries and scarring on survivors are indicators of vessel colli-
sion (Speed et al. 2008), and a long-term scarring analysis could
test whether ship strike is increasing in the Praia do Tofo pop-
ulation. The greater decline in females could potentially be due
to higher exposure to shipping traffic, if they are making use of
habitats further offshore in shipping lanes, although there is no
direct evidence for this at present.

Artisanal fisheries, particularly the increasing use of gill-
nets, were previously flagged as a significant threat to whale
sharks in Mozambique (Rohner, Richardson, Jaine, et al. 2018).
However, targeted follow-up surveys in 2016-2017 of commu-
nity leaders, active fishers and fish traders (n=71) along this
coast by MMF staff, from Pomene (~100km north of Tofo) to
Zavora (~85km south), found that there was minimal catch of
whale sharks in nets or other techniques, likely 0 to 5 per year
(MMF unpublished data). While coastal fisheries are a threat
to other shark and ray species along this coast, the low land-
ings of whale sharks do not explain the pronounced decline in
sightings we document here. However, it is unclear whether
fisheries outside this coastal region, such as in offshore waters
of the Mozambique Channel, significantly impact whale shark
abundance. There is also no obviously high level of pollutants
in the area, although harmful algal blooms may increase with
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increasing nitrogen runoff, affecting plankton composition and
foraging potential (Kelchner et al. 2021).

There has been a rapid growth in marine tourism from Praia
do Tofo since the early 2000s (Tibirica et al. 2011), including
a well-developed whale shark tourism industry (Ziegler and
Dearden 2021). Tourism can disturb the whale sharks (Haskell
et al. 2014; Pierce, Méndez-Jiménez, et al. 2010; Quiros 2007), at
least on a short-term basis, and injuries occur from small boat
strikes (Speed et al. 2008). However, the standardised codes of
conduct in place at the site help to mitigate disturbance (Pierce,
Méndez-Jiménez, et al. 2010). Analyses of tourism boat numbers
on site, over time, would provide further insight on the industry,
but tourism is unlikely to be a primary driver of the pronounced
declines documented in this study. Recapture probability from
CMR models in the present study found that estimates gener-
ally increased over time throughout seasons, suggesting that
those individuals sighted during the study period that do show
site fidelity are likely to be seen again over time. Their repeat
sightings indicate that tourism did not affect their presence in
the area.

4.6 | Implications for Conservation

The empirical number of sharks encountered throughout the
study period and the modelled seasonal abundances show that
southern Mozambique is one of the few aggregations in the
world that has the capacity to support such a large number of
individuals, being one of only six aggregations with more than
500 identified individuals (Araujo et al. 2022).

Substantial declines in a prominent aggregation of the Western
Indian Ocean reinforced the ‘Largely Depleted’ status of this
subunit of whale sharks and its contemporary endangered clas-
sification (Pierce, Grace, et al. 2021). However, pinpointing
primary causes of declines requires further resolution of the
wider habitats occupied by the different cohorts and life stages
and the overlap with different threats and environmental met-
rics. Further investigation into offshore processes within the
Mozambican Channel that affect whale shark movements and
habitat use may be helpful in understanding the decreasing
presence of both male and female whale sharks at Praia do
Tofo, as broad-scale environmental change can re-disperse pro-
ductivity and prey availability. The southern Mozambique ag-
gregation is also affected by fishing-related pressure (Rohner,
Richardson, Jaine, et al. 2018), tourism (Haskell et al. 2014), in-
creasing human coastal populations and overlap with shipping
routes (Reynolds et al. 2022; Womersley, Rohner, et al. 2024).
More prominent changes in local abundance and sightings of
females could be caused by different exposure to threats and
environmental change if they do spend more of their time
offshore.

The results of this study provide one of the most detailed
aggregation-level analyses of whale shark sightings and abun-
dance trends to date and show steep and ongoing declines in
both sightings and local abundance. Identifying the drivers of
cohort declines and mitigating human pressures are an imme-
diate priority for their local and regional conservation and pop-
ulation recovery.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Data S1: Supplementary Information. Table S1:
Model selection table for POPAN JS models. Table S2: Model selection
table for MSORD models. Table S3: Demographic parameter estimates
from best selected capture-mark-recapture (CMR) POPAN models.
Figure S1: Final GAM output for total whale shark sightings. Figure
S2: Time-variable recapture probability (p) from POPAN capture—
mark-recapture (CMR) models.
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