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1 | INTRODUCTION

Estimating the abundance of a population is a common task that can provide insights into ecological and evolutionary pro-
cesses and inform conservation efforts (Evans & Hammond, 2004). In field ecology, abundance estimates are generally
obtained by cue counting (individuals, scats, calls, etc.) in quadrats or along transects using a variety of survey platforms
(Buckland et al., 2015; Evans & Hammond, 2004; Guirado et al., 2019; Kingsley & Reeves, 1998; Maire et al., 2015). These
estimates can provide information on the proportion of a population using a given sector at any one time (Williams
et al,, 2006), or how consistently certain sectors are used (Heath et al., 2012), and generally provide insights into the links
between environmental variables and habitat use patterns of populations (Brown et al., 1995). Abundance estimates, how-
ever, are generally ineffective at assessing local individual diversity. For example, sectors of high abundance could result
from a large resident population or the continuous flow of an even larger number of transient individuals. In other words,
abundance measures alone cannot provide information about spatial mixing of individuals within a population.

Spatial mixing of individuals within populations has been suggested as an important feature for understanding popula-
tion dynamics (Morales et al., 2010), and can be particularly valuable for estimating the cumulative impacts of localized
anthropogenic stressors at the individual level. Impacts of local stressors such as toxic substances, anthropogenic noise,
vessel interactions (e.g., whale watching), are likely to accumulate faster over time for individuals that are largely resident
to these exposed sectors (i.e., low individual spatial mixing) than if the latter are characterized by a high turnover of individ-
uals (high spatial mixing). A better understanding of spatial mixing of individuals within specific sectors, can therefore lead
to a better assessment of cumulative impacts of local stressors on marine mammals.

Capture-recapture methods of sampling, which rely on recognizable cues (a tag or a natural marking) for identify-
ing unique individuals, explicitly collect information about where specific individuals have been seen
(Hammond, 1990) and can work as a natural complement to abundance estimates. While capture-recapture methods
are largely applied to assess population size and obtain demographic or life history parameters (Pace et al., 2017),
these methods also offer the ability to estimate the number of unique individuals at a given location (Gormley
et al., 2005) and thus, local individual diversity.

While abundance and individual diversity indices are likely correlated to some extent, there are notable condi-
tions under which this might not be the case. In a population with low spatial mixing and high site fidelity of individ-
uals to relatively restricted home ranges, we would expect a high correlation between abundance and individual
diversity measures across multiple sectors of a population's spatial range; sectors of high or low abundance would
simply have a large or low number of unique individuals. If individuals, however, are using multiple but not necessar-
ily common habitats, and are traveling between these habitats using common corridors, the latter would show low
abundance but high diversity from their brief use by many individuals, indicative of high spatial mixing of individuals.
More generally, we propose that a mismatch between individual diversity and abundance might provide insights into
individual spatial mixing within sectors.

Under ideal conditions a more direct route to estimating individual spatial mixing within a population would be
to rely on individual movement data collected from a large sample of the population. Where technically and ethically
feasible, this method would allow for estimates of overlap between individual home ranges (Frere et al., 2010), and
provide a direct estimate of individual spatial mixing, i.e., identifying sectors that are used by many unique individ-
uals, for how long, and whether that use is concurrent. For many marine mammal populations, however, collecting
individual movement data, for example using satellite tagging, can pose a significant financial barrier and it is often

difficult to tag a representative sample of the population. The proposed approach, which relies on two common data
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sources for marine mammals, photo-identification and aerial survey data, may offer an interesting alternative for esti-
mating spatial mixing of individuals within populations.

Similar work in estimating the proportion of the population that are residents or transients has been carried out
using capture-recapture data alone (Pradel et al., 1997). These approaches have focused on relaxing the assumption
in capture-recapture models that populations are closed, and attempts to provide an unbiased estimate of the resi-
dent population (Conn et al., 2011; Haughey et al., 2020). These approaches, however, differ from our goal to iden-
tify spatial locations of high and low spatial mixing, rather than to directly classify animals as resident or transient or
to estimate the size of the population.

In this paper, we tested a combined approach to estimate spatial mixing in our population by using an 18-year photo-
identification data set of beluga whales, (Delphinapterus leucas) to estimate sector-specific individual diversity
(Michaud, 1993) and compare those diversity estimates to existing abundance estimates from 35 systematic aerial surveys

conducted over the entire population summer range in the St. Lawrence Estuary, Canada (Mosnier et al., 2016).

2 | MATERIAL AND METHODS
21 | Study population

Belugas in the St. Lawrence Estuary (SLE) are considered endangered in Canada (Bill C-5, An act respecting the pro-
tection of wildlife species at risk in Canada, 2002; COSEWIC, 2014). The summer range of this population is among the
smallest for the species (Mosnier et al., 2010; Figure 1), and is exposed to concerning levels of local stressors such as
anthropogenic noise, disturbance by directed recreational or commercial activities (e.g., whale watching), and high burdens
of toxic substances (Lesage, 2021). Some of these stressors are unevenly distributed in the SLE beluga habitat. For
instance, some contaminants such as HAP are known to be at higher levels in the Saguenay Fjord and downstream portion
of the SLE than in other sectors; shipping traffic is much heavier along the SLE north shore; directed whale-watching activ-
ities even if prohibited, can be high in some sectors such as the Saguenay Fjord and Fjord mouth, or islands in the Upper
Estuary (Higham et al., 2014; Ménard et al., 2014); smaller vessel and ferry traffic reach their maximum at the Saguenay
Fjord mouth (Chion et al., 2018; Turgeon, 2019). Site fidelity exists in belugas (Colbeck et al., 2013; O'Corry-Crowe
et al,, 2018). In SLE belugas, individual belugas were shown to vary in their habitat preference within their summer range

(Bonnell et al., 2022), but spatial mixing has not been characterized.

2.2 | Study area

The distribution of SLE belugas during summer range extends from Battures-aux-Loups-Marins and Riviére-Portneuf/
Rimouski, including the Saguenay Fjord up to St-Fulgence (Mosnier et al., 2010). While aerial surveys have covered the
entirety of this sector each time (e.g., Gosselin et al., 2017), photo-identification efforts have been restricted to a sector
generally comprised of the area between Baie-Saint-Paul/Kamouraska in the Upper Estuary, Les Escoumins/Trois-Pistoles
in the Lower Estuary, and downstream of Baie Ste-Marguerite in the Saguenay Fjord (Figure 1).

23 | Data

2.3.1 | Aerial survey data and population abundance estimates by sector

Aerial surveys to estimate SLE beluga population size are conducted using the same line-transect survey design since
1988 (Gosselin et al., 2014, 2017). A kernel density approach (Worton, 1989) applied to 35 visual and photographic
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FIGURE 1 Relative abundance of the St. Lawrence Estuary beluga population in each sector during summer,
derived from 35 systematic aerial surveys conducted between 1989 and 2009 (Mosnier et al., 2016). The 14 sectors
and aerial surveys covered the entirety of the summer range of the population. Individual photo-IDs are represented
by blue circles.
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surveys conducted at the same period each year (mid-August to early September), and spread over 12 years between
1990 and 2009, produced a continuous distribution of beluga density within their summer range (Mosnier
et al., 2016). From this continuous distribution, we used the proportion of total density found within each of the
14 sectors to estimate a relative index of spatial abundance (Figure 1).

For our analysis, we needed to describe the relative abundance of belugas in two subregions in the Saguenay
Fjord, neither of which was included in the systematic surveys (Gosselin et al., 2017). In a recent study, the average
proportion of the population found in the Fjord during aerial surveys was estimated to be 1.8% (Mosnier et al., 2016;
Quellet et al., 2021). We then used the spatial distribution of photo-ID sightings, using GPS points taken for each
photo-ID, to weight that 1.8% and attribute individuals to the Saguenay Fjord per se (SAG; 87.4%) and the Baie
Sainte-Marguerite (BSM; 13.6%), a small bay within the Saguenay Fjord which is regularly used by tens of individuals
at a time (Conversano et al., 2017; Ménard et al., 2022; Mosnier et al., 2010). Finally, we spatially joined the two
maps, and multiplied the proportion estimates of the SLE by 0.982 so that the sum of proportion values from all sec-

tors was equal to 1. This provided an estimate of the relative abundance of beluga sightings in each sector (Figure 1).

2.3.2 | Capture-recapture data

Boat surveys were conducted from June to October between 1989 and 2007 as part of an ongoing long-term study
on beluga social organization. These surveys followed a defined photo-identification procedure (Michaud, 2014). The
choice of survey area on a given day was selected based on weather conditions as well as to avoid resampling areas
covered the previous days. When belugas were encountered, the GPS position of the research vessel was noted, and
a herd follow was undertaken to photograph as many individuals as possible within the herd using a handheld cam-
era. A herd follow was limited to 3 hr, with GPS location noted at least every 30 min. Surveys were neither system-
atic nor random in design, but covered various sectors of a large portion of the population's summer distribution and
a broad range of habitats. Sampling effort was distributed across the summer range divided into three strata, each
subdivided into four zones, resulting in 12 sectors (Figure 1; Appendix S1). These sectors were delineated with the
marine and middle estuary limits and islands dividing the estuary into south and north channels with respect to prior
knowledge of beluga age-sex segregation at the start of the data collection (i.e., 1989). We excluded photo-IDs in
which the individuals could not be assigned to a known individual. As photo-identification process is ongoing, we
included only years where photographs have been fully processed, i.e., 1989-2007, which also closely match the
1990-2009 aerial survey data set. The final photo-ID data consisted of 8,052 photo-IDs, 858 unique individuals, and
a mean of nine photo-IDs per individual (Figure 1). There are two biases in the resulting photo-ID data set that
impact the use of methods and the interpretation of the results. The first is that the data are unevenly distributed
across the population summer range, the second is that by taking only recognizable individuals we are capturing pat-
terns in the adults more than the young (Figure 1). In the next section we show how our methods account for the

uneven sampling, whereas the bias towards adults must be considered when interpreting the final results.

24 | Statistical analysis
2.4.1 | Individual diversity

The spatial extent of the summer range of this population, and the difficulty of reaching the extremes given the
research vessel homeport in Tadoussac, resulted in our sampling effort being unevenly distributed within the study
area (Figure 1). To account for this sampling bias, we used a diversity curve approach that uses the cumulative num-
ber of unique individuals observed as a function of increasing sampling effort to estimate individual diversity in each
sector (Chao, Gotelli, et al., 2014; Colwell et al., 2004; Williams et al., 1993). These curves are generally characterized
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by a number of unique individuals increasing rapidly at the beginning of the study, then leveling off as the identifica-
tion of new individuals becomes progressively more difficult. It is possible to use the shape of a diversity curves to
estimate total diversity, i.e., the number of unique individuals that would have been identified if an area had been
exhaustively sampled.

However, obtaining a reliable estimate of total diversity generally requires a high level of sampling, which was
lacking in many sectors of the SLE beluga summer range. A coverage-based rarefaction approach was thus also
applied to the data to enable the comparisons of individual diversity estimates among a greater number of sectors
(Chao & Jost, 2012). This approach uses the number of individuals captured only once or twice to estimate sample
coverage, and effectively compare diversity measures across sites at a common level of sample coverage
(Appendix S1). The method was deemed more effective at estimating diversity across sectors (hereafter referred to
as relative diversity) than using raw sampling effort (e.g., number of photographs taken) (Chao & Jost, 2012).

Both total and relative diversity estimates were obtained using the “INEXT” package in R (Hsieh et al., 2016). As
relative diversity estimates were going to be used to compare across sectors, all estimates of relative density were
compared at 0.5 coverage. Given total diversity estimates were used to estimate the asymptote of the diversity line
within sectors sampling effort and not coverage was used. Additionally, diversity was measured in multiple ways
expressed in terms of (1) individual richness, which represents a simple count of unique individuals in a sector;
(2) Shannon diversity; and (3) Simpson's diversity index (Chao, Chiu, et al., 2014; Hill, 1973). In the case of Shannon
and Simpson's diversity these can be viewed as extensions of richness that also considers how many times each indi-
vidual has been seen in addition to the number of unique individuals. From this point of view Shannon diversity can
be interpreted as the diversity of common individuals, while Simpson's diversity captures diversity of only the most
common individuals (Chao, Gotelli, et al., 2014; Colwell, 2009). It is important to note that the methods proposed to
estimate individual diversity in our photo-IDs are more generally used to estimate species diversities. While diversity
curves have been used to estimate individual diversity (Gormley et al., 2005), it is important to highlight that we are
using individuals and not species numbers with these methods. As such, some baseline assumptions are altered, for
example, the number of recaptures of an individual will be treated similarly as the number of recaptures of a certain
species when calculating diversity.

We used the diversity curve approach to estimate: total diversity of recognizable individuals (1) in the population
over the period 1989-2007 and (2) within each sector, (3) relative diversity of recognizable individuals among sec-
tors, and (4) the mismatch in estimates of relative diversity and abundance for each sector. To estimate the mismatch
between relative diversity and abundance, we calculated the deviation from the expectation that sectors with higher
abundances should have proportionally higher individual diversity estimates (Figure 2). For example, using an individ-
ual richness measure, if a sector contains 11% of the relative abundance of belugas according to aerial survey esti-
mates, this sector would be expected to have 11% of the relative individual richness. If the sector presents a relative
richness lower/greater than the expected 11%, then we estimate the size of this deviation as the number of individ-
uals above/below the expected level. A sector that shows relatively fewer individuals than expected from abundance
estimates is one that is likely to be used repeatedly by the same individuals. Conversely, a sector that shows a larger
number of individuals than expected from abundance estimates is one likely used by more transient individuals,
where a more diverse set of individuals are observed during surveys (Figure 2). By taking this relativistic approach
we can identify areas of high or low turnover of individuals.

It is important to note that our estimate of effort when calculating diversity is the number of successfully identi-
fied individuals. An implicit assumption when making this choice is that when taking a picture, we assume that each
sector has the same chance of a recapture, and it is only the distribution/movement of belugas that alter this rate of
successful recapture. Another option, not taken in this manuscript due to data limitations, would be to record the
time spent actively searching for individuals to photograph. Our results must therefore be interpreted as the diversity
of individuals found given how many successful photo-identifications were achieved, and not how much time was
spent searching for individuals to photograph.
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FIGURE 2 Conceptual diagram comparing relative abundance and diversity indices, as well as our interpretations
of deviations from expected values. Sectors where relative diversity is higher (in red) and lower (in blue) than
expected from relative abundance estimates are associated with high (transient) and low (resident) turnover of
individuals, respectively. Sectors where expected individual diversity is proportional to abundance estimates (dashed
line) captures the case where sectors with higher/lower abundance estimates are also those of higher/lower
diversity of unique individuals, with no trend toward higher or lower residency.

2.4.2 | Testing performance using simulated data

We generated test data sets with known individual diversity to test the ability of the diversity curve approach to
estimate total and relative diversity. Specifically, we determined the minimum number of photo-IDs and sampling
coverage needed to obtain reliable individual diversity estimates. We generated two data sets using the observed
photo-ID data. The first data set was generated to mimic a well-mixed population, i.e., where individuals show no site
fidelity, by permuting all individual identifications in the photo-ID data set. This approach retained differences in the
number of times each individual was observed, and any possible bias as a result of some individuals being photo-
graphed more often than others, while creating a data set where it was possible to see any particular beluga ID in
any of the sectors. The second data set was generated to mimic a spatially structured population, i.e., where individ-
uals had some preference for certain sectors, by dividing individuals into one of four equally-sized communities. Each
community was attributed a fixed number of sectors where they were more likely to be found (i.e., individuals were
given site fidelity behavior). In defining which sectors each community used, we explicitly chose sectors to allow for
spatial mixing of two communities in one sector. This setup produced a known number of users in each sector. A

total of 1,000 randomized and 1,000 spatially structured test data sets were generated.

3 | RESULTS
3.1 | Simulated data on spatial mixing

Diversity curves run over 1,000 completely randomized and 1,000 spatially structured data sets indicated that a min-
imum of 50 photo-IDs within a sector, and more than 80% sample coverage (i.e., capture of >80% of the recogniz-
able individuals) were needed to produce reliable estimates of total diversity within sectors (Appendix S2). A
minimum of 50 photo-IDs were also required to estimate relative diversity. These thresholds were used throughout

our analyses below.
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3.2 | Total diversity and relative diversity of recognizable individuals

Results from individual richness, Shannon diversity, and Simpson's diversity indices were qualitatively very similar
(i.e., the conclusions drawn from the results are the same). As such, only results from individual richness analyses are
presented below; those derived from the Shannon diversity and Simpson's diversity indices are provided in
Appendix S3.

3.21 | Population level

The diversity curve asymptote indicated a total of 1,046, 95% Cl [987, 1,133] recognizable individuals in the popula-
tion for the period 1989-2007 (Figure 3). The estimated sample coverage was 98%, i.e., well above the 80% thresh-
old for estimate reliability.

3.2.2 | Sector level (total diversity)

When the diversity curves approach was applied to each sector individually, only four sectors met the 80% sample

coverage threshold (Figure 4a). The CTN sector was where the highest estimated number of recognizable individuals

1000 1

750 1

500 1

Number of individuals

250 1

0 5000 10000 15000
Number of photo-IDs taken

FIGURE 3 Individual richness as a function of sampling effort (i.e., number of photographs taken) for the full
photo-ID data set. The red dot indicates the observed individual richness estimate, whereas the red line represents
the interpolated (solid) and extrapolated (dashed) estimates of individual richness. The black dashed line indicates the
point where the extrapolated line reaches asymptote, and provides the estimated richness of recognizable
individuals in the population for the period 1989-2007 (i.e., 1,046 unique individuals).
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FIGURE 4 Total individual richness by sector, as expressed as (a) a function of sampling effort (i.e., number of
photo-IDs taken) for each of the sectors (color coded), and (b) mapped over the study area. The line in (a) represents
the interpolated (solid) and extrapolated (dashed) richness estimates. Sectors that did not meet the threshold for
reliable estimates of total richness were shaded in (b) as gray.
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were observed (836, 95% Cl [740, 990]), followed by AVO (657, 95% CI [585, 777]), SAG (427, 95% Cl [366, 541]), and
BSM (240, 95% ClI [213, 298]) (Figure 4b). Other sectors that did not meet the threshold for reliability of diversity indices
(in gray in Figure 4b) likely yielded low quality estimates of total diversity. When compared to the total number of recogniz-
able individuals using all sectors, estimated at 1,046, 95% Cl [987, 1,133], the four sectors with reliable total richness esti-
mates suggest a large variation in the proportion of unique individuals: e.g., the CTN sector contained 80%, AVO
contained 63%, SAG contained 41%, and the BSM sector contained 23% of the total number of individuals.

3.2.3 | Sector level (relative diversity)

Individual richness per sector was also examined at a fixed 0.5 sample coverage allowing relative individual richness
to be estimated for 11 of the 14 sectors. The CTE and AVS sectors surpassed CTN in individual richness (Figure 5),
although, CTN was predicted to increase in richness faster than CTE and AVS with additional sampling.

3.3 | Comparing individual richness and survey abundance estimates

Several sectors with low survey abundance estimates were found to be used by a relatively high number of individ-
uals, suggesting a high degree of mixing or turnover of individuals (Figure 6a, Table S2). This is the case notably for
the sectors CTS, BSM, and SAG (Figure 6b). Conversely, other sectors such as CTE, CTO, and to a lesser extent AVN,
were used by fewer individuals than expected from survey abundance estimates, suggesting lower mixing or individ-
ual turnover (i.e., higher site fidelity in these sectors; Figure 6b). Given the higher uncertainty in the estimate of spa-
tial abundance in the Saguenay Fjord, i.e., 1.8%, we also present results in Appendix S4 for a range of spatial
abundance values 0.5%-5.0%. Changing the spatial abundance estimate in the Saguenay Fjord, however, did not

meaningfully alter the main findings (Appendix S4).

4 | DISCUSSION

The combination of photo-ID and aerial survey data in this study altered the view on summer distribution patterns
of SLE belugas compared to when interpreting the two indices on their own. It did so by adding the perspective of
local mixing or degree of turnover of individuals in a given sector. Individual richness in this study was estimated at
~1,000 individuals over an 18-year period using distinguishable individuals only. Given the mortalities and births
occurring over this period and exclusion of individuals without markings, this index cannot be interpreted as an esti-
mate of population size. However, this index when taken on its own and when compared among sectors, was
instructive on the areas where the highest abundance of animals was likely to be observed.

The substantial mismatch between the (low) survey abundance estimates and (high) diversity indices in the Sag-
uenay Fjord, including BSM, and in the CTS sector suggests a high degree of mixing or turnover of individuals in
these sectors. As a result, a local stressor in these areas, which are all part of the Critical Habitat of SLE belugas,
would be likely to expose a large proportion of the population for short durations. Conversely, several other sectors
in the Upper Estuary, again part of the Critical Habitat of the population, had low diversity indices relative to abun-
dance estimates, suggesting low mixing. A stressor in these sectors would likely expose repeatedly the same segment
of the population. The Upper Estuary and Saguenay Fjord are both heavily used by females accompanied by calves
and juveniles during summer (Michaud, 1993; Michaud et al., 1993; Ouellet et al., 2021). For a stressor such as noise,
which can significantly affect communication between females and calves in SLE belugas (Vergara et al., 2021),
accounting for the persistent use of the same areas by this vulnerable segment of the population can modify the

assessment of cumulative impacts of such stressors on individual and population.
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FIGURE 5 Relative individual richness by sector, as expressed as (a) a function of sample coverage (i.e., how
completely have we sampled the population) for each of the sectors (color coded), and (b) mapped over the study
area. The line in (a) represents the interpolated (solid) and extrapolated (dashed) richness estimates. Sectors that did
not meet the threshold for reliable estimates of relative richness were shaded in (b) as gray.
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consider. Deviations from expected values are color-coded according to strength and direction of the deviation of
relative diversity as red: higher-than-expected (i.e., higher mixing); blue: lower-than-expected (i.e., lower mixing);

white: as-expected.
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Beyond providing a means of estimating exposure risk, spatial mixing can add to our understanding of site fidel-
ity patterns, especially when combined with other indices of habitat use patterns. For example, it is possible to com-
bine the spatial mixing results with previously found spatial community results to identify site fidelity patterns of a
subset of the population that uses the Saguenay fjord. In Bonnell et al. (2022) photo-ID data was used to estimate
spatial communities within the same study population. These spatial communities provided an understanding of
which sectors contained similar individual user profiles: e.g., if two sectors share similar patterns of common and
uncommon users they were said to belong to the same spatial community. One prominent spatial community identi-
fied used the Saguenay Fjord and mouth (i.e., SAG, BSM, and CTN), which encompassed two sectors (BSM and SAG)
where our diversity measures were much higher than expected given survey abundance estimates (Figure 6,
Table S2). The combination of these spatial community and individual mixing results suggests that within the Sague-
nay Fjord/CTN spatial community, a subset of individuals may be traveling regularly up the Saguenay Fjord in greater
numbers than is apparent from the survey abundance estimates. It is important to note that this does not imply that
only common users found in the Saguenay Fjord/CTN spatial community use the Saguenay Fjord, rather the results
suggest that this subset of the population makes more use of it than others. Additionally, given that the mouth of
the Saguenay Fjord was found to have a high total individual richness (Figure 4), and low variation in the probability
of seeing individual beluga (Bonnell et al., 2022), it suggests the mouth is a high mixing zone, i.e., it is a sector shared
by many belugas. This interpretation is also supported from an analysis of focal follows of beluga groups, which
found that the region around the mouth of the Saguenay Fjord interconnects strongly with other sectors (Ouellet
et al., 2021).

There is also some evidence for site fidelity patterns in the Upper Estuary. From our previous spatial community
analysis, it was found that sectors in the Upper Estuary generally shared similar individual user profiles. Diversity
estimates in the current study, however, suggest a high individual mixing in one sector of the Upper Estuary
(i.e., CTS), and low mixing in surrounding sectors (i.e., CTE, CTO, AME). One potential interpretation of these diver-
sity patterns is that individuals are traveling through CTS to/from specific sectors upstream. This would explain why
the same individuals are seen more often than expected in the upstream sectors of the Upper Estuary (i.e., low turn-
over/spatial mixing), and why diversity is higher than expected in CTS. Yet, caution needs to be taken with the
results from the Upper Estuary as the number of photo-ID samples is low for this region, especially when compared
to the sectors around the Saguenay Fjord.

The interpretations of our results highlight the existence of site fidelity patterns in this beluga population, a fea-
ture described in other beluga populations (Hauser et al., 2014; O'Corry-Crowe et al., 2018), but not yet fully demon-
strated for the SLE population. Using large scale genetic sampling of belugas in the North Pacific, O'Corry-Crowe
et al. (2018) found evidence to suggest that belugas often mix in certain sectors of their habitat (e.g., in wintering
areas), but return reliably to specific locations during the summer. This high level of site fidelity is thought to be
learned individually and is likely passed through cultural means during juvenile development. More work could be
done at a smaller scale to identify if subsets of the SLE beluga population follow similar site fidelity patterns
(e.g., individuals in the CTN, SAG, BSM subset), and to identify: where those high fidelity sites are, what functions
they serve, and how best to mediate impacts to these sites (e.g., Chion et al., 2021; Ménard et al., 2022). By refining
our view of individual-level site fidelity, it would be possible to identify management units from a movement ecology
perspective and develop better estimates of how localized anthropogenic disturbances will impact subsets of the
SLE beluga population.

Finally, from a methodological point of view, we have used an individual diversity curve approach to estimate
both the total and relative individual richness, and aerial surveys to estimate relative abundance across sectors.
These are common approaches to estimating diversity and abundance indices, though by no means the only way.
We suggest that methodological advancements in either case would be welcome, and ultimately provide better esti-
mates of individual diversity and abundance that can be compared to estimate spatial mixing in populations:
e.g., using alternative methods to estimate diversity, or using mark-recapture models to achieve abundance estimates

(Citta et al. 2018; Roswell et al. 2021). Similarly, more direct means of estimating spatial mixing using for instance
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long term tracking of many individuals could provide a more precise method for estimating spatial mixing within
populations. Here, we showed that when long-term telemetry (i.e., months, years) is not methodically/ethically feasi-
ble or available, using two common data sources for marine mammal populations, photo-IDs and aerial surveys, can
be used to estimate spatial mixing in marine mammals, and other wildlife populations. It is important to note, how-
ever, that by using an aggregate of aerial surveys to define population density in the summer months, our results
must be treated as an aggregate pattern over the entire time scale of the study. Increased temporal resolution of

data collection could allow for similar investigations at finer temporal scales.

4.1 | Conclusions

Overall, our results provide strong evidence that the beluga population in the St. Lawrence Estuary cannot be
assumed to be randomly mixing within their summer habitat. We have shown that it is possible to use the mismatch
between patterns of abundance and individual diversity to quantify individual spatial mixing. We suggest that
insights into spatial mixing within a population can provide critical information for estimating the distribution of
impacts from localized anthropogenic stressors.
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