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Rapid assessment of adult abundance and
demographic connectivity from juvenile kin pairs in a
critically endangered species
Toby A. Patterson1†*, Richard M. Hillary1†, Peter M. Kyne2, Richard D. Pillans3,
Rasanthi M. Gunasekera1, James R. Marthick4, Grant J. Johnson5, Pierre Feutry1

The viability of spatially structured populations depends on the abundance and connectivity between subpop-
ulations of breeding adults. Yet, for many species, both are extremely difficult to assess. The speartooth shark is
a critically endangered elasmobranch inhabiting tropical rivers with only three adults ever recorded in Australia.
Close-kin mark-recapture models, informed by sibling pairs among 226 juveniles, were developed to estimate
adult abundance and connectivity in two Australian river systems. Sixty-eight sibling pairs were found, and
adult abundance was estimated at 892 for the Adelaide River and 1128 for the Alligator Rivers. We found
strong evidence for female philopatry, with most females returning to the same river to pup. Adelaide River
males appear largely philopatric, whereas Alligator Rivers males are highly connected to the Adelaide River.
From only 4 years of sampling, our results demonstrate that juvenile-only kin pairs can inform simultaneous
estimates of abundance and connectivity in a rare and threatened species.
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INTRODUCTION
Abundance and survival rates of breeding adults and how popula-
tions interbreed are crucially important quantities for effective con-
servation. Yet, their estimation is often exceedingly difficult,
especially for species in which adults are difficult to sample. For
many sharks and rays, one of the most threatened vertebrate
groups, estimating both connectivity and abundance typically re-
quires long-term monitoring and multiple data sources. Here, we
simultaneously estimate breeding adult census abundance and
within-generation, sex-specific spatial reproductive connectivity
solely from genetic samples collected over a few years and
without ever sampling or even encountering adults. We demon-
strate this in a population of a critically endangered euryhaline elas-
mobranch, the speartooth shark (Glyphis glyphis), from two river
systems in northern Australia. Our approach uses genotyping to
detect juvenile sibling pairs across spatially separated subpopula-
tions in a close-kin mark-recapture (CKMR) model estimating
the number of breeding adults, their survival rate, and sex-specific
connectivity.
Declines of a local population affect metapopulation viability (1,

2); therefore, understanding both local abundance and connectivity
is key to predicting a population’s fate. Isolated populations without
substantial reproductive connectivity cannot reverse declining
abundance through immigration and are therefore more vulnerable
than connected populations (3). Traditional indirect population
genetic approaches based on differences in allele frequencies
between populations measure connectivity integrated over

evolutionary time scales (4), but they remain uninformative regard-
ing demographic connectivity (5), which may be problematic for
short-term conservation decision-making. Recent advances in pop-
ulation genomics allow inference of connectivity over demographic
time scales, but they require vast genomic resources hardly obtain-
able for most wild species (6). Population assignment can, in theory,
provide direct estimates of population connectivity but tend to
perform poorly in high gene flow situations (7), which is precisely
when they would be themost needed. Similarly, at generational time
scales in long-lived species, mark-recapture methods using genetic
of physical tags can be problematic if animals are hard to capture in
sufficient numbers, do not retain marks, or are rarely recaptured.
The spatial distribution of close relatives within a metapopula-

tion can provide direct estimates of population connectivity over
generational time scales (8–10). However, for many species, adult
abundance is required to quantify connectivity andmust be estimat-
ed independently (11). Because close-kin relations must exist on
generational, rather than evolutionary, time scales, these data
provide a more direct and conservation-relevant understanding of
spatial population dynamics (12). CKMR (13) has been applied to
assess adult abundance from parent-offspring pairs (14, 15) and
half-sibling pairs (HSPs) (16) in single, well-mixed populations.
However, as we describe, CKMR can be extended to estimate both
abundance and connectivity of breeding individuals within frag-
mented populations without having to sample them. Conceptually,
we can see how the flow of information from the spatial distribution
of HSPs informs whether a population is currently totally philopat-
ric (Fig. 1A) or panmictic (Fig. 1B) or exhibits sex-linked reproduc-
tive connectivity/dispersal (Fig. 1, C and D).
Our aim was not only to determine abundance but also to simul-

taneously quantify the population’s sex-specific contemporary con-
nectivity of G. glyphis, a rare and critically endangered euryhaline
elasmobranch. Until the late 20th century, G. glyphis was known
only from type specimens collected in the first half of the 19th
century (17, 18) until its rediscovery in northern Australia and
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PapuaNewGuinea (19). The river sharks (genusGlyphis) as awhole
are considered to be highly vulnerable (20). Because of their pres-
ence in only a few rivers (Fig. 2), population sizes were assumed
small and G. glyphis is listed as critically endangered under Austral-
ia’s Environment Protection and Biodiversity Conservation (EPBC)
Act 1999.
Only neonate and juvenile sharks were typically encountered in

surveys (21, 22). The capture of one mature individual from the
Wenlock River, Queensland, in 2015 was the first time this

species had been encountered as an adult, with only two other
records in Australian waters since (23). Thus, expectedly, the abun-
dance of G. glyphis was unknown (24, 25).
Previous research found strong support for river fidelity in juve-

niles combined with strong female philopatry in rivers separated by
>150 km. For rivers <150 km apart, males sired offspring between
rivers (12), although we note that spawning may well not occur
within the rivers but in some currently unknown location offshore
from both river mouths. In addition, the other distant population to
the east in the Wenlock River, Queensland, was not included as it
has been demonstrated to be isolated from these Northern Territory
populations (12). These are important results, which were used to
guide the construction of the spatial and sex-specific model used
here for estimating abundance and connectivity.
In this study, single-nucleotide polymorphism (SNP) data from

sampled juveniles were used to infer whether a pair of individuals
were either an unrelated pair (UP), a full-sibling pair (FSP) sharing
both mother and father, or an HSP that shares a single parent. In
addition, using full mitogenome haplotypes, we determined
whether HSPs were likely maternal (mHSP) or paternal (pHSP).
As we show, these data were combined via a population model to
determine abundance of breeding adults by river and the degree
of reproductive connectivity by sex. CKMR also allows us to esti-
mate important population parameters that are typically very diffi-
cult, or even impossible, to observe. Specifically, the population
model estimates the following (see Materials and Methods and
the Supplementary Materials for details): abundance N0, r by river
r, adult survival rate ψ, sex ratio (in terms of proportion of females)
ζ, and several important biological parameters that are estimated by
CKMR: ν, the potential for overrepresentation of within-cohort ma-
ternal kin (FSPs andmHSPs) given high heterogeneity in very early-
life survival, termed the “lucky litter” effect following (13); θ,

Fig. 1. Concept diagram of hypothetical population connectivity scenarios. Reproductive dispersal and spatial distribution of half-sibling pairs (HSPs) between two
hypothetical rivers, denoted r1 and r2. Linked blue and orange dots represent HSPs that share and do not share the same haplotype, respectively. Scenarios (A) and (B)
denote the extreme cases of complete philopatry and complete panmixia, respectively. In these cases, we expect to see no HSPs between rivers (philopatry) or uniformly
likely (panmixia). In male-based dispersal (C), all HSPs between rivers are paternal and they only share the same haplotype by chance. In female-based dispersal (D), all
HSPs between rivers are maternal and always share the same haplotype. In nature, sex-specific rates of dispersal would include potential intermediate scenarios between
the cases shown here. The reproductive connectivity may or may not mean that the parent was physically present within a spatial location; mating may occur in a third
unknown location, and then, mothers or young may physically move to the river.

Fig. 2.G. glyphis distribution and sampling locations. (A) Juvenile G. glyphis. (B)
Study area in the Northern Territory, Australia, with the Adelaide River and the Al-
ligator rivers, composed of the west, south, and east Alligator rivers. (C) Regional
mapwith the approximate location of the documented populations of G. glyphis in
Australia and Papua New Guinea. The population in the Bizant River, Queensland,
is likely extinct as no sightings of the species have been recorded since the 1990s.
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probability that a female will mate with multiple males; γ, effective
number of female mates per male; ωs, r, r ′, the probability that a
shark of sex s originating in river r will reproduce in river r ′.
Again, these quantities pertaining to the breeding population are
obtained without ever sampling any adult individuals. The results
we present demonstrate a powerful technique for estimating adult
abundance from juveniles while simultaneously establishing the
connectivity of breeding populations.

RESULTS
Field sampling programs collecting tissue samples operated
between 2012 and 2016 in the Adelaide River and the west, south,
and east Alligator Rivers (collectively referred to as the “Alligator
rivers”), yielding 221 samples from individuals that passed quality
control checks. This resulted in 24,310 comparisons between indi-
viduals to establish whether two given individuals were UP, FSP, or
HSP. Each comparison is scored using a pseudo-log odds (PLOD)
value that describes the likelihood of the pair being one of the kin
types (UP, FSP, or HSP) (see text S3 for full details).

Kin-pair data
The PLOD scores for the FSP comparisons (based on 226 sharks
and 1400 loci) indicated the clear presence of both types of
related kin pairs from both river systems. There were 21 FSPs
found: 12 from the Adelaide River and 9 from the Alligator
rivers (Table 1).
None of the FSPs were found among juveniles in different rivers,

and none of the FSPs were found to be across juvenile cohorts (i.e.,
in all cases, both had the same birth year). There were 41 HSPs—28
came from within the Adelaide River, 7 came from within the Alli-
gator rivers, and 6 were across-river (Fig. 3). Of these 41 HSPs, 6
were within cohort HSP, 5 from the Adelaide, and 1 from the
Alligator.
The within-river “hit rates” (HSPs per comparison) for the Ad-

elaide River was 0.0027, and for the Alligator rivers, it was 0.0022
(higher hit rate is suggestive of a smaller population). The across-
river HSP was 0.0005, far smaller than the within-river hit rate,
which indicates more limited connectivity.
Mean time between birth years of HSPs were both just over 3

years for within-river comparisons and 2.9 for the across-river
HSPs, suggestive of a high survival rate of breeding adults. Of the
six within-cohort HSPs, five came from the Adelaide River, and
only one came from the Alligator rivers (close to the 4:1 ratio
seen in the overall comparison and when looking only at cross-
cohort HSPs). None of the within-cohort HSPs were across rivers,

supporting our model structure where breeding can occur across-
rivers but not within a single year. This suggests that adults breed
in one river or other, but not both, in a given year. There were clear
differences in the hit rate of FSPs (FSPs per comparison) for the two
rivers: For the Adelaide River, it was 0.01, but for the Alligator
rivers, it was 0.016—over 50% higher. However, within-rivers, the
within and cross-cohort HSP hit rates were very similar between
rivers. This indicated that the Alligator rivers’ litter effect is likely
larger than that of the Adelaide River (see below), which could in-
dicate river-specific differences in the early-life environment for
neonates.

Mitochondrial DNA
A total of 11 mitochondrial DNA (mtDNA) haplotypes were found,
with one particular haplotype being very dominant in the popula-
tion (a frequency of occurrence of 78%). Very low haplotype diver-
sity has been documented in G. glyphis (26), which intrinsically
limits the amount of detailed information that can be extracted
from these data with respect to both within-river sex ratio and
across-river reproductive transfer. Nevertheless, there is clear qual-
itative information in the data that we can summarize succinctly: All
of the FSPs shared a haplotype (which they should since mtDNA is
maternally inherited); for the within-cohort case (c1 = c2), all but
one of the six HSPs shared a haplotype (the most common one),
and none of the within-cohort HSPs were detected in different
rivers (as above, we consider this to be an impossible event); for
the 35 cross-cohort HSPs, 31 shared a haplotype, while 4 did not;
of those 31 that shared a haplotype, 28 shared the most common
haplotype. The remaining three HSPs shared a rare haplotype
[ p(h) = 0.04] and were almost certainly mHSPs.
For the cross-river HSPs (the information source on the connec-

tivity parameters ωs, r, r ′), 6 of the 35 cross-cohort HSPs (17%) were
cross-river, and of those 6 HSPs, 4 shared a haplotype (the domi-
nant one) and 2 did not. The sample sizes are small, but this never-
theless constitutes clear information on reproductive exchange
between adults with different rivers of origin and, furthermore,
the 4:2 cross-river shared/nonshared haplotype ratio compared to
the 2:29 within-river ratio provides clear indication that this transfer
is likely to be more male dominated rather than female.

Abundance and connectivity estimates
Total adult abundance (Adelaide andAlligator rivers) was estimated
at N = 2020 [coefficient of variation (CV), 0.28; Table 2A]. Abun-
dance of the Adelaide River of origin was N = 892 (CV, 0.21) and
that of the Alligator rivers of origin was N = 1128 (CV, 0.47).

Within-cohort parameters
Lucky litter effects, ν, were estimated to be 3.42 and 7.28 (Table 2A)
for the Adelaide and Alligator rivers, respectively (as suspected
given the exploratory data analysis of the SNP data), and suggest
that there are potentially strong differences in neonate survival
between the rivers. The θ parameter (probability that a female
will mate with multiple males, assumed to be shared across rivers)
was estimated to be very small (0.00043), and γ (effective number of
female mates per male) was estimated to be 1.83. This indicates that
females are unlikely to have multiple fathers within a litter (al-
though does not totally rule it out) and that, on average, males
will mate with about two females.

Table 1. Observed FSPs and HSPs across the two river systems. Hit
rates (number of kin pair per comparison is also given).

Kin-type Adelaide Alligators Cross Total

FSP 12 9 0 21

(FSP
hit rate)

(0.0012) (0.0) (0.0028)

HSP 28 7 6 41

(HSP
hit rate)

(0.0028) (0.0022) (0.0005)
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Connectivity and sex ratio
Strong philopatry was indicated in females in both rivers, with only
1% of Adelaide River females expected to breed in the Alligator
rivers (Table 2B) and higher (12%) in the opposite direction (Alli-
gator females breeding in Adelaide). Adelaide River–of–origin
males were estimated to display a high degree of philopatry, with
less than 1% siring offspring in the Alligator rivers. However, our
model indicated a net “flow” of male reproductive allocation from
the Alligator rivers to the Adelaide River (55%).
Sex-specific connectivity of adults should be considered along-

side likely within-river sex ratio. This is informed by the ratio of
cross-cohort HSPs, within river, that do or do not share haplotypes.
When estimating connectivity, very few cross-river HSPs not
sharing a haplotype constitutes strong evidence of significant
male reproductive connectivity. However, with a single dominant
haplotype, the information on within-river sex ratio will be very
diffuse—even given the number of HSPs we found. The dominance
of one haplotype in both populations is why connectivity and sex
ratio were not jointly estimable from the current dataset.
While not directly estimable, in the Adelaide River specifically,

the ratios of HSP that do or do not share a haplotype (table S1)
suggest a male-biased sex ratio in the adult population reproducing
in each river (eq. S2 in text S2). However, the movement rates
through the ω parameters suggest that 50% of the males from the
Alligator rivers are also present in the Adelaide River, but almost
all the Adelaide River males breed locally. This suggests a possible
male bias in the Adelaide River even for a 50:50 sex ratio in each
river of origin.

DISCUSSION
This study has obtained adult census abundance estimates for the
breeding population of a critically endangered euryhaline elasmo-
branch along with estimates of sex-specific connectivity, adult

survival rates, and insights into the breeding dynamics of the pop-
ulation. These results were based purely from juvenile cross-cohort
sibling data. Therefore, the study presents an extension to the pre-
vious applications of CKMR for single, mixed populations (14–
16, 27).
The other feature of our study is that results were obtained on a

long-lived species from sampling almost entirely over a 4-year sam-
pling period. This is a crucial acceleration of our ability to rigorously
assess these populations, going as it were from minimal knowledge
(presence only) to abundance and connectivity. Given the wide ac-
knowledgement that elasmobranchs are among the most threatened
vertebrates (28), methods to rapidly assess these long-lived and bio-
logically unproductive species (29) from a range of taxa in rapid
time frames are urgently required. Theoretically, abundance can
be obtained from a single sampling event (13), if samples adequately
cover several cohorts as information on adult abundance and sur-
vival derives from the fact that the unseen adult must have survived
over the period spanned by the birthdates of two half-sibling juve-
niles. We note that a source of uncertainty for the current study
arises in assignment of birth cohort from a small sample of direct
vertebral ages (30). However, the animals’ status as critically endan-
geredmeans that sacrificing large numbers of animals to obtain ver-
tebral samples is problematic (30). Addressing this uncertainty is
likely to involve further development and refinement of nonlethal
age estimation (31–33).
A correlate of the adult census abundance estimated here, effec-

tive number of breeders, can be obtained fromwithin-cohort sibling
data (34) but does not inform on generational connectivity. By re-
solving sex-specific differences in spatial allocation of reproductive
output (subject to conditioning on plausible sex ratios), we can
assess generational connectivity, as opposed to evolutionary
mixing rates. Note that this would be impossible to obtain in this
species using other methods, such as tagging, as adults are exceed-
ingly difficult to encounter. This is important information for

Fig. 3. Spatial linkages of HSPs between river systems. (A) The vertical axis is the cohort of the sampled juvenile, indicating that the parent bred in that river system in
that year. Orange indicates that the two half-sibling juveniles share the same haplotype, and blue lines depict an HSP that do not, and hence whether the movement of
reproductive allocationwas likely via thematernal or paternal parent. The data (see Table 1) on cross-river HSPs (N = 6) andwhether they did (N = 4) or did not share (N = 2)
haplotypes indicate that males and possibly some females move from the Alligator rivers to the Adelaide River with only onemale reproductive transition in the opposite
direction. While the sample size creates uncertainty, the close-kin model (see Table 2 and the Supplementary Materials) estimates of probability of reproductive con-
nectivity accounting for the observed mtDNA haplotype distribution indicate male linked connectivity being far more likely than female. (B) Numbers of samples col-
lected in each river system through time. Note that these are assigned to an earlier cohort year based on estimated age given size.
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management of these and similar populations, which are currently
prioritized using scant data and expert opinion (35). In contrast, our
method generates directly estimated quantities required in conser-
vation listing and management. In this case, we found low abun-
dance (around ~1000 adults in each population) and a complex
spatial structure requiring careful management. Continued low-
cost monitoring will refine these results and reveal population
trends. Understanding connectivity will be crucial to ongoing man-
agement; the loss of one documented Australian G. glyphis popula-
tion in the Bizant River, Queensland (Fig. 2C) (24) shows that
isolated populations of this species are apparently easily removed
by anthropogenic activities, such as fishing pressure or alterations
to flow regimes.

MATERIALS AND METHODS
Field sampling
Capture and sampling of G. glyphis was conducted under Northern
Territory Fisheries Special Permits S17/3251, S17/3252, and S17/
3364; Kakadu National Park Research Permit RK805; and Charles
Darwin University Animal Ethics Committee A11041. Juvenile G.
glyphis [52 to 160 cm total length (TL)] were captured with rod and
line or gill net in the brackish riverine and estuarine reaches of the
Adelaide and west, south, and east Alligator Rivers (collectively re-
ferred to as the Alligator rivers) (Fig. 2). Neonate sharks were easily
recognized by the presence of an umbilical scar, and otherwise,

animals were assigned to an estimated age class based on length
and date of capture. Given the need to assign animals to a likely
cohort, estimates of length at age were obtained from N = 10 G.
glyphis from the Adelaide River, which were aged from vertebral
sections and used to estimate a model of age at length (30). Age
at length is typically inferred on the basis of data from many spec-
imens, but given the rarity of this species, sample size was deliber-
ately kept to an absolute minimum (30).

Genetics and kin-finding
SNP genotyping was done using the DArTseq restriction-associated
DNA approach exactly as described by (12) and resulted in precisely
1400 high-quality SNPs for kin-finding. mtDNA haplotypes were
defined using targeted sequencing of all the variable sites found
by sequencing the entire mitogenome of 93 G. glyphis from the
same region (26, 36). The SNP genotyping methodology exactly fol-
lowed the process described in a previous study of G. glyphis (12).
Following the methods for kin-finding used for other sharks using
DArTseq (37), a two-step process was used to identify HSPs and
FSPs used in the CKMR model, which is highly informative on
both within-cohort and across-river breeding dynamics (see text
S1). The first step is quality control on the genetic samples them-
selves. This requires checking that the allele frequencies of
sampled animals are in approximate Hardy-Weinberg equilibrium
and that other statistical properties of the allele frequencies are ac-
ceptable [see text S1 and details in (16)]. Loci and sharks that did not
meet these assumptions were removed. In addition, in the case
where repeat samples (i.e., the same individual) were detected, a
single random shark in the pair was removed.
In the second step, allele frequencies were used to identify FSP,

HSP, and UPs. UPs include all weaker than FSP and HSP types of
kin, that is, separated by three or moremeioses. Specifically, we used
a (pseudo) likelihood of difference (PLOD) statistic (13, 16) that, for
each unique pairwise comparison, posits a specific kin relationship
(e.g., UP versus HSP or UP versus FSP). The FSP analysis was con-
ducted first, and given the numbers of SNPs retained after quality
control processing (N = 1400), FSPs are unambiguously identifiable
from the vast majority of combinations, which are UPs. In cases
with a single FSP (i.e., two fish that share both parents), one of
the fish is randomly removed from the dataset, avoiding false-pos-
itive HSPs that are actually FSPs. In cases with groups of FSPs, all
but one of the fish are removed from the dataset. We then per-
formed UP versus HSP comparisons on the FSP-filtered data,
again based on PLOD statistic values. For identifying HSPs, given
the number of SNPs we use, there is no clear threshold of the
PLOD statistic, above which we would be 100% certain that we
have only HSPs, and below which they are either UPs or more
distant relations (such as half-cousins). Therefore, we identified a
critical level, ηcrit, of the HSP PLOD statistic, above which we
would statistically expect there to be less than one non-HSP. For
this critical false-positive threshold of the HSP PLOD, we calculated
the distribution of the PLOD around the expected value for HSPs
(13, 16). Using this distribution, we calculated the fraction of true
HSPs that are expected to be above the false-positive threshold
value, πη. This gives us the false-negative retention rate of true
HSPs that is used later in constructing the kinship probabilities in
the population model (see text S1).

Table 2. Abundance and connectivity parameters for G. glyphis. (A)
Estimates of population abundance and kinship parameters. (B) Estimated
connectivity parameters. The connectivity values give the probability an
animal with origin river r′ reproduces in r. For example, the model
estimates that only 1% of male sharks originating in the Adelaide River
reproduce in the Alligator rivers.

(A) Estimated
parameters

Joint Adelaide Alligators

Abundance N0 2020 892 1128

CV (N0) (0.28) (0.21) (0.47)

Adult annual survival, ϕ 0.88

Litter effect, ν – 3.42 7.28

Multiple paternity θ 0.00043 – –
Multiple females/male γ 1.83 – –
Fixed population
parameters

Sex ratio (% female), ζ 0.4

Population growth
rate, λ

0

(B) Estimated
connectivity
parameters

River Adelaide Alligators

Sex

Female Adelaide 0.99 0.01

Alligators 0.88 0.12

Male Adelaide 0.99 0.01

Alligators 0.55 0.45
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Population model
Full details of the model and statistical estimation procedures are
provided in the Supplementary Materials (text S2). Here, we
provide an overview of the major details of the model structure
and parameters. Population dynamics were given by an exponential
growthmodel forNt the number of breeding adults in year t, split by
sex s ∈ {m, f} within river r

Ns;r;t ¼ Ns;r;0 expðls;rtÞ

where λs, r is the population growth rate for sex s in river r. Note that
given potential for connectivity, the abundance in river r is also a
function of input across rivers r′. Hence, total abundance is

eNs;r;t ¼
X

r0
Ns;r0;t vs;r;r0

where ωs, r, r′ is the probability an animal with origin river r′ repro-
duces in r such that

X

r
vs;r;r0 ¼ 1

For example, in the case of exclusive and obligatory female phil-
opatry, ωf,r,r′ → 1 for r = r′ and ωf,r,r′ → 0 for r ≠ r′. The abundance
Ns,r,t is related to the kin pair data via equations that link the prob-
ability of finding HSP to the abundance and other demographic
parameters.
In the simplest nonspatial case, an mHSP in a population with a

50:50 sex ratio is given by Pr(mHSP) = (4/Nt)ϕ∣ci � cj∣, where t is the
birth year of the youngest member of anHSP pair (16) and ϕ is adult
survival. The spatiotemporal case requires specific probabilities (see
text S3.1) for the cases of within-cohort FSP, mHSP, and pHSPs and
across-cohort mHSP and pHSP, which are used depending on the
nature of the comparison being evaluated. The cross-cohort prob-
abilities include ωf,r,r′ (capturing the spatial connectivity) and the
river- and sex-specific Ns,r′,t .
Chance events, such as predation of juveniles, could induce het-

erogeneity in neonate survival rates, which may strongly influence
the probability of finding HSPs. Following (16), we estimate a case
that deals with lucky litter θ for females and multiple partner γ for
males. In addition, the observed mtDNA data (sharing/not sharing
haplotypes) depend on haplotype frequencies, sex ratio (and surviv-
al if sex-dependent), and spatial reproductive dynamics. Note that
the model used here implicitly assumes that fecundity is not
strongly age or size dependent. This is reasonable for many elasmo-
branchs, which often have relatively constant litter size after matu-
rity. This would not be the case in other taxa, such as teleost fish,
where reproductive output is strongly size dependent.
In the model, we set λs,r = 0, and survival probability ϕ was ag-

gregated across sexes and rivers. On the basis of likelihood profiling,
we used the lower approximate 95th percentile of ϕ = 0.88 as a con-
servative estimate of adult survival. Again, cross-river HSPs are the
source of information regarding spatial allocation of reproduction.
However, limited mtDNA information content (due to the limited
number of haplotypes and dominance of one of them) meant that
estimates of sex ratio ζ and movement rate could not be estimated
jointly. We therefore assumed a male-biased sex ratio of 40:60
(female/male), as has been documented in other G. glyphis (38)
populations and elasmobranch species (39, 40). The model was im-
plemented and fitted with the R library TMB (41) by minimization

of the negative log-likelihood

Lðu j zÞ ¼
X

i

X

j
logPðkijÞ

where θ = [N0,r, ωr,r′, ν, γ ] and ℙ(kij) are the kinship probabilities,
which are described in detail in the Supplementary Materials (see
text S3.1).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S5
Tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Data S1

View/request a protocol for this paper from Bio-protocol.
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