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ABSTRACT
This paper describes a method for inves�ga�ng close kin in wildlife species, which is based on LOD (Logarithm 
of the odds) score—a relatedness index for a pair of genotypes. The method was applied to study the distri-
bu�on of close kin in southern right whales in the feeding grounds of the Indo-Pacific sector of the Antarc�c 
Ocean, using biopsy samples of 183 individual whales collected during Japanese and Interna�onal Whaling 
Commission’s whale surveys in the Antarc�c. The descrip�on of the method and results for southern right 
whales in this paper are based on a recently published paper derived from a research collabora�on between 
scien�sts of the Ins�tute of Cetacean Research and the University of Bergen, Norway.

INTRODUCTION

The gene�c determina�on of close kin pairs has been 
proposed as a general framework for es�ma�ng key pop-
ula�on parameters, such as popula�on size and growth 
rate in wild animals (Bravington et al., 2016). Also, kinship 
informa�on can assist the interpreta�on of movement 
and social and popula�on structure in whales (Skaug 
et al., 2010). Therefore, informa�on on close kin has 
the poten�al to contribute to the conserva�on of whale 
species through the monitoring of important popula�on 
parameters. See Taguchi (2020) for a review of gene�c 
methods to infer kinship inferences in whales.

A commonly used test sta�s�c for close kin inference 
is the LOD (Logarithm of the odds) score, which is readily 
calculated from a pair of DNA profiles (Meagher, 1986; 
Skaug, 2001). Two individuals may be classified as re-
lated, with no further specifica�on of the type of rela�on-
ship if their LOD score exceeds a predefined cri�cal value.

The objec�ve of this paper is to present a brief outline 
of the analy�cal methodology of close kinship inference 
based on LOD. This paper also presents the results of the 
applica�on of this methodology on southern right whales in 
the feeding grounds of the Indo-Pacific sector of the Antarc-
�c. The descrip�on of the method and results for southern 
right whales in this paper are based on a recently published 

 

Figure 1.　Examples of relatedness index for a pair of genotype for a case of 171 individuals analyzed.
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paper derived from a research collabora�on between sci-
en�sts of the Ins�tute of Cetacean Research (ICR) and the 
University of Bergen, Norway (Takahashi et al., 2024).

ANALYTICAL PROCEDURES

LOD score analysis
The LOD is defined as the log-likelihood ra�o of the prob-
ability of an observed genotype pair when they share a 
certain rela�onship, e.g., parent-offspring, rela�ve to the 
probability of the genotype pair when they are unrelated. 
For the parent-offspring rela�onship (PO), this amounts 
to 
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Here, Gi and Gj are the observed genotypes for two 
specimens, i and j. LOD scores for other kinship categories 
are defined similarly (Figure 1).

The observed genotypes may contain genotyping er-
rors. To address this, a simple error model with a constant 
and independent per-allele error rate can be used. For a 
parent-offspring pair and self/monozygo�c rela�onships, 
an error model ensures that the LOD score is well defined 
for all genotype pairs. Otherwise, the LOD score would be 
undefined for all pairs containing loci with no compa�ble 
alleles.

The second-degree rela�onships of half-siblings (HS), 

grandparents, and full aunts and uncles all have the same 
LOD score and cannot be dis�nguished on the basis of 
genotypes. We refer to this as the LODHS (half-sibling 
LOD score). It should be kept in mind that LODHS does 
not necessarily refer to only half-siblings. We define the 
maximum likelihood kinship for a genotype pair as the 
kinship category that gives the highest probability for the 
observed genotype, i.e., the rela�onship with the highest 
P(Gi,Gj|Kinship). This is equivalent to selec�ng the kinship 
category with the highest LOD score, since its denomina-
tor is the same for all kinship categories.

APPLICATION OF THE METHOD TO THE SOUTH-
ERN RIGHT WHALE

Background of the southern right whale
Southern right whales (Eubalaena australis) are widely 
distributed across the three ocean basins in the Southern 
Hemisphere: South Atlan�c, Indian Ocean, and South Pa-
cific, mainly between la�tudes 16°S and 65°S. Southern 
right whales approach the con�nental coasts and some 
islands for breeding, calving and res�ng during the austral 
winter and early spring. The primary breeding grounds 
of this species are located in the waters off South Africa, 
South West Australia, mainland New Zealand, New Zea-
land Sub-Antarc�c and Argen�na (Figure 2) (Carroll et al., 
2014; 2016; Cranswick, 2022; IWC, 2001; 2013). Also, 
southern right whales occur in winter in coastal areas of 

Figure 2.　Historical distribu�on and primary calving grounds of southern right whales. The geographical posi�ons of 
the sampled whales for this study are shown by sex. Surveys were conducted in the austral summer seasons 
(December to March) from 1993/94 to 2018/19. The map was obtained in the R sta�s�cal environment (R 
core Team, 2023) using ‘rnaturalearth’ package (Massico�e and South, 2023), and the world vector map 
data was obtained from Natural Earth (public domain): h�p://www.naturalearthdata.com.
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South Eastern Australia, Chile and Brazil.
Previous studies on distribu�on and movement based 

on photo-id matches (Bannister, 1999), historical whaling 
data and sigh�ng surveys (Bannister, 2001) showed that 
whales in the Indian sector of the Antarc�c (85°–135°E) 
are associated with breeding grounds in the Austral-
asian regions. Also, a previous study on mtDNA analysis 
supported a close rela�onship between whales in the 
Antarc�c Indian sector and whales in the Southwestern 
Australia breeding ground (Pastene et al., 2018).

Biopsy samples
A total of 183 skin/blubber biopsy samples were ob-
tained opportunis�cally from free-ranging southern right 
whales along the sigh�ng surveys of the Japanese Whale 
Research Program under Special Permit in the Antarc�c 
(JARPA/JARPAII), the Interna�onal Whaling Commission-
Interna�onal Decade for Cetacean Research/Southern 
Ocean Whale and Ecosystem Research (IWC-IDCR/
SOWER) programs, and the New Scien�fic Whale Re-
search Program in the Antarc�c Ocean (NEWREP-A) in the 
Antarc�c Ocean from 60°W to 170°W across the 180° me-
ridian, south of 35°S during the austral summer seasons 
(December to March) 1993/94 to 2018/19.

Most of the samples were taken in the Antarc�c In-
dian sector (85°–135°E), south of 60°S from 1993/94 to 
2015/16. Figure 2 shows the geographical distribu�on 
of the southern right whales sampled. For each sample, 
sampling date and geographical loca�on were available. 
In some cases, visually es�mated measurements of 
body lengths of the animals sampled were recorded in 
conjunc�on with other ancillary informa�on such as the 
presence of calf. Visual es�mates of body length were 
made from the vessels by experienced scien�sts and 
crew members. This addi�onal non-gene�c informa�on 

assisted the interpreta�on of the results of close kinship 
inferences.

DNA profile prepara�on
Microsatellite DNA (msDNA) genotypes were the primary 
data used for es�ma�ng close kinship. Also, the sex in-
forma�on and mitochondrial DNA (mtDNA) haplotypes 
were used only to assist the interpreta�on of close 
kinship inferences. The DNA samples were genotyped 
using 14 microsatellite loci: EV1Pm, EV14Pm, EV21Pm, 
EV37Mn, EV94Mn (Valsecchi and Amos, 1996), GT023, 
GT211, GT310 (Bérubé et al., 2009), GAT A028 (Palsbøll 
et al., 1997), DlrFCB17 (Buchanan et al., 1996), TR3G2, 
TR2G5, TR2F2, and TR3F3 (Frasier et al., 2006). The SRY 
locus located on the Y chromosome was also used for 
sex determina�on following the method of Abe et al. 
(2001) with a slight modifica�on described in Pastene 
et al. (2022).

Also, the first 470 base pairs (bp) at the 5ʹ end of the 
mtDNA control region was sequenced. The mtDNA haplo-
types were used for interpreta�on purposes.

Results of the close kinship inference
Determination of the cut-off point value
Figure 3 shows the LOD score distribu�ons (LODPO) for 
simulated and observed data sets. There was an overlap 
between the three distribu�ons simulated from differ-
ent kinship categories (Figure 3, le�). Table 1 shows the 
number of detected close kin dyads at various levels of 
the cut-off point of LOD score, as well as the expected 
number of false posi�ves from unrelated pairs. The chal-
lenge is to find a way to determine the value of the cut-off 
point that will maximize the number of correctly inferred 
pairs of related individuals, while keeping the number of 
pairs incorrectly inferred as close rela�ves to a reason-

Figure 3.　Simulated (le�) and observed (right) distribu�on of the LODPO scores. For the three simulated datasets (HS, 
PO, U) normalized densi�es (unit area) are shown, while for the real data the absolute frequency of each 
rela�onship category, as assigned by the maximum likelihood, is displayed.
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able minimum. In this case, the best cut-off point under 
this criterion was LODPO>6.

Identification of close kin dyads
Figure 4 provides a schema�c representa�on of the infor-
ma�on of the 28 dyads with LODPO>6. They consist of a 

total of 25 possible PO pairs and three possible full-sibling 
(FS) pairs, as determined by maximum likelihood classifi-
ca�on. Some addi�onal gene�c (mtDNA haplotype) and 
biological (body length and sex) informa�on can assist 
in the interpreta�on of close kinship categories. Triad 
rela�onships in this figure result from one individual 

Table 1　
Number of related pairs by different (maximum probability) kinship category (PO/HS/FS) for LODPO score, for different cut-off LOD values.

Kinship categories 
for LOD score

Cut-off  
point

# highest likelihood (# expected FP) # expected FN on 
category “PO”FS HS PO

HS 8 1 — — — 2 — —
7 1 — — — 4 (0.01) —
6 2 (0.09) — (0.16) 8 (0.19) —
5 5 (1.00) 6 (1.00) 15 (0.97) —
4 9 (4.00) 14 (8.00) 25 (4.00) —
3 28 (18.00) 41 (49.00) 43 (12.00) —

PO 8 2 (0.07) — — 13 (0.60) 15
7 3 (0.16) — — 18 (1.00) 11
6 3 (0.29) — (0.01) 25 (4.00) 8
5 4 (0.74) 1 (0.31) 39 (9.00) 6
4 6 (1.00) 4 (1.00) 51 (16.00) 4
3 9 (3.00) 7 (4.00) 58 (23.00) 3

Figure 4.　Schema�c representa�on of the dyads and triads in Table 1 (LODPO>6). The strength of evidence (LODPO) is 
indicated by the width of the line connec�ng related individuals. Mitochondrial DNA haplotypes are shown 
by color: circles denote females and squares denote males. The dashed circles show dyads inferred as full-
sibling pairs by maximum likelihood.
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occurring in more than one dyad. Dyads encircled by a 
dashed line show possible FS pairs. There were two triads 
comprising only female animals, and there were three 
triads comprising two males and one female.

The triad 93IVR003 (male), 05IVR45 (male) and 
05IVR44 (female) was one of the strongly supported 
triads and also a case in which the biological data con-
tributed to the interpreta�ng of close kin inference. Male 
93IVR003 had a dyad with a male 05IVR45 and another 
dyad with female 05IVR44. The two pairwise LOD scores 
were LODPO=7.73 and LODPO=8.69, respec�vely. The 
fact that 93IVR003 had reached 13.7 m in body length in 
1993 indicates that it was sexually mature. This supports 
the possibility that the other two animals in the triad 
(05IVR45 and 05IVR44) are the son and daughter of male 
93IVR003, respec�vely.

Geographical connections for inferred dyads
Figure 5 shows the geographical loca�ons and connec-
�ons for the 28 dyads with LODPO>6. Six of these dyads 

were individuals sampled at low and high la�tudes; the 
high-la�tude individuals of these dyads were mostly con-
centrated between 85°E and 110°E. Within the Antarc�c, 
parent-offspring rela�onships were concentrated within 
the Antarc�c Indian sector. There was a single connec�on 
between the inner and outer Indo-Pacific sectorsfor one 
possible full-sibling rela�onship. In addi�on, there were 
no close kin rela�onships iden�fied between individuals 
distributed west and east of 85°E.

Interpretation of results
Close kinship informa�on from this study strongly sup-
ported the view that whales in the Indian sector of the 
Antarc�c belong to a stock related to Southwestern 
Australia, as most of the dyads were found within the 
sector 85°–135°E (within and between austral summer 
seasons), and between this Antarc�c sector and whales in 
lower la�tudes off Southwestern Australia (between dif-
ferent austral summer seasons). Also, results of this study 
supported the hypothesis that fidelity to feeding areas is 

Figure 5.　Geographical connec�ons for dyads with LODPO>6 indica�ng the degree of strength of the connec�on. 
The inset shows a map focusing on the Indian sector of the Antarc�c where most of the observa�ons are 
concentrated. Maps were obtained by R (R core Team, 2023) using ‘rnaturalearth’ package (Massico�e and 
South, 2023).
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inherited from mother to offspring (Carroll et al., 2015; 
Valenzuela et al., 2009), given that most of the maternally 
related parent offspring pairs occurred in a similar sector 
in the Antarc�c (85°–135°E) or represented connec�ons 
between low and high la�tude waters in this longitudinal 
sector.

As previously men�oned, however, a possible full-
sibling pair was found between the Antarc�c Indian 
sector and the outer Amtarc�c Indian sector (between 
160° and 170°E). This could be explained by the sporadic 
dispersion of close kin whales of the Southwest Australia 
stock in the core longitudinal sector (85°–135°E) into a 
more eastern longitude. An alterna�ve explana�on could 
be that whales from different breeding grounds, for ex-
ample, Southwest Australia and New Zealand, breed (Pat-
enaude et al., 2007) and their ‘hybrid’ offspring migrate 
to different sectors of the Antarc�c. However, currently 
there is no evidence of monogamy, so full-siblings can be 
expected to be rare. A third interpreta�on is the possibil-
ity of a false-posi�ve dyad for this par�cular case. The 
first interpreta�on of sporadic longitudinal dispersion of 
possible full siblings is considered more plausible.

The uncertain�es for the inference of close kin dyads 
are related mainly to the amount of informa�on in the 
DNA profiles, and also to genotyping error. In the present 
study, a simple error model with a constant and inde-
pendent per-allele error rate was based on genotyping 
error informa�on from the North Pacific right whale. 
Uncertainty associated with the analy�cal approach used 
in this study could be reduced by the use of other gene�c 
markers, as well as biological informa�on such as age of 
the individuals.

POTENTIAL USE OF CLOSE KINSHIP INFORMA-
TION

Close kinship data from this study can be used for es�-
ma�ng the abundance of the stock using close-kin mark-
recapture (CKMR) method (Bravington et al., 2016). The 
CKMR method is an extension of classical mark-recapture 
methods. In previous applica�ons of this method to fish 
species, age data have been available, which simplified 
the calcula�on of kinship recapture probabili�es. No age 
data is available for southern right whales. Therefore if 
the CKMR method is applied to this species in the future, 
some modifica�on of the method that addresses the lack 
of age data, will be required (e.g., Skaug, 2001).

As men�oned earlier, close kin informa�on are po-
ten�ally useful for es�ma�ng some demographic pa-
rameters, which should be monitored for conserva�on 
purposes. Furthermore, the informa�on on close kinship 

in this study could also be informa�ve about inbreeding 
in this species.

However, when using feeding ground data, if the aim 
is to es�mate the size of a breeding popula�on, then the 
ques�on of which popula�on size is being es�mated re-
quires careful considera�on, and further methodological 
developments are also needed.

See Takahashi et al. (2024) for details of the close 
kinship inference using LOD score, and applica�on and 
results for southern right whales.
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