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The recognition of individual animals is essential for many types of ecological research, as it enables estimates of
demographic parameters such as population size, survival and reproductive rates. A popular method of visually identifying
individuals uses natural variations in spot, stripe or scar markings. Although several studies have assessed the accuracy of
these methods in mammals, crustaceans and fish, there have been few attempts to determine whether phenotypic charac-
teristics are accurate when used for birds. Furthermore, even less is known about whether shed or moulted body parts can
be reliably used to visually identify individuals. Here we assessed the accuracy of using phenotypic characteristics to identify
avian individuals using a double-marking experiment, whereby nine microsatellite genetic markers and natural markings
on shed feathers were used to independently identify northern goshawks Accipiter gentilis. Phenotypic and genetic identifi-
cation of individuals was consistent in 94.4% (51/54) comparisons. Our results suggest that the phenotypic characteristics
of shed feathers can be reliably used as a non-invasive and relatively inexpensive technique to monitor populations of an
elusive species, the northern goshawk, without having to physically re-capture or re-sight individuals. We posit that using
natural markings on shed feathers will also be a reliable method of identifying individuals in avian species with similar

phenotypic characteristics, such as other Accipiter species.

Many areas of ecological and conservation research require
individuals to be uniquely identifiable so that population
sizes, dispersal, survival, reproduction and immigration rates
can be estimated (Goodall 1986, Nichols 1992) and also
for behavioural studies (Grellier et al. 2003, Weir 2009).
Individuals can be made recognisable by applying various
types of artificial marks or tags. However, the process of cap-
turing individuals and applying such marks can be invasive,
expensive, risky, time consuming and can affect the behav-
iour of the marked individual and its survival probability
(reviewed by Walker et al. 2012). A less invasive method uses
natural variation in phenotypic characteristics, such as stripe,
spot or scar patterns to identify individuals (Pennycuick
1978, Goodall 1986, Friday and Smith 2000). Photographs
of natural markings taken by camera traps is a particularly
important method of identifying individuals in studies on
large predators, whose wide-ranging and elusive behaviour
makes it difficult to gather re-capture data or re-sighting
data by eye (Trolle and Kéry 2003, Karanth et al. 2006,
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Ariefiandy et al. 2013). Although the use of natural mark-
ings and camera traps to collect photo-ID re-sighting data
works well for some species, for several practical reasons the
use of camera traps is rarely used in avian studies requiring
the identification of individuals.

The phenotypic characteristics of moulted feathers have
been used to identify individuals of elusive bird, without
having to physically recapture or re-sight them by eye, or
using camera traps. For example, natural markings on feath-
ers moulted by several Accipiter species are thought to be
stable (i.e. do not change over an individual’s lifespan after
the first moult) and vary enough between individuals to
enable individuals to be identified, once in adult plumage
(Opdam and Muskens 1976). However, of 19 studies using
natural markings on shed feathers to identify individuals in
Accipiter populations attempted to validate the method
independently (for example see Rutz 2012, Saga and Selis
2012). It is important to assess the accuracy of methods used
to identify individuals because such individual identities are
often subsequently used and relied upon in a wide range of
studies, across several disciplines. For example, individual
identities are used to develop and evaluate conservation
management strategies for tigers Panthera tigris (Karanth
et al. 20006). The probability of incorrectly identifying two
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individuals as the same (a false positive error) or of clas-
sifying two individuals as different, when in fact they are
the same (a false negative error) has been long recognised
(Bateson 1977). Yet, there have been relatively few attempts
to validate the use of natural markings to identify individuals
or to calculate the associated error rates (Stevick et al. 2001,
Gosselin et al. 2007, Gubili et al. 2009, Waye 2013). Error
rates can vary dramatically. For example, natural variation in
pigmentation and scars correctly identified individual hump-
back whales Megaprera novacangliae (Stevick et al. 2001) in
96.6% of cases; however the method of using colour and
spot patterns to identify tiger salamanders Ambystoma
tigrinum was only accurate 67% of the time (Waye 2013).
This 10-fold variation in error rates, from excellent to effec-
tively useless suggests a strong need to validate the different
types of phenotypic characteristics used to identify indi-
viduals, for each taxonomic group, before they are used to
estimate demographic parameters.

‘Double marking’, the use of two independent methods
of identifying individuals, has been used to test the reli-
ability of phenotypic characteristics as individual identifiers
(Stevick et al. 2001, Gosselin et al. 2007, Gubili et al. 2009).
However, we are only aware of one study which attempted to
validate the use of phenotypic characteristics to identify indi-
viduals in an avian species using a double marking approach,
which wasbased on comparisons of only five individuals sighted
in two different years (Bretagnolle et al. 1994). Furthermore,
there have been few studies which have used double marking
to validate the use of shed body parts for individual identi-
fication (Gosselin et al. 2007). Northern goshawk Accipizer
gentilis (hereafter goshawk) is an elusive avian predator, dif-
ficult to observe in wooded habitat and adults are difficult and
time-consuming to physically capture. Although many studies
have used natural markings on shed feathers to identify indi-
vidual goshawks (e.g. Rutz 2012), none have attempted to
validate the method independently. Microsatellites are neu-
tral genetic markers used to identify individuals (Chistiakov
et al. 2006) and have been used as an independent, unbiased
and individually-fixed arbiter of the accuracy of phenotypic
characteristics in double marking studies on cetaceans, crus-
taceans and fish (Stevick et al. 2001, Gosselin et al. 2007,
Gubili et al. 2009). Five microsatellite markers have already
been shown to uniquely identify individuals using blood sam-
ples taken from known individual northern goshawks (Bayard
de Volo et al. 2005). Here we use nine microsatellite markers
to genetically characterise, and if possible, identify individual
goshawks from a population in north east Scotland, UK and
use this method to assess the accuracy of using phenotypic
characteristics of shed feathers as an identification tool.

Methods

Feather collection and phenotypic identification

Female goshawks start moulting their flight feathers during
the egg laying period, whereas males are typically in moult
between June-October, after the bulk of provisioning for
offspring has been completed (Squires and Reynolds 1997).
During the incubation period (April-May) many of inner
primary feathers shed by females (and a few from males)
can be found by searching below occupied nests and nearby

444

perches. Shed feathers were collected from a goshawk popu-
lation in north east Scotland, centred on 57°3’N, 2°30"W
(map p. 138 in Marquiss 2011) and stored at room tempera-
ture in paper envelopes filed according to locality, year and
date of collection.

The present study used only the inner primary feathers
moulted by adult breeding female goshawks, as the majority
of feathers located near active nests were those from females.
The total feather length and width of calamus was used to
sex the individual it came from, as comparable wing feathers
moulted by male and female goshawks differ in size, with
female feathers being larger (Cieslak and Dul 2006). The
shape of each feather was used to determine which particular
part of the wing sequence it was from (i.e. P1 to P5). Only
feathers shed by mature individuals were included because
the colour changes during the transition from immature
(1 yr old) to mature (over 2 yr old) plumage (Opdam and
Muskens 1976). The feathers of immatures are those grown
simultaneously in the nest and are brown, fringed with buff,
whilst those of mature birds (produced in sequence from the
first moult) are plain grey, some with pale fringes; clearly
different from those of yearlings (Cieslak and Dul 2006). To
visually identify adult individuals we compared feathers from
the same wing and position within the primary sequence,
from year to year (e.g. P2 illustrated in Fig. 1, 2) using three
phenotypic characteristics; length, colour and pattern of
pigmentation as described in Opdam and Muskens (1976).

Genetic identification

DNA was extracted from a 3—5 mm clipping from the tip of
the lower calamus, using a standard salt extraction protocol
with a 100% ethanol precipitation following the methods
in Hogan et al. (2008). All samples were genotyped at nine
microsatellite loci, seven of which, Age2; Age4; Age5; Age7;
Age9; Agel0 and Agell are described in Dawnay et al.
(2009), and the remaining two, AgCA224 and AgCA365,
in Takaki et al. (2008). These particular loci were chosen to
maximise power for individual identity, as they were the most
polymorphic microsatellite markers. PCR amplifications
were performed in a 10 Pl total reaction volume containing:
2 ul of extracted DNA, 1 X reaction Buffer (Bioline), 0.2
mM of each dNTP, 0.25 U 7zg DNA polymerase (Bioline),
1.5 mM MgCl, and 1 UM primer using a G-Storm thermal
cycler. Genotypes were resolved on an automatic ABI 3730
Capillary DNA sequencer (DNA Sequencing and Services,
MRCPPU, College of Life Sciences, Univ. of Dundee, Scot-
land, <www.dnaseq.co.uk>). Allele size was determined by
eye using Genemarker 1.4 (Soft Genetics).

We checked all genotyping scores for errors resulting
from the presence of null alleles (one or more alleles failing
to amplify), stuttering (changes to allele sizes during PCR)
and large allele drop out (large alleles not amplifying as
efficiently as smaller alleles) using Microchecker 2.2.1 (Van
Oosterhout et al. 2004). The rate of genotyping error was
estimated by re-genotyping eight samples (9% of the data)
at all loci and error rates were calculated from the number of
allelic mismatches.

We calculated the probability of individual identity,
P(ID) as the probability that two individuals, drawn at
random from a population will share the same genotypic



Figure 1. Dorsal side of moulted female Accipiter gentilis inner pri-
mary feathers collected at the same nest site location, in subsequent
years, assigned as belonging to the same individual based on their
phenotypic characteristics (length, shape, colour and pattern of pig-
mentation).

profile, according to Waits et al. (2001) for all nine loci
using Genalex 6.501 (Peakall and Smouse 2006). P(ID),
represents the upper boundary of P(ID) (where siblings are
found and included; Waits et al. 2001) and P(ID) ;.. a
represents the lower boundary of a theoretical P(ID), after
samplesize corrections (Pactkau etal. 1998). Weincluded both
boundaries as the true P(ID) has been demonstrated to fall
somewhere between these two, with P(ID), providing a
reliable conservative estimate of the upper boundary, assum-
ing that the population studied does not deviate from
Hardy—Weinberg expectations (Waits et al. 2001). Depar-
tures from Hardy—Weinberg equilibrium (HWE) were tested
for using a Markov Chain Monte Carlo approach (1000
de-memorisations, 100 batches, 1000 iterations) in GENE-
POP 4.0.10 (Raymond and Rousset 1995, Rousset 2008)
incorporating a Bonferroni correction (0. = 0.005).

Validation of phenotypic method

We used 83 feathers collected over a 15 yr period, from 26
nesting territories occupied by goshawks. We compared
feathers collected at the same location, but in different years,
as goshawks in the UK are resident, persistently use the
same nesting woods and only breed once a year, hence are
unlikely to be represented at multiple sites in the same year
(Kenward 2006). Phenotypic identification was carried
out by MM using the measures described by Opdam and
Muskens (1976) and preceded genetic identification, car-
ried out by RB. Both methods were applied independently

Figure 2. Dorsal side of four female Accipiter gentilis inner primary
feathers collected at the same nest site in different years, thought to
have been moulted by different individuals based on their phenotypic
characteristics (length, shape, colour and pattern of pigmentation).

and as a double blind test to reduce any potential bias. No
results were exchanged until after the genetic analysis was
complete.

Results and discussion

We were able to genotype 98.8% (82/83) of our feather
samples. Aside from a failed amplification, there were no
genotyping errors and we did not detect any null alleles or
large allelic dropout at any locus. Between 2 and 13 alleles
were scored perlocus, with P(ID) 1...q forall loci estimated as
5.8 X 10-8 and P(ID), as 1.1 X 10-3 (Table 1), meaning that
the probability of two individuals sharing the same multilo-
cus profile was less than 0.0001. Genetic markers suggested

Table 1. Probability of identity estimates for nine microsatellite
markers for A. gentilis. N, number of alleles, * cumulative values for
P(ID).

Locus NA P (ID)unbiased P (ID)sib P (ID)unbiased* P <lD)sib *
Age 2 10 5.8X1072 3.6X107" 58X1072 3.6X107!
Age 4 13 42X1072 3.4X10°" 2.4X103 1.2X107"!
Age 5 5 33X107" 6.0X107" 8.0X10* 7.1X1072
Age 7 5 1.3X107" 4.2X10°" 1.0x10~* 3.0X1072
Age 9 2 39X107" 6.1X10°" 42X105 1.8X10°2
Age 10 8 1.0X107" 4.2X107" 45%x10° 7.8X1073
Age 11 4 24X10°" 53X107" 1.1X10°¢ 42X103
AG CA224 4 2.7X10°" 55X10°" 3.1X10°7 23X10°3
AGCA365 5 1.8X10°" 4.8X10-" 5.8%X10-8 1.1X10-3

445



that these 82 samples came from 37 unique individuals. Of
the 54 comparisons made between pairs of samples collected
at the same goshawk nest territory, 36 were phenotypically
identified as being samples from the same individual (see
Fig. 1 for an example); the remaining 18 comparisons were
phenotypically identified as being samples from different
individuals (see Fig. 2 for an example). Phenotype-based and
genetic assignments of individuals matched in 51 (94.4%)
comparisons. Of the three discrepancies found, one was a
false positive (i.e. two samples were thought to have come
from the same individual based on phenotypic characteris-
tics, but were genetically assigned as different individuals);
the other two discrepancies were false negatives (i.e. where
two samples were phenotypically identified as coming from
different individuals, yet were from genetically identical
individuals). The false positive and false negative error rates
were therefore 97.2 and 88.9% respectively. The pheno-
typic method of identifying individual goshawks from shed
feathers described by Opdam and Muskens (1976) there-
fore appears to be reliable. Consequently, despite goshawks
being elusive, changes in the individuals occupying nest sites
can be reasonably accurately monitored using this relatively
inexpensive phenotypic technique, without further recourse
to genotyping. Analysis of avian vocalizations can also be
used as an alternative, relatively inexpensive way to identify
individuals occupying territories, without having to collect
moulted feathers, genetic, re-sighting or re-capture data.
However the reliability of this method has yet to be assessed
for the majority of bird of prey species, with the exception of
a few owl species’ (Tripp and Otter 2006, Nagy and Rock-
well 2012, Odom et al. 2013).

Overall our results suggest that phenotypic characteristics
of shed feathers are a reliable method of identifying indi-
vidual goshawks, and may be similarly accurate for other
species, such as Eurasian sparrowhawks Accipiter nisus,
thought to show a similar level of variation in feather char-
acteristics (Opdam and Muskens 1976). Furthermore, now
that the error rate of using the phenotypic method has been
quantified, it can be accounted for in future studies using
this phenotypic method and when evaluating the status of
populations and planning management strategies. These
error rates may also be used to calculate the degree of confi-
dence one can have when interpreting the results of previous
studies using this phenotypic method.
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