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ABSTRACT: The Endangered northern rockhopper penguin Eudyptes moseleyi, like all penguins, is monomorphic, making sex determination of individuals in the field challenging. We
examined the degree of sexual size dimorphism of adult birds across the species’ breeding range
in the Atlantic Ocean and developed discriminant functions (DF) to predict individuals’ sex using
morphometric measurements. We found significant site-specific differences in both bill length and
bill depth, with males being the larger sex on each island. Across all islands, bill length contributed 78% to dissimilarity between sexes. Penguins on Gough Island had significantly longer
bills, whilst those from Tristan da Cunha had the deepest. Island-specific DFs correctly classified
82−94% of individuals, and all functions performed significantly better than chance. The model
for Nightingale Island correctly classified the greatest proportion of individuals (94−95%), while
that for Tristan da Cunha performed the poorest (80−82%). A discriminant function derived from
all sites accurately sexed 86−88% of northern rockhopper penguins achieving similar accuracy to
island-specific functions. While molecular techniques conclusively determine an individual’s sex,
morphometric measurements can provide a reliable estimate with close to 90% accuracy using a
method that is less invasive and requires little technical expertise. Sexing is an important tool for
meaningful interpretation of ecological data. Consideration of sex-specific differences in future
studies will aid investigation of a potential sex-dependent vulnerability in this Endangered species.
KEY WORDS: Northern rockhopper penguin · Eudyptes moseleyi · Sexual dimorphism ·
Discriminant function analysis · Morphological sexing · Morphometrics

Animal behaviour is often driven by sex-specific
differences that affect survival, population trends
and dynamics, and ecological studies of these aspects
therefore require knowledge of the sex of individuals. For monomorphic species, such as many sea-

birds, determination of individuals’ sex can be challenging, and various approaches have been adopted:
cloacal examination (Samour et al. 1983), vent measurements (Boersma & Davies 1987), behavioural observations (Kerry et al. 1992, Le Bohec et al. 2008),
examination by ultrasound (Hildebrandt et al. 1996),
dissection (Cortés et al. 2018) and molecular analysis
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(Ellegren 1996, Griffiths et al. 1998, Bertellotti et al.
2002). All of these techniques suffer important drawbacks. There is a circular argument in using behaviour to infer sex; molecular techniques or ultrasound
rely on expensive equipment and cannot be applied
in the field, while cloacal and vent examination require specialist skills.
While sexual dimorphism in plumage is virtually
absent, monomorphic seabird species often display
subtle but distinct morphological differences between
the sexes (Gaston 2004). Sexual size differences are
commonly used in the field to determine sex in a simple, rapid and less invasive manner compared to
other methods, only requiring minimal technical expertise. In penguins, discriminant function analysis
(DFA), a mathematical approach based on morphological measurements, has been applied to predict
individuals’ sex in several species (Table 1). However, owing to geographic variation and species-specific morphology, the discriminant functions developed are restricted to the species and often to the
geographic areas in which they were obtained.
Among the 6 penguin genera, Eudyptes is the most
widely distributed and sexually dimorphic genus
(Croxall 1995). Poisbleau et al. (2010) derived a
highly accurate discriminant function (96.2% correct
classification rate) for sexing adult southern rockhopper penguins E. chrysocome in the Falkland Islands/
Las Malvinas. The northern rockhopper penguin was
formerly considered a subspecies of E. chrysocome
but is now recognized as a full species (Banks et al.
2006, Jouventin et al. 2006). The 2 rockhopper penguin species are broadly similar in appearance, but
northern rockhopper penguins differ from southern
rockhoppers by being larger in size, having a wider
supercilium and longer crest feathers (Williams 1995,
Cuthbert 2013). While the southern rockhopper penguin is distributed from the southern tip of South
America, the Falkland Islands/Las Malvinas and
across the Southern Ocean, the northern rockhopper
penguin is the most northerly breeding Eudyptes
penguin, with ~90% of the global population breeding on only 5 islands between 37−40° S in the Tristan
da Cunha group in the South Atlantic Ocean (Cuthbert et al. 2009, Robson et al. 2011, BirdLife International 2018).
The present study aimed to investigate potential
sexual size differences and geographic variation in
northern rockhopper penguins among breeding locations across the species’ relatively small distributional
range in the South Atlantic Ocean. Given that previous studies predominantly found measurements of
bill length (BL) and bill depth (BD) to have the great-

est sexual size differences (e.g. Poisbleau et al. 2010,
Campbell et al. 2016, Cappello & Boersma 2018,
Table 1), we focused on these 2 morphometrics while
simultaneously using genetic analysis to confirm the
sex of study individuals in order to test the reliability
of the obtained discriminant functions and examine
differences in measurements among islands.

2. MATERIALS AND METHODS
The Tristan da Cunha archipelago comprises the 3
main islands Tristan da Cunha (37° 09’ S, 12° 16’ W),
Inaccessible (37° 17’ S, 12° 40’ W) and Nightingale
(37° 25’ S, 12° 28’ W), with Gough Island (40° 19’ S,
9° 56’ W) located approximately 380 km further
south.
Blood samples and morphometric bill measurements from adult northern rockhopper penguins
were taken during the austral summers of 2010 on
Tristan da Cunha and of 2012 and 2013 on Nightingale and Gough islands. Blood was drawn from the
tarsal vein of each bird using a 25-gauge needle and
a 2 ml syringe. Samples were then stored in Eppendorf tubes and frozen at −20 and −30°C on Tristan da
Cunha and Gough islands, respectively. On Nightingale Island, due to insufficient power supply, samples
were preserved with equal volumes of 70% ethanol
and kept at ambient temperature.

2.1. Morphometrics
For each bird, morphological measurements of BD
(at a point proximal to the tip of the triangular interramal feather patch) and BL (length of exposed culmen) were taken to the nearest 0.1 mm using Vernier
callipers as shown in Fig. 1 following Warham (1972,
1975). Repeated measures (≥2) on both BL and BD
were performed to ensure accuracy of results and
hence reproducibility of measurements. Morphometric measurements were taken by J.M.B. on Tristan da
Cunha, A.S. on Nightingale Island, and 3 research
assistants took the morphometric measurements on
Gough Island.

2.2. Molecular-based sexing
Sample collection was carried out on Tristan da
Cunha in 2010 and on Nightingale and Gough
islands in 2012/2013 as part of 2 distinct research
projects. Hence, samples were analysed in 2 different
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Table 1. Summary of studies using morphometric measurements and discriminant functions to determine sex in adult penguin populations. The morphometric variables
incorporated in the discriminant function models and their accuracy in sex determination with sample size are presented
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Length
Depth

Fig. 1. Morphometric measurements taken on a northern
rockhopper penguins showing bill depth and bill length
(photo: J.M.B.)

laboratories: Department of Botany, Rhodes University, South Africa and Department of Biology, Marshall University, USA, respectively, using lab-specific
methodologies detailed below.
For samples from Tristan da Cunha, total genomic
DNA was extracted from a 50−100 µl aliquot of
blood using a QIAGEN DNeasy® Blood and Tissue
Kit, following the manufacturer’s instructions, and
stored at −20°C. A multiplex polymerase chain reaction (PCR) was performed to amplify DNA using the
existing primers 2945F (5’-AGA AAA AGA TGG
TGT TAG AT-3’), cfR (5’-CAT AAC TCC TTA CCA
CAT AT-3’) and 3224R (5’-TTG AAC TGT GAA
AGC AAC TC-3’) (Ellegren 1996). Primer 3224R,
when used in conjunction with primer 2945F, generates a 630 bp fragment in both sexes, whilst the
combination of primers cfR and 2945F generates a
210 bp fragment in females, allowing the sexes to
be easily distinguished by electrophoresis of PCR
products. PCR amplification reactions (0.05 µl Bioline BioTaq™ DNA polymerase, 2 µl 10× NH4 reaction buffer [Bioline], 0.16 mM of each deoxyribonucleotide triphosphate [dNTP], 4 mM MgCl2, 0.4 µM
each primer and 2 µl DNA template) were made up
to a total volume of 20 µl. The PCR thermal profile
comprised a single cycle of 94°C for 3 min (denaturation), 55°C for 30 s (annealing) and 72°C for 60 s
(extension), followed by 34 cycles of 94°C (30 s),
50°C (30 s), and 72°C (45 s). The program was completed with a final extension step of 72°C for 5 min.
A total of 5 µl PCR product was bound with SYBR®
Green and analysed by electrophoresis on a 1.5%
agarose gel. Products were examined under UV
light for the presence of a single band (male) or
double bands (female) (Griffiths et al. 1998).

For samples from Nightingale and Gough islands,
total genomic DNA was extracted using standard
phenol-chloroform protocols and followed by ethanol
washes. PCR was performed using the primers SEX1
(5’-CTC CCA AGG ATG AGA AAC TGT GCA AAA
CAG GTA-3’) and SEX2 (5’-CCT TCA CTT CCA
TTA AAG CTG ATC TGG AAT TTC-3’) following
Wang & Zhang (2009). These primers were chosen as
they have increased accuracy with lower DNA concentrations (Wang & Zhang 2008). For each well,
15 µl of a 240× solution of PCR water (375 µl), primers
(120 µl each), BioLabs® Q5® High-Fidelity 2× Master Mix (1200 µl) was added to 5 µl of DNA (25 ng).
Thermal cycling was set on ST55, which included an
initial cycle at 95°C (5 min), 30 cycles of 95°C (1 min),
55°C (1 min), and 72°C (2 min), and a final cycle at
72°C (10 min). Following PCR, 20 µl of product and
3 µl of BioLabs® Gel Loading Dye (Purple 6X) were
pipetted onto a 3% agarose gel stained with ethidium bromide for electrophoresis. After 200 Vh, bands
were analysed using a BioRad Molecular Imager®.
Samples producing a single band were scored as
male, and those showing 2 bands as female (Griffiths
et al. 1998).

2.3. Statistical analysis
A 2-way PERMANOVA was used to test for differences in bill size (BD and BL) among the factors
(fixed, orthogonal) ‘island’ (3 levels: Tristan da Cunha,
Nightingale, Gough) and ‘sex’ (2 levels: male, female). PERMANOVA post-hoc tests (p-pht) were used
to explore significant effects. Homogeneity of multivariate dispersion for each factor was tested using
the distance-based test PERMDISP prior to PERMANOVA analyses (p > 0.05 in both cases). SIMPER
analysis was performed for each factor to determine
the contribution of BD and BL to differences between
sexes and among islands. PRIMER v. 6.1, PERMANOVA+ for PRIMER routines (Anderson et al. 2008)
was used for all statistical tests. The dimorphism
index (DI) was calculated as

(

)

x male
−1
x female

with the mean size (x -) for BD (BL) of the male divided
by the mean size of the female where positive values
indicate larger males, negative values that females
are larger, and zeros mean the sexes are identical
(Fairbairn 2007).
Because there were significant differences in bill
measurements among islands, separate discriminant
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functions were developed for each site, as well as one
pooling all locations (ultimately, for use with birds of
unknown origin; Rollinson et al. 2014). Cross-validation was performed based on 1000 iterations with
randomized training and test subsets of data generated in each iteration and built a linear discriminant
function using the training data set for predicting
birds’ sex using the function lda in the package
MASS in R 3.3.3 (Ripley et al. 2012, R Core Team
2017) using backward selection, with BL and BD as
predictors of sex. The obtained discriminant function
was then applied to the test data set to verify the
accuracy of the DFA (Hastie et al. 2009). This allowed
us to calculate the discriminant score, D, for varying
probabilities of assignment to either female or male
(Table 2). Cohen’s κ (Cohen 1960) was used to test
whether assignment from the discriminant function
was better than chance, using an alpha level of 0.05.

Table 3. Bill measurements of female and male northern
rockhopper penguins Eudyptes moseleyi from Tristan da
Cunha, Nightingale and Gough islands. BD: bill depth; BL:
bill length. The positive dimorphism index (DI) indicates that
males are the larger sex; for further details see Section 2.3.
Values are means with standard deviation (range)

Tristan
BL (mm)
BD (mm)
Nightingale
BL (mm)
BD (mm)
Gough
BL (mm)
BD (mm)

3. RESULTS
Blood samples and morphometric measurements of
northern rockhopper penguins were taken from 416
birds in total, with 124 from Tristan da Cunha (75
females, 49 males), 149 from Nightingale Island (90
females, 59 males) and 143 from Gough Island (80
females, 63 males). Table 3 presents the bill measurements for examined study birds. All sexes were confirmed by molecular analysis (see the Supplement at
www.int-res.com/articles/suppl/n039p293_supp.xlsx
for all measurements).
A significant interaction of ‘island × sex’ was observed for the 2 measurements, BL and BD (PERMANOVA, F2, 407 = 3.02, p = 0.026). On each island,
males were the larger sex in terms of both BL and BD
(p-pht, p < 0.001; Table 3, Figs. 2 & 3), with the DI
ranging from 0.088 to 0.160 depending on the island
and parameter (Table 3).
There were also significant differences in bill size
among islands, with birds from Gough Island having
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Females

Males

DI

n = 75
42.3 ± 2.7
(37.0−48.2)
21.7 ± 1.7
(17.4−25.5)

n = 49
46.7 ± 2.5
(40.4−51.0)
23.6 ± 2.3
(18.0−28.0)

n = 90
42.2 ± 1.6
(39.4−48.3)
17.4 ± 1.2
(14.5−22.3)

n = 59
47.7 ± 2.1
(40.6−51.4)
19.7 ± 1.3
(16.7−23.1)

n = 80
43.9 ± 2.7
(39.3−51.0)
18.8 ± 1.3
(26.3−23.1)

n = 63
49.4 ± 1.9
(44.6−54.5)
21.8 ± 1.1
(19.5−24.1)

0.104
0.088

0.130
0.130

0.125
0.160

longer bills and birds from Tristan da Cunha having
deeper bills than birds from the other islands (p-pht,
p < 0.001 in all cases; Table 3, Fig. 2). BL contributed
most to the dissimilarity between sexes and across all
islands (SIMPER, 78%), with males’ bills being significantly larger than those of females at all 3 sites
(Table 3, Figs. 2 & 3). Of the 2 bill measurements, BL
contributed 68% to the dissimilarity between birds
from Gough and Nightingale, and 59% to the dissimilarity between birds from Gough and Tristan da
Cunha. Differences in bill size between birds from
Nightingale and Tristan da Cunha were more attributed to BD, which contributed 69% to overall
dissimilarity.
Island-specific discriminant functions correctly
classified 82−94% of individuals, and all functions
performed significantly better than chance (Cohen’s
κ = 0.63−0.88, all p < 0.001; Table 2). Cross-validation

Table 2. Discriminant functions, correct classification rates (percentage of birds correctly classified), cross-validation rates (results from 1000 iterations using newly generated training and test subsets of data) and Cohen’s κ for functions predicting the
sex of northern rockhopper penguins. Individuals with positive discriminant scores (D > 0) are classified as males, while those
with negative scores (D < 0) are classified as females. BD: bill depth; BL: bill length. See Section 2.3 for details
Island

Tristan da Cunha
Nightingale
Gough
All islands

Function

Correct
classification (%)

Mean cross-validation
(min.−max.) (%)

Cohen’s κ (p)

D = 0.39 × BD + 1.25 × BL − 43.88
D = 0.24 × BD + 0.99 × BL − 49.27
D = 0.11 × BD + 0.54 × BL − 26.86
D = 0.26 × BD + 0.55 × BL − 30.60

82
94
88
86

80 (70−89)
95 (92−100)
90 (84−96)
88 (83−92)

0.63 (< 0.001)
0.88 (< 0.001)
0.77 (< 0.001)
0.71 (< 0.001)
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Fig. 2. Comparison of morphometric measurements of (A)
bill depth and (B) bill length between sexes (F: female; M:
male) and across islands: Gough (n = 80 females, 63 males),
Nightingale (n = 90 females, 59 males), Tristan da Cunha
(n = 75 females, 49 males). Horizontal line shows the median,
with the box representing the lower quartile (25%) and upper quartile (75%), lower whisker (5%) and upper whisker
(95%). Black dots indicate outliers

results from 1000 iterations using newly generated
training and test subsets of data also achieved a high
rate of correct classification (80−95%; Table 2). The
model for Nightingale Island correctly classified the
greatest proportion of individuals (correct classification: 94%, mean cross-validation: 95%), while that
for Tristan da Cunha performed the poorest (correct
classification: 82%; mean cross-validation: 80%). A
discriminant function derived from all sites achieved
on average the same accuracy as island-specific
functions (correct classification: 86%, mean crossvalidation: 88%, Cohen’s κ = 0.71; Table 2).

4. DISCUSSION
We investigated the degree of sexual size dimorphism in adult northern rockhopper penguins across
the species’ breeding range in the Atlantic Ocean and

found site-specific differences in both BL and BD,
with males being the larger sex on each island. Penguins, like many sexually monomorphic birds, have
been shown to exhibit subtle but distinct morphological differences between the sexes (Agnew & Kerry
1995, Williams 1995; Table 1). Given the close proximity of northern rockhopper penguins' breeding
sites in the South Atlantic Ocean, the geographic variation in sexual size differences we found in penguins
breeding in the islands was unexpected. A recent
study on African penguins showed no geographic
morphological variation across their breeding range
(Campbell et al. 2016).
While morphological differentiation may be a consequence of ancestral colonisation and subsequent
diversification, environmental factors have also been
shown to be important forces driving intercolony variation (Jakubas et al. 2014, Ratcliffe et al. 2014,
Yamamoto et al. 2016). Gough Island lies south of
the Subtropical Front, whereas Tristan da Cunha,
Nightingale, and Inaccessible islands are located to
the north (Ryan 2007). This frontal system places the
islands in 2 different biogeographical regions, resulting in differences in phenology, foraging areas, and
potentially diet (Booth & McQuaid 2013, Cuthbert
2013, BirdLife International 2018). Discrete foraging
behaviours, distributions, and habitat use of the northern rockhopper penguin during both the breeding and
non-breeding seasons (BirdLife International 2018)
combined with adult breeding philopatry (Cuthbert
2013) and geographic isolation may have led to
morphological differentiation with potential functional implication (Booth & McQuaid 2013, GutiérrezPinto et al. 2014, Jakubas et al. 2014). Different
oceanographic conditions and the distance separating
Gough Island from the Tristan da Cunha archipelago
probably affect prey assemblages and abundance
and may have favoured geographic variation in bill
size as a result of fitting to local environmental
conditions.
Whereas spatial segregation in both foraging areas
and breeding sites may explain the difference in morphometric measurements between birds on Gough
and the northern islands, intraspecific niche partitioning might be responsible for morphological differentiation between Tristan da Cunha and Nightingale islands (Booth & McQuaid 2013, Ratcliffe et al. 2014).
For example, a recent study showed that despite the
short distance of 20 km separating the neighbouring
islands Inaccessible and Nightingale, penguins
tracked on either island during the guard phase in
2016 exhibited little spatial overlap (A. Steinfurth et
al. unpubl data). Furthermore, based on a stable-iso-
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variability in bill sizes of both sexes
(Booth & McQuaid 2013).
Despite the geographic differences,
a discriminant function derived from
all sites accurately sexed 86−88% of
northern rockhopper penguins and
therefore achieved, on average, a similar accuracy as island-specific functions, which can be useful when the
colony of origin is unknown, such as
in the case of vagrant birds, museum
specimens, or individuals outside the
breeding season (De Dinechin et al.
2007, Rollinson et al. 2014).
The use of a DFA approach, however, must come with caveats, and
the possibility of observer bias or
error in measurements cannot be disregarded (Hull 1996). Measurement
variability due to human error is often
partly due to methodological and
instrumental error. For example, a
major source of methodological error
is based on slight variations in the
exact positioning of the calliper. In
our study, a standardised method was
applied by highly experienced field
Fig. 3. Bill lengths and depths of northern rockhopper penguins at (A) Gough
teams on each island using repeat
(n = 80 females, 63 males), (B) Nightingale (n = 90 females, 59 males), (C) Trismeasurements of clearly defined mortan da Cunha (n = 75 females, 49 males), (D) all islands (n = 245 females, 171
males). Solid lines represent the statistical boundary between females (black
phometric features, BL and BD, that
points) and males (grey points), derived from the discriminant function
are large relative to the precision of
the measurement, with lower meastope investigation, birds from Tristan and Nightingale
urement error rates than other features (Arnqvist &
are known to display spatial segregation in their forMårtensson 1998). Hard body parts, such as the bill,
aging grounds during the pre-moult period, and they
tarsus and culmen, are therefore preferable for
also forage on a different trophic level during this time
measurements over soft parts, e.g. the tail length, or
(Booth & McQuaid 2013). Body size in both sexes may
parameters that might fluctuate seasonally such as
have evolved to adapt to different niches and to exbody mass (e.g. Poisbleau et al. 2010, Pichegru et al.
ploit a wider range of resources. Similarly, the differ2013, Campbell et al. 2016). BL was the parameter
ences in bill size may have equally evolved as a mechthat contributed most to the dissimilarity between
anism to avoid resource competition or enhance feeding
the sexes and has more confined landmark locations
efficiency by differential niche-utilisation on an interthan BD; hence, measurements of this parameter
colony scale.
would be expected to vary less between observers
The discriminant function for Nightingale Island
(Arnqvist & Mårtensson 1998). Repeat measureprovided the highest accuracy in determining the sex
ments, as we performed in our study, can further
correctly (94−95%), which is comparable to results
help to ensure accurate results and repeatability.
derived by Hull (1996) and Poisbleau et al. (2010) for
Certain instruments are also more prone to error
the southern species (Table 1), while the method perthan others, and we minimised this error by using
formed comparably poorly for the Tristan da Cunha
the same brand and style of callipers throughout the
birds (80−82%; Table 2). The lack of resource compedata collection as well as across sampling sites. In
tition between sexes, birds being less specialised or
addition, age and overall size have potentially conbirds simply targeting a different diet on Tristan comfounding effects, because males must grow through
pared to the other islands may have resulted in higher
the female range of sizes before reaching the male
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threshold (Bertellotti et al. 2002), and vice versa,
large females may be incorrectly identified as males.
Consequently, a sampling bias towards younger or
older individuals could be problematic (e.g. Hart et
al. 2009, Poisbleau et al. 2010). Whilst the overall DF
developed here accurately predicted the sex of
86−89% of northern rockhopper penguins, some
birds would have been classified incorrectly without
molecular analysis.
Despite these potential problems, the use of DFA to
determine sex has generally been successful, and the
overall accuracy obtained in this study was similar to
that reported for many other penguin species and
better than many functions for Eudyptes spp. penguins (Table 1). In addition, morphometric data can
be supplemented with behavioural observation, providing the behaviours observed can be reliably
assigned to a specific sex (e.g. incubation shift patterns, courtship displays; Wagner 1999). Northern
rockhopper penguins, like all crested penguins, have
a synchronised breeding cycle with highly defined
parental shifts in nest attendance (Cuthbert 2013),
which when combined with morphometrics allows
for even greater certainty of individuals’ sex and
explains why none of the birds captured during the
guard stage were sexed incorrectly in the field. Comparing birds within pairs could further improve accuracy for predicting the individual’s sex (Fletcher &
Hamer 2003) when, as in our study, the larger bird
within a breeding pair could be assumed to be the
male (Warham 1975).
In summary, whereas molecular analysis conclusively determines an individual’s sex, in northern
rockhopper penguins morphometric measurements
can provide a reasonably reliable, simple and rapid
alternative using a less invasive technique compared
to other methods. This might be particularly important when working with this and other threatened
species. Owing to historic and ongoing population
declines, combined with the northern rockhopper
penguin’s small breeding range and vulnerability to
land- and sea-based threats (Trathan et al. 2015,
BirdLife International 2018), the species was classified as Endangered by BirdLife International in 2008
and included in the IUCN Red List of Threatened
Species. Declines in many species of penguins mean
that population surveys, while providing a valuable
tool to estimate annual population sizes, are of little
help in identifying and understanding factors that
are driving population trends and dynamics. Consideration of sex-specific differences in future ecological
studies will aid investigation of a potential sexdependent vulnerability in this Endangered species.
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