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Abstract

Extra-pair paternity is common among socially monogamous bird species and considered an important driver of post-
copulatory sexual selection on ejaculate traits including sperm traits. Patterns of extra-pair paternity and sperm size both
show substantial variation among populations, yet we know little about the expression of these key reproductive traits at
high latitudes. Here we report patterns of extra-pair paternity and describe variation in sperm dimensions in a Norwegian
population of the socially monogamous Great Tit (Parus major) breeding beyond the polar circle at 69° northern latitude.
Across six study years, we detected extra-pair paternity in 19.2% of 26 broods, and on average 4.7% of nestlings per brood
were extra-pair offspring. As expected from results of previous intraspecific analyses of latitudinal variation in extra-pair
paternity rates, the observed rate of extra-pair offspring was low in comparison to published estimates from more southern
Great Tit populations (range: 2.9 —20.4%). Our results therefore support a pattern of decreasing levels of extra-pair paternity
with increasing latitude in this species also for extremely high latitudes. Overall mean sperm total length amounted to
97.5+0.6 (SE) pm and 30.6% of the total phenotypic variation in sperm total length was explained by differences among
sperm samples. The among-sample coefficient of variation in mean sperm total length per sample was 1.93%. Using previous
comparative work as a yardstick, this value is substantially lower than expected for the observed frequency of 4.7% extra-
pair offspring.
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Zusammenfassung

Fremdvaterschaften und Variation in der Spermienlénge in einer hochnordischen Population der Kohlmeise (Parus
major)

Vaterschaften auflerhalb des Paarbundes kommen bei sozial monogamen Vogelarten hiufig vor und gelten als wichtige
Triebkraft postkopulatorischer sexueller Selektion auf Ejakulatmerkmale, inklusive Spermienmerkmale. Sowohl
Fremdvaterschaftsraten als auch die Spermiengrofle weisen erhebliche Variation zwischen Populationen auf. Wir wissen
allerdings wenig iiber die Auspragung dieser reproduktiven Schliisselmerkmale in hohen Breiten. Wir beschreiben in diesem
Beitrag Muster von Fremdvaterschaften sowie Variabilitidt in der Spermiengrofe bei der sozial monogamen Kohlmeise
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(Parus major) in einer norwegischen Population, die jenseits des Polarkreises auf 69° nordlicher Breite briitet. Uber sechs
Studienjahre hinweg stellten wir bei 19,2% von 26 Bruten mindestens ein auflerhalb des sozialen Paarbundes gezeugtes
Jungtier fest. Im Mittel waren 4, 7% der Nestlinge pro Brut auBerhalb des Paarbundes gezeugt. Wie aus Ergebnissen
fritherer intraspezifischer Analysen der Breitengradvariation von Fremdvaterschaften zu erwarten, war die beobachtete
Fremdvaterschaftsrate niedrig im Vergleich zu Schitzungen fiir siidlichere Kohlmeisenpopulationen (Spannbreite: 2,9%—
20,4%). Unsere Ergebnisse stiitzen daher ein Bild abnehmender Fremdvaterschaftsraten mit hoherem Breitengrad bei der
Kohlmeise, das auch fiir extrem hohe Breitengrade zutrifft. Die mittlere Gesamtlidnge der Spermien betrug 97,5 +0,6 (SE) pm
und 30,6% der gesamten phinotypischen Variation in der Spermienlange wurde durch Unterschiede zwischen Spermienproben
erklirt. Der Variationskoeffizient der mittleren Spermienlénge pro Probe betrug 1,93% zwischen unterschiedlichen Proben.
Legt man frithere komparative Studien als MaBstab zugrunde, ist dieser Wert fiir eine beobachtete Haufigkeit von 4,7%

Fremdvaterschaften deutlich niedriger als erwartet.

Introduction

Social monogamy in combination with biparental care is
common in birds, yet extra-pair paternity is widespread
particularly in passerines (reviewed by Brouwer and
Griffith 2019). The frequency of extra-pair paternity varies
considerably among individuals/pairs, populations and
species in socially monogamous birds, ranging from zero to
more than half of all offspring in a population resulting from
extra-pair copulations (reviewed by Brouwer and Griffith
2019). Why extra-pair paternity varies so widely is not fully
understood, but, e.g., breeding synchrony and life-history
appear to be important factors associated with the variation
in extra-pair paternity observed within and across species
(e.g., Griffith et al. 2002; Brouwer and Griffith 2019; Lifjeld
et al. 2019; Valcu et al. 2021).

The relationship between extra-pair paternity and
latitude has recently been examined in two comprehensive
comparative studies. Brouwer and Griffith (2019) found
contrasting patterns in within-species approaches, with a
negative association between latitude and the proportion of
extra-pair paternity for some species (e.g., Great Tit Parus
major) but a positive association for other species (e.g.,
Barn Swallow Hirundo rustica). Across species, Brouwer
and Griffith (2019) found a weak negative association
between latitude and the proportion of extra-pair paternity.
Valcu et al. (2021), by applying an assemblage-level analysis
controlling for, among others, shared environment and
breeding range, also demonstrated a negative association
between latitude and the frequency of extra-pair paternity
across zoogeographical realms. Lower levels of extra-pair
paternity at higher latitudes are consistent with several
hypotheses for variation in the occurrence of extra-pair
paternity. For instance, shorter breeding seasons at higher
latitudes will often lead to more synchronous breeding and,
according to the breeding synchrony hypothesis, males may
then face a trade-off between investment in extra-pair mating
and mate guarding (Westneat 1990).

Extra-pair copulations will result in sperm of different
males competing for fertilizations (sperm competition)

@ Springer

and/or an opportunity for cryptic female choice and such
post-copulatory sexual selection may affect the evolu-
tion of ejaculate traits including sperm traits (reviewed in
Birkhead et al. 2009; Birkhead and Montgomerie 2020). A
recent meta-analysis across a variety of taxa revealed that
the expression of most examined ejaculate traits, with the
exception of sperm length, was positively associated with
paternity success (Macartney et al. 2023). In birds, com-
parative studies have, for example, shown that spermatozoa
are longer (Briskie and Montgomerie 1992; Kleven et al.
2009), swim faster (Kleven et al. 2009) and are less variable
in length (Calhim et al. 2007; Kleven et al. 2008) in species
with higher levels of extra-pair paternity.

The central aims of our study were to examine the fre-
quency of extra-pair paternity and analyse sperm morpho-
logical variation in a population of Great Tits breeding north
of the polar circle at 69° latitude. Little is known about
the expression of such key reproductive traits of socially
monogamous passerine birds breeding at high latitudes and
it is unclear whether the scope of results from compara-
tive studies also extends to extreme latitudes. Based on the
results from recent analyses revealing a negative relationship
between latitude and frequency of extra-pair paternity (Brou-
wer and Griffith 2019; Valcu et al. 2021), we expected rela-
tively low levels of extra-pair paternity in our far northern
study population. Furthermore, we also expected medium to
high among-sample variation in mean sperm length, as the
among-male coefficient of variation (CV) in mean sperm
total length has been shown to decrease with the frequency
of extra-pair paternity across passerine birds (Kleven et al.
2008; Lifjeld et al. 2010). Here, low levels of extra-pair
paternity, and thus possibly less intense post-copulatory sex-
ual selection, is assumed to result in weaker selection for an
optimal sperm phenotype (Parker and Begon 1993). Relaxed
selection may then lead to greater variation among males in
mean sperm length compared to more promiscuous species.
Recent modelling approaches indicate, however, that cryptic
female choice may modify effects of sperm competition on
sperm size (Cramer et al. 2023).
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Materials and methods
Study species and study population

The Great Tit is a small (17-19 g), hole-nesting passerine
bird (Cramp and Perrins 1993). Great Tits are socially
monogamous (Cramp and Perrins 1993) but show frequent
extra-pair mating behaviour (Lubjuhn et al. 2007; Brouwer
and Griffith 2019). Females usually incubate the eggs alone
while both parents feed the young (Cramp and Perrins
1993). We studied Great Tits in a nest box population in
the Pasvik Valley (69°28’N, 29°50°W) in northeastern
Norway. Our study area sustained 119 nest boxes placed
on both sides along approximately 20 km of roads, with
varying distances between the boxes. Over a 6-year study
period, the number of Great Tit pairs occupying these nest
boxes ranged from 6 to 19. A mixture of pine and birch
forest characterizes the habitat; for more details about the
study site see Kleven et al. (2020).

Field methods

The fieldwork was carried out during six breeding seasons
between 2016 and 2022 (not in 2017). Permits to capture,
handle and ring the birds were issued by the Norwegian
Environment Agency to Oddmund Kleven (A-license
1082). No other animal ethics approval was required
for this work under Norwegian law. Putative parents
were trapped inside nest boxes while providing food to
the nestlings. We trapped an adult male and female for
nine broods and a male only for 17 broods. All were first
broods. We considered the trapped adults to be the social
parents of any focal brood. Adults were banded with a
numbered aluminum ring provided by the Norwegian Bird
Ringing Centre at Museum Stavanger. Adults were sexed
in the field based on sexual plumage dimorphism (Cramp
and Perrins 1993), according to the shape of their cloacal
protuberance (far more extended in breeding males) and
the presence (females) or absence (males) of a brood
patch (Svensson 1992). In addition, sex of adult birds was
verified molecularly by using the universal primers P2 and
P8 (Griffiths et al. 1998). All adult individuals had been
correctly sexed in the field.

Buccal swabbing was applied to sample DNA from
adults and all nestlings present in the nest box at the
time of sampling (Handel et al. 2006). Briefly, epithelial
cells were sampled by gently rotating a buccal swab
(AN6FLOQSwabs™, Copan, Italy) against the inside of
the cheeks and on the tongue. The 4N6FLOQSwabs™ are
manufactured for application in forensics and paternity

testing in humans and have high recovery of DNA
(Dadhania et al. 2013). Buccal swabs were stored at 4 °C
in 2 mL microtubes (Sarstedt, Germany) containing 1 mL
Queen’s lysis buffer (Seutin et al. 1991) until molecular
genetic analysis.

We gently massaged the cloacal protuberances of a subset
of breeding males during the nestling provisioning stage
from 2019 to 2021 to obtain a sperm sample as described
in detail by Laskemoen et al. (2013). The sample was first
mixed with 10 pL standard phosphate-buffered saline
(PBS) and immediately transferred into 250 puL of a 5%
formaldehyde solution (equivalent to an approximately
12.5% formalin solution assuming a stock solution of 40%
formaldehyde). Samples were stored at room temperature
until sperm microphotography in autumn 2021 (differential
storage duration in the used medium does not affect sperm
length; Schmoll et al. 2016).

Parentage analysis

Genomic DNA was extracted from buccal swabs using the
QIAamp 96 Blood Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol. All samples were genotyped
at six polymorphic autosomal microsatellite loci (Table 1).
The universal primers P2 and P8 (Griffiths et al. 1998) were
added for molecular sex determination. All primers were
combined into a single multiplex polymerase chain reaction
(PCR) run using fluorescently labeled forward primers and
a multiplex PCR Kit (Qiagen). PCR products were separated
on an ABI 3500x1 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA) and allele sizes were assigned using
GENEMAPPER v5.0 software (Applied Biosystems). The
assignment was done without using information about
family/sibship affiliation, but sample IDs were not blinded
prior to assignment of allele sizes. All samples were
successfully genotyped at all loci. Marker polymorphism
and deviation from Hardy—Weinberg equilibrium were
calculated using Arlequin v.3.5.2.2 (Excoffier and Lischer
2010), exclusion probabilities were calculated using
GenAIEx v6.5 (Peakall and Smouse 2012), and frequencies
of null-alleles (non-amplifying alleles) were estimated
using MICRO-CHECKER (van Oosterhout et al. 2004); for
results, see Table 1. None of the loci deviated significantly
(x<0.05) from Hardy—Weinberg equilibrium, and there
was no indication of null alleles at any locus (see Table 1).
The markers’ combined exclusion probability assuming the
mother was known was 0.999 and the combined exclusion
probability when the mother was unknown was 0.998,
allowing reliable assignment of offspring paternity status
as within-pair offspring (WPO) versus extra-pair offspring
(EPO).

Nestlings were considered WPO if their allele sizes
matched those of the putative parents at all loci or
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Table 1 Characteristics of six microsatellite markers used for parentage analysis in the Great Tit (Parus major)

Locus Reference n #A Allele size H, Hyg PHWE FreqyuL Pip Pap
range (bp)

PmaCAn2 Saladin and Richner (2012) 31 18 109-159 0.90 0.92 0.27 0.003 0.82 0.69
PmaTAGAn71 Saladin et al. (2003) 31 6 171-203 0.84 0.81 0.52 0.000 0.60 0.43
PmaTAGAN78 Saladin and Richner (2012) 31 23 238-438 0.94 0.94 0.28 0.000 0.85 0.74
PmaTGAn33 Saladin et al. (2003) 31 22 274-330 0.87 0.94 1.00 0.028 0.85 0.74
PmaTGAn59 Saladin and Richner (2012) 31 14 99-150 0.87 0.89 0.84 0.001 0.75 0.60
Pocc6 Bensch et al. (1997) 31 12 176-212 0.77 0.86 0.14 0.041 0.71 0.54

n, number of presumably unrelated adult individuals; #A, number of alleles; bp, base-pairs; Hg, observed heterozygosity; Hg, expected
heterozygosity; pywg, probability of deviation from Hardy—Weinberg equilibrium; Freqy; ., estimated frequency of null alleles according to
the Brookfield2 method implemented in MICRO-CHECKER (van Oosterhout et al. 2004); p,,, exclusion probability assuming the mother was
known; p,,, exclusion probability when the mother was unknown. Marker polymorphism and deviation from Hardy—Weinberg equilibrium were
calculated using Arlequin v.3.5.2.2 (Excoffier and Lischer 2010). Exclusion probabilities were calculated using GenAlEx v6.5 (Peakall and

Smouse 2012)

mismatched at a single locus (with either parent). Nestlings
with two or more mismatches with the putative father’s allele
sizes were considered EPO (mean number of allelic mis-
matches for EPO: 4.9; range: 4-6). There were two cases
in different broods with a single allelic mismatch between
a nestling and the putative father. In these two cases, the
offspring allele differed in size by a single repeat unit com-
pared to that of the closest-sized allele of the putative father.
As microsatellite mutations typically occur by addition or
deletion of a single repeat unit (e.g., Anmarkrud et al. 2008),
we assumed these allelic mismatches to result from a muta-
tion and considered the nestlings as being sired within-pair.
All other nestlings in these two broods were WPO. There
were no allelic mismatches between nestlings and putative
mothers.

Sperm morphology analysis

Approximately 3 uL of solution from each sperm sample
were transferred onto a standard microscope slide and air-
dried over-night. The slide was then carefully rinsed with
distilled water to remove dirt and salt crusts and air-dried
again. Slides were subsequently examined by light micros-
copy at 400 times magnification under light-field condi-
tions using an Olympus BX50 microscope and all pictures
were taken by the same person (Sonja Schindler) using a
Canon EOS 850 digital camera. A micrometer scale was
pictured for each sperm sample immediately before slides
were screened. Only spermatozoa that showed no obvious
signs of damage were included. Pictures of 25 intact sper-
matozoa per sperm sample were used for further analysis,
as measuring 25 spermatozoa has been shown to provide a
sufficiently precise estimate of a sample’s mean sperm total
length (Laskemoen et al. 2007). To ensure blind measure-
ments with respect to sperm sample identity, all samples
were anonymised before analysis by Tim Schmoll. Sperm
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head, midpiece and tail length were subsequently measured
to a precision of 0.01 pm during a continuous measuring
period by a single observer (Sonja Schindler) using ImagelJ
1.52 a (Rasband 1997-2018). Sperm total length was cal-
culated as the sum of these components. For each of twelve
sperm samples that contained sperm, 25 spermatozoa were
measured. All 300 spermatozoa were blindly measured twice
to assess measurement error via repeatability analysis (see
below). The mean of the two measurements was used for all
subsequent analyses. For subsequent analysis we further-
more excluded the second sperm sample of one male sam-
pled twice (in 2019 and 2021) resulting in a final sample size
of 275 spermatozoa from eleven sperm samples of eleven
different males.

Statistical analysis

To make explicit the uncertainty when estimating key
metrics of extra-pair paternity, we fitted statistical models
with the intercept as the only fixed effect, which provided
us with estimates of grand means but also corresponding
confidence intervals. More specifically, we used generalised
linear models (GLMs) with logit link and i) binomial errors
to model the probability for a brood to contain at least
one EPO and ii) quasi-binomial errors for estimating the
proportion of EPO per brood (the latter using the R function
cbind to create the independent variable as a column-bind
matrix of the number of EPO and the number of WPO
of a given brood, respectively). Quasibinomial instead of
binomial errors were assumed for modelling the proportion
of EPO because inspection of dispersion parameters
indicated moderate overdispersion here. We refrained from
using a more complex mixed effects model to account for
variation among sampling years as 2 out of 6 years were
represented with a single brood only. We estimated the
overall population-level probability that a brood contained
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at least one EPO and the population mean frequency of EPO
per brood, including corresponding 95% Wald confidence
intervals, by fitting the intercept/grand mean as the only
fixed effect.

We used the R package rptR (Stoffel et al. 2017) to
calculate the repeatability of sperm length measurements for
repeated measurements of the same individual spermatozoa
based on linear mixed effects models and including 95%
confidence intervals (parametric bootstrapping, n= 10,000
replicates). We fitted the intercept/grand mean of the
respective trait as the only fixed effect and sperm identity
as the only random effect. Repeatabilities of measurements
for sperm total length and sperm sections were generally
high (see Table 2). To estimate variation in sperm total
length among versus within sperm samples, we fitted the
grand mean of sperm total length as the only fixed effect
and sample identity as the only random effect. We refrained
from using a more complex mixed effects model to account
for variation among sampling years as one out of 3 years was
represented with a single sperm sample only.

To quantify variation among sperm samples in mean
sperm total length per sample we used the CV adjusted for
small sample sizes as CVadj =(1+1/4n) X (SD x 100/mean)
(Sokal and Rohlf 1995) with n=11 (final number of sperm
samples). Confidence intervals (95%) for the among-sample
CV,4j were obtained by non-parametric bootstrapping
(n=10,000 replicates).

We used R 4.2.2 (R Core Team 2023) for all
computations.

Results
Patterns of extra-pair paternity

Across all six study years, we obtained parentage data for a
total of 192 nestlings from 26 broods of 25 different pairs.
The probability for a brood to contain at least one EPO was

Table 2 Repeatability for repeated measurements of sperm total
length and the sperm components head, midpiece and tail length. All
275 spermatozoa originating from eleven sperm samples of eleven
different male Great Tits were blindly measured twice. Using the R
package rptR (Stoffel et al. 2017), repeatabilities and 95% confidence
intervals (CI) obtained by parametric bootstrapping were estimated
based on linear mixed effects models with the grand mean as the only
fixed effect and sperm identity as the only random effect

5/26=19.2% (95% CI 8.2 —38.7%). Overall, 9 out of 192
nestlings were not sired by the male providing parental care
and thus on average 4.7% (95% CI 1.6 — 12.8%) nestlings per
brood were EPO (Fig. 1).

Patterns of sperm morphological variation

Across three study years, we obtained morphometric data
for 275 spermatozoa from eleven sperm samples of eleven
different males. The overall mean sperm total length was
97.5+0.6 (SE) um; patterns of variation in sperm length
are described in Table 3. Differences among the sperm sam-
ples of the eleven different males explained 30.6% (95% CI
10.3—49.3%) of the total phenotypic variation in sperm total
length (linear mixed effects model with sperm sample iden-
tity as random effect: ;(2 =65.7,df=1, p<0.001, Fig. 2). The
adjusted among-sample CV in mean sperm total length per
sperm sample was 1.93% (95% CI 0.99-2.53%).

18 20 22

Frequency
8 10 12 14 16
| |

6
I

-

0.0 0.2 0.4 0.6 0.8 1.0

Proportion extra-pair offspring per brood

Fig. 1 Frequency distribution of the proportion of extra-pair offspring
per brood for n=26 broods of 25 different Great Tit pairs

Table 3 Sperm morphometric measurements for n=275 spermatozoa
originating from eleven sperm samples obtained from eleven differ-
ent male Great Tits sampled in a far northern Norwegian population.
Descriptive statistics for population-wide estimates (i.e., not account-
ing for sperm sample identity)

Trait Repeatability 95% CI Ve daf p Trait Mean +SD (pm) Range (pm)
Total length 0.973 0.965-0.978 802 1 <0.001 Total length 97.5+3.1 82.8-105.0
Head length 0.856 0.821-0.889 362 1 <0.001 Head length 14.0+0.6 11.8-15.7
Midpiece length  0.863 0.828-0.890 375 1 <0.001 Midpiece length 59.1+2.8 44.2-64.8
Tail length 0.922 0.903-0.938 522 1 <0.001 Tail length 245+3.7 12.5-35.9
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Fig.2 Variation in sperm total length within versus among eleven
sperm samples obtained from eleven different Great Tit males (n=25
spermatozoa per sample). Plots show medians, interquartile range
(box) and data within 1.5 times the interquartile range (whiskers)

Discussion

We detected extra-pair paternity in 19.2% of 26 broods, and
on average 4.7% of nestlings per brood were EPO in our
Great Tit study population. In line with results from recent
intraspecific analyses of latitudinal variation in extra-pair
paternity rates in Great Tits (Brouwer and Griffith 2019),
the observed population-level rate of EPO (4.7%) was low
in comparison to published estimates from more southern
populations. Parameterising the regression equation for the
latitudinal variation in extra-pair paternity rates in Great Tits
from Brouwer and Griffith (2019; see model 6 in electronic
supplementary material) for the latitude of our study site
(69° north), predicts a population-level value of 4.0% EPO
for our study population. This prediction lies very close to
our actual point estimate and quite central within our 95%
CI of 1.6—12.8%. Providing the northernmost estimate to
date for the study species (indeed roughly 10° further north
than the previous northernmost samples), our results hence
support a pattern of decreasing levels of extra-pair paternity
with increasing latitude (cf. Brouwer and Griffith 2019;
Valcu et al. 2021) also for extremely high latitudes where
our study species reaches the limit of its distribution range.

Several hypotheses have been proposed to explain
the documented variation in extra-pair paternity in birds,
including variation among populations within species
(reviewed in Brouwer and Griffith 2019). A possible reason
for low rates of EPP in our far northern study site include
a low population density that decreases encounter rate
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(Westneat 1990) and makes extra-territorial forays of both
sexes increasingly costly (Charmantier and Perret 2004).

Predation may also affect the rates of extra-pair paternity.
A correlational study in the Japanese Tit (Parus minor) found
higher levels of extra-pair paternity when nest predation was
high (Yuta and Koizumi 2016). An experimental study in the
Eurasian Blue Tit (Cyanistes caeruleus) documented higher
rates of extra-pair paternity in broods exposed to predators
during the fertile period (Santema et al. 2020), supporting
the hypothesis that the perceived risk of predation affects
the rate of extra-pair paternity (Abbey-Lee et al. 2018). Both
the rate of nest predation and perceived risk of predation is
unknown for our study population, but nest predation rates
in passerines seem to be decreasing with increasing latitude
(Matysiokova and Remes 2022).

The time period available for breeding also shrinks with
increasing latitude and thus pairs in far northern populations
can be expected to breed more synchronously than those
of more southern populations. As a result, a trade-off
between time investment in within-pair versus extra-pair
mating effort may constrain the opportunity for extra-pair
mating (discussed in Brouwer and Griffith 2019). Peripheral
populations, as our study population, also display lower
genetic variation (Eckert et al. 2008), thus likely reducing
potential genetic benefits of female extra-pair mating. In
addition, the harsh environmental conditions far north may
increase the need for bi-parental care and limit the time
available for extra-territorial forays and extra-pair copulatory
behaviour.

While average sperm dimensions were quite similar to
those of more southern Great Tit populations (cf. Losdat
and Helfenstein 2018; Schmoll et al. 2018; Svobodova
et al. 2018), with CVadj of just 1.93, our results revealed
comparatively low variation in mean sperm total length
among sperm samples of different males (cf. CV,; of 3.17
and 3.25 for two populations in Germany and Southern
Norway, Schmoll et al. 2018). In a comparative study of
passerine birds by Lifjeld et al. (2010), the CV,q; value
for 55 species ranged from 1.13 to 6.20 (median: 2.38).
Parameterising the regression equation for the variation in
extra-pair paternity rates across passerine birds from Lifjeld
et al. (2010) for our CV,g; value of 1.93, a population-level
frequency of EPO of approximately 50% could have been
expected, but we found 4.7% instead. While our measure
for variation among samples in mean sperm total length is
accounting for small sample sizes, our estimate is still based
on eleven sperm samples only and accordingly needs to be
treated with some caution. It is, however, also conceivable
that the overall very strong predictive power of the
relationships reported in Lifjeld et al. (2010) is undermined
in populations experiencing extreme environmental or
demographic conditions. For example, with limited dispersal
options on a species distribution range, populations may be
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more strongly kin-structured/inbred and thus additive genetic
variation as an important source for among-individual
variation in quantitative traits may be less pronounced
(presupposing heritable genetic variation in sperm length,
e.g., Edme et al. 2019).

In conclusion, our study showing that extra-pair mating
is a less frequent reproductive strategy in a far northern
Great Tit population in comparison to southern populations
is in line with the results from recent comparative studies
documenting a latitudinal decline in the frequency of extra-
pair paternity. The surprisingly low variation in mean sperm
total length among samples of different males, however,
runs counter to established knowledge and suggests more
passerine populations inhabiting extreme latitudes should be
probed for both patterns of paternity and variation in sperm
phenotype.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10336-024-02199-4.
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