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Abstract: During the last decades the ground-breeding Montagu’s harrier (Circus pygargus, Linnaeus, 1758) has changed
its breeding habitats in Europe to agricultural areas in which many local populations would be close to extinction without
a special nest protection regime. Although Montagu’s harrier is a well-studied species in terms of ecology and breeding
biology, its genetic structure and population genetics are almost unknown. As there is a lack of good genetic markers we
developed a set of 19 microsatellite markers comprising 16 new STR markers which were identified by next-generation
sequencing (NGS) using 454 shot-gun pyrosequencing of genomic DNA. The STR markers were arranged into three mul-
tiplex PCR sets for high throughput genotyping and characterised. The marker set provides a powerful tool for kinship
analysis. The combined non-exclusion probability for parent pairs was 1.13*10™"". Only three loci showed PIC values
< 0.50. In total, 121 known family relationships were compared with genetically calculated ones to test the markers
suitability for parentage analysis. In 97.5% of all cases full-sibships were accurately determined and 97.6% of all mothers
were assigned correctly to their chicks. The present multiplex PCR panels can be used to investigate several hypotheses

concerning breeding behaviour, kinship, exchange rates between populations and phylogeography.

Keywords: Circus pygargus, Dipetalogaster maxima, genotyping, microsatellites, Montagu’s harrier, multiplex PCR,
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INTRODUCTION

Montagu’s harrier (Circus pygargus, Linnaeus, 1758) is a
well-studied raptor as far as ecological and breeding aspects
are concerned. It seems to be one of the more flexible and
adaptive raptors in our modern world. Since the beginning of
the 20™ century this species has changed its favourite breed-
ing habitat from formerly natural wetlands like marshes,
lowland and swamps [1-4] to agricultural areas such as grain
fields [5, 6]. This habitat shift took place in the West-
European breeding populations in 1990; as a consequence
70-90% of Montagu’s harrier breed in agricultural areas to-
day [7]. According to BirdLife International (2013), the
global population of Montagu’s harrier consisting of 50-
75,000 breeding pairs is classified as “least concern”.
Nevertheless, many European populations of Montagu’s
harrier suffer significant losses, mainly due to human activi-
ties on farmland [8-10]. Without protection, approximately
60% of nestlings of this ground-breeding bird would be
killed during harvest [5]. In Germany, Montagu’s harrier
mainly chooses wheat and barley fields for breeding, but
lucerne (alfalfa) and rye fields are also used [11, 12]. In
Germany, as well as in other European countries, these crops
are harvested too frequently and very early in the breeding
season for silage and biogas production (especially during
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May and beginning of June). Intensive nest protection is
usually the only way to enable breeding success [9, 12, 13].
A second critical factor for Montagu’s harrier is the continu-
ous decline in prey availability due to the destruction of
many suitable hunting grounds, like fallows and field edges
[14, 15]. As a consequence of this fragile situation it will not
be possible to protect every small subpopulation of this spe-
cies. More important might be the protection of very produc-
tive and stable breeding populations, that can provide new
genotypes for small and declining populations through natal
dispersal [7].

Philopatry and natal dispersal as well as survival rates of
young and adult Montagu’s harriers are poorly investigated
and far from being understood. In particular, natal dispersal
(the distance from natal sites to areas of first breeding
attempt) could be an important parameter for conservation; a
high degree of natal dispersal will promote an exchange of
individuals between populations and might therefore be an
important mechanism for preserving a high genetic variabil-
ity [16, 17]. In general, Montagu’s harrier does not seem to
be as highly philopatric as other raptors [5]. Liminana et al.
[18] reviewed the results from five tagging programs in dif-
ferent Spanish regions. From 1,662 juveniles tagged in these
programs, only 7% were observed breeding in the following
years. Of those, only 5% of both sexes were considered
philopatric (defined as first breeding attempt closer than
10 km to the natal site). However, the authors noted that tag-
ging and monitoring at small or medium scale may not be
adequate for estimating natal dispersal in this species [18].
Genetic studies could be a better way to understand philopa-
tric behaviour and natal dispersal.
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Genetic analyses of Montagu’s harrier are rare. Its phylo-
genetic position among raptors has been established based on
nucleotide sequences of the mitochondrial cytochrome b
gene [19]. The only detailed genetic study (of which we are
aware) deals with variation of mitochondrial DNA among
populations of Montagu’s harrier throughout its breeding
range [20]. But mtDNA does not provide enough variation to
study questions of philopatry and dispersal in detail. How-
ever, highly variable microsatellites (Short Tandem Repeats,
STR-loci) besides SNPs (single nucleotide polymorphisms)
are one of the most useful tools for population genetics [21,
22]. They could be used for the analysis of a variety of ques-
tions, like kinship, family and demographic structure, local
genetic diversity as well as connectivity and exchange rates
between populations. Such studies can support conservation
and management strategies and help to preserve this species
in our changing landscape.

In this study we describe the isolation and characteriza-
tion of 16 novel STR-loci by next-generation sequencing
(NGS). Three multiplex PCR sets (comprising 19 STR-loci)
were developed which allow the economic analysis of thou-
sands of samples. In order to obtain blood samples from
adult Montagu’s harrier a blood sucking bug (Dipetalogaster
maxima; Heteroptera, Reduviidae) was employed. To dem-
onstrate the suitability of the multiplex PCR set, a parentage
analysis was carried out and the results were compared with
known data from field studies.

MATERIALS AND METHODS

Blood Sampling

Blood samples were obtained from juvenile Montagu’s
harriers which had hatched in the Bavarian administrative
district of Unterfranken in 2009-2012. In a radius of about
40 km around the village Volkach 49°52'N, 10°14'E near
Wiirzburg 49°46'N, 09°56'E Montagu’s harriers breed patch-
ily distributed in an intensively used agricultural landscape.
The exact locations of breeding sights vary from year to
year. During a ringing program, we visited all harrier nests
and took blood samples by puncturing the brachial vein of a
wing. The blood was stored in an EDTA buffer (10% EDTA,
0.5% NaF, 0.5% thymol, 1%, Tris-HCL, pH = 7.5 [23]) at
4 °C until DNA extraction.

Blood samples from adult females were collected during
breeding season (beginning of May to end of July 2009-
2012) using a triatomine bug, hidden in an artificial egg. It
enabled us to obtain a blood sample from incubating females
without having to trap them. This non-invasive method is
gaining popularity for sampling sensitive, wild or captured
animals [24-30]. Larvae of Dipetalogaster maxima, Uhler
1894 (Heteroptera, Reduviidae) were obtained from
G. Schaub (Ruhr Universitit Bochum, Germany). They were
maintained in plastic boxes in a climate chamber at the
Julius-Maximilians-University Wiirzburg, Germany, at op-
timal conditions [30] of 27 °C, a relative humidity of
80-90% and a light period of 13 hours. Only third instar lar-
vae were used for blood sampling. Nearly all of these larvae
engorge totally about 4-9 weeks after the moult to this instar
(Schaub personal communication).

We received artificial eggs made of synthetic resin from
R. Nagel (Institut fiir Vogelforschung “Vogelwarte Helgo-
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land”, Wilhelmshaven, Germany). The eggs resembled natu-
ral Montagu’s harrier eggs in shape, size and colour. To
place a bug inside, the eggs were divided into two halves.
Along the frame of each shell halve small holes (2-3 mm in
diameter) had been drilled which allowed a bug to reach the
harrier but prevented its escape. Both halves could be closed
with small magnets attached to the inner sides. We fixed one
“bug-egg” per nest to the ground with a 5 cm long fishing
line and a tent peg. With this treatment we made sure, that
the breeding harrier could not remove the “bug-egg”. At the
same time the female harrier was still able to move her
clutch. According to the studies on Common terns (Sterna
hirundo) [24, 25] we placed “bug-eggs” into a clutch be-
tween 6:00 a.m. and 12:00 a.m. Before choosing a bug, we
tested its willingness for blood sucking by holding a finger in
front of it [25]. If a bug erected its proboscis and tried to
sting, it was placed into an artificial egg. From a distance we
observed the females returning to their nest sites. Since the
nests are located in grain fields, it was impossible to watch
the behaviour of a female when it was in the nest area.
Therefore, we could not observe if and when the female con-
tinued incubation. At the beginning of the study we left the
artificial egg in the nest for 2 h. As the success rate was too
low in the first two years (25-67%) we extended this period
to at least 4 h, which resulted in a much higher success rate
(2011: 83%, 2012: 89%). After the bug had sucked blood we
retrieved the blood from the abdomen with a syringe and
stored it in an EDTA buffer. Each bug, successful or not, had
to be killed afterwards to avoid mixing of sample material.

DNA Extraction, 454 Pyrosequencing and Primer Devel-
opment

DNA extraction was carried out following a standard
protocol with Proteinase K digestion (Merck, Darmstadt) and
phenol-chloroform extraction [31].

We used 454 shot-gun pyrosequencing on a GS Junior
sequencer (454 Life Sciences/Roche Applied Science) to
create a genomic library of Montagu’s harrier, using the GS
FLX Titanium Rapid Library Preparation Kit following the
manufacturer’s recommendations. A single sequencing run
of a DNA sample yielded 85,624 usable reads with a total of
>33 Mb of sequence data. Average read length was 391 bp.
With MSATCOMMANDER version 0.8.1 [32], 448 loci
with repetitive STR motives (excluding mononucleotide re-
peats) could be identified. Primer3 software [33] proposed
156 primer pairs of which 92 were unique.

We chose 42 loci containing at least 10 repeats and tested
them for reliability and polymorphisms. 10 Montagu’s har-
rier DNA samples were amplified by PCR under the follow-
ing conditions: a 25 pl reaction volume contained 60 ng of
total DNA, 0.4 pmol/ul of each forward and reverse primer,
0.1 mM of dGTP, dCTP and dTTP, as well as 45 uM of
dATP, 1.5 x PCR buffer (Bioron), 0.15 units of Top-Taq
DNA polymerase (Bioron), 1 uCi [0-"P]-dATP (Amersham
Biosciences) and a variable amount of mono-distillate water
(to reach a volume of 25 ul). Thermocycling was performed
in a Tgradient ThermoCycler (Biometra) starting with an
initial denaturing step for 5 min at 95 °C, followed by 38
cycles of 45 s at 95 °C, 60 s at 50-58 °C, 90 s at 72 °C, fol-
lowed by a final extension step at 72 °C for 10 min and a
cooling step at 15 °C for storage. PCR products were dena-
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tured at 95 °C for 5 min and subsequently separated by verti-
cal high-resolution polyacrylamide gel (5%) electrophoresis
at 65 W for 1.5 h that resulted in a run length of ca. 40 cm.
After drying the gel, an X-ray film (Hyperfilm-MP; Amer-
sham) was overlaid for 1-2 days for autoradiography and
afterwards developed with X-ray developer and fixer (Ko-
dak). 40 of the 42 tested primer pairs produced clear and
unambiguous products. 19 of them produced several differ-
ent alleles and were tested for polymorphism.

Primer Labelling, Multiplex PCR and Fragment Length
Analysis

For high throughput genotyping and loci characterization
we arranged the 19 primer pairs in three multiplex PCR sys-
tems. In addition to the novel marker set we added some loci
originally developed for Eastern Imperial eagle Aquila heli-
aca, Madagascar Fish-eagle Haliaeetus vociferoides and
Northern Goshawk Accipiter gentilis (see results part).
Genotyping was carried out with MegaBACE 1000 (Amer-
sham Biosciences) capillary array electrophoresis system.

All forward primers were labelled at the 5° end with one
of three different fluorescent dyes to produce fluorescently
labelled PCR products. According to the expected allele
sizes, we labelled primers with overlapping allele size ranges
with different dyes (6-carboxyfluorescein (6-FAM), hexa-
chloro-fluoresceine (HEX) or S5-tetrachloro-fluorescein
(TET); produced by Eurofins MWG Operon) and those with
non-overlapping ranges with the same dye. As an internal
size standard we applied ET-ROX 400 (Amersham Bio-
sciences).

Further development steps included to test the best
primer combinations for multiplex PCRs and to find the op-
timal required PCR conditions for the panels. Multiplex PCR
was performed with Type-it Microsatellite PCR Kit (Qiagen)
under the following conditions: a total volume of 10 pl con-
tained 0.18-0.25 pmol/ul of each forward and reverse primer,
15 ng of total DNA, 5 ul of 2x Type-it Multiplex PCR Mas-
ter Mix, additionally 0.75 pl Q-solution for multiplex set 1,
and a variable amount of RNase-free water (to reach a vol-
ume of 10 pl). Thermocycling was performed as follows: an
initial denaturing step at 95 °C for 5 min, 28 cycles of 45 s at
95 °C, 90 s at 60 °C for multiplex set 1 and 2 (58 °C for mul-
tiplex set 3) and 72 °C for 30 s, followed by a final elonga-
tion step at 60 °C for 30 min and a cooling step at 15 °C.

A 96 well plate for analysis on the MegaBACE was pre-
pared as follows: PCR products were diluted 1:250 with ster-
ile filtrated mono-distilled water. For a 96 well plate we
mixed 8 pl ET-ROX 400 with 472 pul water. 1.2 pl of each
diluted PCR product was mixed with 4.8 pl of diluted
ET-ROX 400. A MegaBACE run took 75 min. Electro-
pherograms were analysed with the Genetic Profiler software
(Amersham Biosciences). As the program generates decimal
numbers for each fragment, manual binning to allele-units
was necessary. Therefore, we sorted the decimal numbers of
all alleles per locus and plotted them in a diagram. Binning
then occurred by identifying significant gaps between frag-
ment sizes [34]. One locus showed frequent deviation from
the expected repeat steps and was excluded from further de-
velopment steps.
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STR Characterization, Identity Analyses and Parentage
Assessments

We genotyped 100 Montagu’s harrier juveniles to charac-
terize our marker set. They were chosen randomly from the
whole sample set to avoid the presence of full-sibs in the
data set. With Cervus 3.0 [35] we estimated the number of
alleles (N,) and calculated Hardy-Weinberg expectations
(HWE) with a Bonferroni correction for multiple compari-
sons as well as observed and expected heterozygosity values
(Hos and Hy,). Polymorphism information content (PIC)
and power of exclusion values (PE) for each locus separately
were calculated in PowerStats V12 (Promega Corporation
2000). PIC, non-exclusion probabilities for parents, individ-
ual identity and sib identity probabilities over the whole
marker set were estimated with Cervus 3.0 [35], too. Fur-
thermore we tested for evidence of null alleles with Micro-
Checker software [36].

In order to test the suitability of the marker set for par-
entage analyses we genotyped 369 samples from juvenile
Montagu’s harriers and 197 samples from corresponding
breeding females with known mother-chick relationships.
The genetic kinships were analysed with Colony 2.0 [37] and
compared to the results with known family backgrounds,
which we had gained from field work. In a simulated com-
parison with two other parentage analyses methods (Exclu-
sion-Bayes’ Theorem—Christie method and Pairwise-
Likelihood—FAMOZ) the Full-Likelihood method imple-
mented in Colony 2.0 was nominated as the best one within
the range of observed values [38]. Although it is possible to
add information about full-sib relationships, we neglected
this, because this could have an impact to assignment accu-
racy. We assumed a polygamous mating system for both
sexes, because we collected samples from several different
breeding seasons; a fact to be considered according to user
guide of the program. Montagu’s harriers are supposed to be
monogamous in one breeding season but change their part-
ners in subsequent years. Therefore, paternal half-sibs might
have been included in the sample set.

Additionally we performed an identity test with the 197
female samples using Cervus 3.0 [35]. These samples were
collected over a sequence of four years which enabled the
possibility of re-sampling by chance.

RESULTS
Multiplexing and Loci Characterization

Using the NGS approach, 16 new polymorphic STR-loci
could be identified from Montagu’s harrier and character-
ised. To establish three multiplex- PCR sets (Table 1), the 16
newly developed loci were combined with additional three
loci originally developed for Aquila heliaca (locus
IEAAAGI1YS) [39], Haliaeetus vociferoides (locus Hvo-02).
[40] and Accipiter gentilis (locus Age 5) [41].

In Fig. (1) an electropherogram of a Montagu’s harrier
sample, amplified with multiplex panel 1 (8 STR-loci), is
shown.

Table 2 documents the characterisation of each locus.
According to the number of alleles and PIC values, the
marker set is highly informative. The mean number of alleles
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Fig. (1). Electropherogram from the Genetic Profiler software. Genotyping of a Montagu’s harrier sample amplified with multiplex panel 1.
All allele peaks appeared after a run duration of ca. 60 min. The four different graphs represent the four spectral channels analysed by the
MegaBACE instrument. X-axes: signal intensity of peaks; y-axes: run time. Top-trace (red): fragments of ET-ROX 400 size standard. Second
trace (blue): four STR-loci labelled with FAM, each with two alleles. Those peaks with a cross on top are allele peaks. Different STR-loci can
by distinguished by the proximity of their corresponding allele peaks. Third trace (black): two STR-loci labelled with HEX, each with two
alleles. Bottom-trace (green): two STR-loci labelled with TET are located in the middle of the trace, each with two alleles. Both two peaks at
the beginning and the end of the run in this trace are identical with the peaks in the upper trace because signals of HEX labelled fragments

often extend into the TET spectral channel.

is 8.6 and a PIC calculation across all loci revealed a value of
0.67. Only three loci (MS_Cpygl6, MS Cpyg29 and
Hvo-02) showed PIC values less than 0.50. Micro-Checker
revealed evidence for presence of null alleles for locus
MS_Cpyg42. Three loci did not conform to Hardy-Weinberg
expectations. PE values for single loci ranged from
0.05- 0.82.

Parentage Analysis

The multiplex marker sets for 19 loci were used to ana-
lyse parentage for 369 samples from juvenile Montagu’s
harriers and 197 samples from corresponding breeding fe-
males with known mother-chick relationships (Table 3). The
PE value over the whole marker set is 0.99. It is obvious that
the probability of not excluding an unrelated candidate par-
ent from parentage of an arbitrary offspring is much smaller
when the genotype of the related parent is known. In the case
of parent pair (NE-pp) analyses it is very unlikely to not find
the correct parents for any offspring. Moreover, the confir-
mation of individual identities (NE-I) and full-sibling rela-
tionships (NE-SI) is highly reliable.

An identity test was performed to find adult females that
had been sampled more than one time between 2009 and

2012. In total, 38 individuals out of 197 females could be
detected more than once. Seven females were sampled three

times and 31 females were sampled two times. Their identi-
ties could be confirmed unequivocally since they did not
show any allelic mismatch. In a second step, we omitted the
samples from identical females which were genotyped be-
fore. Full-sibships were accurately determined by Colony 2.0
[37] to 97.6% of all mothers.

DISCUSSION AND CONCLUSION

Our newly developed STR marker set for Montagu’s harrier
is highly informative. Although there are two of the new loci
that deviated significantly from HWE and another one
showed a possibility for null alleles, we could show that the
whole marker set is a useful tool for genetic analysis of
Montagu’s harriers. Indeed, we cannot explain the deviation
from HWE for MS_Cpyg04 and MS_Cpyg?25, since there is
no significant heterozygote deficit or excess. We do not as-
sume biological causes as an explanation, like strong in-
breeding or selection for or against alleles, since only two
instead of all loci deviate from HWE. In both cases H,, is
slightly smaller than H,,, which could be an indication for
“large allele dropout”. For both loci it is observed that het-
erozygotes often show alleles of very different size. A very
large allele of a heterozygote could appear too faint for de-
tection, since amplification of sequences is more difficult for
larger than for smaller ones [42].
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Table 1. Three multiplex PCR sets for the amplification of microsatellite loci in Montagu’s harrier.

Multiplex Panel Locus Primer Sequence (5'-3") Dye Concentration [pmol/pl] T,

Panel I MS_Cpyg01 F: ACTGAGTATTGATGACTGCTGC TET 0.2 60°C

R: ATTCTGGAGTCACACGCATG

MS_Cpyg05 F: GCTTCTGGAGGAGCATCATG HEX 0.2

R: TCAGTCCTCCAAGAACCCAG

MS_Cpyg06 F: GGCTAAAGAGGACAACGGTG HEX 0.2

R: TGCACCAGGGGAGGTTTAGAC

MS_Cpygl6 F: TCTGCCACACTTCTCACAGG FAM 0.18

R: TGAGAGGCTGTTGTATCATCTC

MS_Cpygl9 F: AGTGGCCTAATGTCCTAAACC TET 0.2

R: TGGTTAGGGATTCTGTTGCTTG

MS_Cpyg23 F: AGCAAACCTGGCCTTAACTATG FAM 0.25

R: GGTAGTGGTCTGCAGCTTAATG

MS_Cpyg26 F: AGCCACCTGAAACCCTTTAAAC FAM 0.25

R: TCTCAGCTCTCAGTCTTGGG

Age5 F: ACGTTACAGACACCGATTACTTCC FAM 0.25

R: AGCCACGCGTCTGATACTTT

Panel I1 MS_Cpyg04 F: CAGGAGAGCTTCTGGTAGGG TET 0.2 60°C

R: TGACAGTACTCAGCACCCAC

MS_Cpyg07 F: CCTGATAGGGCTGGTGTTCTAG HEX 0.25

R: TGTTCCCAGGTCCAGTGAAC

MS_Cpyg25 F: AGATGAAGGCTGGACTGTGG HEX 0.2

R: TACCACTCATTCCAACAGGC

MS_Cpyg39 F: ACAGGTTATCTTCTCACATCCC HEX 0.25

R: TGGGTGGTGGCTGTGTAAAC

Hvo-02 F: CGTTTATGCTAGGGCTGCTT TET 0.18

R: GTCAATGACAAGGCTGAGCA

Panel 111 MS_Cpyg29 F: AAGTCCTAAGCCCAAACACC TET 0.25 58°C

R: CTATGCAAGGAAGGGTACAG

MS_Cpyg30 F: AGGTTCTGGCTGTAGGTAGAC FAM 0.25

R: TGACTGCTGAAACTGGCAAC

MS_Cpyg31 F: CTGCCATACTTCTGCCATGC HEX 0.2

R: GATGCCTGTACAAGCAACTG

MS_Cpyg33 F: AGTCGGGTACTCATCACAGC TET 0.25

R: GACGACTTGCACTGACAGAG

MS_Cpyg42 F: GTCTTGAGCATCCCACCTCC HEX 0.25

R: GCGAAGTCTGCTAGCACAAG

IEAAAGI15 F: GAGAATAATTTTTGAAAAGCAGTAGG FAM 0.25

R: GCTTAGTTGTTCAGAGGACGGTAAG

Only the forward primer was labelled with one of three different fluorescent dyes. T,: annealing temperature for the whole multiplex panel.
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Table2. Characterization of the STR loci.
Locus Repeat N, Size Range [bp] PIC PE H, H.,,, HWE
Novel STR-Markers
MS_Cpyg01 (AC)y4 8 305-319 0.74 0.66 0.83 0.77 ns
MS_Cpyg04 (ATGCC)y, 12 225-340 0.81 0.60 0.80 0.83 o
MS_Cpyg05 (AACAT);, 12 142-197 0.84 0.73 0.87 0.86 ns
MS_Cpyg06 (AATAG);, 12 375-445 0.83 0.69 0.85 0.85 ns
MS_Cpyg07 (AAAG); 12 309-353 0.70 0.49 0.74 0.73 ns
MS_Cpygl6 (AC), 4 147-153 0.37 0.15 0.45 0.48 ns
MS_Cpyg19 (AC), 8 225-241 0.74 0.60 0.80 0.77 ns
MS_Cpyg23 (AT)y 8 287-303 0.62 0.46 0.72 0.68 ns
MS_Cpyg25 (AC)o 11 162-184 0.80 0.54 0.77 0.82 HkE
MS_Cpyg26 (AT, 6 243-255 0.59 0.34 0.64 0.63 ns
MS_Cpyg29 (AAAAC), 4 140-149 0.45 0.18 0.49 0.49 ns
MS_Cpyg30 (AGAT), 12 282-322 0.84 0.82 0.91 0.86 ns
MS_Cpyg31 (AAAC)s 6 147-171 0.52 0.20 0.51 0.54 ns
MS_Cpyg33 (AGG)s 10 350-395 0.76 0.62 0.81 0.80 ns
MS_Cpyg39 (AT)s 7 106-118 0.68 0.34 0.64 0.73 ns
MS_Cpygd2 (AC)s 8 314-346 0.60 0.19 0.50 0.63 ns
Known STR-Markers

Age5 (AAT)0 8 158-179 0.72 0.56 0.78 0.77 ns
Hvo-02 (GT)12 6 150-160 0.27 0.05 0.28 0.28 ns
IEAAAGI1S5 (AAAG), 9 108-140 0.80 0.70 0.83 0.82 *k

Na: number of alleles; PIC: Polymorphism information content; PE: power of exclusion; Hobs: observed heterozygosity; Hexp: expected heterozygosity; HWE: Hardy-Weinberg
equilibrium; ns: no significant departure; *: significant departure at the 5% level; **: significant departure at the 1% level; *** significant departure at the 0.1% level.

Table3. Parentage and identity statistics across all 19 loci.
Statistic of Interest Probability
PE. 0.99
NE-1p 0.16%107
NE-2p 0.37%10°°
NE-pp 1.13*10™
NE-I 1.53*10"
NE-SI 0.80%107

PE.;: power of exclusion for the whole marker set; NE-1p and NE-2p: combined non-
exclusion probability for two possible parents when the genotype of the real parent is
unknown (1p) or known (2p). NE-pp: combined non-exclusion probability for parent
pairs. NE-I and NE-SI: probability to not distinguish between two randomly-selected
individuals (I) or full-siblings (SI).

Regardless of the relatively small PE values for single
loci the whole set is reliable for parentage tests, as PE is
0.99. Our comparison between known and calculated

mother-chick relationships shows that the marker set is suit-
able to investigate parentage. Our result of 97.6% is similar
to a study in which parentage analysis was simulated [36]
and analysed with Colony 2.0 [37]. Under different scenarios
they achieved a mean accuracy of 98.4 + 4.0%. However,
Colony 2.0 did not find the expected mother in 2.4% (nine
chicks out of 369) of all known mother-chick relationships.
All nine cases were due to allelic mismatches. They might
result from false allele calling or allele dropout. In four cases
Colony 2.0 could not match a feeding female with the chick
in the nest; In one instance, a female harrier with only one
sampled chick was rejected as true mother. In addition, a
nest with three chicks was assigned to another female which
was not attending the young. These findings appear to be
cases of intra-specific brood parasitism, which have not been
reported for Montagu’s harrier so far, but for some other
avian species. Using molecular methods intra-specific brood
parasitism is reported for ruddy ducks (Oxyura jamaicensis)
[43], American striped cuckoos (Tapera naevia) [44], monk
parakeet (Myiopsitta monachus) [45] and many other spe-
cies, reviewed by Arnold and Owens [46] and Griffith et al.
[47] amongst others. Sample interchange could have hap-
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pened, which is very unlikely as well, since the samples of
wrongly assigned mothers were collected and isolated in
different years.

The three multiplex STR panels will enable us to geno-
type a large data set of more than 2000 samples of Mon-
tagu’s harriers from Germany in a cost and time saving way.
The new marker set is also valuable for investigations of
breeding systems, kinship and family structures. Identity and
parentage tests can provide a more detailed insight into the
life time reproductive success, population genetics and
phylogeography of this species.
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