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PART 1

1. Introduction

Protecting and restoring species and ecosystems are crucial tasks (Svenning et al., 2024).
The Przewalski’s horse (Equus ferus przewalskii) is the only surviving subspecies of ancient
wild horses that has never been domesticated. These animals were once part of the large grazers
of the Eurasian steppe ecosystem (Van Dierendock and de Vries, 1996). According to the
International Union for Conservation of Nature (IUCN) Red List, Przewalski’s horse is currently
classified as endangered (King, 2005). By protecting wild horses, we also help to conserve
grasslands, which are among the least protected habitats due to human impacts such as
agriculture, overgrazing, and mining (Wesche et al., 2016). There are only 2,500-3,000
individuals of this species, and most are found in zoos and semi-reserves. In China and Mongolia,
some 1,000 horses are living in 4 separate subpopulations in semi-wild or wild grassland
ecosystems (Turghan et al., 2022), but these populations are prone to fluctuate due to adverse

weather like extreme cold winter called “dzud”.

1.1. The Przewalski's horses

Przewalski’s horses differ in appearance from domestic horses. They stand about 130 cm
tall at the withers and weigh between 250-350 kg. They have a very muscular and compact body
structure, and their coat is typically dune-colored, with variations ranging from darker to lighter
shades. Many individuals have stripes on their legs or a shoulder cross at the withers. Their mane
is always short and erect, and their tails feature short, lighter-colored hairs, along with longer
ones (Wakefield et al., 2002). The horses are primarily grazers with a hindgut digestive system
and live in harem groups similar to feral horses and zebras (Rubenstein, 1978). Przewalski’s
horses and domestic horses have 64 and 62 chromosomes, respectively (Benirschke et al., 1965),

but they can interbreed, and their offspring are fertile (Short et al, 1974).

1.2. Przewalski’s horses in Hortobagy, Hungary

In the following chapter I will briefly describe the different aspects of Pentezug Project

and for more details you can see Kerekes et al. 2019 and 2021.



1.2.1. The Pentezug project

The Pentezug project was launched in 1997 by Hortobagy National Park (HNP) and
Cologne Zoo. The aim of the project was to restore the grassland ecosystem in the heart of the
national park with large grazers and minimal human intervention. For that purpose, Przewalski’s
horses and reconstructed aurochs were introduced to a 2500 ha fenced area in 1997 and 1999,
respectively. More than 70% of the area is typical grassland with grass species such as fescue.
The area also has marshes, reed beds, and a canal, which provides abundant water all year round.
In 2017, another 600 ha were added to the area, with 300 ha of reed beds and 300 ha of grassland.
No apex predators exist in the area. In the early years, human activities and interventions were
mostly prohibited in the area, ensuring that the horses’ social structure remained unaltered by
humans. However, as the population grew, human intervention became necessary. Some of these

interventions affected population density and various aspects of the social structure (see below).

1.2.2. Founder population in Pentezug Reserve

The transportation of Przewalski’s horses within Europe is determined by the European
Ex situ Program (EEP) of Association of Zoos and Aquaria (EAZA) for Przewalski’s horses.
The EEP holds all the pedigree information of the whole European zoo population, enabling the
selection of a founder population based on genetic diversity. At the beginning of the Pentezug
project, in 1997, only a few animals lived in wild or semi-wild conditions, hence members of the
founder population of Hortobagy arrived from different European Zoos, such as Winterthur and
Langenberg in Switzerland, Ahaus and Leipzig in Germany, Whipsnade in England, Dolni
Dobrejov in Czech Republic and Neusiedel, Mautern and Wien in Austria. Altogether, 31 horses
arrived at Hortobagy. HNP, with the Pentezug Przewalski’s horse project, became the member

of EEP as non-EAZA institution.

1.2.3. Population management in Pentezug Reserve

Due to international and national regulations, HNP is required to send annual reports to
different organizations. Identifying individuals is the basis of these reports. Individual
recognition is non-invasive and based on three pillars: individual characteristics, position in the
harem, and DNA records.

In Pentezug Reserve, about 90% of the horses are unmarked, making photo catalogues
and group composition lists essential for identifying individuals and managing the population.
Staff from the Pentezug Reserve visit the area twice a week to monitor the horses, using cameras

and binoculars to update the photo catalogue, which includes photos in different coats, studbook
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numbers, and unique traits like coloring and hair whorls. The catalogue is updated biannually,
while group lists are revised monthly.

The horse identification process involves several steps: (1) Identifying the harem using
distinctive individuals or group characteristics. (2) Cross-referencing the harem members with
the latest composition list and photo catalogue. (3) If discrepancies arise, such as missing or new
individuals, the entire population’s lists are reviewed to maintain accuracy. (4) Missing horses
are removed from the harem list, and surplus horses are documented and photographed. (5) To
confirm an "extra" horse’s identity, staff compare it with other harem groups and, if necessary,
collect a DNA sample for verification.

Building on the challenges of individual recognition in harems, identifying bachelor
stallions also became difficult as their numbers grew. Since about 20% of the horses in the
reserve are bachelors, their population has only been estimated since 2008. However, in 2019,
repeated DNA sampling allowed us to accurately identify these individuals again. By comparing
deaths, studbook records, and genetic data, we determined that the estimated number of
bachelors differed from the actual count by no more than 9%.

Continuing from the challenges in identifying bachelor stallions, DNA analysis plays a
crucial role in accurately tracking the horse population. Biopsy and hair samples are collected
for this purpose. Biopsy samples are taken using Danlnject and PneuDart needles shot from
pneumatic rifles. These special needles quickly fall off, carrying small tissue samples. Each horse
is first sampled at around one year of age to record their DNA "fingerprint" and determine genetic
parentage, often while foals are still with their mothers.

Hair samples are collected from dead or tranquilized animals to confirm their identity.
Repeated DNA sampling is particularly useful when mares change groups, stallions form new
harems, or when an individual’s identity is unclear due to death or other circumstances. The
genetic analyses are conducted by the Veterinary Laboratory at the University of California,
Davis, following CITES regulations for endangered species.

After the first few years in the Pentezug Reserve, horses started to breed, and their
number grew rapidly. The population required human management due to the lack of apex
predators in the area. Three control interactions were made in the Pentezug Reserve: transports,
immunocontraception treatment (Pig Zona Pellucida, PZP), and culling. Every action concerning
Przewalski's horses is determined by the HNP staff with the help of EEP. Local authorities also
must give their consent to any action proposed by HNP staff.

Przewalski's horses from Hortobagy have been transported to several locations (Russia,

Spain, Mongolia, Czech Republic). We transported 30 horses to Orenburg Reserve (Russia) in
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2016-2017 (Bakirova and Zharkikh, 2019), and several individuals went to the transport center
in Prague and later to Mongolia. Rewilding initiatives maintain interest in Przewalski's horses in
Europe. Last year, 16 horses were transported from Pentezug to the Iberian highland. Moreover,
Kazakhstan became interested in the horses. According to the international plans, 4 horses will
be transported from Hungary in 2025. But these transports are scarce, and management cannot
rely on them in the long run.

Preventing animals from reproducing is often necessary, especially in smaller enclosures,
like zoos. Contraceptives can be hormone-based, but these methods alter behavior and the mating
rhythms of animals (Fedorka and Troedsson (2021). In the last few decades, advanced
contraception methods have been developed, including immunocontraception, an immune
response-based method (Kirkpatrick et al., 2011). Immunocontraception includes gonadotropin-
releasing hormone (GnRH) and porcine zona pellucida (PZP). Both immunocontraceptive
methods are reversible, which is advantageous if the population dynamics change and treated
individuals need to breed again. However, reversibility depends on several factors, such as
dosage, frequency of use, and timing of vaccination. Additionally, empirical studies on
reversibility are lacking in many species. The GnRH vaccine stimulates antibody production
against GnRH to reduce the production of follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) in females and testosterone production in males (Massei et al., 2020). The GnRH
vaccine can be used in both sexes but can affect non-reproductive tissues and elicit broader
effects (Miller et al., 2013). PZP directly affects the oocytes; it stimulates antibody production
against the zona pellucida glycoproteins to prevent the sperm from crossing the egg layer (Sacco,
1978.). PZP can only be used on females but only elicit direct effects; PZP only affects the
receptors on the oocyte (Kirkpatrick et al., 2011). PZP, which was developed by the Science and
Conservation Center Billings, USA (Kirkpatrick and Turner, 1990), was successfully used on
equids, deer, and elephants (Kirkpatrick et al, 2011). We used PZP on our female Przewalski’s
horses. Currently most of the older females have been treated, leaving only the young ones (2-5
years old) with the opportunity to foal. In total, 90 out of 140 females have been treated with
PZP in 2024.

Another method of population control is culling, which involves euthanizing horses via
gunshot. This euthanasia method is only performed in the field by a professional hunter. This
approach targets horses that are extremely weak, seriously injured, or suffering from chronic or
genetic issues and has rarely been employed in the reserve. Each instance of culling requires
individual permission from local authorities (Environmental Office of Hajdu-Bihar County,

Hungary), where all our horses are registered.
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1.3. Aims of the dissertation

In my doctoral dissertation, I examined various social and demographic changes within
the Przewalski horse population, based on a database collected over several decades. We hoped
that the comprehensive studies would enable a better understanding of the processes affecting
the population and provide guidance for managing the herd not only here in Hortobagy but also
in other parts of the world. In the four studies, my specific objectives were as follows:

1. We aimed to investigate social and demographic changes in the Pentezug population as
density increases, and to examine how human and non-human-induced phenomena affect
population growth.

2. We wanted to measure changes in habitat use, activity, and condition of Przewalski’s
horses during two distinct periods with significantly different densities of large grazers.

3. We planned to examine the foaling rate and body condition of females in relation to age,
population density and changing weather patterns (precipitation and temperature).

4. We aimed to study the collective movements of Przewalski’s horses and explore the

relationships between society structure and motion patterns.
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2. Theoretical background

2.1. Evolution of Przewalski's horses

The first representative of the Equus genus evolved in North America 52 million years
ago (Orlando, 2015). The ancestors of currently living Equids then crossed the Beringia and
reached Europe, Africa, and Asia. Ancestors of present-day asses and zebras and the ancestors
of horses arrived in Eurasia 2 million and 7 thousand years ago, respectively (Orlando, 2015). In
the following centuries, the distribution of horse populations significantly changed in Eurasia.
Horses flourished in the Pleistocene (Orlando et al., 2013), but collapsed during the Last Glacial
Maximum when conditions were very harsh. By this time, horses disappeared from North
America (Orlando, 2015). During the late Pleistocene and Holocene, wild Equids gradually
disappeared from Europe due to natural and human factors (Pushkina, 2008) and were replaced
by their domestic representatives. Horse domestication most likely happened in approximately
3500 BC in the Eurasian Steppe, the area of present Ukraine and Kazakhstan (Vila et al., 2001,
Kavar and Dovc, 2008). The populations of domestic horses (Equus ferus caballus) and
Przewalski’s horses diverged approximately 45 thousand years ago, but some gene flow between

the two subspecies occurred (Goto et al. 2011, Sarkissian, et al., 2015).

2.2. Modern history of Przewalski’s horses (from 1881 to the present)

The last wild descendants of Pleistocene wild horses became extinct in Europe and only
managed to persist in greatly reduced numbers in the very remote border area between of China
and Mongolia. As a result, the wild horses were not included in Linneau’s nomenclature system
and remained unknown to the western world. The first mention of Przewalski’s horses came
from John Bell, who traveled from St Petersburg to Peking (Mohr, 1971). Przewalski’s horses
were not scientifically described until 1881 when a Polish soldier, Nikolai Michailovich
Przewalski obtained some skins during his expeditions to Mongolia, and a scientist from the
Zoological Museum of the Academy of Science in St. Petersburg, Ivan Semjonovich Poliakov,
described them based on these samples (Bouman, 1986, Wakefield et al., 2002). Between 1887
and 1902 several capturing expeditions were organized by European animal collectors, including
Baron von Falz-Fein and Carl Hagenbeck (Wakefield et al., 2002). Adult horses were impossible
to catch at that time; hence adults were shot, and young foals were live-captured and put together

with domestic stepmothers. Later, between the 1930’s and 1950’s, only a few horse groups were
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spotted and attempts to capture them were largely unsuccessful (Wakefield et. al., 2002). The
last wild female horse (“Orlitza III”’) was captured in 1947 and transported to Askania Nova
(Bouman 1986). After that time, no more transports occurred, and Przewalski’s horses became
extinct in the wild by 1969 (Bouman and Bouman, 1994).

There were other, more severe factors that contributed to the extinction of Przewalski's
horse in the wild beyond capturing expeditions (Van Dierendock and de Vries, 1996). Their
population was already very small in the 20th century and a combination of severe weather and
human activities accelerated their decline. A series of harsh winters in the 1940s and 1950s
caused massive losses of both Przewalski's horses and local domestic animals (Bouman and
Bouman, 1994). Additionally, advances in weaponry made hunting more effective, and the lands
bordering China and Mongolia were increasingly used for domestic livestock (Van Dierendonck
and de Vries, 1996, King, 2005).

Fortunately, the species survived in captivity. Altogether, 54 young foals were captured
and transported to Askania Nova (Southern Russia at that time), Hamburg and Halle (Germany),
Edinburgh (Scotland), London (England), Paris (France), Goolist (Netherlands), New York, and
Cincinnati (USA) (Bouman, 1986). Many of the foals died soon after their arrival, and only 12
of them reproduced. During this time one of the stepmothers reproduced with them. Before
World War II, 40-50 horses lived in 15-20 zoos (Bouman, 1986). During the war, many horses
died; only 31 individuals survived, with 12 reproducing from this group (Wakefield et al., 2002).
Altogether, 12 wild horse genomes contribute to today's population, but these were mixed with
4 domestic horse genomes (Sarkassian et al., 2015).

After the loss of the last horse in the wild, different breeding programs were established
to avoid inbreeding and preserve genetic diversity as much as possible. In 1960, the first
studbook (official record of the pedigree of animals) was published by Prague Zoo (Volf, 1994).
This studbook collected data, including parentage, birth date, sex, date of death, and other vital
statistics for each individual, from the founders to the current population. This studbook is still
in use today, allowing for informed decisions regarding the transportation and breeding of horses
in zoos to increase and maintain genetic diversity and minimize inbreeding at the population
level. In 1979, a Species Survival Plan was set up for Przewalski’s horses in the USA, and in
1986, a similar program, the European Endangered Species Program, was established in Europe
(Bouman and Bouman 1994, King, 2005). This program was later renamed the European Ex-
situ Program (EEP). Due to these two programs, horses with known pedigrees were exchanged

between zoos, to increase genetic diversity. As a result of these breeding programs, the number
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of Przewalski’s horses increased significantly. Hence, the reintroduction of the species to the
wild became possible (Wakefield et al., 2002).

In 1992, two reintroduction projects were started in parallel in Mongolia. One was
initiated by a Dutch couple, Inge and Ian Bouman, and supported by the Dutch Ministry of
Development Aid (Wakefield et al., 2002, Turghan et al., 2022). Between 1992 and 2000 they
transported 84 Przewalski’s horses to the 500 km? Hustai Nuruu National Park (Hustai) in the
mountain steppe of central Mongolia from Dutch semi-reserves (Dorj and Namkhai, 2013). This
grassland area proved to be highly suitable for the horses, who have reproduced and reached
approximately 420 horses by 2023. (Florian Drouard, project coordinator of Takh Association,
personal communication, 2024).

The second reintroduction project was started in the 9,000 km2 Great Gobi B Strictly
Protected Area in the Dzungarian Gobi in SW Mongolia (Gobi) by the Mongolian government.
This project was initially supported by the Mongolian government and Christian Oswald
Foundation and since 1999 by the International Takhi Group (ITG), a Swiss-Mongolian NGO.
Altogether, 131 horses were transported from different zoos to the area between 1992 and 2019
(Bernatkova et al., 2022). Between 1992 and 2007, 92 individuals were transported from
different zoological gardens and the population slowly grew to 146 by the end of July 2009.
However, the combination of a summer drought and an extreme winter (“dzud”) in 2009/2010
destroyed 60% of the population (Kaczensky et al., 2011). New transports were organized by
Prague Zoo and ITG and an additional 39 captive-born horses were transported to the Gobi
between 2021-2019 (Bernatkova et al., 2022). The number of horses peaked at 420 by the end
of July 2022 (Ganbaatar Oyunsaikhan, the former director of the Gobi Strictly Protected Area,
personal communication, 2024).

A third reintroduction in Mongolia occurred in Komin Tal National Park in 2004
(Enkhtur, 2007). This project was supported by Takh (Association pour le cheval de Przewalski),
a French organization. Altogether 26 individuals were transported there between 2004 and 2011.
This is the only place in Mongolia where horses live in semi-wild conditions in a 140 km? fenced
area, in contrast to the other Mongolian populations where they are free-ranging. Currently, 144
horses live in this area (Jean-Louis Perrin, director of the Takh Association, personal
communication, 2024).

In China reintroduction projects began with the transfer of 24 horses from Europe and
USA to three breeding centers between 1985 and 2005 (Wakefield et al., 2002, Zhigang et al.,
2019, Turghan et al., 2022). These centers were the Xinjiang Wild Horse Center, the Wuwei
Endangered Species Breeding Center and the Beijing Nanhaizi Milu Park (Zhigang et al., 2019).
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At the turn of the millennium, an attempt was made to translocate horses from these breeding
center into the wild. Four protected areas were selected for the reintroduction of Przewalski’s
horses: Kalamaili National Park (KNP) in Xinjiang, Anxi Extreme Drought Desert National
Nature Reserve (ANR) and Dunhuang Xihu National Nature Reserve (DXNR) in Gansu, and
Dagqgingshan National Nature Reserve (DNR) in Inner Mongolia. The most successful was the
14700 km? Kalamaili National Park. Between 2001 and 2013, a total of 89 horses were
translocated from Xinjiang Breeding Center to Kalamaili (Xia et al., 2014). By the end of 2018,
there were 221 horses roaming freely, though they need supplementary feeding in winter
(Turghan et al., 2022). By the end of 2023, the population in Kalamaili National Park had
increased to 340 Przewalski’s horses (Wenxuan Xu, personal communication, 2024).

Due to all these combined reintroduction efforts, it was possible to downlist the [IUCN Red List
status Przewalski’s horses from Extinct in the Wild in 1996 to Critically Endangered in 2008, to
Endangered in 2012 (Walzer et al, 2012, King et al. 2015).

Besides reintroduction sites in Asia several semi-reserves were established in Europe in
the 1990s where Przewalski’s horses were introduced. The largest of these was the 3,000-hectare
Pentezug Reserve in Hungary, which began in 1997.

In the 2010s, more large reserves were established. In 2015, a 16,000-hectare semi-
reserve was established for Przewalski’s horses in Orenburg, Russia. Between 2015 and 2017,
36 horses were transferred there from European semi-reserves (Bakirova et al., 2019). The
current population stands at 107 horses (Rafilya Bakirova, director, personal communication,
2024). The newest introduction site is the Iberian Highland, Spain, where 25 Przewalski’s horses
arrived in 2023 from France and Hungary. The goal here is to reintroduce wild large grazers to
the area. In the recent years, there has been an ongoing effort to reintroduce the Przewalski’s
horse to Kazakhstan, and thanks to international cooperation, the first seven horses arrived at an

acclimatization center in the Altyn Dala steppe in 2024.

2.3. Demographic traits of Przewalski’s horses

The population growth of large grazers is influenced by various factors, including
reproductive parameters such as reproductive rate and fecundity and environmental factors like
food availability and weather conditions (Bronson, 1985). In areas where grazers are abundant,
high population density can cause low birth rates, increased juvenile mortality, and declining

body condition due to overgrazing (Grange et al., 2009, Richard et al., 2014). Weather conditions
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play a crucial role in food availability and significantly impact body condition, and extreme
weather events affect birth rates and mortality (Coulson et al. 2001).

Equus genus includes only seven extant species, all of which are non-ruminant grazers
primarily inhabiting semi-arid or arid open grasslands. Their feeding patterns, digestive system,
reproductive physiology and general behavior are very similar (Rubenstein et al., 2016).

Horses are highly adaptive, and feral population can be found across the world on open
grasslands. Extensive research has been concluded on their demographic traits. Various
environmental factors, such as harsh winters, extreme weather conditions, and population density
affect different age groups in distinct ways. Middle-aged individuals and females without foals
are less vulnerable to these challenges and their fecundity remains relatively unaffected by high
density compared to younger horses (Richard, 2014). Extreme weather can reduce overall annual
survival rate (Garrott et al., 1990).

Przewalski’s horses went extinct in the wild before any studies could be conducted on
their demographic parameters (Slotta-Bachmayr et al., 2004). However, observations during
their time in zoos revealed reproductive behavior similar to that of domestic and feral horses
(Duncan, 2012). Initial observations of reintroduced Przewalski’s horses suggested that first
foaling of females typically occurs between the ages of 2 to 5 years (Bouman, 1998) and that
mares are most productive until the age of 15. However, population dynamics differed between
Hustai and the Gobi. Enkhtur (2007) observed that at the beginning of the projects the
reproductive rate of females and the survival of their foals were about 2 to 3 times higher in
Hustai as compared to Gobi. Possible explanations included different management regimes and
sub-optimal ecological condition in the mountain steppes of Hustai versus the semi-desert in the
Gobi (Enkhtur, 2007, van Dierendonck and de Vries 1996).

Central Asian drylands are prone to extreme weather events, with particularly extreme
winters (“Dzuds”) known to result in massive losses of domestic and wild ungulates (Bekenov
et al. 1998, Kaczensky et al. 2011). In the Gobi, extreme winter events have negatively impacted
the reintroduced Przewalski’s population from the beginning and were identified as the biggest
threat to small and spatially confined populations (Slotta-Bachmayr et al. 2004). The validity of
this prediction was proven correct in 2010 when a population crash occurred in Gobi,
documented by Kaczensky et al. (2011). Several snowstorms in 2009—2010 resulted in the loss
of 60% of the Przewalski’s horse population alongside 67% of the livestock. But even in in
Hustai, Dorj and Namkhai (2013) demonstrated that severe winters caused 31,1% of the total
deaths between 1993 and 2011. Tatin et al. (2011) examined mortality and female fecundity in

a predator-free, closed population of Przewalski’s horses in La Villaret, France between 1994
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and 2003. The population was small and increased from 11 to 55 during the study. Adult
mortality was lower than juvenile mortality and did not correlate with density. However, density
significantly affected subadult female fecundity. Decreasing space may have limited population

growth, even when food availability was not a constraining factor (Tatin et al., 2011).

2.4. Foraging and activity of Przewalski’s horses

Equids are primarily grazers, with grass species comprising the bulk of their diet,
supplemented occasionally with shoots, berries, and branches (Berger et al., 1999, Mutillod et
al., 2024). Their cecal digestion system necessitates extensive grazing to maintain their
nutritional needs (Janis, 1976, Duncan 2012). The last population of Przewalski’s horses
inhabited a semi-desert region on the border of Mongolia and China, which was initially believed
to be their natural habitat. Subsequent debates among scientists suggested that the Gobi more
likely served as a refugium rather than their preferred habitat (Ryder, 1993, Van Dierendonck
and Wallis de Vries, 1996, Turghan et al., 2022). This suggestion is also in line with findings
that Przewalski’s horses were likely forced to exist on a mixed diet of grass and scrubs prior to
extinction to avoid persecution by humans (Kaczensky et al. 2017).

Early studies on reintroduced Przewalski’s horses indicated a preference for rich grasses
and fescues, displaying seasonal selectivity in habitat choice to avoid harsh weather conditions
and particularly favoring low or mid altitudes (King and Grunnel, 2005,). Despite daily
fluctuations in activity during summer, horses tend to graze less as temperatures rise, often
migrating to higher altitudes (Boyd and Bandi, 2002, King and Grunnel, 2005, Souris et al.
2007). Their habitat preference typically aligns with areas boasting nutritious vegetation,
resembling the behavior of feral horses (Duncan, 1983, King, 2002). While the horses are
presumed to spend more time grazing during daylight hours in winter compared to summer,
studies have reported conflicting findings, with some reports suggesting the opposite trend (Van
Dierendonck et al., 1996, Berger et al., 1999, Kuntz et al., 2006). The reason behind this could
be the differences in climate and food quantity and quality in the various study areas (Bernatkova

et al,, 2022).

2.5. Social structure of Przewalski’s horse populations

Przewalski’s horses live in polygynous societies. The reproduction units are harems
which normally included one male (harem stallion) and several not closely related females with

their offspring (Klimov, 1998, Bouman, 1986), similar to feral horses (Rubenstein, 1986,
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Duncan, 2012, Linklater and Cameron, 2000) and plain zebras (Klingel, 1969, 1974). Non-harem
stallions form bachelor groups consisting of young males and/or former harem stallions. The
bachelor groups are very flexible, while the harem groups are usually much more stable and stay
together for years. Offspring, both males and females, always leave the natal group and join
another group. Males usually spend 3-5 years in bachelor groups before becoming mature
enough to have a chance to claim their own harem. Przewalski’s horses usually have only one
stallion in a harem, but on rare occasions, there can be more than one adult male, similar to feral
horses (Klimov, 1998, Linklater and Cameron, 2000). The initial phase of the reintroduction
harem and bachelor groups usually have their own home ranges at reintroduction sites that can
overlap slightly (King, 2002). These home ranges usually contain food and water sources and
shelter (King, 2002, Ganbaatar, 2004). However, the Przewalski’s horses in Hungary ten years
after introduction, started to move in one large herd, similar to plains zebras in Africa
(Rubenstein, 1986) or feral horses (Duncan, 2012). The same phenomenon was observed in the
Gobi B (Ganbataar Oyunsaikhan, personal communication, 2024). The most frequently accepted
reason for large grazers uniting in herds is for protection from predators (Rubenstein, 1978). In

this large unit, lactating females usually decide where to go (Fischhoff et al., 2006).
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3. Objectives, methods, and results of our studies

This Ph.D. thesis is based on four studies, which were published in four scientific articles
(Kerekes et al., 2019, Kerekes et al., 2021, Heiko et al., 2023, Ozogany et al., 2023). A short
summary of the objectives, methods, and results of the four articles is presented in this chapter,

while the articles themselves can be found in the appendix.

3.1. Study 1

Viola Kerekes, Istvan Sandor, Dorina Nagy, Katalin Ozogany, Lordnd Goczi, Benjamin Ibler,
Lajos Széles, Zoltan Barta (2021) Trends in demography, genetics, and social structure of
Przewalski’s horses in the Hortobagy National Park, Hungary over the last 22 years. Global
Ecology and Conservation, 25, e01407, Impact factor: 3.969, Q1 (Ecology).

3.1.1. Objectives of the Study

In 1997, when this project was initiated, the demographic parameters and social life of
Przewalski’s horses were largely unexplored. Some experts were skeptical about whether
Przewalski’s horses could survive in the Hungarian grassland for two reasons. Firstly,
Przewalski’s horses are not identical genetically to the prehistoric wild horses originally living
in the area. Secondly, the founders (and their ancestries) lived in captivity. Moreover, introducing
large grazers to an adequate area without predators can be expected to lead to unlimited
population growth until food sources become scarce and the population crashes. We also know
that the entire global Przewalski’s horse population is based on only 12 wild founder horses.
Thus, monitoring the genetic diversity and degree of inbreeding is important to maintain a viable
population. In this study, we investigated social and demographic changes in the Pentezug
population, examined how human and non-human-induced phenomena affect population
growth, and determined how basic genetic characteristics changed on a population level. It is
well known that species within the Equus genus are grazers and inhabit open grasslands
(Rubenstein, 1986). We expected that this area, with its abundant grass and water sources, would
be suitable for Przewalski’s horses, and that their population would grow until it reached the

area's carrying capacity.
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3.1.2. Methods of the Study

HNP has been gathering data on horses, including information on births, deaths, imports,
exports, parentage, group composition changes, and effects of PZP (immunocontraception)
treatment on females, since the start of the project. Data collection was based on an individual
identification system we developed, comprising three key components: group structure
composition, individual photographic identification, and DNA examination of parentage. For
this article, we utilized data collected between 1997 and 2018. Based on these comprehensive
databases, we were able to calculate population growth rate, foaling rate, and mortality rate over
time and explore the underlying reasons behind the observed changes. Continuous feedback from
DNA parentage examinations enabled us to assess gene diversity and the inbreeding coefficient
on the population level. Additionally, we analyzed changes in group size and number over the
years. In this study, we focused on horses, but we also used data on the population size of the

cattle to calculate large grazer density.

3.1.3. Results of the Study

Both horse and cattle numbers increased during the study period, reaching a peak in 2017
with 329 horses and 580 cattle. However, in 2018, the horse population experienced a significant
decline. Factors influencing horse numbers included both non-human (births and deaths) and
human-induced (imports, exports, immunocontraception treatment, and culling) factors. The net
effects of these factors can be observed in the population growth rate, which peaked in 2001 and
was always above zero, except in 2018. The foaling rate was notably impacted by PZP treatment
after 2013. Non-human-induced phenomena included an increased number of large grazers,
which resulted in a decrease in foaling rate among non-treated females and a shift in the age of
first foaling from 2—3 years old to 3—5 years old.

Mortality rates were age and sex dependent. Mortality rates were higher in younger and
older individuals and older males compared with females in the same age group. The only year
when the mortality rate exceeded the birth rate was 2018, when almost 100 horses perished,
likely due to overpopulation, insufficient food caused by a drought, and severely cold spring
conditions.

These demographic changes also had implications for genetic parameters. Gene diversity
remained relatively stable around 0.8 while the inbreeding coefficient exhibited a slight increase.
A notable change in the social structure of horses was observed; individual home ranges
transitioned to the collective movement of the entire herd (comprising all harem and bachelor

groups) approximately 8—10 years after their initial arrival.
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3.2. Study 2

Viola Kerekes, Katalin Ozogany, Istvan Sandor, Zsolt Végvari, Csilla Czetd, Bettina Nyiro,

Timea Szabados, Lajos Széles, Zoltan Barta (2019) Analysis of habitat use, activity and body
condition scores of Przewalski’s horse in Hortobagy National Park, Hungary. Nature

Conservation Research, 4(Suppl. 2) 31-39. Q2 (Nature and Landscape Conservation).

3.2.1. Objectives of the Study

The Pentezug Project was established to maintain grassland with large grazers and
minimal human intervention. Thus, Przewalski’s horses and reconstructed aurochs were
introduced to the area. Regular data collection, including the number of horses and cattle, and
changes were calculated typically at the end of each year. However, limited data were collected
on other aspects of large grazers, such as condition scores, location and behavior, and their
environment. These data were typically collected by staff members or students at random points
throughout the project’s duration. Upon reviewing datasets collected from horse observations, it
became apparent that a comparison of data from the initial and later phases of the project was
possible. The initial and later phases of the project were characterized by lower (typically under
100 or slightly more) and higher (typically more than 250) horses in the area, respectively.
Additionally, a habitat map of the Pentezug Reserve was created in 2003. We hypothesized that
these findings could provide insights into how a growing population affects food availability and
the consequent impact on horse viability. In this study, we aimed to determine the difference in
habitat use, activity, and condition of Przewalski’s horses in two distinct periods when the
density of large grazers was significantly different. Our hypothesis was that as the number of
horses increased, food would become limited, leading to a decline in their condition. This might

cause them to alter their activity patterns and habitat preferences.

3.2.2. Methods of the Study

We compared three types of data pertaining to horses during two distinct periods of the
project: GPS data, activity observations, and condition scores. GPS data on the location of horses
were collected from 2004 to 2006 and 2013 to 2014, when there were 51-76 and 229-268 horses,
respectively. The GPS data were processed into a shapefile using ArcMap 10.0 and integrated
with the existing habitat map shapefile. To assess the habitat preference during the two periods,
we compared the occupied proportion of different habitats relative to the entire area and the

proportion of time horses spent in each habitat. We then compared the three most frequently used
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habitat types in different seasons between the two time periods. Activity data, including resting,
grazing, moving, alertness, interaction, and comfort behaviors, were collected using scan
sampling methods from 2008 to 2009 and 2013 to 2014. The data were collected on 10 and 90
females, respectively, during the two periods. During these periods, 111-132 and 229-268
horses, respectively, were in the area. We calculated the ratio of each activity type to all recorded
activities and compared activity percentages between the two periods. Condition scores, based
on visual estimation, were collected in 2005 and 2018 from 50 and 90 horses, respectively.
During these periods there were 68 and 267 horses in the reserve, respectively. Our condition
scoring system was adapted from Rudman and Keiper (1991) and utilized hind-quarter scores
ranging from 0 to 5. The data was grouped into bachelor, adult females, and young males, and

condition scores were compared across these groups between the two time periods.

3.2.3. Results of the Study

The number of large grazers steadily increased from the inception of the project and
peaked in 2017 at approximately 930 individuals, including cattle and horses. The population
density at that time was 38.8 animals/km?. Several aspects of habitat use and body condition of
Przewalski’s horses were significantly different in the two distinct periods, but the activity
percentage did not change. Grazing emerged as a predominant activity throughout the year.
However, in summer, horses spent much more time resting than in winter. Habitat use changed
significantly in the winters of 2004-2006 and 2013-2014. During both periods, horses
predominantly spent time grazing in three habitats - alkali meadow, alkali steppe, and open alkali
grassland - accounting for 85% of the area. However, the proportion of use varied; horses utilized
the alkali meadow and salt marsh less than expected based on habitat availability. Notably,
during the initial phase of the project, horses exhibited a strong preference for weed vegetation,
which diminished over time. This shift may be attributed to the initial search for high nitrogen
and phosphorus content or was simply due to these horses coming from zoos and, consequently
searching for shelter, which was provided by little houses surrounded by weed habitat. Seasonal
habitat preference of the three most used habitats showed that in the initial phase of the project,
the horses used these three habitats equally in each season, but, in the later phase of the project,
the open alkali grassland was not used and the alkali meadow was used in a much higher
proportion in winter. This change probably occurred because grass was available in the alkali
meadow while the rest of the area was overgrazed. The body condition of females and young
males significantly decreased with growing density, but the harem stallion’s body condition did

not change. Female condition scores ranged from 3—4.5 and 2.5-4.5 in 2005 and 2018,
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respectively. Young male body condition scores were 3.5—4.0 and 2.5-4.0 in 2005 and 2018,
respectively. The growing animal density may have contributed to these observed differences

between the two phases of the project.

3.3. Study 3

Heiko G. Rddel, Benjamin Ibler, Katalin Ozogany, Viola Kerekes (2023) Age-specific effects
of density and weather on body condition and birth rates in a large herbivore, the Przewalski’s
horse, Oecologia, 203(3), 435-451, Impact factor: 2.3, Q1 (Ecology, evolution, behavior and

systematics).

3.3.1. Objectives of the Study

In the first two articles, we collected general data about Przewalski's horses and made
simple observations about the effects of the growing number of large grazers on body condition
and habitat use due to decreased food availability. Food availability may also affect demographic
traits like foaling rate and age of first foaling in primiparous females. In this study, we aimed to
further examine the foaling rate and body condition of females in connection with changing
weather and density. We expected that harsh weather conditions and limited rainfall would

negatively impact the foaling rate and overall condition of the horses.

3.3.2. Methods of the Study

We used the same database as in Study 1 plus weather data in the analysis. We examined
the parturition of females born in the reserve and not treated with PZP (contraception). We used
foaling data of females > 2 years old. Data were collected between 2000 and 2019. Foaling data
were collected by HNP staff. DNA data analyses were conducted to confirm identity and
parentage. During the analyses, we considered the reproductive effort of mothers (if they had
foaled in the previous year). We examined if the late summer precipitation affected pregnancy
and if the weather gives an advantage to females in the first year of their lives. We also examined
the effects of late winter temperatures on conception, and, a year later, on foaling probability.

We examined if the weather conditions affected the body condition of females.

3.3.3. Results of the Study

Most females gave birth at the age of 3 years during the examined period. After a middle

age (5-13 years old) plateau, the foaling rate decreased with mothers’ age. Previous reproductive
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efforts only affected younger and older females. In Study 1, we demonstrated that density
negatively impacted foaling rates. We refined this observation by demonstrating that younger
females are more sensitive to population density than older ones. Weather effects, such as
temperature in winter or precipitation in late summer-early autumn, typically only altered the
foaling rate if they were combined. For example, the lack of late summer precipitation in the first
year of the females’ lives combined with a cold late winter before conception caused decreased
foaling rates. The combination of lack of late summer precipitation both in the first year and the
year of potential pregnancy also caused decreased foaling rates, especially among young females
(2-4 years old). We observed similar density and weather effects on body condition. Increasing
population density was accompanied by decreasing body condition in young females. The lack
of late summer precipitation in the first year of life also significantly decreased body condition

in young females.

3.4. Study 4

Katalin Ozogany, Viola Kerekes, Attila Fiilop, Zoltan Barta and Mété Nagy (2023) Fine-scale
collective movements reveal present, past and future dynamics of multilevel society in
Przewalski’s horses, Nature Communications, /4(1), 5096, Impact factor: 14,7 QI

(Biochemistry, Genetics and Molecular Biology).

3.4.1. Objectives of the Study

In Study 1, we demonstrated basic changes in the social structure of Przewlaski’s horses
in the Pentezug Reserve. Specifically, we observed that harems and bachelor groups no longer
used separate home ranges. This observation led us to investigate how the herd in Hortobagy
synchronizes its movement and to identify the underlying reasons of the herd staying together.
With a 23-year database about parentage (supported by DNA data) and group composition
structure of individuals, we had a unique opportunity to investigate how fine scale movement
reflects social structure in this population of Przewalski’s horses. At the start of the research, we
knew that horses maintained harem formation even within the large herd. We hypothesized that
this would be reflected in movement similarities and physical distances between horses. We also
thought that friendships among females (how long they were in the same harem) might influence

how closely they stay to one another, potentially affecting the entire herd.
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3.4.2. Methods of the Study

We made high-resolution video records of the whole herd of horses in Pentezug Reserve.
Additionally, another drone made video records of individuals and groups. In this later video,
horses were individually identified, and their positions in the first video record were determined.
This method allowed us to follow the movement of most of the individuals in the herd. Five-
minute videos were recorded on five different days in 2018. We examined the distance and the
movement similarity of each pair of horses and compared the movements to long-term

demographic and social structure data

3.4.3. Results of the Study

The first important result of this study was the determination of social levels of the
Przewalski’s horse herd based on fine scale movement patterns. Due to the distance and
movement similarity of pairs of horses, we distinguished two levels: harem and herd. Even inside
the harem, we were also able to identify families (female and her offspring) based on movement
similarity. We observed that the synchronization between bachelor group members was lower
than between harem members, indicating that bachelor groups were not as stable as harem
groups. Familiarity (how much time females spend with each other in any harem) affected
females' distance from each other within the harem. On the harem level, older harems with more
experienced males had more members and a more central position in the herd’s social network.
When we examined harem social distances, we found that harems with closely related males
were closer to each other, and the exchange of females between these harems was higher.
Interestingly, a female whose movement was more similar to another harem was more likely to

move to this new harem in the next few years.
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4. General discussion and future perspectives

We investigated the Przewalski’s horse population in Hortobagy. Our findings have not
only deepened our understanding of equine population dynamics in general but have also led to
more effective population management strategies, a paramount challenge in recent years. Our
investigations covered diverse facets of horse behavior and ecology, and we made key
observations that have broader implications for similar conservation projects. These three key

observations and the future perspectives are discussed in the following paragraphs.

4.1. Management of large grazing projects in the absence of large predators requires

adaptive human control

In Europe, there is a growing interest in rewilding abandoned areas and reintroducing
wild or feral large grazers and large predators to restore lost trophic chains (Svenning et al.,
2016). While domestic grazers were traditionally used in nature conservation areas to manage
grasslands (Fraser et al., 2022), recent studies suggest that wild grazers may have different effects
on vegetation (Mutillod et al., 2024). However, when introducing wild animals that have been
missing in the area for decades or even for thousands of years, the natural question of whether
the habitat is still adequate for these animals arises. Our research in HNP demonstrated that the
grassland habitat is suitable for Przewalski’s horses and reconstructed aurochs. Over a span of
15 years, the population of large grazers increased to the carrying capacity of the area (Study 1
and Study 2). However, we observed natural limitations on population growth, such as reduced
foaling rates with increasing density, particularly among primiparous females (Study 3). Human
intervention, including immunocontraception treatment (PZP) and occasional culling (Study 1
and Study 2), are necessary to maintain the balance between births and deaths. We started using
culling and PZP (the later only on females) from 2011 and 2013, respectively (Study 1 and Study
2). PZP was used on overrepresented females and young females, following the protocol used
on feral horses in the USA. Despite these efforts, a population high number of deaths occurred
in 2018, prompting us to implement measures based on our observations, including reducing the
number of cattle and horses. We catch cattle every year in a corridor system to easily reduce their
number. Reducing the number of horses required long-term planning based on the results of
Studies 1-3. We began to use culling more systematically, mostly in early spring, to eliminate
weak, old, and injured individuals (Study 1). We started to use PZP on middle-aged and older

individuals and let primiparous females foal to reduce the number of females who can give birth
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(instead of 50—60 females, only 20-30 could foal) and the actual number of surviving foals was
reduced because young females are more sensitive to environmental effects (Study 3). Even if
the young females give birth, they are often inexperienced in protecting the foals. In 2022 and
2023, we managed to balance the number of births and deaths. Ultimately, our findings suggest
that managing wild grazers in the absence of large predators is feasible but requires adaptive

management approaches to prevent adverse events.

4.2. Characteristic features of the population and environment have multilateral effects on

the social behavior of horses and the demographic traits of the population

Through continuous monitoring of social and demographic data, we observed significant
changes over the project’s lifespan. Social structure shifted from separate home ranges to entirely
overlapping ranges (Study 1 and Study 4). Furthermore, horses, including harem and bachelor
groups, synchronized their movement, though harem and bachelor groups and even families
within harems can be distinguished based on the level of movement synchronization (Study 4).
We highlighted some aspects of how horses synchronize their movement and how kinship and
friendship can shape the structure of harems and the herd (Study 4). We also showed that average
harem size is the same in Hungary and Mongolia (Study 1). Thoroughly and simultaneously
observing all individuals in these large groups and collecting data on individual behavior is very
challenging. In Study 4, we have shown that 280 individuals can be simultaneously followed but
processing the data and gaining meaningful results took years.

With growing density, we observed reduced fecundity and foaling rates (Study 1 and
Study 3) similar to other Przewalski’s (Tatin et al., 2009) and feral horse populations (Duncan,
2012). We also observed changes in habitat choice (Study 2) and reduced condition scores (Study
2 and Study 3), probably due to less available food. However, we could not measure vegetation
changes along with the growing number of horses to support this hypothesis.

Creating automated or semi-automated systems for identifying individual animals,
tracking various behaviors, and assessing their condition based on video recordings would
represent a highly efficient tool for obtaining real-time insights. Monitoring deteriorating
conditions among horses or vegetation destruction through drone footage could serve as an early
warning sign, prompting timely intervention to avert potential crises. This approach holds
promise not only for managing Przewalski’s horses but also for rewilding initiatives involving
other newly introduced large grazers in environments with limited or absent predator

populations.
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4.3. Individual identification is a very effective and useful tool for management and

scientific studies

All reintroduced areas and semi-reserves use individual identification of Przewalski’s
horses based on individual traits and group position (Study 1). We have DNA parentage data of
all our individuals that reach the age of one year, which is unique to the HNP. This dataset was
very useful when we had to intervene with culling, transports, and PZP treatment (Study 1 and
Study 2). We could plan events, especially PZP treatment and transport, while taking into
account the genetic diversity at the population level. When transporting horses to new places,
we can choose a highly diverse founder population. When treating horses with PZP, we can allow
genetically valuable horses to reproduce while reducing the reproduction of horses that are
overrepresented in the population. In this way, we can keep our genetic diversity high (Study 1).
For these reasons, the population of Przewalski’s horses in the HNP is a very valuable gene pool
reserve for the whole species.

Individual recognition proved to be useful not just for management decisions but for more
accurate and valuable scientific research. Current movement data can be compared to 20-plus-
year-old information on age, sex, and position in harems (Study 4). Following the lifelong
fecundity of each female and determining the effects of weather on foaling was also possible
(Study 3). However, the time-consuming nature of individual recognition presents a challenge,
requiring frequent checks by staff members to maintain identification accuracy, especially in
large populations.

In conclusion, our studies offer insights into the dynamics of Przewalski’s horse
populations and provide valuable lessons for managing similar rewilding projects. By combining
scientific research with adaptive management practices, we effectively conserved wild grazers

and their habitats, contributing to broader conservation efforts and biodiversity conservation.
4.4. Future perspectives

In the future, we plan to investigate other aspects of demography, social structure, and
population management of Przewalski’s horses in the Pentezug Reserve.

First, we would like to continue to analyze the relationship between demographic traits

and the environment to have a better understanding of how to best manage our population.
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Currently, we are working on a manuscript focused on foal survival, and we are preparing a
report on the long-term effects of PZP on fecundity and reversibility in Przewalski’s horses.

Second, our goal is to deepen our understanding of the intricate relationship between
horses and their environment. Planned research initiatives include comparative studies across
continents to elucidate how environmental shifts impact demographic and social traits in diverse
Przewalski’s horse populations. We believe that existing demographic and weather data
collected on semi-wild and wild Przewalski’s horses could be restructured to facilitate
comparisons among all sites. Additionally, we aim to synchronize our data collection methods
with other Przewalski’s horse sites to enable standardized real-time comparisons.

Third, we are focusing on developing automated identification systems to streamline
fieldwork. Collaborating with Stuttgart University, Debrecen University and E6tvos Lorant
Universtiy, we have been working on automatic horse identification using drones for the past
three years. Stuttgart University aims to develop drones that automatically follow horses and
record 3D pose data. We plan to utilize this technology to create an automatic condition-scoring
system for estimating the well-being of our population, particularly during the winter when
daylight hours are limited.

Last, ongoing efforts to gather comprehensive data on vegetation, field use, parasitology,
water quality, and weather aim to uncover reciprocal effects between horses, cattle, and their
environment. Through these initiatives, we endeavor to advance our comprehension of the
intricate interplay between equines and their surroundings.

Collectively, our completed, ongoing, and planned studies, presented in this dissertation,
contribute to a better understanding of the demography and social life of an endangered species,
the Przewalski’s horses, and may help to develop more effective population management

strategies for large grazers.
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5. Summaries

5.1. Osszefoglalé (Summary in Hungarian)

Jelen doktori disszertacioban a Hortobagyon ¢él6 Przewalski lovakkal (Equus ferus
przewalskii) kapcsolatos tanulmanyaimat ismertetem. A faj dse a prehisztorikus vadlo, mely az
ember eléretorésével fokozatosan eltiint Europabél majd Azsia nagy részérél is. 1881-ben
Nyikolaj Przewalski kapitany Mongo6lia és Kina hatarvidékén megfigyelt és leirt egy vadlo
populéciot. A faj a zord iddjarasi koriilmények, a katonai tevékenységek és az elfogo expediciok
hatésara eltlint a vadonbol, az utols6 egyedet 1969-ben lattak. Az allatkertnek és a nemzetkzi
Osszefogasnak koszonhetéen a faj fennmaradt, és szaporodasnak indult, majd lehetdvé valt
visszatelepitésiik az eredeti ¢él6helyiikre. 1985-ben Kinaba, majd 1992 Mongo6lidba vittek
egyedeket allatkertekbdl. Késdbb europai teriiletekre (Ukrajna, Magyarorszag, Franciaorszag) is
telepitettek lovakat. Jelenleg mintegy 2500-3000 példany ¢l a vildgon, ezek dsszesen 12 egyed
leszarmazottjai.

A Hortobagyi Nemzeti Park vezetdsége 1997-ben dontott tigy, hogy egy olyan teriiletet
alakit ki, ahol nagytestli legeld allatok élnek ,.félvad” kortiilmények kozott minimalis ember
beavatkozas mellett. Ezért Przewalski lovakat €s rekonstrudlt 6stulkokat telepitettek be a 3000
hektaros, villanypasztorral kdrbekeritett, un. Pentezug teriiletre. A Hortobagyi Nemzeti Parkban
(mas teriiletekhez hasonloan) a lovak harem csapatokban élnek, ahol egy harem csddor
védelmezi a csapatot és hozza évekig hliséges kancak és csikoik élnek egylitt. Az un. agglegény
csapatban fiatal mének vagy kidregedett harem csédorok verddnek Ossze. A fiatal egyedek
mindig elhagyjak a csapatot: a kancék egy masik, nem kozel rokon mén altal vezetett csoporthoz
csatlakoznak, a mének pedig az agglegényekhez. A lovakat egyedileg ismerjiik fel csoportbeli
hovatartozasuk és egyedi bélyegeik alapjan Ezen feliil a lovakbol vett biopszia minta genetikai
elemzésével a sziil6k személye biztosan beazonosithato.
demografiai valtozasait vizsgaltam, a tobb évtizeden at gyijtott adatbazis alapjan. Abban
biztunk, hogy az atfogd tanulmdnyok elehetévé teszik a populaciora hatd folyamatok jobb
megértését és tampontot adhatnak az allomany kezelésében nemcsak itt Hortobagyon, hanem a
vilag mas tajain is. A négy tanulmanyban konkrét céljaim a kdvetkezdk voltak:

1. Az els6 tanulményban a pentezugi populacié szocidlis és demografiai valtozasait

kovettiik nyomon. Megvizsgaltuk, hogy az emberi és nem emberi eredetii jelenségek hogyan
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befolydsoljak a populacié ndvekedését, és meghataroztuk, hogyan valtoztak az alapvetd
genetikai jellemzdék populécios szinten.

2. A masodik a tanulményban célunk az volt, hogy meghatdrozzuk a Przewalski lovak
amikor a nagytestli flievok egyedstiriisége jelentdsen eltérd volt.

3. A harmadik a tanulméanyban célunk az volt, hogy megvizsgaljuk a csikdzas aranyat ¢és a

4. A negyedik tanulményban megvizsgaljuk, hogyan tiikrézi a finom 1éptékii mozgas a
szocialis strukturat ebben a Przewalski 16 populacidban.

A tanulmanyokbdl szarmazd eredmények alapjan megallapitottuk, hogy a pentezugi
vadlo populacidra mind a szocidlis mind a kérnyezeti faktorok hatassal voltak. A lovak szama
dinamikusan novekedett 1997 utan ¢€s az eleinte elkiiloniilt harem csapatok egy nagy ménest
alkotva mozogtak. A mozgasi mintazatok tiikrozték az allatok szociélis viszonyait és a ménesen
beliil ez alapjan jol elkiilonithetdek voltak a harem ¢és agglegény csapatok. Az allomany
novekedésének megfékezésére 2013-ban kezdddott a teriileten a mesterséges termékenység-
szabalyozas a Porcine zona pellucida (PZP) alkalmazésaval. Az egyedszam novekedésével
parhuzamosan csokkent a PZP-vel nem kezelt kancak ellési rataja és az elso ellés 3 éves korrol
4-5 évesre tolodott. A nagyobb allatlétszam hatadsara megvaltozott az lovak teriilethasznalata és
kondiciojuk is csokkent. Bizonyos id6jarasi jelenségek kombinalddasa (példaul hideg tél, kevés
Oszi csapadék a kancék els évében vagy ellés elott), az tovabb csokkenthette az ellési ratat.
2018-ban az elhullas jelentésen megndvekedett a korabbi évekhez képest az extrém hideg tavasz,
az el6z6 aszalyos évek, és a nagy allatlétszam (lovak és marhak) miatt. Azéta a lovak populécidja
ujra novekedésnek indult, de igyeksziink az eddigi tudast felhasznilni az &llomany
novekedésének visszafogasara.

A kutatdomunkak sordn a lovak demogréfiaval, szocialis viselkedésével kapcsolatban
harom altaldnos megfigyelést tettiink. (1) A vadon tartott nagytestii flievék allomanyanak
szabalyozasa adaptiv emberi beavatkozast igényel. (2) A lovak szocialis viselkedését és az
allomany demografiai jellemzdit szamos belsd és kiilsd tényezd egylittesen hatarozza meg. (3)
A lovak egyedi felismerése nagyon hatékony ¢€s hasznos eszkéz mind az allomany
szabdlyozdsban mind a kutatasban. Osszegzésképpen elmondhatjuk, hogy a kutatasaink
hozzajarultak a Przewalski lovak demografiajanak és szocialis viszonyainak jobb megértéséhez,

tovabba a nagytestli flievoekkel torténd teriiletkezelés hatékonysaganak noveléséhez.
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5.2. Summary in English

In this doctoral dissertation, I present my studies related to the Przewalski's horses (Equus
ferus przewalskii) living in the Hortobdgy. The species' ancestor is the prehistoric wild horse,
which gradually disappeared from Europe and most of Asia due to human expansion. In 1881,
Captain Nikolai Przewalski observed and described a wild horse population along the border of
Mongolia and China. Due to harsh weather conditions, military activities, and capture
expeditions, the species vanished from the wild, with the last sighting occurring in 1969. Thanks
to zoos and international cooperation, the species survived and began to reproduce, allowing for
its reintroduction into its original habitat. In 1985, individuals were taken to China, and in 1992
to Mongolia from zoos. Later, horses were also introduced to European regions (Ukraine,
Hungary and France). Currently, about 2,500-3,000 individuals exist worldwide, all descendants
of 13 individuals.

In 1997, the management of the Hortobagy National Park decided to create an area where
large grazing animals could live under "semi-wild" conditions with minimal human intervention.
As aresult, Przewalski’s horses and reconstructed aurochs were introduced to the 3,000-hectare,
electric-fenced area called Pentezug. In the Hortobagy National Park (as in other areas), the
horses live in harem groups, where a harem stallion protects the group, and mares and their foals
live together, remaining loyal to the stallion for years. In the so-called bachelor groups, young
stallions or former harem stallions band together. Young individuals always leave the group:
mares join another group led by an unrelated stallion, and stallions join the bachelors. We
recognize the horses individually based on their group affiliation and unique markings.
Additionally, by performing genetic analysis on biopsy samples taken from the horses, the
identity of the parents can be reliably determined.

In my doctoral dissertation, I examined various social and demographic changes within
the Przewalski horse population, based on a database collected over several decades. We hoped
that the comprehensive studies would enable a better understanding of the processes affecting
the population and provide guidance for managing the herd not only here in Hortobagy but also
in other parts of the world. In the four studies, my specific objectives were as follows:

1. In the first study, we tracked the social and demographic changes of the Pentezug
population. We examined how human and non-human factors influenced population

growth and identified how basic genetic characteristics changed at the population level.
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2. Inthe second study, our goal was to determine the differences in habitat use, activity, and
condition of the Przewalski horses during two different periods when the density of large
grazers varied significantly.

3. In the third study, our aim was to investigate the foaling rate and the condition of the
mares in relation to changing weather patterns and population density.

4. In the fourth study, we examined how fine-scale movements reflect the social structure
in this Przewalski horse population.

Based on the results of the studies, we determined that both social and environmental
factors affected the Pentezug wild horse population. The number of horses increased dynamically
after 1997, and initially distinct harem groups began to move as one large herd. Movement
patterns reflected the social relationships among the animals, and within the herd, the harem and
bachelor groups were clearly distinguishable. To control the population's growth, artificial
fertility regulation began in 2013 with the application of Porcine zona pellucida (PZP). As the
population grew, the foaling rate of mares not treated with PZP decreased, and the age of first
foaling shifted from 3 years to 4-5 years. The increase in the number of animals also affected
the horses' land use, and their condition declined. Certain weather phenomena (such as a cold
winter or low autumn rainfall during a mare's first year or before foaling) further reduced the
foaling rate. In 2018, mortality increased significantly compared to previous years due to an
exceptionally cold spring, previous drought years, and the high animal density (horses and
cattle). Since then, the horse population has started to grow again, but we are striving to use the
knowledge gained to curb the population's growth.

During our research, we made three general observations regarding the demography and
the social behavior of the horses. (1) The regulation of large grazing herbivore populations in the
absence of predators requires adaptive human intervention. (2) The social behavior of the horses
and the demographic characteristics of the population are influenced by a combination of internal
and external factors. (3) Individual recognition of the horses is an effective and useful tool for
both population management and research. In conclusion, our research has contributed to a better
understanding of the demography and social relationships of Przewalski’s horses and has

enhanced the effectiveness of managing areas with large grazing herbivores.
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Arﬂ't'!e history: The world population of Przewalski’s horses has recovered from very few survivors, and is
Received 23 February 2020 still categorized as “Endangered” in the IUCN Red List of Threatened Species. For this
Received in revised form 6 December 2020 reason, the maintenance of genetically valuable populations is highly important. The

Accepted 8 December 2020 3000 ha Pentezug Reserve in Hortobagy National Park, Hungary, was home to 270 Prze-

walski’s horses at the end of 2018, approximately 30% of the total European population. In
this study, we show the main changes in demographic, genetic, and social characteristics of
the population since the establishment of the reserve in 1997. The first years clearly
demonstrated that the steppe ecosystem and the wetlands in this area were ideal for the

Keywords:
Equus ferus przewalskii
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Harem

Home range population. We observed that the growing number of individuals affected the total number
Birth control of harems, but not the average size of the harems. Remarkably, a new phenomenon, herd
Fertility control formation, also appeared. The number of foals per year increased for 17 years (the zenith

was in 2014, N = 60 per year) then started to decrease due to both non-human factors (e.g.
delay in female fecundity and decreasing foaling rate) and human intervention (e.g.
immunocontraception treatment). The total number of horses peaked in 2017 (N = 328)
and in 2018 decreased (N = 276) due to decreasing foaling rate, exports, and a population
crash. The inbreeding coefficient increased slightly after 2012, while gene diversity sta-
bilized at a relatively high value. Today many individuals from this well-monitored pop-
ulation can be found in Russia and Mongolia. Collectively, understanding of the social
structure and mechanisms of population self-control in Przewalski's horses is improved by
our observations. From a population management point of view, our study highlights the
importance of human interventions for birth-control and interactions between Prze-
walski’s horse projects in different countries.
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1. Introduction

Przewalski's horses (Equus ferus przewalskii) were only discovered at the end of the 19th century and were extinct in the
wild, just 70 years after their discovery. Fortunately, several individuals were captured and transported to various zoological
gardens, making the survival of the taxon possible (Bouman and Bouman, 1994). All Przewalski's horses alive today are
descendants of only 12 wild-caught horses and another 2—4 domestic horses (Equus ferus caballus) mixed with the wild ones
in captivity (Der Sarkissian et al., 2015). After a significant increase in the number of captive animals, reintroduction projects
started in 1985 and 1992 in China and Mongolia, respectively (Wakefield et al., 2002; King, 2005; Walzer et al.,, 2012; Xia et al,,
2014).

Today the majority of Przewalski's horses live in Europe and Asia. There are 900 horses in European zoological gardens and
semi-wild populations (Ukraine, Russia, France, Hungary) (International Studbook of Przewalski's horses; Bakirova and
Zharkikh, 2019). Approximately 1360 horses live in breeding centers, under semi-wild conditions and in the wild in Asia
(Mongolia, China)(Jiang and Zong, 2019 regarding Chinese population and personal communications with Jaroslav Simek and
Dashpurev Tserendeleg regarding Mongolian population in 2019). In the United States, 120 horses live in zoological gardens
(personal communications with Amanda Faliano and Lee Boyd in 2019). The populations living in monitored semi-wild or
wild conditions are important not only for the conservation of the subspecies, but also for studying the social structure,
demography, and behavior of Przewalski's horses, which is essential for maintaining their successful reintroduction into the
wild.

Early studies on populations of Przewalski's horses in Mongolia and China revealed that their social structure resembles
feral horses (Equus ferus caballus) and plains zebras (Equus quagga) in many aspects (Klingel, 1969, 1974; Wakefield et al.,
2002; King 2005; Duncan, 1992). Przewalski's horses live in two types of social groups: harem groups and bachelor groups
(Klimov, 1988). Harem groups, the breeding units of horses, consist of a harem stallion, mares, and their predispersal
offspring. The single-sex bachelor groups consist of young males and former harem stallions. Przewalski's horses exhibit
female defense polygyny; harem stallions defend females from other stallions (Klimov, 1988). Youngsters always leave their
natal groups; young females join other harems around the age of 2—3 years and young males join a bachelor group. At the age
of 5-7 years, males may become strong enough to gain females and protect a harem from other stallions. Home ranges of
harems are reported to be slightly overlapping, but separated in Hustai National Park (King, 2002).

Populations of large grazers, which have been (re)established by humans in closed but otherwise adequate areas lacking
predators, require close monitoring and human interventions because they usually start to increase rapidly in numbers
(Caughley, 1981; Coulson et al., 2001; Forsyth and Caley, 2006). The growing number of individuals affects the environment
due to grazing pressure (Mysterud, 2006), resulting in decreasing vital rates (Gaillard et al., 1998, 2000). In some documented
cases of sheep and feral horses, the population size reached the area’s maximum carrying capacity and the population
collapsed, with a very high number of deaths, especially during extreme weather conditions (Milneret al., 1999; Scorolli et al.,
2006). To avoid overpopulation, and hence, possible massive losses, different methods of population management can be
introduced like culling, removals, or contraception (Nunez et al., 2016). When population growth is artificially limited, it is
important to plan which individuals are treated or removed from the population, to avoid inbreeding depression, to which
small isolated populations are particularly vulnerable (Keller and Waller, 2002).

In this article, we focus on population, demographic and behavioral changes, over the last 22 years, in the population of
Przewalski's horses at Pentezug Reserve, Hortobagy National Park (HNP), Hungary. The Pentezug Reserve was established in
1997 by HNP and Cologne Zoo to preserve open grasslands using semi-wild grazers with minimal human interference. To
reach this goal, reconstructed aurochs (a hardy breed of domestic cattle) and Przewalski's horses were introduced to create a
relatively diverse grazing community (Kerekes et al., 2019). Since the establishment of the reserve, both the Przewalski's
horse population and the cattle population successfully adapted to the new environment and grew rapidly. Currently, the
reserve is home to around 300 horses and 250 cattle. We describe the long-term (>20 years) demographic changes of the
horse population and the major changes in age distribution. We also show our methods and results on horse population
management and the possible effects on genetic diversity. Based on individual recognition, we show that while the harem
size seemed to be independent of the population size, changes in the harems’ home ranges were observed as the population
grew. We also report the annual changes of the cattle population kept in this area.

2. Materials and methods
2.1. Study area

The Pentezug Reserve (3000 ha) belongs to the core area of the HNP. The reserve is located in Eastern Hungary at
47°31'03.3”N 21°05'34.1”E. Based on pollen analysis and paleo-ecological research, the reserve and the surrounding areas
were grasslands well before human husbandry (app. 30,000 years ago). The area has a semiarid-continental four-season
climate; the average annual temperature and precipitation are 10 °C and 550 mm, respectively. The area is typical alkali
grassland with characteristic fescue grass species, such as Festuca pseudovina (Torok et al., 2012). The reserve is bordered by a
24.8 km long, 1.4 m high, 3 lined, New Zealand type electric fence. Notably, the fence inhibits the migration of large herbi-
vores, but does not isolate the area in other aspects. For instance, wild animals (e.g. rabbits, foxes, and deer) can easily cross
the fences. In the reserve, most human activities are prohibited to protect the open grassland habitat. Przewalski's horses are
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not given any surplus food or water and they are not medically treated. Their social structure is naturally formed; humans do
not interfere in mate choices. In 2004, a Wild Animal Park was established in Hortobagy-Malomhaza, with a special breeding
group of Przewalski’'s horses consisting of individuals genetically less represented in the Pentezug population.

2.2. Founder population

The originating herd at HNP consisted of 31 horses from different zoological gardens. Twenty-two of them were trans-
ported to Pentezug Reserve, 20 of them during the first 4 years of the project (1997—2001) and two others in 2007 (Appendix
Table A1 and A3).One horse died in the quarantine area in 1997 and never reached Pentezug. Eight horses were transported to
Malomhaza Wild Animal Park between 2004 and 2017 (Appendix Table A2 and A4). The founder individuals were selected by
the EEP (European Endangered Species Program) after a comprehensive genetic analysis to maximize population diversity.

2.3. DNA database and analyses

For DNA analysis, biopsy and hair samples are collected. Biopsy samples are taken using DanInject and PneuDart needles
and pneumatic rifles. The special biopsy needles fall off the animals soon after the shot and contain small tissue samples. Each
individual is first sampled at the age of one year to record DNA “fingerprints” and determine genetic parentage. At this time
foals are often close to their mothers and still in the natal group. Hair samples are taken from dead or tranquilized animals to
confirm identity. When mares change groups, stallions recruit new harems, or individuals die and their identities are
ambiguous, repeated DNA sampling can be used to determine the identity, using the DNA fingerprint database. The genetic
analyses are done by the Veterinary Laboratory at the University of California, Davis. The sampling and analyses are carried
out according to the rules and regulations of the Convention on International Trade in Endangered Species of Wild Fauna and
Flora (CITES).

The inbreeding coefficient and the gene diversity based on kinship matrix are calculated by PMX 1.0 software using the
pedigree database (Lacy et al,, 2012). Individuals are considered inbred when their parents shared ancestors (Keller and
Waller, 2002).

2.4. Individual recognition

Individual recognition of horses in Pentezug Reserve is managed by a combination of recording horse characteristics,
group membership, and DNA records. A large majority (app. 98% in 2018) of the horses are not branded or marked in any way.
Hence, group composition lists and a photo catalogue contribute to individual recognition and are critical for population
management. The area is usually visited two times a week by the staff of the Pentezug Reserve (1-2 people), who carefully
monitor the horse population. Horses are accustomed to people and one can approach the herd within 20—-50 m. Binoculars
and cameras are used to collect data and update the photo catalogue, which contains key information about individuals
(photos from different sides in both summer and winter coats, name, studbook number, parents, and characteristics,
including coloring, shoulder cross, leg stripes, and hair whorl position on the forehead). The photo catalogue is updated at
least twice a year. The group composition list contains the members of each harem group and is updated at least once a
month. Foals born in the same year are named with the same first letter, progressing yearly in alphabetic order. Thus, horse
names indicate the year of birth (horses born in 1998 were named with “A", the ones born in 1999 with “B", and so on).

The horse identification routine for updating the group composition list and photo catalogue of harem groups typically
contains the following steps. (1) We identify the harem group with the help of the latest group composition list and char-
acteristic individuals in the harem. There are approximately 20—30 individuals in the entire population (10%) that are unique
enough to be easily identified (due to features such as a white spot on the forehead or body, missing ear tips or other old
injuries that can be seen for a lifetime). Other features of the harem, such as the number of animals and foals, the ratio of
females and youngsters, the ratio of darker/lighter animals are helpful in harem identification. The characteristic individual
could change harems. In this case, we determine the identity of the new harem based on the previously mentioned char-
acteristics. (2) Once we have identified the harem, we start to identify the members. For this we use the latest group
composition list, containing information about the presumed members of the harem, and the photo catalogue. (3) The
observed versus the latest recorded member list of the given harem can be identical, or different (individuals left, joined). The
second case may indicate that the structure of other harem(s) has been changed, as well. Therefore, updating the group
composition lists of all harem groups within a short time is important to maintain consistency. (4) If a horse is missing from
the harem compared to the latest record, we remove its name from the list of members of the given harem and note that its
position is unknown on the day of observation. If there are surplus individuals relative to the last record, we take pictures and
record as much data as possible (sex, the position of hair whorl, stripes on the legs, etc.). In this way, we can distinguish the
individual(s) from other members of the harem. (5) For identifying an “extra” horse in a harem, we try to check all other
harem groups for a “missing” horse. If an “extra” and a “missing” horse match in all known features (e.g. gender, age, whorl,
shoulder cross, etc.), we modify the group composition list accordingly. If still uncertainty remains, we take a biopsy sample
and use the DNA fingerprint database to find out the identity of the given horse.

The routine horse identification for PZP treatment or transport typically contains the following steps. (1) We check which
harem the given horse belongs to with the help of the group composition list. (2) We determine the key features, which are
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useful in identifying the harem in the field (such as characteristic individuals, number of horses, etc.). (3) We screen horses
and harems in the field until we find the given harem. (4) We check whether the given individual is still a member of the
harem. If we cannot find the given horse in the harem, we update the entire group composition list. (5) We shoot the
identified individual with PZP or tranquilizer.

2.5. Temporary infertility using the PZP vaccine

As part of population control, we treat females in Pentezug Reserve with an immunocontraception vaccine from porcine
zona pellucida (PZP), which causes reversible infertility by preventing fertilization of the egg and/or affecting ovarian function
(Kirkpatrick and Turner, 1990, 2002; Turner et al., 2002). Vaccines are purchased from The Science and Conservation Center,
Billings, USA, since 2013. The vaccine consists of two parts: PZP and two types of adjuvant. Freud's Modified adjuvant (FMA) is
used for first inoculations (primer) and Freund’s Incomplete Adjuvant (FIA) is used for subsequent inoculations (booster). PZP
arrives in a powder form. After arrival, the PZP is dissolved in 0.5 ml distilled water and frozen immediately until use. The
adjuvantarrives in 10 ml bottles and is keptat 4 °C until use. When treating a horse, the PZP is mixed with 0.5 ml adjuvant and
shot into the horse. According to the recommendation of The Science and Conservation Center, we use 3 inoculations to reach
4-5 years of infertility. The first inoculation (primer) is shot in February—March (before the breeding season). The first
booster is given (in most cases, still before the breeding season) 4—-6 weeks after the primer. In the next year (app. 13-15
months after the primer), a second booster is given.

The treatment does not affect the estrous cycle (Liu et al., 1989), therefore, mares show normal sexual behavior. However,
the treatment can extend the breeding season and females who receive contraception may leave their original harem,
affecting the stability of harem structures (Nunez, 2009). The selection of individuals for treatment by the project manager is
based on recommendations from the EEP coordinator, according to genotypes, phenotypes, fitness, such as the number of
surviving foals, inbreeding coefficient, and mean kinship, which is calculated from the pedigree database. In the first 2 years
after introducing PZP-treatment, females with high values for all three categories were selected. Beginning with the third
year, predominantly 2-year-old individuals were treated to delay the first foaling. Young females with low kinship or
inbreeding values were left untreated.

2.6. Data collection in the field

Every event and related information concerning individuals are recorded, including birth dates, paternal and maternal
data (later on these data are confirmed by genetics), details of exports and imports, time of PZP treatment, and time and cause
of deaths, which can be non-human induced or human-induced (culling). Animals for PZP treatment and culling are selected
by the EEP coordinator and HNP staff together, taking into consideration genetics and population management. Culling (death
by gunshot) is performed in the field by a professional hunter. This method eliminates horses that are extremely weak or have
a serious or chronic injury or genetic problems, but culling is only rarely used in the reserve. Before culling, individual
permission for each culled horse is required from local authorities (Environmental Office of Hajdu-Bihar County, Hungary),
where all of our horses are registered. The body is always transported out of the reserve and, after medical examination, the
remains are fed to wolves and vultures at the Malomhaza Wild Animal Park. Later, the bones are collected by the staff at
Malomhaza and transported by ATEV Zrt, a company responsible for eliminating animal products (such as carcasses).

The harem group composition list is usually updated monthly but the individual recognition of bachelors became chal-
lenging with their growing number. Consequently, the number of bachelors, which represents approximately 20% of the
horses in the reserve, is an estimated number since 2008. In 2019, we managed to identify bachelors again with the help of
repeated DNA sampling. Based on the deaths, studbook records, and genetic data, we concluded that the difference between
the estimated number and the actual number of bachelors is not more than 9%.

Location sites (latitude and longitude) of harem groups were collected all year round in 2001 and from October 2013 to July
2014 to compare home ranges of harems in two distinct periods. The observer marked the approximate location of the group
on the vegetation map of Pentezug and the coordinates were later collected from Google Maps. In 2001, three harem groups
and one bachelor group existed in total, but one of these harem groups was only formed in October 2001. Coordinates were
collected 3—5 times per month. Between October 2013 and July 2014, a total of 27 harem groups and a few bachelor groups
existed. Seventeen harem groups existed continuously through the whole observation period (2013—-2014) and 8 harem
groups existed only for a shorter time range (Appendix Table A5). Coordinates were collected 1-2 times per month. In the
later period, the harem groups generally were very close to each other (50—-300 m). Thus, we recorded the same coordinates
for the harems closer than 300 m from each other.

2.7. Cattle population

The presence and especially the size of the cattle population in the reserve is an important factor affecting the environ-
ment (e.g. food availability) and, thus, the horse population, although other aspects (e.g. social structure of cattle) are out of
the scope of this study. Cattle are marked with ear tags at 2—5 days of age. All individuals are captured once a year for
veterinary examination. At this time, the cattle are individually recognized with the help of the ear tag, their numbers are
recorded, and the missing animals are noted as dead. If necessary, captured cattle are transported outside the reserve to
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reduce their number. The demographic data of the cattle were analyzed similar to the demographic data of the horses (see
section 2.9).

2.8. Analysis of foaling rates and the effect of PZP treatment

Females were considered as “PZP-treated” only from the year following the start of the treatment, because the treatment is
not effective in the first year, as the female may be already pregnant or the breeding season has passed. We investigated the
effect of PZP treatment on foaling rate by fitting a generalized linear mixed-effect model (GLMM) with binary error distri-
bution (Ime4 package of R, Bates et al., 2015). In the model the dependent variable was whether a given female has a foal in a
given year or not, the fixed effects were the year, the age of the female and whether she was treated with PZP or not. As
exploratory analyses suggested non-linear effect of age, we also included squared age into the analyses as fixed effect. In-
teractions between treatment and year and between treatment and age (both linear and squared) were also included. We
entered horse IDs as random effect. After fitting the model specified above we sequentially removed non-significant in-
teractions. We compared treated and untreated females by using the emmeans package of R (Lenth, 2020). We further
investigated the effects of PZP treatment on post-treatment fertility in treated mares by fitting a GLMM with binary error
distribution. Here, the dependent variable was if a given mare has a foal in a given year or not. The fixed effects were the zero
centered year, zero centered age, the time elapsed from finishing PZP treatment (year after treatment), and how many years
the mare received treatment (length of treatment). We entered mare IDs as a random effect in the model. Foaling rates in
different years were expressed as the ratio of the number of foals vs. adult females in the given category (e.g. non-treated and
PZP-treated).

To investigate the non-human induced effects on foaling rate, we examined the age at first foaling in non-treated females
over time. Given the non-normal distribution of the data, we used quasi-Poisson generalized linear model (GLM) tests to
evaluate whether the age of females at first foaling differs significantly over time. To determine the relationships between
foaling rate of non-treated females and population size, we fitted a GLMM with binomial error distribution. The response
variable was whether a given female foaled or not in a given year, while the explanatory variable was the population size in
the given year. As exploratory analysis indicated a nonlinear relationship between foaling rate and population size, we also
included the quadratic of population size into the model (poly function in R). Females' ID was included as random effect.
Similar analyses were run between foaling rate and year and foaling rate and age of females.

2.9. Analysis of demographic data

For population demography analyses, we counted the total number of individuals, events of birth and death and its causes,
and exports and imports at the end of each year. The growth rate of the population was calculated as follows: (number of foals
plus imported animals in the given year) minus (number of dead and exported animals in the given year) divided by the total
number of individuals in the previous year. The age distribution was calculated separately for males and females using one-
year intervals based on the collected data at the end of the year. Females that were 2 or more years old were considered adults,
because they are sexually mature and able to produce foals (Tatin et al., 2009). One-year-old horses were considered juveniles
and younger horses were considered foals (Tatin et al., 2009).

To analyze mortality during the examined period (1997—2018), we collected the number of horses alive at the beginning of
a given year and the number that died during that year for each sex and in each year. Because the year 2018 had an extreme
mortality level across all age classes, we excluded this year’s data from certain analyses. We fitted a GLM with binomial error
distribution to these numbers. All of our candidate explanatory variables (i.e. year, number of horses, age) were highly inter-
correlated (all r > 0.7). Thus, to avoid problems of collinearity, we analyzed their effects separately, with sex, the given
candidate variable, and their interaction entered as explanatory terms in these models. In the case of mortality, exploratory
analyses indicated that the effect of these candidate variables might be curvilinear. Therefore, we also entered their squared
terms into the models (poly-function in R). In the case of juvenile mortality, neither the interactions (all p > 0.49) nor the sex
(all p > 0.15) had any significant effect in these models; thus, we only report the results on the candidate variables. We
analyzed whether PZP treatment had any effect on mortality in adult females in 2018 with GLM.

We collected archive temperature and precipitation data (between 2013 and 2018) from the closest meteorological station
(Debrecen, located 40 km from the reserve) from the web page of the Hungarian Meteorological Services (OMSZ) (https://
www.met.hu/eghajlat/magyarorszag_eghajlata/eghajlati_adatsorok/Debrecen/adatok/napi_adatok/index.php).

2.10. Analyses of harem sizes and home ranges

To investigate changes in the number and the size of harems over the years in Pentezug, we counted the number of horses
(all individuals, adults, juveniles, foals) in each harem in each year and calculated the average harem size by year. We fitted a
GLMM in R with Poisson error distribution to these counts with year (centered to zero) as a fixed effect and harem ID as a
random effect with random intercept and random slope with year (centered to zero). Data visualization was carried out using
GraphPad Prism software.

Home ranges were calculated using 100% Minimum Convex Polygons (MCPs) and visualized together with the locations on
the Pentezug Reserve map using Q-GIS and its Concave Hull plugin (https://planet.qgis.org/plugins/concavehull/). The home
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range overlap of harem i with the harem j was calculated as Oi,j = Ii,j/Ai, where Ii,j is the area of the intersection between the
two home ranges and Ai is the area of harem i's home range, resulting in an asymmetrical overlap matrix. Overlaps were
calculated only for coexisting harems; harems existing only for a short period (one sample day) were excluded from analyses.

2.11. Aerial photo

The aerial photo was taken with a GoPro Hero 3 Black camera mounted on a flying helium-filled balloon and stabilized
with remote-controllable gimbal, on the morning of July 6, 2014 in the Pentezug Reserve. The observers were standing cca.
50 m from the edge of the herd. The camera recorded video at 3840 x 2160 pixel resolution and 12.5 fps, and the image was
exported using ffmpeg (https://ffmpeg.org). Positions of horses were marked by Image] (https://imagej.nih.gov/ij/). Harems
and bachelor groups were determined based on the coherent movement of the group members over several minutes, and
were identified with the help of group composition lists by matching the list of group members with the visible features
(body size and colour) of horses in the groups.

3. Results
3.1. Population size and age distribution

Since the initiation of the project, the Przewalski's horse population in Pentezug grew rapidly from 22 founder horses
(arrived between 1997 and 2007) to 329 individuals in 2017. By the end of 2018, the number decreased to 267 (Fig. 1A) due to
various reasons (for details see section 3.4.). Forty-seven cattle founders continuously arrived at Pentezug Reserve between
1999 and 2015. Similar to the horses, the number of cattle peaked in 2017, when there were 580 individuals (Fig. 1A).

Although the vast majority of horses in the population were born in Pentezug, some horses originated from various
zoological gardens or the Malomhaza Wild Animal Park. Founder horses bornin captivity formed the majority of the Pentezug
population from 1997 to 2000. In 2000, horses born in Pentezug outnumbered the founders. In 2018, there was only one horse
born abroad. Malomhaza, which is located 2 km from Pentezug, is home to a smaller horse population (20 individuals). Since
2004, the horses imported from abroad are released in Malomhaza, not in Pentezug, to increase the chance of reproduction
and survival of foals.

The age distribution in Pentezug Reserve was biased to adults in the first years because predominantly adult horses were
imported to the area (Fig. 1B). For many years, a prominent “gap” in the age distribution existed between the adult horses
imported from zoological gardens and their foals. As founder horses aged out and the population enlarged, the “gap” almost
completely closed. The current distribution is shaped like a pyramid, which is typical for young and growing populations
(Fig. 1B). Regarding the gender distribution of the founders, there was a bias towards females (9 males vs. 14 females), because
the founder population consisted of mainly harem groups. With the growing population, the difference between the number
of males and females quickly disappeared. The birth-sex ratio of males to females was 1:0.99 (274 males vs. 272 females;
statistically not different from 1:1, %%, = 0.007, p = 0.932) in horses born between 1998 and 2018. At the end of 2018, the ratio
of males to females was 1:1.05 (130 males vs. 137 females; statistically not different from 1:1, %%, = 0.184, p = 0.668).

3.2. Population dynamics

In the 22 years of the project, there were large differences in the effects of non-human induced (births and deaths) and
human-induced (imports, exports, and culling) factors on the number of animals. To facilitate the presentation of our results,
we divided the study period into four intervals. The first period (1997-2001) was dominated by imports (n = 20) and
relatively few foals were born (mean number of newborn foals + SD per year: 3.20 + 3.11). Deaths were predominantly
imported animals (6 of the 7 death cases were of imported horses) in this period. In the second period (2002-2010), the
number of births increased substantially (mean number of newborn foals + SD per year: 18.56 + 8.37), because more females
reached maturity. The number of deaths was minimal (mean number of total deaths + SD per year: 4.44 + 2.60 vs. mean
number of non-human induced deaths +SD per year: 4.33 + 2.45 individuals per year) and the number of transported animals
was negligible in this second period. In the third period (2011-2015), the number of foals peaked (mean number of newborn
foals + SD per year: 52.80 + 6.61). The number of deaths was much higher than in previous years, partly because of increased
culling (mean number of total deaths + SD per year: 19.40 + 4.39 vs. the mean number of non-human induced deaths +SD per
year: 15.80 + 2.59). In this period, we also started to export horses (n = 20) and introduced contraception treatment. In the
fourth period (2016—2018), three factors affected the population. First, a large number of individuals (n = 36) were exported
to a reintroduction area located in the Orenburg Reserve, Russia. Second, due to the PZP treatment, which was introduced in
2013, the number of foals started to decrease (for details see section 3.3). Last, there was a massive loss in 2018, when 90
individuals died and another 8 were culled (Fig. 1C and D).

The net effects of these non-human induced and human-induced events can be seen in the population growth rate
(Fig. 1E). After peaking in 2001 (0.47), the population growth shows a moderate decreasing trend, which was still above
0 until 2017. The only year when the population decreased was in 2018 (growth rate: 0.18). The negative population growth
rate was predominantly the consequence of the massive loss (see section 3.4).
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3.3. Foaling rate and PZP treatment

The number of adult females (2 or more years old) constantly increased since the establishment of the project (Fig. 2A).
The number of foals also grew, roughly following the number of females in the first 15 years. This continued growth rate
would have been unsustainable for the resources at Pentezug, therefore HNP and EEP decided in 2013 that reversible
contraception (PZP) should be implemented. We treated 77 animals between 2013 and 2017 in different age groups (Table A9)
and the number of treated animals grew every year (Fig. 2B). The foaling rate of non-treated females was always higher than
that of the treated ones between 2014 and 2018 (Table AG). The most successful year of the treatment was 2016 when only 8%
of treated horses gave birth (Fig. 2C). PZP treatment significantly decreased foaling rate (GLMM: 0469 vs. 0.232, z = 4.189,
p < 0.0001). As a result, the number of foals started to decrease in 2015 (Fig. 2A). Neither the time elapsed from finishing PZP
treatment (GLMM: B = 0.077,z = 0.178, p = 0.859) nor the length of treatment (GLMM: = —~0.045, z = —0.078, p = 0.938)
affected foaling rate significantly among treated females. Age did not have an effect on foaling rates in treated females
(GLMM: linear term, p = —0.015, z = ~0.210, p = 0.8340; quadratic term, = 0.006, z = 0.498, p = 0.6185).

An analysis of various attributes of reproduction revealed that non-human induced phenomena, such as a delay in female
fecundity or decreased foaling rate in non-treated females, may have also contributed to the decreased number of foals
(Fig. 2D and E). We observed the first foaling age in 95 females between 2001 and 2018. We found that the age at first foaling
increased significantly over time (quasipoisson GLM, B = 0.057, t = 4.315, p < 0.001). Between 2001 and 2009, females
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typically produced foals for the first time at the age of 2—3 years. However, between 2010 and 2018, the age at first foaling was
delayed to 3—5 years (Figs. 2D) and 67.5% of females produced foals for the first time at the age of 3 during this period.

Another phenomenon that contributed to the decreased number of foals was the reduced foaling rate among non-treated
females when the population size was high (Fig. 2E). Population size has a clear nonlinear effect on foaling rate (GLMM with
binomial error, quadratic term: f = —7.207, z= —3.138, p < 0.002). The linear term was non-significant (GLMM with binomial
error, linear term: p = —~4.952, z = —-1.890, p = 0.059). This suggests that foaling rate is density dependent above a certain
density. The finding that the linear term was not significant may suggest that an Alee effect may also work here. Note,
however, that we obtained a similar relationship between foaling rate and year (GLMM with binomial error, quadratic term:
B=-12.218,z= -5.279, p< 0.001; linear term: f = —5.628, z = —2.245, p = 0.025). Because of the strong correlation between
population size and year (as we have a growing population) we cannot clearly separate the effect of population size from that
of years.

In non-treated females, foaling rate first increased then decreased with age (GLMM: linear term, B = 0.426, z = 8.406,
p <0.0001; quadratic term, B = —0.045, z = —-7.839, p < 0.0001). Interestingly foaling rate decreased significantly with year at
the same rate in treated and untreated females (GLMM: B = —0.566, z = —6.359, p < 0.0001).

3.4. Mortality rate

The total number of deaths was 272 between 1997 and 2018 (Fig. 3A). In 45% of all deaths, the carcasses were found and the
cause of death was determined by the staff or veterinarian. The carcass was found but the cause of death could not be
determined in 13% of the cases, mainly because sampling was not feasible from the carcass. In other cases (42%), the carcasses
were not found, but these horses had not been seen for a long time and, therefore, were noted as dead. In cases where the
cause of death could be determined, the most frequent causes were accident/injury, shot, and weakness (Fig. 3A). When we
examined the overall mortality rate in Pentezug Reserve (excluding the year 2018), we found that neither year (GLM,
%% =1.377,df = 2, p = 0.502) nor number of horses (GLM, 7> = 2.364, df = 2, p = 0.307) had a significant effect on the death
rate. On the other hand, age had a curved relationship with mortality dependent on sex (GLM, age x sex interaction,
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7(_2 =21.998, df = 2, p <0.0001). Mortality first decreased with age then increased. In most age classes, mortality in males was
higher than in females (Fig. 3B). We related the mortality rate of juveniles to year, population growth, and increasing
inbreeding coefficient. As the fits of separate models indicate, juvenile mortality was significantly affected by all of our
candidate explanatory variables (GLM, year: B = 0.131, 72 = 4.228, df = 1, p = 0.040; number of horses: p = 0.006, 72 = 4.973,
df =1, p = 0.026; level of inbreeding: f = 194.34, XZ = 6.460, df = 1, p = 0.011). Note, however, that their effects, because of the
high level of collinearity among them, cannot be separated. So, during the years in Pentezug, both the number of horses and
the level of inbreeding tended to increase, which covary with juvenile mortality.

In 2018, the mortality rate was much higher compared to previous years and 26.6% of the population died. If we analyze
mortality for 2018, we find that the probability of mortality decreased then increased with age and the non-linear effect was
highly significant (GLMM: B = 14.319, z = 4.118, p < 0.0001), similar to the phenomena in previous years. However, sex did not
have an effect on mortality in 2018 (GLMM: = —0.070, z = —0.269, p = 0.788); there were 50 males and 47 females (and one
unknown). The largest mortality rate was observed among juveniles (50% of this group died) and adult horses older than 20
years (100% died) (Table A8). When we compared the mortality of PZP treated and non-treated females, we found that PZP
treatment tended to decrease mortality (GLMM: p = ~0.792, z = —1.794, p = 0.0728).

The most obvious reason behind the massive loss in 2018 was the extreme cold weather in March coupled with heavy
snowfall (Fig. 3C). Consequently, the whole area was covered with snow for several days and the horses had limited access to
grass. Moreover, in the previous years, there was a drought and the population of horses and cattle had grown (Fig. 1A, Table
A7) leading to poorer quality and quantity of food. We assume that the combination of these factors together caused the
massive loss in 2018.

3.5. Population genetics

The mean inbreeding coefficient of all horses in Pentezug Reserve shows a slightly increasing trend in parallel with the
growing number of animals, reaching its highest value in 2018 (F = 0.176) (Fig. 4A). Based on studbook data, the gene diversity
values increased from 0.746 to 0.795, in the period 1998—-2005 when the majority of imported animals arrived. The gene
diversity reached the highest value in 2011 (0.804). Since then, the gene diversity values stabilized at approximately 0.800
(Fig. 4B). These data collectively suggest that, although the inbreeding coefficient is increasing, gene diversity has stabilized at
a relatively high value.
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3.6. Changes in the social structure

Most of the horses imported in 1997 and 1998 arrived as harem groups (in total 3 harems with 12 horses). Ten horses
arrived in pairs or alone between 1998 and 2007. The imported young males formed a bachelor group (Klimov, 1988). The
analysis of harems revealed that the number of harems increased together with the number of individuals in Pentezug
Reserve (Pearson correlation r = 0.981, p < 0.001, n = 22; Fig. 5A). Over the years, the number of harems continuously grew
until 2010 and there was an increasing trend since 2010. The peak of both the number of harems and the entire population
was in 2017, when 30 harems and 329 individuals were observed in the area. The average harem size did not change
significantly with the growing population (GLMM with Poisson error: § = 0.01372, z = 1.146, p = 0.252; Fig. 5B).

We found that the ratio of population size and the harem number was 10.0 + 0.8 in Pentezug Reserve, which was very close
to the ratios in other areas (data from Xia et al., 2014 and oral communications by Jaroslav Simek regarding Gobi B and
Dashpurev Tserendeleg regarding Hustai Nuruu in 2019) (Table 1). Of note, the population size includes bachelors, while the
harem groups do not. Therefore, the average number of horses in the harems is lower than the ratio of the population size and
the number of harems.

Harems of Przewalski's horses have been shown to have separate home ranges (King, 2002). We observed the same
phenomenon in Pentezug at the beginning of the project (in 2001), when harem group (n = 3) home ranges were not
overlapping (Fig. 5C). In 2014, the average overlap of home ranges of all harems (n = 25) was very high, 69% (Fig. 5C). Horses
used 29% and 81% of the available area in 2001 and 2014, respectively. Interestingly, in 2001 the bachelor group also used a
separate home range, which did not overlap with the harem groups. In 2014, bachelors were not recognized individually;
thus, their home ranges were not recorded. However, bachelor groups were generally observed on the periphery but close to
the harem groups (Fig. 5D).

4. Discussion

The HNP successfully established a semi-reserve for Przewalski’s horses more than 20 years ago. The steppe ecosystem and
the wetlands have provided sufficient food and water for the growing population and the fenced area prohibited unwanted
hybridization with local domestic horses (Kerekes et al., 2019). The continuous monitoring of these horses and analysis of the
data revealed interesting changes in demographic, genetic, and social characteristics of this population.
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4.1. Demographic changes

After the first few years of the project, the population grew rapidly, similar to other equid populations introduced to closed
areas without apex predators (Grange et al., 2009; Tatin et al., 2009; Scorolli and Cazorla, 2010). To control this rapid growth,
the HNP and EEP decided to use three different methods, including exporting, culling, and contraception treatment. Each
method has advantages and limitations (Nunez et al., 2016). Exports are the most reasonable solution for an endangered
species and very useful to decrease population size. Thus, whenever export was an available option, we exported animals to
various zoological gardens and reintroduction areas. However, transports are very costly and can be dangerous for animals. In
addition, finding places that can accept new individuals is difficult. Culling is used to eliminate injured or weak animals or
animals with genetic disorders (such as fox gene carrier or born with abnormality). Culling is also used to eliminate animals
with chronic injuries (such as lameness, teeth problem, etc.), especially if it already had many offspring. Culling helps reduce
the number of horses inexpensively and effectively. However, using culling as a tool to limit population size, results in the
elimination of healthy animals and raises serious ethical and animal welfare concerns. The third possibility for population
control is immunocontraception with PZP. The advantages of PZP treatment are the reversibility and the ability to treat many
individuals simultaneously. Our observation suggests that PZP had minimal or no effect on the health of the treated females
and all adult age groups can be treated effectively. Thus, PZP-treatment is an efficient way to control the reproduction of
females and in this way the size of the entire population. We observed that some of the treated horses returned to fertility
after treatment but the majority of the treated horses are still on the period of induced infertility or could not give birth
because of other reasons. Since we started birth control treatment in 2013 and the infertility period is 4—5 years, we cannot
fully evaluate the percentage of treated females that returned to fertility at this time. We also cannot address how the cir-
cumstances of the treatment (the length or the number of repetitions) affect the return of fertility. In the future, after the
accumulation of more data, these questions can be addressed. Immunocontraception, however, also has several limitations.
PZP treatment is labor-intensive and requires individual recognition, which can be challenging in large populations (Hobbs
et al., 2000). Another drawback is that PZP can alter behavior. Observations suggest that effectively treated females tend to
change harem groups more often than non-treated ones, however, we did not perform systematic analyses on this aspect of

n
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Table 1
Population size, number of harem groups, and their ratios for different populations of Przewalski's horses.

Hustai National Park Gobi-B Kalamaili National Park Pentezug Reserve 2016 Pentezug Reserve 2017 Pentezug Reserve 2018

Population size 382 277 127 315 329 267
Number of harems 35 25 13 29 30 29
Ratio 109 111 9.8 109 109 9.2

PZP treated versus non-treated females. Therefore, we cannot claim a significant difference. Nevertheless, our anecdotal
observations are consistent with previous studies on feral horses. Feral horse mares receiving PZP change harem groups more
often than non-treated ones, which can affect the harem structure, suggesting that treatment should be used carefully
(Nunez, 2009; Nunez et al., 2009).

In parallel with human-induced population control, we observed that self-controlling processes also affect population
growth. Delayed first reproduction, decreased fecundity, and increased juvenile mortality were observed in the last 5 years as
population size was at its maximum. Our results suggest that these processes can be density-dependent, similar to other
studies in Przewalski's horses (Tatin et al., 2009), other equids (Grange et al., 2009) and large mammals (Fowler, 1987). Note,
however, that because of the strong correlations among years, population size and age of horses we cannot eliminate the
possibility that the detected density dependence is not confounded by these other factors. In our study, the mortality rate of
the whole population was not density-dependent, but it was affected by sex and age. Similar to feral horses on other areas
(Garrott and Taylor, 1990) males usually do not live longer than 15 years in the reserve, probably due to the continuous stress
of fighting of harem stallions. Younger age groups can be more sensitive to environmental changes, juveniles (one-year-old)
having much less fat deposits can be more sensitive to long winters or poor food resources.

The only massive loss (26.6%) in Pentezug Reserve was observed in 2018. Similar massive losses of Przewalski's horses and
feral horses have been documented in other areas. Kaczensky et al. (2011) observed population crash among Przewalski's
horses in Gobi B National Park in the winter of 2009/2010, when a severe winter (“dzud”) caused the death of 64% of the
population of 138 horses. Scorolli et al. (2006) observed a similar phenomenon in Argentina in 2002, when 29.7% of the 650
feral horse population died within 2 days due to a heavy rainstorm. Stochastic environmental conditions and population
density have a major effect on population dynamics in ungulates when living in predator-free circumstances (Saether, 1997).
In our case, the combination of a very cold spring (snow and 15 °C below zero) in March 2018, limited food resources, caused
by the drought in 2016—2017 and the large number of both cattle and horses (Appendix Table A7) led to this massive loss.
After 2018 our population increased to 290 individuals (July 2020). Therefore, population control is still among the most
important task.

4.2. Genetic characteristics

The careful selection of Przewalski's horses for breeding has been and is a critical issue (Der Sarkissian et al., 2015). The
founders of the HNP population were selected by considering their genetic background and pedigree. Furthermore, the
different genetic characteristics of this population in HNP were monitored carefully from the beginning of the project. In our
study, we focused on two features of population genetics: gene diversity and inbreeding. Analyses of annual changes revealed
that the gene diversity stabilized at a relatively high level, meaning that many individuals more or less equally contribute to
the genome of the population. The reasons behind this high gene diversity may be the natal dispersal and active changes in
the positions of harem stallions. This phenomenon was enforced by artificial interference, when we temporarily excluded
females with more offspring from breeding, with the help of immunocontraception. In contrast, the growing value of the
inbreeding coefficient might suggest that the population is endangered. Among inbred animals, juvenile mortality can be
high (Ralls et al., 1988) and harmful genes or gene combinations may accumulate (Lacy, 1993). These processes can be critical
in the case of small populations. To our knowledge, mean inbreeding coefficients have not been published for the Mongolian
and Chinese Przewalski's horse populations and there has been little evidence of harmful inbreeding in Przewalski's horses.
However, a negative correlation between fecundity and inbreeding coefficient has been demonstrated in the captive Prague
population: two groups with different inbreeding coefficient values (up to 0.07 and 0.59) had different fecundities: 0.8 and 0.4
foals/mare, respectively (Bouman, 1977). Notably, our latest inbreeding coefficient value (0.176) is substantially lower than in
the above highly inbred population with problematic infertility. However, we intend to slow down the growing inbreeding
coefficient. One possible way to do this is to introduce new, unrelated individuals, possibly from rarer bloodlines compared to
Pentezug. Our current plan is to keep a special breeding group at Malomhaza Wild Animal Park and transport young offspring
to Pentezug Reserve. We may also obtain imports from abroad in the near future. These observations highlight the importance
of close cooperation with other holders of Przewalski's horses and the necessity of exchanging animals.

4.3. Harem structure
During the last 22 years, we observed remarkable changes in the demography of the Przewalski’s horses in the area. We
were curious whether certain characteristics of social structure also changed in parallel with increases in the size and density

of the population. Remarkably, we observed that the growing number of individuals affected the total number of harems, but
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not their average size. Horses are highly social individuals, their social bonds inside the harems are very strong and their
behavior and activity are highly synchronized within a harem (Boyd et al., 1988). However, the number of these possible
bonds and the number of females a harem stallion can protect are limited. The multi-male harems structure, which is
common among feral horses (Rubenstein, 1981), is extremely rare in Pentezug Reserve; they were observed only twice be-
tween 1997 and 2018. Based on our observations and international data on Przewalski’s horse populations concerning harem
numbers and sizes, we assume there is an optimal range of harem size, which seems to be independent of area and population
size.

The previously described separated home range structure (King, 2002) was only observed in the early years of the project.
Later, both harem and bachelor groups synchronized their movement and activity and separate home ranges disappeared.
The whole population eventually formed a large herd moving together all year round, using almost the entire available area.
Of note, some harems, mainly the newly formed ones, sometimes stayed isolated, keeping a large distance from the united
herd. The reason for the large herd phenomenon and the manner in which animals interact is unknown, but is likely due to
environmental (limited area, abundant food, and water supply) and social factors (long term social relationships and genetic
relatedness). Interestingly, bachelor groups seemed to stay on the periphery of the large herd. Thus, the large herd formation
may be a good defense strategy against bachelors. Very similar social structures can be observed in feral horses in different
countries (Duncan, 1992; Berger, 1986) and plain zebras in Africa (Rubenstein and Hack, 2004; Klingel, 1969).

5. Conclusions

We demonstrated that the Pentezug Reserve is an adequate area for Przewalski's horses. To avoid overpopulation in the
area, human interventions (birth control, transport, etc.) are essential. Monitoring the genetic values at the population level is
also important, because changes in these characteristics indicate the necessity for human interventions. Our results show that
exchanging individuals among projects is also very important, even if the project is successful in terms of increasing numbers.
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A founder population of Przewalski’s horses (Equus ferus przewalskii) was set free in a semi-reserve called
Pentezug in the Hortobagy National Park (Hungary) in 1997. Beside the Przewalski’s horses reconstructed
aurochs (Bos taurus taurus) were bred as well in the 24.5-km? large area. Both species reproduced successfully
in this steppe reserve, which was once the homeland of their distant ancestors. The number of large grazers has
grown so quickly that different strategies of population control had to be implemented for reconstructed aurochs
and horses in 2007 and 2013, respectively. The activity, habitat use, and body condition of Przewalski’s horses
were monitored regularly throughout the 22 years. We detected seasonal changes in the activity of the horses but
the proportions of the main activity types were similar in two distant time periods. In contrast, habitat use and
body condition scores for the horses showed remarkable differences between early vs. late years of the project,
implying that horses were forced to use non-preferable areas and their condition was worsened n parallel with
the increased population density of the large grazers. During the cold spring in 2018, there was a massive loss
of both horses and cattle. These observations suggest that limited food sources could lead to changes in habitat
use and/or worse body condition and a greater death rate in extreme weather conditions. In summary. strict birth
control measures must be implemented in dense Przewalski’s horse populations, and the habitat use and body
conditions must be monitored to balance the population size and carrying capacity of the areas.

Key words: Bos faurus taurus, carrying capacity, Equus ferus przewalskii, large grazers, population control,
Pentezug Reserve, reconstructed aurochs, semi-reserve

Introduction

In the Holocene period, wild horses (Equus
ferus Boddaert, 1785) inhabited both Europe and
Asia (Vords, 1987). Their descendant subspe-
cies disappeared from the wild, first in Europe
and then in Asia in the 1960s (Sommer et al.,
2011). Fortunately, Przewalski’s horses (Equus
ferus przewalskii Poliakov, 1881), a Mongolian
subspecies, survived in captivity and their de-
scendants can be found in zoos and in the wild
again due to various projects (Bouman & Bou-
man, 1994). Reintroduction projects were start-
ed in China (Xinjiang Wild Horse Breeding Cen-
tre and Kalamaili Mountain National Park) and
Mongolia (Khustain Nuruu National Park and
Great Gob:i B Strictly Protected Area) in 1985
and 1991, respectively (Wakefield et al., 2002;
King, 2005; Walzeretal., 2012; Xiaetal , 2014).

31

Besides the reintroduction projects in Mongo-
lia and China, many closed natural conservation
areas are home to Przewalski’s horses all over the
world. The herd in the Pentezug Reserve (Horto-
bagyi National Park, Hungary) represents the larg-
est population of Przewalski’s horses in Europe.
The project. which was started in 1997, was co-
ordinated, supervised, and financed by the Horto-
bagy National Park (hereinafter HNP) and the Co-
logne Zoo (Germany). Horses and a hardy breed
of domestic cattle (Bos taurus Linnaeus, 1758),
called Heck cattle or reconstructed aurochs, were
kept together in the area surrounded by an elec-
tric fence. The Heck cattle, which have been used
for landscape management in several other regions
in Europe (Lorimer & Dressen, 2013) are pheno-
typically similar to the extinct aurochs (Bos taurus
primigenius Bojanus, 1827), which once inhabited
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the Hunganan Steppe. The aim of this project was
to create an alternative grazing ecosystem with
minimal human intervention compared to graz-
ing livestock. The Pentezug Reserve is part of the
steppe vegetation of HNP and provides adequate
grass species and water supply (marshes and ca-
nals) for large grazers. However, apex predators of
large herbivores are missing.

Equidae have a cecal digestion system (Janis,
1976), which means that the food goes through
their digestion system quickly and they can live on
vegetation with low nutritional content. As a con-
sequence, horses choose habitats based on a green
plant content (Duncan, 1983; King, 2002) and have
to graze more in winter when the nutritional content
of vegetation 1s lower (Boyd & Bandi, 2002; Souris
etal., 2007). With a growing density of large grazers,
horses might have to use areas that are not optimal
(Beest et al, 2014), affecting their body condition.

In this study, we describe our observations on
habitat use, activity, and body condition over sev-
eral years. Seasonal changes and changes occur-
ring over larger time intervals, parallel to the pop-
ulation growth, can be distinguished. The results,
accumulated duning more than 20 years, contrib-
ute to our understanding of the activity and habitat
use of Przewalski’s horses and may facilitate herd

Material and Methods

Study area

The HNP, established in 1972 as the first na-
tional park in Hungary, 1s located in the Eastern
part of the country, 150 km from Budapest. The
research area, called Pentezug Reserve (24.5
km?), can be found in the middle of the HNP at
47.5175N, 21.092778 E. The climate 1s dry con-
tinental with 550 mm annual precipitation. Four
seasons can be differentiated, where the winter
is cold and dry with a minimum temperature of
-15°C, 2040 day snow cover (2—-15 cm) and the
summer 1s hot with a maximum temperature of
+35°C. There are moderate temperatures and
more rainfall in autumn and spring. The reserve
1s part of the continental alkali grassland region
that 1s characterised by salt and water content of
the soil and the natural floods. The groundwater,
which 1s rich in different salts and close to the
surface, easily evaporates when the weather 1s
hot. As a consequence, these salts accumulate in
the upper soil level (Torok et al., 2012). Due to
these phenomena, these grasslands are not suita-
ble for agricultural ufilisation and have been used
as pastures for centuries (Molnar, 2014). We can
differentiate eight habitat types in the Pentezug
Reserve with different plant associations showed

management or novel project designs. in Table 1 (Dedk et al, 2014a.b.c).
Table 1. Habitat types in Pentezug Reserve (Hungary)
Habitat Acsiiilin Charicteciotics Characteristic plant Habitat area in
Type species Pentezug (km?)
Forest Planted oak forest along the niver Quercus robur L. 0.315887
: ; Bolboschoenetum shallow water cover, considerable salt |Bolboschoenus maritimus

T— maritimi content both in the soil and water (L.) Palla i

Phragmittetum Phragmites australis
Reed bed communis deep water cover (Cav.) Trin. ex Steud. 0.712105
Weed Onoprodetum acanthi, |on former livestock farms, high soil N|Onopordium acanthium 0277978

Hordaetum hystricis and P content L., Hordeum hystrix Roth. .

- Festuca pseudovina Hack
: \Artemisio santonici — Shok grmek. can galonetz anil, miylesats ex Wiesb., Arfemisia

Alkali steppe . hunms content. low to moderate salt : S 7.398344

Festucetum pseudovinae PR il santonicum L., Achillea

content in the deeper soil layers [\ Waldst & Kit.
. |Camphorosmetum ; Camphorosma annua
Open]:lllkdah annuae, Puccinellietum Eg;#ﬁzntgﬁm:r eve_neson Pall, Puccinella limosa 2.620432
g limosae » SPECI®S | (Schur) Holmb.
. v tall grass, high ground water level,  |4lopecurus pratensis L.,

Alkali dgeosiiu solanifenie " [low to moderate salt content in the  L4gropyron repens (L.)

\Alopecuretum pratensis, | . 5 2 , 10.154303
meadow ; soil, surface water from spring to Gould, Beckmannia eruci-

Beckmannietum 2

early summer formis (L.) Host

Salvi B high fertility | ich soil Salvia pratensis L., S.

Loess steppe I c.rmoc:tz’)’:lom‘::olae co%h and forg S TICA SOIL MORO- | emorosa L., Festuca 0.156431
s g rupicola Heuff.
32
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In 2000, with the help of aenal photographs
and field observations, these different habitat types
and areas (1.e. polygons) were recorded and shape
files were created using the ArcMap 10.1 program.
Each polygon of the attributed table contains one
1dentification code for each of the eight habitats.
We calculated the area of each habitat with the help
of the ArcMap 10.1 program. The Pentezug Re-
serve 1s surrounded by a three-lined electric fence.
Inside the area, horses and cattle can move freely
between habitat types. Other wild animals, such as
red fox (Vulpes vulpes Linnaeus, 1758), roe deer
(Capreolus capreolus Linnaeus, 1758) and wild
boar (Sus scrofa Linnaeus, 1758) can cross the
fence. Surplus food or water was not offered except
occastonally in winter and any human intervention
(such as herding and mowing) was banned.

Przewalski’s horse and cattle populations in
the Pentezug Reserve

The founders of the horse population were se-
lected by the coordinator of the European Endan-
gered Species Progranimes (EEP) to create the wid-
est genetic base. The coordinator uses the studbook
data (which contains parentage, location, birth, and
other important data on the horses) to calculate the
mean kinship and genetic diversity of the horses and
create a viable population with the help of PMX 0.1
software. According to the advice of the EEP coordi-
nator, we imported 31 horses and exported 59 horses
between 1997 and 2018. Przewalski horses are not
marked by branding or by chips. However, most mn-
dividuals are recognised by the HNP staff based on
their gender, age, special marks/characters, and the
harem they belong to. The marks/characters include
coat colour, stripes on the legs, shoulder crosses,
cowlick positions, and other special features, such
as double shoulder crosses or missing eartips. The
horses were identified and counted regularly (every
month, 1f possible) in the field. Members of bachelor
groups are counted regularly. but they have not been
recognised individually since 2008. Cattle found-
ers amved from different Hunganian, German, and
Austrnian zoological gardens and private gardens.
The first cattle arnived at the reserve 1n 1999 and a
total of 47 cattle arnived up until 2015. Cattle were
marked with eartags since 2007 and counted once a
year. However, before 2007 they were recognised
with special charactenistics individually and count-
ed monthly just like the horses. We recorded births,
deaths, imports, and exports for both the horses and
cattle. In this way, we could calculate the number
of horses and cattle at the end of every year and use
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this number to illustrate the yearly changes i the
Pentezug Reserve.

Recognition and registration of horses in the
Pentezug Reserve

Horses are registered in three databases. (1) a
photo catalogue, (2) a group composition list, and
(3) a DNA database. The photo catalogue consists
of winter and summer portraits, summer and winter
coats on both sides, and the back side of the animal.
The group composition list consists of the positions
of horses mn different groups. The positions are re-
corded monthly from the begmning of the project
with the exception of the years between 2008 and
2011, when there were only 1-4 observations an-
nually. The genetic database of our horses is in the
Davis Laboratory (Veterinary Genetics Labora-
tory, California, USA). We sampled each imported
horse and all foals at the age of 1-2 year using a
pneumatic rifle (operating with CO,) and special
biopsy needles (PneuDart and Danlnject). In this
way, small amounts of skin or biopsy samples can
be taken without tranquilising animals. If we cannot

identify a horse, we take a repeat sample and the
Davis Laboratory can identify the horse in question.

Analysis of habitat use data

We recorded 258 and 291 GPS data in 2004—
2006 and 1n 2013-2014, respectively. We collected
data once a day at the most and transferred data to
two Excel databases. We made shape files from the
GPS Excel files in the ArcMap 10.1 program for
both periods. We integrated these GPS shape files
and a habitat map shape file using the ArcMap 10.1
program. In this manner, every GPS point had a
habitat identification number. We calculated how
many times horses stayed in different habitats in
both periods and seasonally. Habitat preference
was evaluated by companng the proportion of
habitat (relative to the whole reserve area) and the
proportion of time horses spent in the given habi-
tat (compared to all observation). We checked the
seasonal changes in the usage of the three largest
habitats by comparing the proportion of time the
animal spent in one habitat i one season and the
time they spent in all habitats in the given season.

Monitoring and analysis of activity data

We differentiated eight activity types (Table
2) durning our study based on the work of Boyd &
Houpt (1994). We recorded the activity of ten fe-
males in two harem groups every 2 min. in 2008—
2009 and 90 females in 28 harem groups every 4
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min. in 2013-2014 using a scan sampling method
during daylight hours. The sampling lasted for 16
minutes and for 60 min_ in 2008-2009 and 1n 2013—
2014, respectively. We compared the activity per-
centage by calculating the ratio of the activity type
to all recorded activities in the two periods. We
examined the seasonal differences among activity
types in 2013-2014 by calculating the proportion
of time amimals spent at a given activity compared
to all activities in a season. We compared the three
most remarkable activity types seasonally. Data
visualisation and Kruskal-Wallis statistical tests
were camed out using GraphPad Prism software.

Body condition scores

The body condition records were based on vis-
ual estimation (Rudman & Keiper, 1991). The body
condition was scored by checking the hind quarter
of the horse and giving a score between 0 (very bad
condition) and 5 (very good condition). We collect-
ed body condition scores of 50 horses and 90 horses
m 2005 and 2018, respectively. We used binoculars
and went as close as possible (2040 m) to the grv-
en animal and waited till we could see the bottom
symmetrically. Each animal had one score between
July and October in each year. Five groups of horses
were classified based on age, sex, and position in
the social structure. (1) Bachelors: members of the
bachelor group, either males who left natal groups
and do not have a harem yet or former harem stal-
lions. (2) Harem stallions: owners of a harem at the
time of sconing. (3) Adult females: females who left
natal groups. (4) Young males: still in natal groups.
(5) Young females: still in natal groups. We com-
pared the data of each group for the two time pe-
niods. We only used data where a minimum of five
records were collected in both years. In this way, we

Table 2. Description of activity types

could compare the data of the harem stallion group
(n =5, n = 16), the adult female group (n = 21,
n = 60), and the young male group (n =9, n = 26).
We used Mann-Whitney tests to examine whether
the groups were different in the two time periods.
Data visualisation and statistical tests were carried
out using GraphPad Prism software.

Results

Population changes

Since 1997, cattle and horse populations
have grown rapidly in the area (Fig. 1). The total
number of amimals was highest in 2017 (n = 950)
and the population density reached 38.8 animals
per km? Within one year the total number of ani-
mals dropped by 33% when the intensive decrease
in the number involved both cattle and horses. The
number of cattle was 400 at the end of 2018. The
total number of calves was 1135 and 738 cattle
were sold or died in the history of the Pentezug Re-
serve. The cattle population grew constantly until
2010 and stagnated for three periods (2010-2012,
2013-2014, 2016-2017). The robust decrease in
the cattle population after 2017 was due to human
intervention (transportation to other areas or to
slaughter-houses). The cattle population consisted
of mostly adult cows and their offspring, only two
breeding bulls were temporanly transported to the
area since 2007. At the end of 2018, the horse pop-
ulation consisted of 280 animals. oximately
259 animals died between 1997 and 2018 and 567
foals were born. The horse population was increas-
ing until 2015. Between 2015 and 2017, the popu-
lation grew slower due to human interventions
(transports and contraception treatment). In 2018

there was a massive loss because the cold sprning
devastated many weak individuals.

Activity type Description
¢ When an animal eats grass, its head lowered down to the ground. Either standing or slowly
Grazing i A
walking in the meantime.
Resting An animal is standing, ears are usually lateral, or lying on the ground.
= An animal 1s walking without grazing, can be short (few steps) or long (wandering). An animal
Moving p B
is running.
Alert An animal is standing straight, looking to one direction, its ears are turned to the direction.
Interaction An animal has friendly or not friendly contact with another one.
Comfort An animal is scratching itself on something. scratching itself with its teeth, rolling on the
ground.
0 Special activity types that could not fit in the previous six, such as drinking, urinating, defecat-
ing, chewing, etc. Usually, a small number of events compared to the whole time budget.
Undetermined When an animal was not seen during the sampling period
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Fig. 1. Number of horses and cattle between 1997 and 2018
in the Pentezug Reserve, Hortobagyi National Park, Hungary.

Habitat use of Przewalski horses

The three most typical habitats in Pentezug Re-
serve are the alkali grassland, open alkali steppe, and
alkali meadow (Fig. 2A B). These habitats together
cover approximately 85% of the total area. Horses

A

spent most of their time in these habitats irrespec-
tive of the year of observation (either 2004—2006 or
2013-2014). Forest and loess steppe patches were
hardly used in both periods (Fig. 2B). A comparison
of the proportion of a given habitat and the propor-
tion of time horses spent in the habitat revealed their
habitat preference (Fig. 2B). When the proportion of
habitat was higher than the proportion of time spent
there, then the habitat was not preferred. Horses did
not prefer the alkali meadow and salt marsh, while
they preferred the alkali steppe, alkali grassland,
and weed. Interestingly, the weed habitat was highly
preferred in 2004-2006, partly because this habitat
could be found around small houses or former sta-
bles that could provide shelter for horses against the
sun and wind, but they were broken down by 2013.
Also, a high nitrogen and phosphorous content can
be attractive for horses.
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Fig. 2. Habitats of Pentezug Reserve and habitat use of Przewalski’s horses. (A) Habitats of the reserve as determined by
botanists of the Hortobagyi National Park in 2000. The areas are colour coded as indicated. (B) The proportion of habitats and
time horses spent on the given habitat are shown together. The proportion of time horses spent on the habitats was determined
in two periods based on GPS data. (C) The proportions of time horses spent in the habitats seasonally in two periods. Results

are shown only for the three largest habitats.
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We also investigated whether habitat use exhib-
ited seasonal changes i the two peniods. Most of
the habitats were used similarly in 2004-2006. Only
open alkali grassland was used less frequently in win-
ter. In 2013-2014, we detected seasonal differences
in the case of two habitats. Animals spent more time
on open alkali grassland mn summer than i spring or
autumn and they did not use the open alkali grassland
mn winter. Also. horses could be found on alkali mead-
ows much more mn the winter than m the other two
habitat types (Fig. 2C). These data suggest that, n
2013-2014, the open alkali grassland was not used.

Activity of horses

We recorded 2482 and 5995 activity events in
2008-2009 and in 20132014, respectively. In both
monitored years, we found that three activity types,
namely grazing, resting, and moving, covered 90%
of the yearly activity (Fig. 3A). The ratio of these
activities did not change from 2008 to 2013. The
only remarkable changes were in the undetected ac-
tivities, which increased in 2013 compared to 2008
(Fig. 3A) because monitoring groups with more
members resulted in more undetected horses. Sea-
sonal activity ratios in 2013-2014 demonstrate that
grazing 1s the most common activity in all seasons.

However, horses spent almost the same amount of
time resting as grazing in spring and summer (Fig.
3B). Similar seasonal changmcanbefoundm2008—
2009 (data not shown). Grazing, resting, and mov-
ing were significantly different seasonally (Fig. 3C).
Horses spent more time grazing in autumn and win-
ter than in spring and summer. On the other hand,
they rested much more in warmer seasons than in
colder ones. Horses spent almost the same amount
of time moving in the spring, summer, and autumn,
but much less i the winter.

Changes in body condition

The condition scores of adult females and young
males decreased from 2005 to 2018 (Mann-Wht-
ney test p < 0.0001). Female scores varied between
3-4.5and 2.5-4.5 in 2005 and in 2018, respectively.
Scores of young males vanied between 3.54.0 and
2.5-4.0 1 2005 and 2018, respectively. The scores
for harem stallions did not differ significantly be-
tween the two time periods (Mann-Whitney test
p = 0.87) and the more animals we could score, the
more varniable results we got. The scores of bach-
elors and young females could not be compared,
because of madequate data (n = 3 for bachelors in
2018 and n = 3 for young females in 2005).
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Fig. 3. Seasonal

m the activity of Przewalski’s horses in Pentezug Reserve. (A) The proportion of activities in two periods

of time (20082009 and 2013-2014), both covening 12 months, are shown. (B) The proportion of the activities for four seasons
is shown separately. The ratio of the two most frequent activities (grazing and resting) is shown for each season. (C) The density
of the data at different values for four seasons and three activities is shown on violin plots. The medians are indicated in red. The
companison of four data sets revealed significant changes (p < 0.001) according to Kruskal-Wallis tests m all three activities.
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Fig. 4. Condition scores of Przewalski’s horses in Pentezug
Reserve. The number of monitored individuals is shown in
brackets. The condition scores obtained from two years were
compared separately for each group using Mann-Whitney
statistical tests (NS — not significant; **** —p < 0.0001).

Discussion

The number of Przewalski’s horses and re-
constructed aurochs has remarkably increased
in the Pentezug Reserve since launching the
project. We can see similar phenomena in other
areas where grazers were introduced and the
former apex predator was missing (Caughley,
1981; Coulson et al., 2001). Since these two
species compete for grasslands to a certain de-
gree (Duncan et al.. 1990; Menard et al_, 2002),
it 1s important to consider the cattle population
when examining the horses” behaviour or ac-
tivities. In 2007, the number of cattle started
to grow dramatically. Two different strategies
were selected to control the population growth
of the two species. Horses were treated as wild
animals but cattle were caught once a year (in
winter) for the purpose of population regula-
tion. The thresholds in the cattle population
graph show all the years when we managed to
sell more animals compared to how many were
born and could control the population growth.
Horses, on the other hand, were not caught eas-
1ly and the only way to treat them is when tran-
quilised one by one. Furthermore, the Przew-
alski’s horse 1is a rare species and categorised
as endangered in the TUCN Red List (Walzer et
al., 2012). For this reason, controlling the pop-
ulation growth is a delicate question. We could
cull animals with fatal injuries or the ones suf-
fering on the edge of death. However, we have
to ask individual permission from the local au-
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thorities, where all our animals are registered.
Immunocontraception is an option for manage-
ment of large horse populations (Kirkpatrick et
al., 1990). In 2013, following the recommen-
dation of the EEP coordinator of Przewalski’s
horses, we decided to use Pig Zona Pellucida
(PZP) immunocontraception (Turner et al.,
2002) to slow down the population growth. In
2015, the population growth did slow down as
an effect of this treatment. Nevertheless, we
had an enormous loss of horses (40—50 horses)
and cattle (20-30 cows) 1n 2018, most likely
due to a combination of a very cold spring
(snow and 15 degrees below zero) in March,
a massive drought in 2016-2017, and a large
number of both cattle and horses. This phenom-
enon can also be observed in areas occupied by
feral horses (Scorolli et al., 2006). We decided
to reduce the number of both species as soon as
possible. We sold more cattle compared to the
number born, resulting in a fast reduction in the
animal population. We are planning to increase
the number of PZP-treated female horses.

We assume that the changes in number will
not only alter the vegetation, but also the behav-
1our of the Przewalski’s horse population. Horses
prefer a habitat with grass species dominated by
Festuca pseudovina Hack. ex Wiesb. This spe-
cies can grow even if the temperature is below
zero providing small but continuous amounts of
green plant parts that are important for horses
when choosing habitat (Duncan, 1983; King,
2002). Open alkali grasslands are attractive in
summer 1n higher animal density, when horses
destroy its vegetation by trampling and create
dust baths to avoid insects. As a consequence,
these habitats cannot provide food in winter. On
the other hand, grass species on alkali meadow
grow and dry quickly but provide quite a large
amount of food in winter. when other habitats
cannot offer enough food because of the grow-
ing animal density (Beest et al.. 2014). As a con-
sequence of their preference for weed habitat,
horses prove to be a good tool for maintaining
the natural grassland vegetation and they can
eliminate small amounts of weed vegetation by
trampling or feeding on it.

Activity types for Przewalski’s horses in
Hortobagy are similar to Przewalski’s horses or
feral horses in other areas. Grazing takes up the
largest part of their time and they rest more and
graze less in the summer than in winter (Boyd et
al., 1988: Duncan, 1992: Boyd & Bandi, 2002;
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Souris et al., 2007). Berger at al. (1999) found
a similar pattern, although they recorded horse
movement even during the mght Horses have
to increase food intake during winter, when the
food 1s less nutritious (Berger et al., 1999). We
expected that the growing population and de-
creasing amount of food in the area would alter
the grazing-rest ratio. This ratio, however, did
not change in the two periods, which suggests
the population number did not alter the activity
percentage in Pentezug.

If we compare the body condition in 2005 and
in 2018, we can conclude that the condition of
most horses greatly decreased probably because
of the larger density and less available food (Rud-
man & Keiper, 1991). Environmental effects have
more impact on young horses while they are still
growing and cannot collect fat deposits. The ha-
rem stallions” physical condition did not change
over the years, but the data show a high variabil-
ity for this group. Harem stallions go through
different stages when owning a harem._ In the be-
ginning, they have to put a lot of effort into pro-
tecting the harem and keeping the new members
together. Also. when they are old or mnjured their
physical condition quickly decreases and they of-
ten lose the harem.

Conclusions

We demonstrate that the Pentezug Reserve
has been an adequate area for both Przewalski’s
horses and reconstructed aurochs for the last
22 years. To avoid overpopulation of the area,
human interventions (birth control, transport,
etc.) are essential. Monitoring the habitat use
and body conditions of Przewalski’s horses are
also important because changes in these char-
acteristics could indicate the necessity for hu-
man interventions.
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Tlonynames nomams [Tpxesarscroro (Equus ferus przewalskii) 6w ocHOBaHa B momypesepsare Ilentesyr B
Hanuonansaom mapke Xoprodams 8 1997 r. Kpome nomanei [Tpaesanbcxoro, TaM Tak&e pasBOIAT BOCCTAHOB-
aesEBIX TypoB (Bos taurus taurus) Ha OropokeHHOH TePPHTOPHE mIomanbio 24.5 xar®. O6a BHIA YCIEmHO pas-
MHOEHTHCh B CTENHOM 3aNOBETHHKE, HEKOINA OHBIIHM POTHHOH HX NanekHx npenkos. KommaecTso KpymHEX
TPaBOANHEIX POCIO TaK GHICTPO, UTO A% BOCCTAHOBIEHHBIX TYPOB H NOManel OPHOLIOCH IPHMEHATS PasHbIE
cTparerss xoHTpons nonyrauae B 2007 # 2013 rr, coorsercTeenno. Ha mpormxenss 22 JeT DpoBOXHICA 1O-
CTOAEHEIE MOHHTODHHI aKTHBHOCTH, HCIIONb30BAHHER TEPPHTOPHE E (H3HTIECKOro COCTOAHHA Jomanei [Tpxe-
BaTbcKoro. Mer 0GHapyXEIH Ce30HHEE HIMEHEHHS B AKTHBHOCTH JT0MAaneH, HO COOTHONMEHHE OCHOBHBIX THIIOB
AKTHBHOCTH GBUIH CXOXH B JBa PasHEIX IIEPHONA BpeMeHH. HanpoTHB, OBUTH BHIABIEHB! SHATHTEIbHEIE PA3TH-
9HA B HCIOIb3OBAHEH TEPPHTOPEH H (H3HIECKOM COCTOAHHEM JOMANeH B PaHHHE H MO3NHHE OBl NPOEKTA.
Tveerca B BEY, 9TO JI0MATE GBUTH BEIEYAIEHE HCIONb30BATh HENPHBIEKATENbEbE PAHOHE, H HX COCTOAHHE
VXYAmIATOCH 0 Mepe yBelHdeHHS ITOTHOCTH NONYIANHE KPYIHbIX TPaBoAJERX. Bo Bpes X0monro# BecHs!
2018 r. npor3omIIa MaccoBak rHGEND KaK JOMajeH, Tak B Typos. Mccenopanss mOKasaH, 9T0 OrpaHHIEeHHbIe
3amachl KODMOB MOTYT IPHBECTH K H3MEHEHHAM B HCIIONb3OBAHHH CPels! OOHTAHHA H/HITH YXyIEHHIO (H-
3HYECKOr0 COCTORHEA, YBETHUEHHIO CMEPTHOCTH IPH 3KCTPEMATHHBIX IOrOJHEIX YCIOBHAX. TakHM 0Gpason,
CTPOTHE MepHI KOHTPOIA HAZI POAIAEMOCTBIO Tomanes [IpikeBaTbekoro IOMAHE! IPHMEHEATHCA B MOMYIAIHEAX C
BBICOKOH THCIEHHOCTHIO, H HeOOXOTHMO KOETPOTHPOBATh HCIOMB30BAHEE TEPPHTOPHE B QH3HYECKOE COCTOA-
HHE KHBOTHBIX, 9T00H HAXOMHTb GalaHC MEXIY THCICHHOCTHIO IOMYIAIEH B eMEOCTBIO YTONHE.

Knsouessie caosa: Bos taurus taurus, Equus ferus przewalskii, BoCCTaHOBIEHHBIH TyP, EMKOCTH YTONHE, 3a1I0-
Bexunk [lenTesyr, KOETPONb YHCIEHHOCTH, KPYIHEIE TPABOATELIE, IOTypPe3epBar
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Abstract

Reproduction in young females can show a particularly sensitive response to environmental challenges, although empirical
support from individual-based long-term studies is scarce. Based on a 20-year data set from a free-roaming Przewalski’s
horse population (Equus ferus przewalskii), we studied effects of large-herbivore density (horses+ cattle) and weather condi-
tions experienced during different life stages on females’ annual birth rates. Foaling probability was very low in 2-year-olds,
reaching maximum values in 5 to 10-year-olds, followed by a decrease in older females indicating reproductive senescence.
Mother’s previous reproductive investment affected her current reproduction; young and old mothers (as opposed to middle-
aged ones), which had nursed a foal for at least 60 days during the previous year, reproduced with a lower probability. Foaling
probability and body condition of young females were lower when large-herbivore density was high. Reproduction was also
influenced by interactive weather effects during different life stages. Low late-summer precipitation during the females’ year
of birth was associated with a pronounced decrease in foaling probability in response to harsh late-winter temperatures prior
to the mating season. In turn, increased amounts of late-summer rain during this early age together with more late-summer
rain during the females’ current pregnancy led to an increased reproductive probability in 2-3-year-olds. These results were
corroborated by the ameliorating effects of late-summer rain on body condition in such females. In conclusion, our findings
highlight the interactive importance of weather conditions experienced during early life, and of density and weather during
current pregnancy on foaling probability, particularly in young females.

Keywords Age-dependence - Equus ferus przewalskii - Foaling - Parturition - Precipitation - Reproduction - Senescence -
Winter temperature
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Exploring the environmental drivers of age-dependent repro-
duction is an important step in the study of the dynamics of
age-structured populations (Emlen and Pikitch 1989; Coul-
son et al. 2005; Frederiksen et al. 2014). Typically, high
population densities and adverse weather conditions can
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negatively affect reproductive parameters (Bronson 1985;
Fowler 1987). For example, various mammal species show
lower birth rates when densities are high (small mammals:
Frylestam 1980b; Rodel et al. 2004a; large mammals: Albon
et al. 2000; Coulson et al. 2000; Focardi et al. 2000; Stewart
et al. 2004; Richard et al. 2014). In particular in herbivores,
a key mechanism frequently discussed to underlie such nega-
tive effects on fertility parameters is the increased competi-
tion for and depletion of food resources at high population
densities, negatively impacting the animals’ body condi-
tion (cf. Helle and Kauhala 1995; Bonardi et al. 2017). In

@ Springer

70



436

Oecologia (2023) 203:435-451

addition, multiple weather variables have the potential to
even concomitantly affect vital rates including reproduction
(Rodel et al. 2004b; Louthan et al. 2021), predominantly via
their impact on food availability or quality. Studies in dif-
ferent species of ungulates, including feral domestic horses
(Equus ferus caballus), support negative effects of harsh
winter weather on annual birth rates (Coulson et al. 2000;
Richard et al. 2014). Such effects can be enhanced when
population density and different weather variables operate
interactively (Stewart et al. 2004; Rodriguez-Hidalgo et al.
2010; Richard et al. 2014; Gamelon et al. 2017).

At the individual level, reproductive performance fre-
quently changes with age. There is increasing support for
reproductive senescence in old females compared to prime-
aged (usually middle-aged) mothers from wild or free-rang-
ing populations, for example in terms of reduced litter sizes
or lower birth rates in the former (Gaillard et al. 2000; Rodel
et al. 2004a; Turbill and Ruf 2010). Furthermore, young or
primiparous females often show a comparatively lower (Gar-
rott et al. 1991; Helle and Kauhala 1995; DelGiudice et al.
2007) or at least a more variable reproductive performance
than older mothers (review in: Gaillard et al. 2000). Stud-
ies in ungulates revealed that such high variation in young
females may be attributed to their relatively high sensitiv-
ity to challenging environmental conditions, as exemplified
by the comparatively stronger decrease in young females’
birth rates in response to high density (bighorn sheep Ovis
canadensis: Festa-Bianchet et al. 1995, Soay sheep O. aries
and red deer Cervus elaphus: Coulson et al. 2000) or harsh
winter weather (moose Alces alces: Markgren 1969, red
deer: Coulson et al. 2000). In turn, the lower sensitivity of
vital rates to environmental variation in prime-aged com-
pared to young females may contribute to buffer the effects
of fluctuating environmental conditions on changes in popu-
lation growth (Morris and Doak 2004; Hilde et al. 2020).

The individual reproductive history is a further param-
eter potentially influencing the reproductive probability or
performance of females. As reproduction, and in particular
lactation is energetically costly (McNab 2002; Speakman
2008), a relatively high current reproductive effort can be
expected to alter the reproduction or survival of an individ-
ual in the future (Stearns 1992). In long-lived species such
as in ungulates, which typically follow a slow life history
strategy, the costs of reproduction can be expected to mainly
be apparent in terms of a lower future reproduction rather
than by a reduced future survival of the mother (Hamel et al.
2010a). Even if the exact physiological mechanisms driving
these life-history trade-offs are still poorly understood, it has
been suggested that the costs of reproduction are especially
evident when females are exposed to unexpected and unfa-
vorable environmental conditions (Zhang and Hood 2016).
Furthermore, some studies in ungulates indicate that repro-
ductive trade-offs can be particularly pronounced in young,
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primiparous mothers, as evident by their reduced reproduc-
tive probability during the following year (feral horse Equus
caballus: Garrott and Taylor 1990; Soay sheep Ovies aris:
Regan et al. 2022).

Furthermore, challenging conditions experienced dur-
ing early life can have long-lasting effects on individual life
histories including on reproductive traits (Descamps et al.
2008; Rodel et al. 2009). For example, female Soay sheep
experiencing high population densities during the summer
after birth showed a lower probability of reproduction as
yearlings (Forchhammer et al. 2001), and a similar delayed
effect of early-life population density on the probability of
pregnancy later in life was found in a Mediterranean red deer
population (Rodriguez-Hidalgo et al. 2010).

In summary, different environmental interactions can
affect parameters of reproduction on the short-term as well
as on the long-term, and features such as age can alter an
individuals’ susceptibility to such effects. However, integra-
tive studies taking into account the interplay of these vari-
ous parameters are scarce, as the necessary individual-based
long-term data are difficult to collect and thus rarely avail-
able (review in: Schradin and Hayes 2017).

We analyzed such a long-term data set collected from
a population of a large mammal, the Przewalski’s horse
(Equus ferus przewalskii), living under natural conditions
in a 3000-hectare area at the Hortobagy National Park in
Hungary (Kerekes et al. 2019, 2021). Our main goal was
to investigate the interactive effects of different weather
parameters and density as well as the impact of the indi-
vidual reproductive effort during the previous year on the
females’ age-specific foaling probability during the annual
breeding season. The Przewalski’s horse is a particularly
interesting model for the study of harsh weather conditions,
as its natural semi-arid steppe habitat can provide challeng-
ing environmental conditions by hot summers with poor
vegetational quality as well as by cold winters (Janssen
et al. 2016). Przewalski’s horses, which are considered as
the last truly wild horses, diverged from ancestors of the
domestic horse (E. f. caballus) around 45,000 years ago
(Der Sarkissian et al. 2015), and are listed as ‘Endangered’
in the international ITUCN Red List of Threatened Species
(King et al. 2015). Przewalski’s horses are seasonal breed-
ers and the majority of the foals is usually born in May and
June (Chen et al. 2008). Similar to the domestic horse (Heck
et al. 2017), the gestation period of the Przewalski’s horse
is around 330-340 days (Monfort et al. 1991; Maltzan et al.
2007), and mothers usually give birth to a single foal (Chen
et al. 2008).

The study area in the national park included, next
to the Przewalski’s horses, a herd of semi-wild cattle
(reconstructed aurochs, Bos taurus taurus; Kerekes et al.
2019). In years with increased densities of these two large
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grazers, the ground vegetation, i.e., the horses’ only food
source, was increasingly depleted (Kerekes et al. 2019).
Thus, we (i) predicted that following such high-density
years, possibly either due to a decreased probability of
successful conceptions or by increased (early) pregnancy
losses (Satué and Gardon 2016), the probability of giv-
ing birth during the next foaling season will be lower.
Furthermore, (ii) low winter temperatures, in particular
during the late winter season, which have the potential to
delay the green-up of the grass vegetation (cf. Mech et al.
1987; Rodel et al. 2005), might lead to a decreased rate
of successful conceptions during the following months.
As a consequence, low winter temperatures may nega-
tively affect females’ foaling probability with a delay of
1 year (corresponding to Przewalski’s horses’ gestation
time of 11-12 months). In contrast, (iii) high amounts of
precipitation during late summer, thus counteracting the
negative effects of the usual summer droughts and leading
to the regrowth of green pasture prior to the winter sea-
son, might increase the animals’ body condition and thus
may decrease the probability of pregnancy losses (Satué
and Gardon 2016). Therefore, we predicted that rains
in late summer may have increased the probability that
females will give birth during the following year. Most
importantly, (iv) we focused on age-specific responses
to such environmental challenges, as young horses (see
Gaillard et al. 2000 for a review on other ungulates) may
be particularly sensitive to such effects. That is, we pre-
dicted that birth rates in young females would be prone
to more pronounced negative density effects and show
stronger responses to harsh winter conditions. Younger
females, supposedly in a lower body condition, may also
respond particularly sensitively to the absence of late-
summer rains, and thus such conditions may lower the
foaling probability in this age class during the following
season. We (v) also explored possible long-term conse-
quences of late-summer rains to which foals were exposed
to during their first year of life on their later reproduc-
tive performance. We predicted that foals experiencing
more advantageous early life conditions in terms of more
late-summer rain, thus potentially benefitting from higher
food quality, would show higher birth rates during early
adult stage. Finally, we (vi) predicted that possible direct
(year-to-year) costs of reproduction in terms of reduced
future reproduction, i.e., a lowered foaling probability of
females which had already reproduced during the previous
year, should be particularly pronounced in young females.
Based on a smaller sample size from 6 years, we (vii) also
explored potential effects of these different environmen-
tal challenges on female body condition, as such effects
may provide some insights into the mechanisms linking

weather and density to female reproductive performance
(Frylestam 1980a; Rodel et al. 2005; FlajSman et al. 2017).

Materials and methods
Study population

The study was conducted on animals from a Przewalski’s
horse population living in a fenced area of 3000 ha (2400 ha
before 2018) in the Pentezug reserve of the Hortobdgy
National Park in Hungary. The area is an alkali grassland
with marshes and few interspersed groups of trees along a
river (Kerekes et al. 2019). The natural grass pasture was the
animals’ only food source. The first horses were introduced
to the Hortobagy National Park in 1997, and since then the
population size increased (Kerekes et al. 2021). The Pente-
zug reserve was (and still is, in the year of publication) also
inhabited by another large grazer, a herd of semi-wild cattle
(reconstructed aurochs), which were also reproducing and
growing in population size since their introduction in 1999
(Kerekes et al. 2021). There were no large predators in the
area. No visitors were allowed in this part of the national
park, although the horses were approached and observed by
staff of the national park for population survey at an almost
daily basis.

Furthermore, for a necessary population control, several
of the female horses were injected with an immunocon-
traceptive (porcine zona pellucida, PZP) during the years
2013-2015 and 2017-2019, with around 15 females treated
per year (more details in: Kerekes et al. 2021). The treat-
ment related to the PZP injection procedure was minimum
invasive, since animals were not captured, but the injections
were administered from a distance using a blowgun. During
the different years of treatment, different selection criteria
were applied, as either younger or older females were pref-
erably chosen. Most importantly, starting with the year a
female was subjected to this PZP treatment, its data were
excluded from the analysis presented in this paper (see
details in Table A in Suppl. Materials). Nevertheless, (a) for
five of our focal females for which reproductive probabilities
were assessed, mothers were treated with PZP when these
females were still at the foal stage. (b) For another five of
our focal females, mothers were treated with PZP prior to
their pregnancy with those females, i.e., the PZP treatment
was obviously not always efficient in preventing pregnan-
cies. However, our analyses revealed that the age-dependent
reproductive probabilities of these females with PZP-treated
mothers of conditions (a) and (b) did not differ significantly
from females of untreated mothers (LMM: (a) XIZ:O.OOI,
p=0.988; (b) X|2=0~01 1, p=0.916), and thus these 10
females were kept in our data set for further analyses.
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Reproductive activity of females
Study period and sample size

We explored the females’” annual probability of parturition
(events at the individual level; foaling: yes/no) starting at an
age of 2 years, when Przewalski’s horse females potentially
start to reproduce (Kerekes et al. 2021). We only considered
females born inside the Pentezug reserve. In total, data for
this analysis were collected during 20 years (2000-2019),
from a total of 146 females, born between 1998 and 2017.
Females were between 2 and 16 years old when their repro-
ductive activity was surveyed. This resulted in a sample
size of n=712 observations of presence (57.4%, 409/712)
or absence (42.6%, 303/712) of annual parturitions.

Surveys of reproductive activity

The population was surveyed for the occurrence of new
foals in all harem groups (i.e., one stallion with up to ten
adult females including their offspring; see: Klimov 1988;
Kerekes et al. 2021; Ozogany et al. 2023), around 5-6 times
a week during the main foaling season (late April to late
May), and around 2-3 times a week during the rest of the
year, when parturitions were less frequent (Volf 1996). This
was done by two to three-hour checks by car. Harem groups
with present foals, which could be easily spotted from the
distance by the aid of binoculars, were approached closely to
around 50 m. Mothers were assigned by the nursing of their
foal. Horses of this population were not individually marked,
although all adult females—including the mothers—could
be identified by the trained personnel based on the combi-
nation of different characteristics and patterns such as dif-
ferences in coloration, stripes on the legs, shoulder crosses
etc. (see a detailed description of individual identification
in: Kerekes et al. 2021). Assignments of mothers based on
observational data were re-confirmed by genetic maternity
assessments in around 90% of cases (Kerekes et al. 2021).
These genetic analyses revealed that only 2.5% of observa-
tional assignments of mothers were inaccurate, and these
were corrected later on in our data base.

Mothers' previous reproductive effort

We assessed mothers’ reproductive effort during the pre-
vious year (R), which was used as a factor with two lev-
els in our multifactorial analysis (see details below and in
Fig. 1a). Therefore, by our regular surveys (see above), we
determined the survival of foals until postpartum day 60,
until the time when in the domestic horse approximately the
peak in lactation is reached (Oftedal et al. 1983). Note that in
our population, the peak foal mortality during the first year
occurred during early postnatal life (around postnatal day
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17, median). The vast majority, more than 90% of the foals
surviving until postnatal day 60 were still with their mother
during the following spring.

Lactation imposes considerable energetic costs, as in
larger mammals the energy expenditure of lactating moth-
ers is at least 1.5 times higher than of non-lactating ones
(McNab 2002). Compared to the high energetic costs of lac-
tation, gestation is usually considered to be less costly, as
exemplified by studies showing that the differences in energy
demands between non-breeding and pregnant females can
be rather low (Gittleman and Thompson 1988; Speakman
2008; Rodel et al. 2016). Thus, for later analysis, and in
accordance to a study in Soay sheep (Regan et al. 2022), we
distinguished between females which (a) had not reproduced
during the previous year or whose foal had died shortly after
parturition, within the first 60 days, and (b) females which
had reproduced during the previous year and whose foal
was alive at least until postnatal day 60 (see more details
below and in results). Note that in our study in the Pentezug
reserve, mares exclusively gave birth to singletons.

Body condition scores of females

We also analyzed weather and density effects on females’
body condition based on a data set collected during 6 years;
see below for details on sample sizes and a schema in
Fig. 1b.

Following the method developed by Rudman and Keiper
(1991) for feral ponies (E. ferus caballus), we used a body
condition score from O (very low body condition, although
animals with such a low score were never observed dur-
ing our study) to 5 (very high body condition), in steps of
0.5. As the basis of this score, we assessed the shape of the
horses’ hind quarters from an observer position behind the
animal, by the aid of binoculars, from a distance of around
20 to 40 m. Detailed drawings describing the method of
quantification can be found in Rudman and Keiper (1991),
and more details on the application of this method to Prze-
walski’s horses are in Kerekes et al. (2019).

Density of large herbivores (horses and cattle)

The number of cattle in the Pentezug reserve was counted
once per year, in November or December when all cattle
were locked into a small and closed area for veterinary
inspection. The number of horses was known due to regular
surveys at the individual level; that is, individual composi-
tions of all harem groups were known (see above in “Sur-
veys of reproductive activity™). Foal mortalities and their
survival times were known due to surveys at the daily to
weekly basis (more details in: Kerekes et al. 2021). For con-
sistency with density data available from cattle, we used the
density of horses assessed in November/December of each
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Fig.1 Schemas of the different variables used for multifactorial sta-
tistical analyses. a Outline of analyses related to foaling probabilities
(Table 1 and Table A in Suppl. Materials). The effects of prior repro-
ductive investment (R) were explored by a separate analysis, only
including females of at least 3 years. b Outline of the analysis related
to body condition scores (Table 2). For analysis, large-herbivore den-

year. During the study period, November/December densi-
ties of horses varied from 0.08 to 1.37 individuals per 10 ha,
and densities of cattle varied from 0.05 to 2.41 individuals
per 10 ha. In the beginning of the study period (in 2000), the
densities of horses and cattle were 0.08 and 0.05 individuals
per 10 ha, and in the end of the study period (in 2019), the
densities were 0.93 and 0.64 individuals per 10 ha, respec-
tively. Annual densities of horses and cattle were strongly
and positively correlated (R*=0913, F=0.956 +0.069 SE,
p<0.001). Changes in densities of horses and cattle were
due to variation in reproduction and survival. Furthermore,

I 1 1 I I I
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I I 1 | V) 1 1 I 50
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Yeart,,;

t Season within year §

Predictor [factor, 4 levels]

' Age of female A

Predictor [covanate]

sity (D) in association with body condition scores collected in winter
(January—April) was quantified in November/December of the previ-
ous year (¢,) whilst D in association with scores collected during the
remaining year was quantified in November/December of the current
year (fgyy)

each year, several cattle were transported into or out of the
study area. To a minor extent, this was also true for the
horses, as some individuals were transferred from or to other
enclosure populations (e.g., to zoological parks). However,
note that all Przewalski's horse females, which were not born
in our study population were excluded from the analysis of
foaling probabilities.

D: For statistical analysis, we used the total density of
cattle and horses (all age classes of both species per area
size), hereafter referred to as ‘large herbivore density’ (see
Fig. 1a, b).
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Weather data

Data on precipitation (daily amounts) and on ambient tem-
peratures (daily averages) were obtained from a close-by
meteorological station (Debrecen, 38 km away from the
center of the Pentezug reserve), situated at the same alti-
tude of around 120 m a.s.l.. Based on these daily values,
we calculated different weather variables, used as predictor
variables for our statistical analyses.

P;: The summed-up amount of precipitation in late sum-
mer (September) during the females’ year of birth (see
Fig. la, b). Observations (by VK and colleagues, unpub-
lished) during the last decades had revealed that rainy
weather in late summer leads to a notable regrowth of green
pasture, thus increasing the quality and quantity of the
horses’ only food source. As stated upfront, we predicted
that such a boost in food availability during early life may
positively affect the body condition of the foals with poten-
tial long-term effects on their reproductive performance
(Lummaa and Clutton-Brock 2002). In few cases, females
were either born during September (7 out of 146=4.8%) or
were born shortly after, in October (6 out of 146=4.1%). We
did not exclude these cases from our analysis of reproduc-
tive probabilities, as such late-born foals might have at least
benefitted indirectly from higher amounts of late summer
precipitation, possibly via mother’s higher energy intake
and thus increased lactational performance. However, when
excluding these cases of late-born foals (n= 13 females)
from statistical analyses, we obtained the same results.

P,: The summed-up amount of precipitation in late sum-
mer (September) during the females’ potential pregnancy
(see Fig. la, b). We predicted that the regrowth of green
pasture related to higher amounts of rain during this period
will improve the chance that females will keep their (poten-
tial) pregnancy during the critical early period of gestation
(cf. domestic horse: Satué and Gardon 2016).

T: The average ambient temperature during late winter
(February/March) for each year of the study period. For
analysis of females’ foaling probability, this variable was
calculated for late winter prior to the female’s breeding sea-
son, i.e., 1 year prior to the potential parturition in focus.
This time-delayed effect of winter temperature was taken
into account since we predicted that harsh winter conditions
may have possibly decreased the chance of a successful con-
ception thereafter (see Fig. 1a).

Statistical analysis
Effects of different predictors on foaling probability
Statistical analyses were done with the program R, version

4.3.0 (R Core Team 2023). We analyzed the effects of dif-
ferent predictor variables on females’ probability of foaling
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(binary response variable) by generalized linear mixed-
effects models (GLMM) for binomial data with a logit link,
fitted by the Laplacian maximum likelihood approximation,
using the R package Ime4 (Bates et al. 2015). P-values were
calculated by type-3 Wald chi-square tests (Bolker et al.
2009).

This analysis was based on a total of 712 observations
(occurrence of annual foaling: yes/no) from 146 females
(2-16 years old) over a period of 20 years. We included
female identity as a random (intercept) factor, since the data
set included repeated measurements of individual females
across consecutive years. The current year of reproduction
was included as a further random factor to adjust for year-
to-year variation which remained unexplained by the envi-
ronmental predictors considered.

These environmental predictor variables (all covariates),
which are defined above, were D, P|, P, and T (details in
Fig. 1). We also considered the females’ age in years (A,
covariate), since in various species of mammals and birds,
young adult females often show a lower reproductive perfor-
mance compared to older age classes (Clutton-Brock 1988;
Rodel et al. 2004a; Monclds et al. 2014). In addition, we
tested for polynomial (quadratic) effects of age on foaling
probability, predicting an initial increase in reproductive
performance with a maximum in middle-aged females, fol-
lowed by a decrease in old females, as it has been described
in several studies on small and large mammals (Rodel et al.
2004a; Hayward et al. 2013; Nussey et al. 2013). All covari-
ates were scaled for analysis, i.e., they were centered to the
mean which was set to zero and the standard deviation to 1.

As a further predictor variable (2-level factor), we consid-
ered the females’ previous reproductive effort (R); see details
above. As Przewalski’s horses do not give birth before reach-
ing at least an age of 2 years (Kerekes et al. 2021, and details
in “Results” section), the inclusion of this age class would
lead to a strong collinearity between age and previous repro-
ductive effort. Thus, we ran the analysis including this factor
on a reduced data set by removing all data from 2-year-old
females, leading to a sample size of n =566 observations
from 107 females. However, we still analyzed the effects
of previous reproductive effort by a multifactorial model,
including the same set of predictors as described above (see
Table B in Suppl. Materials).

We tested all 2-way interactions between the predic-
tors considered (see Table 1 and Table B in Suppl Materi-
als). Non-significant interactions (p> 0.05) were stepwise
removed and models were re-calculated (Engqvist 2005). We
visually checked for temporal autocorrelations by plotting
the years of study versus the model residuals, revealing a
random pattern without any indications for autocorrelations.
We also checked for the occurrence of (multi)collinearities
using variance inflation factors (VIF). This was done for all
models, including all interactions. As VIF were always lower
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specific foaling probability of Female age (2nd order polynomial effect) A 117528 2 —25.999+3.740 <0.001
femalc Proevnlskiis horses Large grazer density after potential conception D 22269 1 —0.918+0.195 <0.001
Precipitation in late summer during Ist year of life P, 1911 1 0.160+0.116 0.167
Precipitation in late summer after potential conception P, 1.281 1 0.212+0.187 0.258
Temperature in late winter prior to potential conception T’ 0376 1 0.118+0.193 0.540
DxA 4239 1 0.315+0.153 0.034
P xA 0.006 1 —0.011+0.147 0.941
Py xA 009 1 0.046+0.148 0.756
TxA 0.103 1 —0.054+0.168 0.749
P, xP, 8011 1 0.440+0.155 0.005
P, xT 6.128 1 -0.292+0.118 0.013
P,xT 0240 1 0.138£0.281 0.624
P;xD 1532 1 —0.151+0.122 0.216
P,xD 1.820 1 —0.392+0.201 0.177
TxD 0242 1 0.093+0.188 0.623

Analysis by GLMM for binomial data based on n=712 observations from 146 females over 20 years. Non-
significant interactions (p>0.05) were stepwise removed and the models were re-calculated. The propor-
tional variance explained by the final model excluding all non-significant interactions was yginat R=0.532

Significant effects are highlighted in bold

Female identity and current year were used as random intercept factors

than 3.5, there were no indications of interfering (multi)col-
linearities (Faraway 2006).

Effects of different predictors on body condition

The effects of the environmental variables D, P,, and P,
on female body condition scores (response variable) were
tested by multifactorial linear mixed effects models (LMM)
using the R package /me4 (Bates et al. 2015) (Fig. 1b). As
the distribution of these equidistant body condition scores
(Rudman and Keiper 1991) was unknown, we calculated
p-values by parametric bootstrapping (1000 iterations) using
the package afex (Singmann et al. 2022).

The available data set included n= 393 measurements of
score values from 64 females (2—17 years old) collected all
year round during 6 years (2004-2007, 2018, 2019). Thus,
the analysis was based on 6 different measurements of P,
stemming from 6 years, although from 19 different measure-
ments of P, (late-summer rain during first year of life), since
the females included in this analysis were part of 19 annual
birth cohorts. As for each year, only one census of large
herbivore density taken in Nov/Dec was available, body con-
dition scores measured during the early season (Jan—Mar)
were set in association with the density from the previous
year (i.e., with the value of the density census done shortly
before), whereas scores measured from April to Decem-
ber were set in association with the density census of the
current year, which included the summed-up numbers of
foals and calves that survived during that year. In this way,

eight different large-herbivore density measurements were
included in our analysis. Further predictors considered in
this analysis were females’ age in years (A, covariate) and
the season (S) during which the measurements were taken
(factor with 4 levels; Jan-Mar; Apr—Jun, Jul-Sep, Oct-Dec)
(Fig. 1b). Covariates were scaled for analysis (details above),
and female identity and year were used as random (intercept)
factors.

We did not include the effects of late winter temperature
(7) in this analysis, as body condition scores from April on,
i.e., after the end of this late-winter period, were only avail-
able from 4 years. Thus, the sample size (n=4 years) was
too low to allow such a correlative analysis between T and
body condition scores.

When analyzing the effects of P, on body condition, we
did not only test for linear but also for (second-order) poly-
nomial effects. Even if increasing precipitation levels during
late-summer rain may improve the animals’ body condition
via the green-up of the ground vegetation, in particular dur-
ing foal stage, extremely high amounts of rain may have
negative consequences, leading to a non-linear (inverted
U-shaped) association. Such potentially negative effects on
body condition and survival may be mediated via a higher
persistence of infective stages of endoparasites outside the
host’s body when the ground vegetation is consistently wet
(e.g., Rodel and Starkloff 2014; Bond et al. 2023).

We tested all 2-way interactions between female age
and the environmental variables D, P,, and P,. Further
interactions among the environmental variables were not
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considered due to the rather moderate number of different
years available for this analysis. Variance inflation factors
were always lower than 3.6, thus models showed no indi-
cations of interfering (multi)collinearities (Faraway 2006).

Results
Reproduction

Out of the 146 females included in our study, 85 (58.2%)
gave birth at least one time during the 20 years considered
for analysis (2000-2019). Parturitions occurred from early
February to late November. The vast majority, 80% of these
took place in spring/summer (/Oth percentile: April 29th,
90th percentile: July 17th), with an average parturition date
on May 30th (median parturition date: May 19th).

Age effects

The onset of reproductive activity was age-dependent, with
the majority of females starting to give birth when 3 years
old. In detail, 3.4% of mothers (5 out of 146) started to give
birth at an age of 2 years, 56.1% (60 out of 107) at an age of
3 years, 17.4% (16 out of 92) at an age of 4 years, and 5.1%
(4 out of 78) of the females started when 5 years old. None
of the females included in our study reproduced for the first
time when older than 5 years.

By our analysis, we explored age-dependent changes in
the probability of foaling. Therefore, in our logistic model
(Table 1), we fitted female age effects by a second-order
(quadratic) polynomial, which explained the associated
changes in reproductive probability significantly better than
a function with a simple sigmoidal shape (model compari-
son by likelihood ratio test: 1?:59499. p<0.001). This
model (see significant age effect in Table 1) predicted a steep
increase in the probability of reproduction in 2 to 4-year-old
females, then reaching a plateau in middle-aged ones, and
finally leading to a slight decrease, although with high 95%
confidence interval, in old females (Fig. 2a).

Prior reproductive effort

As 2-year-old females inevitably had a previous reproduc-
tive investment of zero, this age class was removed from this
analysis, resulting in a reduced sample size of n =566 obser-
vations from 107 females. This analysis (details in Table B
of Suppl. Materials) predicted a significantly lower current
reproductive probability (0.710, Clys, [0.567, 0.820]) in
females which had a foal during the previous year which
survived at least until postnatal day 60 (53.0% of cases),
compared to females (reproductive probability: 0.870, Clyse,
[0.759, 0.935]) which either did not reproduce (38.5% of
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cases) or had experienced an early loss of their foal during
the previous season (8.5% of cases; foal mortality on average
on postnatal day 6.9+ 1.7 SE) (GLMM for binomial data:
,(|2= 11.276, p=—1.050+0.313 SE, p <0.001). All predic-
tors and interactions among them, which were significant in
the previous analysis (Table 1) were again significant (see
Table B in Suppl. Materials). However, we did not find any
significant interactions between the environmental variables
P\, P, and T and the females’ previous reproductive effort
(all p>0.10; Table B in Suppl. Materials). A further analysis
confirmed that, as expected, the reproductive probabilities
of mothers which either did not reproduce or had experi-
enced an early loss (< postnatal day 60) of their foal during
the previous season did not differ significantly (lf=0.204,
$=0.277+0.613 SE, p=0.651).

An additional, age-specific analysis, using age as a fac-
tor with three levels instead of as a covariate, revealed that
such a negative effect of previous reproductive effort on
current reproduction was only significant in the young age
class of 3 to 4-year-olds (xll=3.955, p=—1.887+0.948
SE, p=0.047; Fig. 2b.i) as well as in old females of 11 to
16 years (112= 3.999, f=-3.493+1.747 SE, p=0.045;
Fig. 2b.iii). In contrast, there was no significant effect of
the previous reproductive effort in middle-aged females of
5to 10 years (1%=0‘219.ﬂ=—0.l90i0.407 SE, p=0.640;
Fig. 2b.ii).

Density of large herbivores

The foaling probability of individual females depended on
the density of large herbivores in an age-specific way, as
evident by the statistically significant interaction between
female age and density (Table 1). That is, the foaling prob-
ability showed a clear negative density dependence in
young age classes, particularly visible in 3 and 4-year-olds
(Fig. 2¢). The slope of the negative association in 2-year-
olds was comparatively lower, since females of this age class
overall showed a very low probability of foaling (see also
Fig. 2a). In females older than 4 years, the negative den-
sity dependence gradually disappeared with increasing age
(Fig. 2¢ for females until an age of 11 years). More details
in Fig. A in Suppl. Materials.

Interactive weather effects

Weather conditions significantly affected the females’ prob-
ability of parturition at multiple levels. First, this was appar-
ent by the significant interaction between the amount of pre-
cipitation in late summer (September) during the females’
first year of life (i.e., at the foal stage, P,) and the average
ambient temperature (7) in late winter (February/March)
prior to the onset of the mating period (Table 1). Females,
which experienced low amounts of P; during their first year
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Fig.2 Effects of different predictors on the foaling probability of
female Przewalski’s horses, aged between 2 and 16 years. Regression
lines (a, ¢, d) and the bar charts (b) show predicted values includ-
ing 95% confidence intervals (gray shading: a, d), based on estimates
provided by the multifactorial model (Table 1). Data points in a are
the average probabilities per age class; sample sizes are given beneath
the circles. In b, model results for (i) young females (3—4 years old),
(ii) middle-aged females (5-10 years old) and (iii) older females (11—

of life were particularly affected by negative effects of low
T on their probability of foaling (Fig. 2d.i).

Second, there was a significant interaction between P,
and the amount of precipitation experienced in late sum-
mer during adulthood (P,), during the period of potential
gestation (Table 1). Particularly in females which experi-
enced more P, during early life, the exposure to more P,
increased the probability of giving birth during the following
year (Fig. 3a.iii).

An additional analysis revealed that the above-described
interactive effect of P, x P, was also statistically significant

Mean ambient temperature in late winter [°C]
prior to female's potential mating

16 years old) are given. The conditions in the interactive graphs (d)
of (i) low, (ii) intermediate, and (iii) high precipitation are exemplary
cases (10th, 50th and 90th percentiles) of the continuous variable P;
(see Table 1). All analyses were done with multifactorial GLMM for
binomial data. Details on statistics for a, ¢, d are given in Table 1
(based on n=712 observations from 146 individuals). For b, 2-year-
old females were excluded from the analysis (n=566 observations
from 107 individuals; see Table B in Suppl. Materials)

when only considering young females of 2 and 3 years
(GLMM for binomial data: 13: 9.636, f=1.304 +0.420
SE, p =0.002), and even showed a notably steeper slope
(Fig. 3b.iii). That is, only females which experienced
higher precipitation in late summer during their year of
birth had a notably high probability of foaling during their
2nd and 3rd year, when late-summer precipitation during
their current gestation was high. In contrast, the interac-
tion P;x P, was not significant when pooling together
females older than 3 years (xf: 1.946, f=0.224+0.161
SE, p=0.163).

@ Springer

78



444

Oecologia (2023) 203:435-451

(a) All females

(b) Only young females (2-3 years)
high precipitation
in late summer during
female's year of birth

10l ® 16 1 i 10d® 16 1 i
low precipitation intermed. precipitation

o in late summer during in late summer during
£ 08 \ | B | 0.8 - female'syearofbirth | female's year of birth
®©
£
‘G 06 1 1 06 4 1 1
2
i ] J | i J a
2 04 04
Q2
<]
a 02 low itation precipitati high p 0.2

in late summer during in late summer during in late summer during

female's year of birth female's year of birth female's year of birth

0.0 T T T T 0.0 T T T T T
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

Precipitation in late summer [mm] during female's potential gestation

Fig.3 Interactive effects of late-summer precipitation (Septem-
ber) experienced by females™ during their first year of life and dur-
ing their current (putative) gestation on the annual foaling probabil-
ity of female Przewalski’s horses. Regression lines show predicted
values including 95% confidence intervals (gray shading), based on
estimates provided by the multifactorial model (see Table 1 and text).

Body condition score
Age-specific effects of large herbivore density

The body condition of adult females decreased signifi-
cantly with increasing annual large herbivore density,
although in an age-dependent way as evident by the sig-
nificant interaction of D X A (Table 2). That is, this negative

The conditions in the interactive graphs of (i) low, (ii) intermediate,
and (iii) high precipitation are exemplary cases (10th, 50th and 90th
percentiles) of the continuous variable P;. Analysis by GLMM for
binomial data, based on data from a all females (n=712 observations
from 146 individuals) and from b 2-year-old and 3-year-old females
(n=253 observations from 146 individuals)

density-dependence was particularly pronounced in young
females and decreased gradually with increasing age
(Fig. 4a).

Weather effects

We found age-specific long-term effects of the amount of
precipitation that females experienced in late summer during

Table 2 Effects of different

; 5 Source of variation 72 df Estimates +SE 4
predictor variables on body
condition scores (after Rudman Female age A 006 1 0.027+0.110 0.859
and Keiper 1991) of female 5 7% |
Przewalski’s horses (2-17 years Annual large grazer density (census in late autumn) D 17.61 1 0.579+0.124 <0.001
old) Season 145 3 0.724
[2] 0.063+0.074
[3] 0.085+0.077
[4] 0.011+0.109
Precipitation in late summer during Ist year of life P; 3.59 1 0.212+0.111 0.083
Precipitation in late summer last year P, 0.01 1 0.021+0.249 0.952
DxA 5.15 1 0.140+0.059 0.039
P, xA 8.08 1 -0.203+0.070 0.005
P,xA 0.86 1 0.041+£0.044 0.401
Analysis by LMM with parametric bootstrapping (1000 iterations), based on n=393 score values from
64 females collected during 6 years (2004-2007, 2018, 2019). All 2-way interactions between female age
and the different environmental parameters were tested. Non-significant interactions (p>0.05) were step-
wise removed and the models were re-calculated. The proportional variance explained by the final model
excluding all non-significant interactions was ... iny R =0.196
Significant effects are highlighted in bold
Female identity and current year were used as random intercept factors. Season was a factor with 4 levels
([1] Jan-Mar; [2] Apr—Jun; [3] Jul-Sep: [4] Oct-Dec)
@ Springer
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Fig.4 Effects of different
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their first year of life (P;) on their body condition during
later life, as evident by the significant interaction of P;xA
(Table 2). Young adult females of 2 to around 3—4 years
which experienced higher amounts of P; showed a notably
increased body condition compared to females of the same
age experiencing lower amounts of late-summer precipita-
tion early in life (Fig. 4b). Although, this positive weather
effect disappeared with increasing age.

Alternatively, we also tested the non-linear (second-order
polynomial) effect of late-summer precipitation during early
life (P,) in interaction with age. This interaction between the
polynomial effect of P| and age was also statistically sig-
nificant (LMM: y?=8.77, p=0.018; not shown in Table 2).
However, it did not explain the data significantly better than
the model including the interaction P, X A based on the lin-
ear effect of P, (Likelihood ratio test: 122= 1.01, p=0.604).

120 0

40 80 1200 40 80 1200 40 80 120

Precipitation in late summer [mm]
during female's first year of life

We did not detect any significant effects, including an
age-specific interaction, of late-summer precipitation dur-
ing the previous year (P,) on the body condition during the
current year (Table 2).

Discussion
Age-specific reproductive activity

Our long-term study confirms and extends published infor-
mation on reproductive parameters in the Przewalski’s horse.
Parturitions peaked in mid to late May, which corresponds
well to findings from other studies on free-ranging Przew-
alski’s horse populations (Chen et al. 2008; Dorj and Nam-
khai 2013). Some females of our study population had their
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first foal during their second year of life (more details in:
Kerekes et al. 2021), although this happened only in few
cases (3.4%, 5 out of 146 females included in our study).
Another study on Przewalski’s horses, from a Mongolian
population, found first foaling at an age of 3 years, report-
ing that 24.7% of females already reproduced at this age
(Dorj and Namkhai 2013). Whilst such quantitative infor-
mation from free-ranging Przewalski’s horses (E. f przew-
alskii) is scarce, data on the well-studied feral horse (E. f.
caballus) suggest a notable variation in early reproductive
activity among populations and among years. Some stud-
ies reported that feral horse mares do not reproduce before
reaching an age of 3 years (Seal and Plotka 1983; Garrott
and Taylor 1990; Goodloe et al. 2000), whilst others found
foaling in 2-year-olds with low to intermediate (Garrott et al.
1991; Linklater et al. 2004; analysis based on pregnancy
rates in Grant et al. 2021), or even high rates of up to 37%
(Berger 1986). Furthermore, our current study provides indi-
cations for female reproductive senescence (see reviews on
mammals in: Gaillard et al. 2000; Turbill and Ruf 2010), in
terms of a decreasing reproductive probability in Przewal-
ski’s horse mares older than around 14 years, which is in
accordance with studies in feral horses (Garrott et al. 1991)
and in the closely related Asiatic and African wild asses (E.
hemionus, E. africanus: Tbler and Fischer 2017).

Age-dependent effects of density and weather

The prime interest of this study was to investigate possi-
ble age differences in the females’ foaling probability in
response to an increased large-herbivore density and to harsh
(or beneficial) weather conditions. We found consistent sup-
port that young females, as compared to middle-aged or
older ones, were particularly sensitive to such environmen-
tal effects, which is in line with other studies on ungulates
(review in: Gaillard et al. 2000). Extending these studies,
we also found interactive environmental effects, suggesting
that the interplay of weather conditions experienced during
different life stages can shape female reproduction.

Large-herbivore density

Negative effects of population density on body condition
and reproductive rates have been found in several large
herbivores (e.g., Fowler 1987; Stewart et al. 2004; Bonardi
et al. 2017) including in the feral horse (Garrott and Taylor
1990; Richard et al. 2014). Our study revealed pronounced
negative effects of high large-herbivore density on female
body condition, particularly on the body condition of the
youngest female age-class considered (2-year-olds), with a
gradually decreasing magnitude until the females reached
an age of around 5 years (see Fig. 4a). Accordingly, nega-
tive density effects on foaling probabilities were strongest in
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3- and 4-year-old females, whilst such effects were virtually
absent in females older than 5 years (see Fig. 2c). Two-year-
old females generally showed very low foaling rates (Garrott
et al. 1991; Linklater et al. 2004), and thus negative density
effects on reproduction were hardly detectable in this age
class. Even though we could not directly test for a statistical
association between body condition scores and foaling prob-
ability due to sample size restrictions in the former variable,
we strongly suggest that the density-dependent decline in
body condition of young females was the main driver of their
low foaling rates under high large-herbivore densities (cf.
Scorolli and Lépez Cazorla 2000). This is further supported
by a study in roe deer (Capreolus capreolus), showing that
particularly in young females, body condition is a strong pre-
dictor of reproductive performance (FlajSman et al. 2017).

Interactive weather effects

Body condition scoring revealed that young females were
particularly sensitive to rainy weather conditions experi-
enced in late summer (September) during their first year of
life (foal stage). Such late-summer rains typically lead to the
green-up of the ground vegetation. Foals may have benefit-
ted directly from such an increase in food availability and
quality, but also indirectly via potentially positive effects
of the available green pasture on mother’s lactational per-
formance (see Morand-Fehr and Sauvant 1980 for a study
in goats Capra hircus). Thus, females experiencing higher
amounts of late-summer precipitation during early life were
in a better body condition, at least during the following
1-2 years (see Fig. 4b). Such beneficial environmental con-
ditions were also associated with the females’ foaling prob-
ability, although in an interactive manner across different life
stages. Only in females, which experienced higher amounts
of late-summer rain during their first year of life, a positive
effect of late-summer rain during their current year of poten-
tial pregnancy was apparent. That is, only such females, at
an age of 2-3 years, showed a majorly increased foaling
probability during the following season when exposed to
higher amounts of late-summer rain during their (poten-
tial) pregnancy (see Fig. 3b). We suggest that the increased
availability of green pasture growing in late-summer and
autumn may have decreased the probability that these 2- to
3-year-old females experienced pregnancy losses (Satué and
Gardon 2016).

Moreover, females exposed to low amounts of late-sum-
mer rain during their first year (i.e., as foals) showed, after
reaching maturity, a low probability of reproduction when
experiencing harsh late-winter temperature conditions prior
to the mating season. That is, in females experiencing such
early-life conditions, harsh winter weather possibly limited
female’s receptivity or decreased the probability of success-
ful conceptions during the subsequent mating season. This
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is supported by the finding of Scheibe and Streich (2003) on
another Przewalski's horse population, who have shown that
harsh winter conditions, possibly via a delayed green-up of
pastures, decreased the body condition of the females during
the following season. Furthermore, our finding of interac-
tive, longer-term effect of late-winter temperature on the
foaling probability with a delay of 1 year extends the results
of a study on feral horses in Canada, reporting that mild
winters during gestation had direct, positive effects on repro-
ductive probability and foal survival (Richard et al. 2014).

Potential mechanisms

What drives such a higher sensitivity to environmental con-
ditions in young females? Adults of younger age classes,
even if already reproductively active, are often not fully
grown (e.g., mountain goat Oreamnos americanus: Houston
et al. 1989; European rabbit Oryctolagus cuniculus: Rodel
et al. 2004a), which may restrict their energy allocation to
reproductive processes, in particular when food resources
are limited. This might also apply to the Przewalski’s horse,
as for example females of the closely related feral horse (e.g.,
in Australia: Csurhes et al. 2016) usually do not reach their
maximum adult size until an age of around 4 years. Similar
results have been obtained by studies in different breeds of
domestic horses, in which females are reaching adult body
size and mass at an age of around 4-5 years (Fernandes et al.
2020; Lopes Teixeira et al. 2021). A further key mechanism
leading to such an age-specific sensitivity in female Przew-
alski’s horses, and possibly also in other group-living ungu-
lates, could be based on the association between the females’
age and their social rank position. Female rank hierarchies
are often positively correlated with age, as older females
frequently occupy higher ranks whilst younger females
start with subordinate positions when recruited into a social
group (e.g., Rutberg 1983; Thompson 1993; Rodel et al.
2004a). Such a largely age-specific structuring of the social
rank hierarchy of females, including the occurrence of ago-
nistic behavior mainly initiated by higher ranking females
towards younger, subordinate ones, has also been shown for
different feral horse populations (Clutton-Brock et al. 1976;
Keiper and Sambraus 1986; Heitor et al. 2006) and has been
also described for two harem groups of Przewalski’s horses
(Keiper and Receveur 1992). Females holding a lower social
rank position frequently experience higher and even endur-
ing levels of social stress, which can lead to an increased
activation of the hypothalamic—pituitary—adrenal (HPA)
axis, thus to high levels of circulating glucocorticoids (von
Holst 1998; Abbott et al. 2003). Such chronically increased
stress hormone concentrations can lead to immunosuppres-
sion, exert negative effects on reproductive functions and
may generally make an animal more susceptible to environ-
mental challenges (Sapolsky 1992; von Holst 1998).

In our study, an additional mechanism may have con-
tributed to exert comparatively stronger, negative effects
of large herbivore density on young females. During our
20-year study period, the population of Przewalski’s horses
as well as the herd of wild cattle showed a tendency of a
general increase in numbers, even though there were peri-
ods of stagnating or negative population growth (Kerekes
et al. 2021). Consequently, a large proportion of younger
females, which were inevitably born during the later part of
the study period, had experienced higher density conditions
during all their life. In turn, this was not the case for many
older females, which tended to experience comparatively
lower densities predominantly during their early years of
life. Even though such conditions of persistent population
growth over longer periods are not unusual for the dynam-
ics of natural populations, we cannot fully exclude that the
observed age-specific density effects on foaling probability
may have been less pronounced in periods of a more stable
or declining population density.

Age-dependent effect of prior reproductive effort

Reproduction frequently reduces the probability that a
female will reproduce during the following season (large
mammals: Hamel et al. 2010b). Such a negative associa-
tion indicative of fitness costs of reproduction was also
apparent in our study, although in an age-specific manner.
Excluding 2-year-old females from the analysis for meth-
odological reasons (see “Methods” section), we found that
young (i.e., 3- to 4-year-old) females as well as old females
(> 10 years) showed a significantly lower foaling probability
when they had nursed a foal for at least 60 days during the
previous year (see Fig. 2b). However, there clearly were no
such effects in middle-aged (5 to 10-year old, ‘prime-aged’)
females, which also showed the highest foaling rates in our
study (see Fig. 2a). Generally, such a pattern of higher costs
of reproduction during young and/or old ages appears typi-
cal for different species of mammalian herbivores including
ungulates (Clutton-Brock 1984; Proaktor et al. 2007). Age-
specific reproductive costs were also apparent in a study on
a feral horse population in Montana, USA, in which primi-
parous females, but not multiparous ones were less likely to
reproduce during the following season (Garrott and Taylor
1990). A study on Soay sheep also found pronounced nega-
tive effects of previous reproductive effort on lambing prob-
ability in young (yearling) females (Regan et al. 2022). In
our study, we had chosen foal survival until postnatal day
60 (i.e., at around peak lactation in domestic horses; Oftedal
et al. 1983) as a proxy of mother’s prior energetic invest-
ment. Although, the vast majority, more than 90% of foals,
which survived until day 60 also survived at least until the
following spring. This may have potentially imposed further
energetic/lactational costs to mothers during the winter, thus
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reinforcing the effects of previous reproduction on foaling
probability during the following breeding season.

As discussed above, young female horses still need to
allocate energy into their own growth until an age of around
4 years (Csurhes et al. 2016), and thus the energetic invest-
ment of young mothers into reproduction can be propor-
tionally higher compared to older and fully grown females,
possibly leading to higher reproductive fitness costs in young
mothers. This hypothesis finds further support by a study on
a feral horse population on an island in Nova Scotia, Canada,
showing that low quality females carried the highest costs
of reproduction in terms of a notably reduced foaling prob-
ability during the subsequent season (Debeffe et al. 2017).
Horses, as capital breeders, can hardly compensate for a lack
of energy during current reproduction via an increased food
intake, which can typically lead to such delayed effects of
low body condition on reproductive performance (Jonsson
1997).

At an older age, female horses in our study might have
increased their relative energy allocation into current repro-
duction, as it can be predicted by the terminal investment
hypothesis (e.g., Isaak and Johnson 2005). Such a dispropor-
tionally high reproductive investment in older mothers may
have led to the observed negative effects of nursing a foal on
such mothers’ subsequent foaling probability (see Fig. 2b.
iii). At the proximate level, the apparently high reproduc-
tive costs in old, multiparous mothers may also be driven
or reinforced by accumulating negative effects of consecu-
tive reproductive events on females’ bioenergetic processes,
constraining their reproductive abilities (cf. Zhang and Hood
2016).

Conclusions

In summary, our study highlights a higher susceptibility of
young female Przewalski’s horses to environmental chal-
lenges and to previous reproductive effort. Even though
many studies on mammals have described effects of density
and weather conditions on fitness-related traits such as on
body condition and seasonal reproductive probability, age-
dependent interactive effects of weather conditions experi-
enced during different life stages, as we show in our study,
are still rarely explored (Scorolli and Lépez Cazorla 2000;
Rodel and Dekker 2012; Richard et al. 2014). Our finding
on the long-term effects of late-summer precipitation expe-
rienced by the females during their year of birth may be par-
ticularly noteworthy. Such early-life environmental effects
can lead to consistent differences in traits such as body
condition and reproductive performance among cohorts of
individuals born during different years (Forchhammer et al.
2001; Gaillard et al. 2003), and as shown by the interactive
effects in our study, may consistently affect the responses of

@ Springer

females born during the same year to current environmen-
tal challenges, at least during younger age classes. Cohort
effects may have stabilizing or even destabilizing effects on
population fluctuations (Lindstrom and Kokko 2002), and
thus knowledge of the mechanisms leading to such cohort
differences may provide valuable information for the study
of the dynamics and for the management of feral and Prze-
walski’s horse populations (Collins and Kasbohm 2017;
Kerekes et al. 2021).

Supplementary Information The online version contains supplemen-
tary material available at https:/doi.org/10.1007/s00442-023-05477-9.

Acknowledgements We are grateful to all colleagues of the Hortobagy
National Park Directorate and students from different universities who
contributed to the data collection. We are also grateful to Cologne
Zoo Germany who supported the project from its founding up to the
present, both financially and technically. We would like to thank the
work of all EAZA (European Association of Zoos and Aquariums)
coordinators during the last 25 years, supporting the project and the
data collection. We also thank the three anonymous reviewers, whose
constructive comments have contributed to improve our manuscript.

Author contribution statement HGR, BI. KO and VK conceived the
study. VK supervised the field work, collected the data and created and
maintained the data base. KO assisted in the maintenance of the data
base. HGR statistically analyzed the data, and wrote the first draft of the
manuscript. All authors contributed to the data analysis through con-
structive discussions, revised the manuscript, and gave final approval
for publication.

Funding Open access funding provided by University of Debrecen.
K.O. was supported by the National Research, Development and
Innovation Fund of Hungary, financed under the FK123880 funding
scheme.

Data availability Data used in the study are available from the cor-
responding authors upon reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethicsapproval Permission to keep Przewalski's horses in the Pentezug
reserve of the Hortobagy National Park has been granted by the Hun-
garian Ministry of Rural Development in National Parks (regulation
number 134/2013.XIL 29, §1. 9). The data collection related to this
study, which exclusively consisted of non-invasive surveys and counts
of the animals, was done by the trained personnel of the national park.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide alink to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in

83



Oecologia (2023) 203:435-451

449

the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbott DH, Keverne EB, Bercovitch FB, Shively CA, Mendoza SP,
Saltzman W, Snowdon CT, Ziegler TE, Banjevic M, Garland
T, Sapolsky RM (2003) Are subordinates always stressed? A
comparative analysis of rank differences in cortisol levels among
primates. Horm Behav 43:67-82

Albon SD, Coulson TN, Brown D, Guinness FE, Pemberton JM, Clut-
ton-Brock TH (2000) Temporal changes in key factors and key
age groups influencing the population dynamics of female red
deer. J Anim Ecol 69:1099-1110

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using /me4. J Stat Softw 67:1-48

Berger J (1986) Wild horses of the Great Basin. Social competition and
population size. University of Chicago Press, Chicago

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens
MHH. White JSS (2009) Generalized linear mixed models: a
practical guide for ecology and evolution. Trends Ecol Evol
24:127-135

Bonardi A, Corlatti L, Bragalanti N, Pedrotti L (2017) The roles of
weather and density dependence on population dynamics of
Alpine-dwelling red deer. Integr Zool 12:61-76

Bond ML, Ozgul A, Lee DE (2023) Effect of local climate anomalies
on giraffe survival. Biodivers Conserv 32:3179-3197

Bronson FH (1985) Mammalian reproduction: an ecological perspec-
tive. Biol Reprod 32:1-26

Chen J, Weng Q, Chao J, Hu D, Taya K (2008) Reproduction and devel-
opment of the released Przewalski’s horses (Equus przewalskii)
in Xinjiang, China. J Equine Sci 19:1-7

Clutton-Brock T (1984) Reproductive effort and terminal investment
in iteroparous animals. Am Nat 123:212-229

Clutton-Brock TH (1988) Reproductive success. University of Chicago
Press, Chicago

Clutton-Brock TH, Greenwood PJ, Powell RP (1976) Ranks and rela-
tionships in Highland ponies and Highland cows. Z Tierpsychol
41:202-216

Collins GH, Kasbohm JW (2017) Population dynamics and fertility
control of feral horses. J Wildl Manage 81:289-296

Coulson T, Milner-Gulland EJ, Clutton-Brock T (2000) The relative
roles of density and climatic variation on population dynamics
and fecundity rates in three contrasting ungulate species. Proc R
Soc Lond B Biol Sci 267:1771-1779

Coulson T, Gaillard JM, Festa-Bianchet M (2005) Decomposing the
variation in population growth into contributions from multiple
demographic rates. J] Anim Ecol 74:789-801

Csurhes S, Paroz G, Markula A (2016) Invasive animal risk assess-
ment: feral horse Equus caballus. Department of Agriculture
and Fisheries, Biosecurity Queensland. Queensland Government,
Australia

Debeffe L, Poissant J, McLoughlin PD (2017) Individual quality and
age but not environmental or social conditions modulate costs of
reproduction in a capital breeder. Ecol Evol 7:5580-5591

DelGiudice GD, Lenarz MS, Carstensen Powell M (2007) Age-specific
fertility and fecundity in northern free-ranging white-tailed deer:
evidence for reproductive senescence? J Mammal 88:427-435

Der Sarkissian C, Ermini L, Schubert M, Yang MA, Librado P et al
(2015) Evolutionary genomics and conservation of the endan-
gered Przewalski’s horse. Curr Biol 25:2577-2583

Descamps S, Boutin S, Berteaux D, McAdam AG, Gaillard JM (2008)
Cohort effects in red squirrels: the influence of density, food
abundance and temperature on future survival and reproductive
success. J Anim Ecol 77:305-314

Dorj U, Namkhai B (2013) Reproduction and mortality of re-intro-
duced Przewalski’s horse Equus przewalskii in Hustai National
Park, Mongolia. J Life Sci 7:623-629

Emlen JM, Pikitch EK (1989) Animal population dynamics—identifi-
cation of critical components. Ecol Model 44:253-273

Engqvist L (2005) The mistreatment of covariate interaction terms in
linear model analyses of behavioural and evolutionary ecology
studies. Anim Behav 70:967-971

Faraway JJ (2006) Extending the linear model with R. Generalized
linear mixed effects and nonparametric regression models. Chap-
man and Hall, Boca Raton

Fernandes TJ, Caetano de Souza FA, Ribeiro RA, Oliveira Cunha F,
Conceigio Meirelles SL, Silva de Moura R, Muniz JA (2020)
Growth curve for height at withers and body length of Man-
galarga Marchador horses. Anim Prod 50:¢20200140

Festa-Bianchet M, Jorgenson JT, Lucherini M, Wishart WD (1995)
Life history consequences of variation in age of primiparity in
bighorn ewes. Ecology 76:871-881

Flajsman K, Jerina K, Pokorny B (2017) Age-related effects of
body mass on fertility and litter size in roe deer. PLoS One
12:¢0175579

Focardi S, Pelliccioni ER, Petrucco R, Toso S (2000) Spatial patterns
and density dependence in the dynamics of a roe deer (Capreolus
capreolus) population in central Italy. Oecologia 130:411-419

Forchhammer MC, Clutton-Brock TH, Lindstrom J, Albon SD (2001)
Climate and population density induce long-term cohort varia-
tion in a northern ungulate. J Anim Ecol 70:721-729

Fowler CW (1987) A review of density dependence in populations of
large mammals. In: Genoways HH (ed) Current mammalogy.
Plenum Press, New York, pp 401441

Frederiksen ML, Lebreton JD, Pradel R, Choquet R, Gimenez O (2014)
Identifying links between vital rates and environment: a toolbox
for the applied ecologist. J Appl Ecol 51:71-81

Frylestam B (1980a) Growth and body weight of European hares in
Southern Sweden. Holarctic Ecol 3:81-86

Frylestam B (1980b) Reproduction in the European hare in southern
Sweden. Holarctic Ecol 3:74-80

Gaillard JM, Festa-Bianchet M, Yoccoz NG, Loison A, Toigo C (2000)
Temporal variation in fitness components and population dynam-
ics of large herbivores. Annu Rev Ecol Syst 31:367-393

Gaillard J-M, Loison A, Toigo C, Delorme D, van Laere G (2003)
Cohort effects and deer population dynamics. Ecoscience
10:412-420

Gamelon M, Gretan V, Nilsson ALK, Engen S, Hurrell JW, Jerstad
K. Phillips AS. Rgstad OW, Slagsvold T, Walseng B, Stenseth
NC, Szther B-E (2017) Interactions between demography and
environmental effects are important determinants of population
dynamics. Sci Adv 3:¢1602298

Garrott RA, Taylor L (1990) Dynamics of a feral horse population in
Montana. J Wildl Manage 45:603-612

Garrott RA, Eagle TC, Plotka ED (1991) Age-specific reproduction in
feral horses. Can J Zool 69:738-743

Gittleman JL, Thompson SD (1988) Energy allocation in mammalian
reproduction. Am Zool 28:863-875

Goodloe RB, Warren RJ, Osborn DA, Hall CS (2000) Population char-
acteristics of feral horses on Cumberland Island, Georgia and
their management implications. J Wildl Manage 64:114-121

Grant L, Sharp R, Griffin P, Weikel J, Pielstick L (2021) High
pregnancy rates in two-year-old wild horses. Northwest Nat
102:252-253

Hamel S, Gaillard JM, Yoccoz NG, Loison A, Bonenfant C, Descamps
S (2010a) Fitness costs of reproduction depend on life speed:

@ Springer

84



450

Oecologia (2023) 203:435-451

empirical evidence from mammalian populations. Ecol Lett
13:915-935

Hamel S, Cé6té SD, Festa-Bianchet M (2010b) Maternal characteris-
tics and environment affect the costs of reproduction in female
mountain goats. Ecology 91:2034-2043

Hayward AD, Wilson AJ, Pilkington JG, Clutton-Brock TH, Pemberton
JM. Kruuk LEB (2013) Reproductive senescence in female Soay
sheep: variation across traits and contributions of individual age-
ing and selective disappearance. Funct Ecol 27:184-195

Heck L, Clauss M, Sanchez-Villagra MR (2017) Gestation length vari-
ation in domesticated horses and its relation to breed and body
size diversity. Mamm Biol 84:44-51

Heitor F, do Mar Oom M, Vicente L (2006) Social relationships in a
herd of Sorraia horses Part 1. Correlates of social dominance and
contexts of aggression. Behav Process 73:170-177

Helle E, Kauhala K (1995) Reproduction in the racoon dog in Finland.
J Mammal 76:1036-1046

Hilde CH, Gamelon M, Sather BE, Gaillard MJ, Yoccoz NG, Pélabon
C (2020) The demographic buffering hypothesis: evidence and
challenges. Trends Ecol Evol 35:523-538

Houston DB, Robbins CT, Stevens V (1989) Growth in wild and cap-
tive mountain goats. ] Mammal 70:412-416

Ibler B, Fischer K (2017) Comparative analyses of life-history strate-
gies in Asiatic and African wild asses using a demographical
approach. Folia Zool 66:133-146

Isaak JL, Johnson CN (2005) Terminal reproductive effort in a marsu-
pial. Biol Lett 1:271275

Janssen J, Chytry M, Bita-Nicolae C, Finck P, JaniSova M, Molnar Z,
Paternoster D, Raths U, Riecken U, Roosaluste E, Skvorc Z, Ssy-
mank A, Tzonev R, Biurrun I, Gigante D, Rodwell J, Schaminée
J(2016) E1.1a Pannonian and Pontic sandy steppe. European
Red List of Habitats. Grasslands Habitat Group

Jonsson KI (1997) Capital and income breeding as an alternative tactics
of resource use in reproduction. Oikos 78:57-66

Keiper R, Receveur H (1992) Social interactions of free-ranging Prze-
walski horses in semi-reserves in the Netherlands. Appl Anim
Behav Sci 33:303-318

Keiper RR, Sambraus HH (1986) The stability of equine dominance
hierarchies and the effects of kinship, proximity and foaling sta-
tus on hierarchy rank. Appl Anim Behav Sci 16:121-130

Kerekes V, Ozogany K, Sandor I, Végviri Z, Czets C, Nyiré B, Szaba-
dos T, Széles L, Barta Z (2019) Analysis of habitat use, activity,
and body condition scores of Przewalski’s horses in Hortobagy
National Park, Hungary. Nat Conserv Res 4:31-40

Kerekes V, Sandor I, Nagy D, Ozogény K, Goczi L, Ibler B, Széles
L, Barta Z (2021) Trends in demography, genetics, and social
structure of Przewalski’s horses in the Hortobagy National Park,
Hungary over the last 22 years. Glob Ecol Conserv 25:¢01407

King SRB, Boyd L, Zimmermann W, Kendall BE (2015) Equus ferus
ssp. przewalskii. TUCN Red List of Threatened Species 2015:e.
T7961A97205530

Klimov VV (1988) Spatial-ethological organization of the herd of Prze-
walski horses (Equus przewalskii) in Askania-Nova. Appl Anim
Behav Sci 21:99-115

Lindstrém J. Kokko J (2002) Cohort effects and population dynamics.
Ecol Lett 5:338-344

Linklater WL, Cameron EZ, Minot EO, Stafford KJ (2004) Feral horse
demography and population growth in the Kaimanawa Ranges,
New Zealand. Wildl Res 31:119-128

Lopes Teixeira G, Fernandes TJ, Muniz JA, Caetano de Souza FA,
Silva de Moura R, dos Santos P, Melo RM (2021) Growth
curves of campolina horses using nonlinear models. Livest Sci
251:104631

Louthan AM, Walters JR. Terando AJ, Garcia V, Morris WF (2021)
Shifting correlations among multiple aspects of weather

@ Springer

complicate predicting future demography of a threatened spe-
cies. Ecosphere 12:¢03740

Lummaa V, Clutton-Brock T (2002) Early development, survival and
reproduction in humans. Trends Ecol Evol 17:141-147

Maltzan J, Gohl C, Kohler B, Wiesner H (2007) Breeding management
of Przewalski’s horses (Equus przewalskii) in Munich Tierpark
Hellabrunn: experience from 30 years. In: 43rd International
Symposium of Wildlife and Zoo, pp 48-53

Markgren G (1969) Reproduction of moose in Sweden. Viltrevy
6:129-299

McNab BK (2002) 10.6 Energetics of reproduction. The physiological
ecology of vertebrates: view from energetics. Cornell University
Press, Ithaca, pp 316-327

Mech LD, McRoberts RE, Peterson RO, Page RE (1987) Relationship
of deer and moose populations to previous winters’ snow. J Anim
Ecol 56:615-627

Monclis R, von Holst D, Blumstein DT, Rodel HG (2014) Long-
term effects of litter sex ratio on female reproduction in two
iteroparous mammals. Funct Ecol 28:954-962

Monfort LS, Arthur NP, Wildt DE (1991) Monitoring ovarian func-
tion and pregnancy by evaluating excretion of urinary oes-
trogen conjugates in semi-free-ranging Przewalski’s horses
(Equus przewalskii). ] Reprod Fertil 91:155-164

Morand-Fehr P, Sauvant D (1980) Composition and yield of goat
milk as affected by nutritional manipulation. J Dairy Sci
63:1671-1680

Morris WF, Doak DF (2004) Buffering of life histories against envi-
ronmental stochasticity: accounting for a spurious correlation
between the variabilities of vital rates and their contributions
to fitness. Am Nat 163:579-590

Nussey DH, Froya H, Lemaitrec JF, Gaillard JM, Austad SN (2013)
Senescence in natural populations of animals: widespread evi-
dence and its implications for bio-gerontology. Ageing Res
Rev 12:214-225

Oftedal OT, Hintz HF, Schryver HF (1983) Lactation in the horse:
milk composition and intake by foals. J Nutr 113:2096-2106

Ozogany K, Kerekes V. Fiilop A, Barta Z, Nagy M (2023) Fine-scale
collective movements reveal present, past and future dynamics
of a multilevel society in Przewalski’s horses. Nat Commun
14:5096

Proaktor G, Milner-Gulland EJ, Coulson T (2007) Age-related shapes
of the cost of reproduction in vertebrates. Biol Lett 3:674-677

R Core Team (2023) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna.
http://www.R-project.org

Regan CE, Pemberton JM, Pilkington JG, Smiseth PT (2022) Having
a better home range does not reduce the cost of reproduction
in Soay sheep. J Evol Biol 35:1352-1362

Richard E, Simpson SE, Medill SA, McLoughlin PD (2014) Interact-
ing effects of age. density, and weather on survival and current
reproduction for a large mammal. Ecol Evol 4:3851-3860

Rédel HG, Dekker JJA (2012) Influence of weather factors on popu-
lation dynamics of two lagomorph species based on hunting
bag records. Eur J Wildl Res 58:923-932

Rodel HG, Starkloff A (2014) Social environment and weather dur-
ing early life influence gastro-intestinal parasite loads in a
group-living mammal. Oecologia 176:389-398

Rédel HG, Bora A, Kaiser J, Kaetzke P, Khaschei M, von Holst D
(2004a) Density-dependent reproduction in the European rab-
bit: a consequence of individual response and age-dependent
reproductive performance. Oikos 104:529-539

Rédel HG, Bora A, Kaetzke P, Khaschei M, Hutzelmeyer H, von
Holst D (2004b) Over-winter survival in subadult European
rabbits: weather effects, density dependence, and the impact of
individual characteristics. Oecologia 140:566-576

85



nature communications

Article
Fine-scale collective movements reveal

present, past and future dynamics of a
multilevel society in Przewalski’s horses

https://doi.org/10.1038/s41467-023-40523-3

Katalin Ozogany ®"2  , Viola Kerekes?, Attila Fiilop ® %58, Zoltan Barta® 2" &

Maté Nagy ©@ 722101

Received: 15 December 2022

Accepted: 31 July 2023

Published online: 05 September 2023 n A s " . R
Studying animal societies needs detailed observation of many individuals, but

technological advances offer new opportunities in this field. Here, we present a
state-of-the-art drone observation of a multilevel herd of Przewalski’s horses,
consisting of harems (one-male, multifemale groups). We track, in high spatio-
temporal resolution, the movements of 238 individually identified horses on
drone videos, and combine movement analyses with demographic data from
two decades of population monitoring. Analysis of collective movements
reveals how the structure of the herd’s social network is related to kinship and
familiarity of individuals. The network centrality of harems is related to their
age and how long the harem stallions have kept harems previously. Harems of
genetically related stallions are closer to each other in the network, and female
exchange is more frequent between closer harems. High movement similarity
of females from different harems predicts becoming harem mates in the
future. Our results show that only a few minutes of fine-scale movement
tracking combined with high throughput data driven analysis can reveal the
structure of a society, reconstruct past group dynamics and predict

future ones.

® Check for updates

Understanding social structure and dynamics of animal societies
is an important task in which utilising emerging technologies and
high-throughput methods could be the key. Multilevel societies
are arguably among the most complex forms of social organisa-
tion in nature'’. Individuals in these societies aggregate through
multiple nested levels’: the core units (the lowest social level) are
usually breeding units (e.g., one-male, multifemale groups), and

higher levels of social organisation are formed by the aggregation
of lower-level units. They are best known from primates’”’, but
are also found in cetaceans®’, elephants', equids ™", and birds"”.
Moreover, the vast majority of human social systems show mul-
tilevel structure as well'*?°, thus studying multilevel societies can
fundamentally contribute to our understanding of the evolution
of sociality** .
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One such taxon where multilevel social organisation can occur is
the Przewalski's horse (Equus ferus przewalskii)***, which is the last
extant subspecies of wild horses (Equus ferus). The mating system of
Przewalski’s horses is female defence polygyny, where year-round
stable harems are the core units of the society, and the harem’s single
breeding male (the harem stallion) protects the adult females and their
juvenile offspring belonging to the harem"* 7. Another type of social
groups are the single-sex bachelor groups formed by non-breeding
adult males”**. Previous observations show variation in the occur-
rence of higher-level social units in Przewalski’s horses: harems are
observed to live isolated in almost exclusive home ranges in Hustai
National Park”, while in other populations they aggregate and form
multilevel herds****°. In Hortobéagy National Park, Hungary, where the
largest captive population of Przewalski’s horses lives in a 3000-ha
fenced but otherwise natural habitat, both cases were observed: in the
first years after introduction harems had non-overlapping home ran-
ges, while recently the population forms a massive multilevel herd".
However, the detailed structure of this society (e.g., the bonds
between harems leading to herd formation) remains unclear.

A commonly used approach in the study of social structures is the
analysis of social networks, where the links between individuals are
traditionally quantified by numerous direct observations of social
interactions over a long period of time’*’. However, uncovering the
structure of a multilevel societies’ social network would require the
observation of many, possibly as much as a few hundreds of indivi-
duals. Recent advances in bio-logging and remote monitoring enables
the collection of large amounts of behavioural data over short periods
and may involve the majority or even all individuals in a social group,
hence affording the quick and reliable study of social structures™. New
technologies thus offer the possibility of a more detailed analysis of
complex societies than ever before, however, a deeper understanding
is required on how these detailed “snapshots” of the system reflect
relationships among individuals that have developed over longer
timescales™**.

In thiswork, we present the results of drone observations to track
movements of Przewalski’s horses in Hortobagy National Park (n =278
individuals) and combine the high-resolution movement data of sev-
eral minutes with long-term demographic data collected over 23 years
of continuous population monitoring (Fig. 1). We aimed to study the
collective movements in this multilevel herd of Przewalski’s horses and
explore relationships between society structure and motion patterns.
We show that the structure of the society (i.e., associations of indivi-
duals to harems) can be determined from movements, which we
expected from our previous studies™. Moreover, by characterising the
society with proximity networks during movements, we uncover novel
relationships between individuals and harems based on kinship and
familiarity, we reveal that network centrality is related to harem traits,
and that the network’s structure is related to past and future social
dynamics, i.e., member exchanges between harems, which exchanges
for the future—as an unexpected finding—we can predict from the
movements of individuals.

Results

Data acquisition techniques

Our aerial observations consisted of 5-min long video sessions cap-
tured on five different days. We recorded 4k videos of the herd’s
movements with two drones simultaneously to get global motion
patterns and enough details for individual recognition (Fig. 1a; see
Methods). During these observations the herd followed their natural
daily routine, moving undisturbed in the reserve. We tracked each
individual's movement on the footage (pixel coordinates) and refer-
enced the locations on the images to the background for earth-fixed
metric coordinates and thus reconstructed movement trajectories in
high temporal (12.5 position/s) and spatial (+/- 0.2m) resolution
(Fig. 1b, c; see Methods). All horses, except bachelor males, were

individually identified (n =238) in the footage and their identities were
matched across recording sessions on different days (Fig. 1c; Supple-
mentary Table 1).

Przewalski’s horses living in the Pentezug reserve of the Horto-
bagy National Park typically formed a single compact herd and moved
in a very coordinated way during all recording sessions (Fig. 1a, Sup-
plementary Movies 1 and 2). To quantify local pair interactions
between individuals during movements, we calculated two variables
for each horse pair, namely (i) pairwise distance d, and (ii) movement
similarity C, i.e., directional correlation between trajectories of horse
pairs’®”. Both variables were assessed over each 5-min observation
session and averaged over the five 5-min observation sessions (see
Methods).

From its founding in 1997, all individuals of the Hortobagy
population have been individually identified and monitored by the
reserve staff. Monitoring includes recording individuals’ life-histories
(e.g., births, deaths), parentage confirmed by genetic sampling, asso-
ciations of individuals to sub-units of the multilevel social system (i.e.,
harems) and changes in harem memberships”. These population
monitoring data have typically spanned for timescales of years to
decades but are sparse and less detailed (updated monthly), in con-
trast to the detailed and fine-scale but short-term drone observations
(Fig. 1d; see Methods). We investigated how these two data with dif-
ferent timescales relate to each other, and whether the latter can
provide a robust measurement for the multilevel social structure.

Due to the long-term population monitoring, group dynamics in
the population, including temporal development of harems, dispersal
of individuals between harems, and associations of individuals in the
same harem was known, not only at the time of movement tracking,
but also for the previous 21 years prior to the drone observations as
well as for the subsequent 2 years (Fig. 2). Some harems existed for
more than a decade, and their composition typically changed slowly
over time (Fig. 2). Individuals may have spent several years in the same
harem, during which time they may have developed familiarity with
each other, which may influence their behaviour also after leaving their
harem and already belonging to different harems. To quantify famil-
iarity, we used £,a, the time a pair of individuals has been together in
the same harem in the 2 years prior to the movement observations (see
Methods). From the genetic sampling the population’s genealogy
could be reconstructed, and thus the kinship between each pair of
individuals was determined (Fig. 3).

Levels of the society

We first assessed the relationship between motion patterns and the
multilevel social structure of the herd (associations of individuals to
sub-units was known from long-term population monitoring). Social
levels, as expected’, were associated with different levels of cohesion
between their members: pairwise distance was lower (p < 0.0001) and
movement similarity was higher within harems than among harems
within the whole herd (p <0.0001, n; =711, n, =21374, randomisation
tests, see Methods for details; see Supplementary Table 2; Fig. 4b, c,
Supplementary Fig. 1). Since juveniles stay in the parental harem for
several years”*, we considered an adult female and its subadult, not
yet dispersed offspring as a sub-unit within harems and called it
“family” (note that foals still dependent on their mothers were not
included in “families”). We found that pairwise distance within
“families” was typically lower (p < 0.001) and movement similarity was
higher than in harems (p<0.0001, n; =70, n,=711, randomisation
tests, Fig. 4b, ¢, Supplementary Fig. 1). Although this sub-unit in equids
(i.e., a female and its juvenile offspring) is usually not considered as a
separate social level’, its high cohesion shows similarity to a social
level, nested within harems. We investigated the behaviour of bachelor
males as well, but in this case only pairs of a bachelor male and a harem
member individual could be considered, because bachelor males
could not be individually identified and thus it was not possible to
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distinguish intra-group and inter-group bachelor pairs. We found
lower cohesion between a bachelor group and a harem group than
between two harem groups, as pairwise distances were higher
(p<0.0001) and movement similarities were lower (p<0.0001,
n,=8778, ny=20959, randomisation tests, Fig. 4b, c) between a
bachelor and harem member individual than between two harem-
living individuals belonging to different harems.

Considering the features of collective movement, we found that
the herd’s multilevel structure was obvious in the d-C plots, both for a
single 5-min and for averaged sessions, as individual pairs belonging to
the same harem were separated from the pairs belonging to different
harems, primarily along the axis d (Supplementary Fig. 2a, b).
Accordingly, the distribution of pairwise distances clearly showed two
peaks, where the first peak corresponded to the harem level, while the
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Fig. 1| Overview of the main concept and the data acquisition technique.

a Sample images and a sketch of the setup for 4k filming of Przewalski’s horses at
Pentezug reserve, Hortobagy National Park, Hungary, in 2018 with two drones. The
higher drone provides a large-scale top view for tracking individuals and the
background to get coordinates and movement in an earth-fixed coordinate system
(b). The lower drone scans the area with horses to get a detailed view for individual
recognition. b Example trajectories of all horses belonging to the population
(n=278) from a 5-min long drone recording. Arrow shows the main direction of
motion of the herd. Individuals (known identification, n=238) are colour-coded

based on the group they belong to (out of 31 harems), or shown as grey in the case
of bachelor males (i.e., males that are not part of a harem, n=40). ¢ Detailed view of
trajectories of asingle harem, with all individuals shown with dotsat agiven pointin
time. Three letter codes show their identities. d Diagram of the main concept (on
the left) showing important aspects of collectively living animals, and the complex
interplays between these components. The components may have a relevant
temporal scale (shown in the middle) that spans through several orders of mag-
nitudes (from seconds and minutes to several decades). A detailed schematic
explanation of each component is provided on the right.
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Fig. 2 | Group dynamics and the temporal development of harem structure of
Przewalski’s horses at Hortobagy National Park (Hungary) between 1997 and
2020. a, b Sample timeline from the point of view of a harem (a) and of an indi-
vidual harem stallion (b). For each year, the length of the vertical heavy black line
indicates the total number of members, with in-coming (and out-going) edges
pointing from (and towards) other harems. Alladult membersare presented except

bachelors. Names indicate the harem stallion, red circles indicate stallion changes.
¢ Data visualisation from the long-term population monitoring from 1998 to 2020.
For 2018, when the high-resolution aerial observations were recorded, colour
indicates several harems with matching colour in Fig. 4d. The longest lasting har-
ems are indicated by coloured lines. d Examples of important events related to
changes in harem structure or to emergence of a new harem stallion.

second peak to the herd level (Fig. 4a). Although the two peaks were
more obvious for averaged sessions, the two peaks were noticeable
even in a single S-min session (Supplementary Fig. 2c-e). Therefore,
pairwise distances during collective movements averaged over several
minutes are enough to detect multilevel structure of horse herds, and
to classify individuals into sub-units based solely on their movement
without any prior knowledge on their social relationships (Supple-
mentary Fig. 3, see Supplementary Note 1 for details).

Society, kinship and familiarity

As pair distances during collective movements were clearly related to
the social structure, we built proximity networks of harems and indi-
viduals to characterise the herd’s multilevel society. These networks
were based on averaged distances between individuals during move-
ments, i.e., network edges represent typical distances less than a given
threshold (see Methods; Fig. 4d, Supplementary Fig. 4). We investi-
gated how this social network relates to kinship (Fig. 3) and familiarity
of individuals (i.e., duration of common past membership for a pair of
individuals, .5 Fig. 2).

First, we studied the bonds between adult females within harems.
Here, kinship did not seem to influence the structure of the social
network, as we found no significant differences in network distances if
we compared close kin, i.e., full or half-sibling (p=0.079, n;=15,

n,=199) and parent-offspring, adult female pairs to more distant
relatives (p =0.334, n;=9, n,=199, randomisation tests; see Supple-
mentary Note 2 for additional info). Furthermore, the harem choice of
females seemed not to be affected by kinship, as sibling female pairs
were not found more frequently in the same harem than in the whole
population (p=0.107, n=31, randomisation test). Familiarity had,
however, an effect on network distances within harems, as adult
female pairs were closer to each other in the network if they spent
more time in the same harem in the previous 2 years (Pearson’s
r=-0.175, p=0.006, n=199, using randomisation; excluding
close kin).

Next, we studied the bonds between the harems. The network
distance between harems was shaped by stallion kinship, as harems of
sibling stallions were located closer in the network than harems of
more distantly related stallions (p <0.001, n; =53, n, =411, randomi-
sation test, Fig. 5a, b; note that shorter network distances mean shorter
spatial distances and usually also higher movement similarities). The
harems of full sibling stallions were even closer than the half-siblings’
harems (p=0.046, n, =9, n, =44, randomisation test, Fig. 5a, b). Sib-
ling relations of stallions could not be separated from familiarity, as
group membership of stallions while being bachelors was not known.
However, common past membership of stallions in the parental harem
at young age did not seem to affect proximity of their harems, as
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Fig. 3 | Genealogy of the P i’s horse population at Hortobagy National
Park between 1997 and 2020. Nodes correspond to individuals living in the

reserve (circles for females and squares for males) from the establishment of the
population in 1997 until the end of 2020. The node size is proportional to the total

Year
(IEE

u,
1990 2000 2010

of birth
E

number of their offspring, node colour indicates the year of birth. Edges point from
parent to offspring (purple for mother, green for father). Due to the parentage
database kinship relation between each pair of horses is known.

harems of non-related stallions were not closer in the network if the
stallions lived longer in the same parental haremin the past (Pearson’s
r=-0.035, p=0.260, n =381, randomisation test). Network distances
of harems were associated with female kinship too, as harems con-
taining full or half-sibling adult female pairs were usually located closer
to each other than the harems, which contain only more distantly
related females (p=0.004, m =65 n,=206, randomisation test;
excluding harems with familiar females). The network distance
between harems with parent-offspring adult female pairs did not,
however, differ significantly from harems not containing close kin
females (p=0.342, m=14, n,=206, randomisation test; excluding
harems with familiar females).

Group dynamics

We investigated whether the network among harems is related to
group dynamics. First, we asked whether the females’ harem changes
can be predicted on the basis of this network, i.e., changes happen
more frequently between neighbouring harems or not. The network
distance of harems that had exchanged females in the 2 years prior to
the movement observations was lower than the distance between
other harems (p =0.021, n; =27, n,=438), and the same was true for
harems that exchanged females in 2 years following the observations
(i.e., in the “future”, p=0.017, n; =24, n, =441, randomisation tests,
Fig. 5c, d). Next, we focused on the individuals and asked whether we
can predict which females are going to change harem. We quantified
the time a pair of females spent in the same harem in the subsequent 2
years following the movement observations (fruwre)- When investigat-
ing the future of females that were currently harem-mates, we found
that if they were closer to each other in the network then they typically
spent more time in the same haremin the subsequent 2 years following
the observed movements (Pearson’s r=-0.160, p=0.012, n=199,

randomisation test; excluding close kin). When investigating the future
of females from different harems, we assessed movement similarities,
since pairwise distances are primarily determined by the location of
their harems. Interestingly, the adult female pairs from different har-
ems, which later became harem-mates (for at least 3 months) in the
subsequent 2 years following the movement observations, already had
more similar movement paths than their female harem-mates’ average
(p=0.007, n=109, for non-related females with (fpasc=0,
trurre > 90 days vs. average movement similarity of females from their
harems with £g,qye = 0, randomisation test).

Network centrality

To reveal further details of the harem network, and hence of the
possible origins of herd formation, we studied how different harem
traits were related to network centrality—a network metric character-
ising importance of nodes (Supplementary Fig. 5). We found that a
harem’s closeness centrality (i.e., the reciprocal of the mean shortest
path distance from all other reachable nodes) was positively associated
with the harem’s age (Pearson’s r=0.600, p<0.001, n=31) and the
harem stallion’s experience in harem keeping (i.e., the number of years
the stallion has had a harem, in total; Pearson’s r=0.663, p < 0.0001,
n=31, randomisation tests; Fig. 5e, Supplementary Fig. 6a, c). These
latter two variables were also related to each other, suggesting that
older harems typically belong to more experienced stallions (Pearson’s
r=0.724, p<0.0001, n=31, randomisation test; Supplementary
Fig. 7a; see Supplementary Note 3 for additional info). Unsurprisingly,
we found a connection between the harem'’s closeness centrality and
the stallion’s age as well (Pearson’s r=0.631, p<0.001, n=30; Sup-
plementary Fig. 6e), because a stallion’s harem keeping experienceisin
strong correlation with its age (Pearson’s r= 0.849, p <0.0001, n =30,
randomisation tests). The size of a harem including adult and subadult
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Fig. 4 | Social network of the Przewalski's horse herd based on local pair

i ions during collective a Histogram of pair distances
between horses during collective movements averaged over five 5-min observation
sessions (bars), for intra-harem (green line) and inter-harem pairs of individuals
(red line); the two peaks correspond to the two social levels of the multilevel
society: harem and herd. b, ¢ Pairwise distance and movement similarity of horse
pairs belonging to the (i) same family (i.e., a female and its 1-5 years old pre-
dispersal offspring, n=70 horse pairs), (i) different family but same harem
(n=707), (iii) different harem (same herd, n=20959); and (iv) of a bachelor and a
harem-living individual pair (n==8778), in a single 5-min observation session. The
pairs’ distance increases while movement similarity decreases from family to herd
including bachelors. Boxes range from the 25th to 75th percentile, while central

¥
e

marks denote medians, whiskers extend to extreme data points not considered
outliers (marked in red). d Multilevel social network of the herd, presented as two
networks overlaid, based on average proximity during observed collective move-
ments. Top layer: Nodes (small circles) correspond to individuals, while colour
denotes the harem they belong to or shown with grey for bachelors. Bonds (black
lines) are based on averaged pairwise distances between individuals: an edge is
drawn between two individuals if their averaged distance d < d,,, (for further details,
see main text). Heavy connections depict close family ties. Bottom layer: Social
network of harems, nodes (larger circles) correspond to harems (with matching
colours of the individuals and size proportional to harem size), and edges (grey
lines) show spatial proximity between harems.

members was also related to the harem’s closeness centrality (Pear-
son’s r=0.468, p = 0.005, n = 31; Supplementary Fig. 6g), although this
was not the case if counting only the adult members (Pearson’s
r=0.286, p = 0.061, n = 31, randomisation tests). On the other hand, we
found that average distance of the closest bachelor male to harems
was not related to the closeness centrality (Pearson’s r=-0.133,
p=0.241, n =31), although the harems with more adult members (i.e.,
containing more adult females) were typically further from the
bachelors (Pearson’s r=0.430, p=0.010, n=31, randomisation
tests; Fig. 5f).

Discussion

In this study, we simultaneously tracked all individuals of a large herd
of Przewalski’s horses and showed that analysing their collective
movements for a few minutes is sufficient to determine the current
harem membership of the individuals and to infer past and future
social dynamics of the population.

Despite our analyses being based on a few minutes long
recordings, fine-scale tracking and high-throughput data driven
analysis of movements uncovered novel social relationships among
the horses. Our results on intra-harem bonds primarily provided by
familiarity are consistent with known sociality of polygynous
equids™. Inter-harem bonds, and thus the formation of large herds,

12-14

however, is not fully understood in equids'***. Therefore, more
research is needed to determine the possible preconditions and
factors that may lead to massive herds from independent harems.
Our results suggest that aggregation of harems is associated with
kinship in this Przewalski’s horse population, and male-male and
female-female sibling relations are both important. Similarly, in
plains zebras (Equus quagga), a closely related species, aggregation
of harems is driven by kinship, but only by female-female kin
relations”. In other systems, such as human and other primate
societies, association of groups can be based on male-male bonds,
which may or may not be associated with genetic relatedness****'.
We expected association between kinship and aggregation of har-
ems, since both the relatedness among harem stallions and adult
females may strengthen inter-harem tolerance and thus reinforce
herd formation*’. Note, however, that stallion kinship could not be
separated from familiarity in this study, because there is a possibility
that genetically related males were formerly group-mates while being
bachelors, and developed familiarity with each other. Female famil-
iarity probably also contributes to harem aggregation, due to the
member transfers between harems*. On the other hand, female
transfers were more frequent between nearby harems, which sug-
gests a reinforcing effect between female exchange and proximity of
harems.
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network. a, b Distance and movement similarity of harems, averaged over five
5-min observation sessions, for different kinship relationships between their stal-
lions: for full sibling (7 =9 harem pairs), maternal (n =4) and paternal half-sibling
(n=40), and more distantly related stallions (n=411). ¢, d Harems between which
female transfer occurred in the 2 years prior (c) or following (d) the movement
observations were closer (and had more similar movement) than harems without
female transfer (Mprior, wansfer = 27, Mprior,no transfer = 438, Miollowing wansfer = 24,

while central marks denote medians, whiskers extend to extreme data points not
considered outliers (marked in red). e Closeness centrality of harems in the net-
work against the harem’s age in years. Node size denotes the harem size, while node
colour the stallion’s experience of harem keeping (i.e., how long the stallion kept a
harem in years). f Average distance of the closest bachelor male to harems against
the number of adult female members in the harem. Node size denotes the harem
size, while node colour the closeness centrality of harems.

Relationship between network centrality and harem traits, namely
that older and larger harems with older and more experienced stallions
occupy more central locations in the network, may suggest benefits of
central positions. Network centrality implies vicinity of more harems
and their stallions, which, due to communal defence, may promote
protection from bachelor males. In this way, stallions of central harems
may reduce the risk of takeovers and thus prolong their tenure, while
females may reduce male harassment and the risk of infanticide**,
which were both observed in the studied population (V.K., pers. obs.).
Moreover, centrality might influence exposure to horseflies and other
biting insects. On the other hand, centrality of older harems may be an
emergent property as well, since newly formed harems are often
temporarily isolated and join the herd later". In some primates mul-
tilevel group formation is similarly driven by conspecific social threats,
e.g., bachelor threat and infanticide*****°. Also, herd size of plains
zebras is shown to depend on environmental and social factors, such
as the number of bachelor males'”. Accordingly, this suggests that herd
formation in Hortobagy might be the result of an interplay between
several factors, such as kinship, familiarity and coalitions of harem
stallions against bachelor threat, and may also be driven by females,
however, this suggestion needs further investigation.

Familiarity (i.e., past associations in the same harem) affecting
movements of individuals was expected, as social bonds develop over
time. On the other hand, the relation between current movement and

future associations, namely that based on movement it can be pre-
dicted which female pairs will become harem-mates later or which
ones will stay in the same harem, years after the observations, is
surprising.

Our findings can be useful in population monitoring, e.g., to
determine the number and size of harems in a herd, which would
probably work for other Przewalski’s horse or feral horse populations
as well. Applicability in other species, however, strongly depends on
the dynamics of the animals’ movement and group stability (e.g., in
fission-fusion societies longer observations and/or more occasions
would be necessary to detect the multilevel structure). Although we
only studied herd movements here, tracking individuals while foraging
or resting would likely lead to interesting insights into what kind of
social interactions hold individuals together or space them apart, e.g.,
how exactly the affiliative or agonistic interactions influence the spatial
organisation in a herd.

Drones provide a precise and low-disturbance method for beha-
vioural and movement tracking of animals in the wild, however their
application has been rare to date*’™, possibly due to technological
difficulties of simultaneous tracking. Automatic tracking methods, like
machine learning, would offer new perspectives in the study of com-
plex social systems and their collective behaviour’. Our study high-
lights how relatively short observations of movements can reveal
detailed social dynamics of a population not just in the present, but in
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the past and future, and moreover may provide a unique tool to
expand our knowledge on development and function of complex
societies.

Methods

This study was approved by the Government Office for Hajda-Bihar
County (Hungary) under the reference number HB-03/KTF/00779-24/
2017, and by the Hortobagy National Park Directorate under the
reference number 3482-2/2017.

Study area and population

We studied Przewalski's horses in Hortobagy National Park, located
in eastern Hungary (47°31'3.3“N 21°5'34.1“E). In 1997, Przewalski's
horses were introduced to the Pentezug reserve, a 3000 ha steppe
area in Hortobagy National Park, as part of an ecological habitat
management scheme by large grazers: wild horses and cattle. The
area is surrounded by an electric fence that prevents migration of
large grazers but does not limit the native fauna. The conditions are
close to wild, human activities are restricted, and the horses are not
fed or watered. The total number of large grazers was around 680
during our observation period (273-278 Przewalski’s horses and cca.
400 Heck cattle). The Przewalski’s horse population originated from
31 founder individuals which arrived in the reserve between 1997 and
2017 from different European zoological gardens, though during the
observations only two founder individuals were still alive. The for-
mation of social groups and mate choice are natural, without any
human intervention. Since the population is closed, birth control was
used from 2013 treating females with the immunocontraception
vaccine porcine zona pellucida®™. The inbreeding coefficient in the
population is relatively high (0.176 during the study year)", due to a
strong bottleneck effect caused by the extinction in the wild of this
species in the 1960s™.

From the beginning, horses have lived in year-round stable har-
ems, consisting of a single male, several adult females and their young.
Female offspring leave the natal harem at the age of 2-3 years and join
other harems; males leave at the age of 2-4 years and join with other
non-breeding but already dispersed males and former harem stallions
to form single-sex bachelor groups. In the first years, harems and
bachelor groups stayed isolated, and used non-overlapping home
ranges; then later, and also at the time of our observations, all harem
and bachelor groups united into a massive herd witha common home
range™.

Population monitoring

The Przewalski’s horse population in the Pentezug reserve has been
monitored regularly since its founding in 1997. All individuals
except young males while bachelors are individually identified on
the basis of natural pelage colouring and characteristic features and
injuries, supported by a photo catalogue, harem composition lists
and DNA-fingerprint database. Data collection includes records on
life history events, like birth date, death date, identity of parents
and changes in harem membership. Biopsy samples are taken from
each individual at the age of 1 year, which serves for determining
parentage and updating the DNA-fingerprint database. Parentage
records based on observations are supported by DNA-tests in the
majority of cases (74%). Males are individually known until leaving
the parental harem, then again when they acquire a harem or when
they die, but membership information is lacking while in bachelor
groups, which have a less consistent membership. Harem compo-
sition lists are updated with a temporal resolution of 12 +/- 8 (mean
+/- SD) observations per year. Individual traits known from popu-
lation monitoring include age, sex, role in the social system (adult
female, subadult individual in parental harem, harem stallion,
bachelor), relatedness to other individuals, and monthly updated
records on harem membership.

Drone observations

We performed aerial video recordings of the herd on the move with
two DJI Phantom 4 drones simultaneously at 4k resolution and 25 fps
(frames-per-second). Prior to the study we tested the disturbance of
drones with decreasing flying altitudes and observed that horses
started to avoid drones at around 3-4 m flying altitudes. A drone flying
high (100-300 m from the ground) recorded the moving herd and
provided the image for movement tracking, while a drone flying low
(10-30m from the ground) scanned through the whole herd and
provided a detailed image for individual identification (Fig. 1a). The
recordings of the two drones were synchronised, and thus identities of
individuals could be matched with the tracked trajectories. The top-
view drone’s video was processed with the Motion Tracking function
of Blender v2.79b™ and the global position of each individual was
determined in every second frame, i.e., with 12.5 fps temporal resolu-
tion. By tracking several fixed points of the background, we solved the
camera motion and reconstructed the tracking scene, then projected
the horse movement tracks to the 3D view of the background. We seta
ground level based on three background-fixed points, a local origin
and x-axis, and scaled the background with two distinctive landscape
items (e.g., a well, a solitary tree, etc.) by measuring the distance
between them on Google Maps. This way we obtained horse coordi-
nates in metres in a background-fixed coordinate system. The x-y
coordinates of a horse were defined on its withers (the ridge between
the shoulder blades) at z=1.25m altitude (the average height of
Przewalski’s horses). Coordinates of horses in each frame were
exported from Blender to ‘csv’ files with a custom-written script in
Python 2.7. The accuracy of horse positions in the background-fixed
system was +/- 0.2m (the average noise when tracking a stationary
point). Identities of individuals were determined on the lower drone’s
videos by one observer based on natural colouring and
characteristic marks.

We recorded 320 s of continuous movements (called as observa-
tion sessions) of the herd when most of the individuals were moving
continuously through the whole session between feeding and drinking
places or towards a dust bath (300-600 m travel distance). The study
contains five observation sessions, recorded on five different days,
1-2 weeks apart (August 17, August 24, September 5, September 13,
and October 2 in 2018), during daylight hours (between 8 a.m. and 3
p.m.). Average travelling velocity was around 0.85 m/s, the horses were
moving at a pace from a walk to a gallop. The population size on
the first observation day was 278 individuals, in total, of which 238
were individuals belonging to harems and 40 were bachelor males. We
aimed to track the whole population and to identify all harem-living
individuals, but in some cases a few individuals were not possible to
recognise or did not appear on the video (Supplementary Table 1). As
the bachelor males could not be identified individually, we denoted
their tracks as “unidentified bachelor”. The size of the population
slightly decreased during our aerial observations due to a few deaths,
and was 273 on the last observation day (Supplementary Table 1).
Identification reliability, i.e., the ratio of individuals that got the same
ID during repeated identification attempts, was 93%.

Data analyses

Movement variables. We calculated pairwise movement variables,
pairwise distance (d) and movement similarity (C) over two timescales:
(i) a “5-min” (i.e., 320s) observation session, where a high-resolution
drone video recording was used for tracking at 12.5 fps (resulting in
4000 “frames”, timestamped locations for each individual visible
during a session), (ii) averaged sessions, i.e., the averaged data over
five 5-min observation sessions recorded on different days. We defined
the 5-min distance (dsmi,) between two individuals as the distance of
the pair in metres averaged over a 5-min recording session. Averaged
distance d is the average over the five 5-min sessions. We calculated
movement similarity (Csyin) between a pair of individuals as the
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directional correlation with a time delay between their trajectories™ >,
for a 5-min session. Trajectories were smoothed using Gaussian
smoothing (o =125). For every pair the entire duration (320s; 4000
frames) of the trail was used (as a single time window) and the highest
correlation was chosen using all possible time delays in the range of
[-16's, 16 s] with a step of 1 frame (0.08 s). Pairwise correlation values
were omitted, where the correlation was negative. For all other
aspects, the steps of this movement analysis were identical to previous
studies™. Robustness against the values of the parameters were ana-
lysed in the previous studies, but we rechecked it here as well. Aver-
aged movement similarity C was obtained as the average over the five
sessions. Bachelor males were considered only in the analyses of 5-min
sessions and excluded from the analyses of averaged sessions,
since their identity could not be matched through different
observation days.

Society. The single breeding male in a harem is called the “harem
stallion”, aged between 6 and 15 years (n=31). Females that have
already dispersed from their natal harem or are at least 2 years old and
their harem stallion is not their father due to a stallion change, are
considered “adult females” (n=115). A “bachelor” is a non-breeding
male, including young males, which have dispersed from their natal
harem and have not gained a harem yet, and old males, which pre-
viously had a harem (n=40). A family is defined as an adult female and
her pre-dispersal offspring except foals born in the year of observa-
tion, where the offspring may be 1-5 years old, and the father of the
offspring may be one or multiple stallions. A harem consists of aharem
stallion, several adult usually non-related females associating with the
stallion, and their pre-dispersal offspring. Individuals in the study were
assigned to a harem based on the group composition records at the
first observation day. Harem size denotes the number of all individuals
belonging to the harem, both adult and subadult, while adult harem
size counts the adult females and the harem stallion (there were no
multi-male harems). In the pairwise analyses bachelor-bachelor pairs
were excluded, as bachelors could not be identified individually, and
hence we could not classify them as same-group or different-
group pairs.

Social network. To study the multilevel social structure, we con-
structed a proximity network of harems and proximity networks of
individuals within each harem, based on pairwise distances of indivi-
duals. In the network of harems an edge connected two harems if the
averaged distance between any of their members was less than a
threshold (d < d,,; Supplementary Fig. 4). In the analyses we used the
harem network with the smallest d. that ensures a single connected
component (dy, = 53 m; Fig. 4d). Also within each harem, we defined a
network of individuals in a similar manner, where two individuals were
connected with an edge if their averaged distance was smaller than a
threshold, d < di harem- Since typical distances varied among harems,
dihharem Was determined separately for each harem as the smallest
threshold, where all members of the harem were connected to the
network (Fig. 4d). When determining d, harem We excluded females
that changed harem during the observation period, and hence, were
members of multiple harems on different observation days. Distance
in the social network of individuals and harems was calculated as the
length of the shortest path between the nodes.

In our study, we chose an arbitrary dy, distance threshold when
calculating the social network. To test the robustness of the results on
the d, = 53 m harem network (association between network centrality
and different harem traits), we also investigated networks with 10%
higher and lower d,, and obtained similar results (see Supplementary
Note 4 for details).

Kinship and familiarity. For the association of the social network with
kinship, we tested whether close relatives (i.e., offspring-parent, full

and half-sibling pairs) behave differently than individuals, which are
more distantly related. We defined the following kin relationships: full
siblings (both parents are common), half-siblings with same mother,
half-siblings with same father, parent-offspring (mother and daugh-
ter), and more distantly related (i.e., all other individuals). For quan-
tifying familiarity, we used the group composition lists between 1997
and 2020 to calculate shared membership of horse pairs (i.e., both
individuals present in the same harem). For adult females, familiarity
(£past) Was defined as the number of days in the same harem by a pair in
the 2 years prior to the movement observations (between 2016 and
2018). Similarly, teure Was the number of days a female pair spent in
the same harem in the 2 years following the movement observations
(between 2018 and 2020). Note that for f,as and fryure Shared time in
the same harem can refer to multiple harems (i.e., association with
several different stallions), in this case the number of days in the same
harem is summed up for all common harems. For harem stallions, fpase
was the number of days the stallion pair spent in the same harem
during young age while being subadults. Note that since bachelor
group compositions were not recorded during population monitoring,
time spent in the same bachelor group could not be quantified for
stallions.

When investigating the effect of kinship and familiarity, we tried
to separate these effects, as far as possible, by analysing certain sub-
sets of the data. Harem stallions and adult females were analysed
separately, and adult females were further divided into females from
the same harem, and females from different harems. The effect of
kinship was studied insubsets where individual pairs did not share past
membership in the previous 2 years (£, =0), except in case of stal-
lions; and the effect of familiarity was studied in subsets where closely
related individual pairs (parent-offspring, full sibling, half-sibling) were
excluded.

We considered female kinship between two harems in the fol-
lowing harem pair subsets: (i) harem pairs containing full and/or half-
sibling inter-harem adult female pairs but not containing parent-
offspring inter-harem adult female pairs, (ii) harem pairs containing
parent-offspring inter-harem adult female pairs but not containing full
or half-sibling inter-harem adult female pairs, and (iii) harem pairs
containing only more distantly related inter-harem adult female pairs.
To quantify the familiarity of adult females between two harems, we
calculated tpase af harems @S the sum of £, for all possible pairs of adult
females from the two harems. When studying the association between
female kinship and harem distances, we compared two of the above
subsets; to exclude the effect of familiarity, only harem pairs were
considered where f, s af harem = 0-

Group dynamics. We considered only adult females changing their
breeding harems, i.e., excluded harem changes of young females from
their natal harem to the first breeding harem, in the 2 years prior
(2016-2018) and after (2018-2020) the movement observations. By
comparing the membership data of 2 years (e.g., memberships in 2016
and 2018), we counted the number of female transfer between each
harem pair, regardless of direction (i.e., if one female moved from
harem A to B and one female from B to A that means two changes
happened between harems A and B).

Harem traits. We approached harems as dynamically changing
“communities” and considered them as the same “community” unless
a given amount of change in the membership occurred. When studying
the development of harems, we used one observation per year from
the group composition records of Hortobagy National Park, the one
prior to 1st September in each year. In 1997 the first record defined the
initial harems. Then, in each subsequent year i, we calculated the Jac-
card index between the adult members (2-year-old and older females
and the stallion) of all harems in year i1 and year i. The ancestor of a
harem in year i is the harem in year i~ with the maximal Jaccard index,
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but with at least two common adult individuals. If a harem in year i-1
has more descendant harems in year i, the one with the most common
individuals will be the descendant, or the oldest one if the common
part is equal in size. If a harem in year i does not have an ancestor in
year i-1, then it is assigned as a new harem with a starting date of the
first observation; if a harem in year i-I does not have a descendant in
year i, then the harem is assigned as ended. Harem ages were calcu-
lated from the harems’ starting dates.

A male’s harem keeping experience is defined as the time in years
during which the male kept the position of being a harem stallion. If a
stallion had more than one harem throughout its life, the harem
keeping time is summed up for all harems.

Statistical tests. Randomisation tests were performed as follows:
(i) a test statistics is calculated, i.e., (a) a mean difference between
two samples of a variable, (b) a mean difference between paired
samples of a variable, (c) a correlation coefficient between two
variables; (ii) the empirical dataset is rearranged randomly, i.e.,
(a) the two samples are pooled then divided again randomly to
two samples according to the original sample sizes, (b) and (c)
paired data points in one of the variables are permutated ran-
domly, while the other variable is unchanged; then the test sta-
tistics is calculated on the permutated data; this point is repeated
(number of iterations was n=10,000 in all tests) to estimate the
test statistics’ probability distribution; (iii) p-value is obtained
from the cumulative distribution function of the test statistics
(i.e., at the empirical value of test statistics). All randomisation
tests were one-sided.

Calculations and statistical analyses were performed in
MATLAB R2021a”” and CUDA 11.5. For data organisation and
storing MATLAB R202l1a and Microsoft Excel for Mac 16.54
were used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data generated during the analyses that support the findings of this
study have been deposited on Github at https:/github.com/
katalinozogany/wildhorse mls. The raw data are available under
restricted access for nature conservation reasons, access can be
obtained from the Hortobagy National Park Directorate and the first
author on reasonable request.

Code availability
Custom codes used in the analyses have been deposited on Github at
https://github.com/katalinozogany/wildhorse_mls.
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