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Abstract: In Europe, the interest in introducing megaherbivores to achieve ambitious habitat
restoration goals is increasing. In this study, we present the results of a one-year monitoring program
in a rewilding project in Germany (Doeberitzer Heide), where European bison (Bison bonasus) and
Przewalski’s horses (Equus ferus przewalskii) were introduced for ecological restoration purposes.
Our objectives were to investigate diet and habitat preferences of Przewalski’s horses and European
bison under free-choice conditions without fodder supplementation. In a random forest classification
approach, we used multitemporal RapidEye time series imagery to map the diversity of available
habitats within the study area. This spatially explicit habitat distribution from satellite imagery was
combined with direct field observations of seasonal diet preferences of both species. In line with
the availability of preferred forage plants, European bison and Przewalski’s horses both showed
seasonal habitat preferences. Because of their different preferences for forage plants, they did not
overlap in habitat use except for a short time in the colder season. European bison used open habitats
and especially wet open habitats more than expected based on available habitats in the study area.
Comparative foraging and feeding niches should be considered in the establishment of multispecies
projects to maximize the outcome of restoration processes.
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1. Introduction

Large mammalian herbivores such as European bison (Bison bonasus), aurochs (Bos primigenius),
reindeer (Rangifer tarandus), moose (Alces alces), and wild horse (Equus ferus) occurred simultaneously
in Europe and formed the megaherbivore community during the Holocene [1,2]. As they shape the
structure and functioning of terrestrial ecosystems, they are seen as keystone species in maintaining
open landscapes [3–7] and have a significant impact on population and community structure in a
broad range of ecosystems [8–11]. Because of natural and anthropogenic reasons like landscape change,
habitat fragmentation, habitat loss, and hunting, populations of large herbivores were reduced or
exterminated [12–15].

In the late 20th century, conservation strategies focusing on restoration of keystone species and the
establishment of wilderness areas were increasingly implemented [7,16]. Here, we regard rewilding as
an approach to NATURA 2000 habitat conservation that enables natural processes to restore degraded
landscapes [17]. We expect that wildlife’s natural rhythms create wilder, more biodiverse habitats.
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Rewilding large mammals can have strong ecological effects on habitat heterogeneity and primary
production as well as seed dispersal, and is of worldwide relevance [11,18–21].

In Europe, large mammals like equids (Equus spp.) and European bison (Bison bonasus) are making
a comeback by being introduced into various habitats [7,22–25]. European bison (Bison bonasus) and
Przewalski’s horse (Equus ferus przewalskii) have been successfully restored after both species had
become extinct in the wild. European bison are the largest terrestrial mammal in Europe. Their former
distribution covered large parts of the European continent [14,26]. Przewalski’s horses were prevalent at
the Eurasian steppes, but competition with livestock as well as hunting caused the species’s decline [27].
Sustainable management and conservation efforts of species require solid knowledge about basic
ecology and behavior [7,28–33].

However, rewilding experiments and empirical studies with large herbivores are still few in
number [7,33,34]. To exploit the entire potential of large mammals for nature conservation and
promotion of biodiversity, knowledge of the ecology of the candidate species is needed. In this
context, information about habitat preferences is required to optimize the benefits of ecological
restoration purposes, as well as to ensure animal welfare, as diet highly depends on available plant
species [7,24,33,35].

Valid information about food competition between Przewalski’s horse and European bison in a
rewilding context is still lacking. One methodological reason for this was the difficulty in describing
the diversity of the available habitat adequately in time and space in former times. Today, the
Earth’s surface is recorded by a huge amount of optical satellites that are capable of resolving habitat
characteristics spatially with pixel sizes of less than 10 m over large periods. Intra-annual as well
as multi-year observations provide dense image datasets that describe the spatial distribution and
phenological development of vegetation stands over large areas [36–39]. In recent studies, optical
satellite remote sensing has been proven to accurately map various habitat categories such as Natura
2000 grasslands [40–42], shrublands [43,44], forests [45–47], or mires [48,49]. It could further be shown
that recent advances in machine learning techniques improve the accuracy of habitat classification for
mapping purposes [50–52].

This study aims to incorporate the temporal and spatial dimensions of habitat distribution
using such remote sensing techniques. We hypothesize that diet preferences differ seasonally within
and between European bison and Przewalski’s horse. Combining data on diet preferences and
habitat distribution, we assume that competition for resources occurs mainly in winter, when forage
becomes scarcer.

2. Materials and Methods

2.1. Study Area

This study was carried out in 2016 and 2017 at the reserve Doeberitzer Heide close to Berlin
(52◦30′43.7′′ N, 13◦01′43.5′′ E, Figure 1). The reserve is influenced by a temperate seasonal climate
with clearly marked cold and warm seasons. Until 1991, the area was in military use. Nowadays,
it is a nature reserve and also part of the network “Natura 2000”. The Heinz Sielmann foundation
established a fenced core area of about 1860 ha in the middle of the nature reserve in 2010. In 2010
and 2011, the first European bison and Przewalski’s horses were introduced to this core area. For the
horses, six mares and sixteen geldings (castrated males) were introduced (n = 22). The age ranged
from six- to eighteen-year-old individuals. Concerning the bison in the area (n = 80), the gender ratio
was nearly equable and the age ranged from newborn calves to ten-year-old individuals. The fenced
area comprised different habitat types like deciduous forest, pine forest, meadow, wet sedge meadow,
and dry grassland. Five solar-powered waterers provided water. There was no human intervention
such as supplementary feeding.
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2.2. Diet Selection

Direct observation was used to study diet selection of European bison and Przewalski’s horses.
Over a period of one year, each species was observed for two days every week. Either bison or horses
were observed, not both species at the same time. Observations were made from dawn to dusk.
Thus, the length of observations differed among seasons, but did not differ between species. Animals
were found while driving on the few tracks through the reserve. For the horses, all 22 individuals
were observed over the whole study period. The approximately 80 bison of both sexes did not have
constant herds. Therefore, various groups as well as single individuals were observed over the year.
Over all, approximately 50 different bison individuals were monitored. All observation procedures
followed accepted methods [33] respecting animal welfare. Disturbances were minimized by staying
approximately 50–100 m away from the animals while sitting in a car and using binoculars. Even in
forest habitats, this was possible because of the open forest character. After observation of bison or
horses, marks of grazing on plant species were visually checked. The type of habitat and selected bitten
plants were noted for every observation. The year was divided into four seasons: spring (March, April,
May), summer (June, July, August), autumn (September, October, November), and winter (December,
January, February). All plant species were classified into groups from 3 (always selected) to 1 (rarely
selected), which reflect the preferences. Subsequently, a fourth category was created for plant species
that were selected by one of the animal species, but not by the other—they were categorized in group 0
(rejected) for the latter (Table 1).

Table 1. Percentage occurrence of plant species selected by European bison and Przewalski’s horses in
the core area of the Doeberitzer Heide in every observation event from June 2016 until March 2017.
Plant species were classified in groups from 3 (always selected) to 1 (rarely selected). The fourth
category 0 (rejected) was created for plant species that were selected by one of the animal species, but
not by the other.

Percentage Occurrence of Selected Plant Species in
Observation Events Description Category

95%–100% highest food preference 3

50%–95% high to moderate
preference 2

5%–50% moderate to rare preference 1
0%–5% rejected 0

2.3. Satellite Imagery

The spectral radiance reflected from the Earth’s surface was recorded in five spectral bands
within the wavelength range of visible/red-edge/near-infrared (440–850 nm) using the RapidEye
five-satellite constellation. Multispectral satellite imageries were provided via the Planet Labs, Inc.
archive for the years 2014–2016. In every year, only scenes exhibiting 100% cloud free pixels were
selected over a whole phenological vegetation period. Whereas in 2014 and 2015, four scenes could be
recorded (2014: 09.03./28.04./06.08./04.09. and 2015: 18.03./04.07./03.08./12.10), the year 2016 held five
cloud free scenes (04.03./01.04./05.05./24.06./10.09.), resulting in 65 wavebands for the final time-stack.
Subsequently, the recorded sensor radiance values were atmospherically corrected using Atmospheric
& Topographic Correction for Satellite Images ATCOR [53] in order to calculate surface reflectance
values for every scene individually. Geometric correction was performed at Planet Labs, Inc., followed
by an in-house co-registration procedure to geometrically align all scenes towards one master image
with a final spatial resolution of 5 m [54].

2.4. Habitat Categorization

For habitat classification, we used remote sensing and machine learning techniques [50–52] in
combination with ground truthing, similar to Neumann et al. [55,56]. Habitat units were defined a
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priori according to the number of known tree species that form dominance stands with an area of at least
three RapidEye pixels (i.e., 15 m by 15 m) and general habitat categories that were based on preliminary
field work and experiences from vegetation level classification [57]. In particular, the open habitat
categories were defined in accordance with the plant community concept, grouping together plant
associations for distinct ecological niches [58,59]. The study area comprises interpenetrating numbers
of niches that are mainly established along moisture and nutrient gradients such as fresh meadows,
wet meadows, or xeric grasslands and calcareous grasslands. In the case of the current study, the
final habitat classification was not strictly based on niche inventories, but was performed according to
years of field experience in order to cover the complete natural variability of the underlying ecological
gradients. As a result, the study area was categorized into 12 areas determined by tree species and 14
openland habitat categories. Field surveys were conducted during the summer seasons of 2015 and
2016, when polygon areas of 77 homogeneous tree species stands and 57 openland habitat areas were
mapped in situ. Owing to the degree of connectivity of homogeneous habitat patches, the number of
pixels varied between habitat categories. For model calibration, the pixels under mapped polygon
areas were extracted for each RapidEye scene on the basis of polygon coordinates. Hence, each single
pixel represents a spectral time-stack for the related polygon habitat category. In total, 7310 pixels
could be allocated as forest habitats and 4257 pixels were defined as openland habitats that together
form the basis for model calibration (Figure 1).
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Figure 1. Location of study area Doeberitzer Heide in the west of Berlin, Germany, plotted with
reference polygon distribution within protected wilderness area.

2.5. Spectral Habitat Modeling

The study uses a random forest [60,61] classification approach, which is a frequently used machine
learning technique for remote sensing image interpretation [52,62,63]. Thereby, n = 500 decision
trees were generated randomly using m <

√
65 predictor variables (spectral reflectance bands) at each

splitting node. Image data handling was realized using the package raster 2.6 [64] and classification
was performed with package random Forest 4.6 [65]. For statistical analyses and visualization, we used
the programming language R v. 3.4.2 [66].Every single decision tree votes for a habitat membership
of image pixels from a bootstrapped calibration dataset. Bootstrapping was applied on the initial
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reference polygon pixels, whereby habitats were modeled (a) altogether in order to distinguish between
forest and open habitats and (b) separately for openland and forest polygons for fine-scale delineation
of habitat gradients and tree species; thus, three independent models were finally calibrated. Therein,
the final habitat membership was defined using a class majority vote over all trees within the individual
classification models. Validation was performed internally by testing the remaining ~30% bootstrapped
excluded pixels that were not used for calibration. A confusion matrix was calculated to show the
statistical error metrics for class reliabilities based on out-of-bag error estimates as a direct outcome for
the pixels that were not used in all single tree calibrations. The first model was then applied on the
whole time-stack to separate forest from openland habitats. Finally, the remaining two models were
applied only in their respective habitat unit to map a spatially explicit distribution of fine-scale habitat
categories and tree species.

2.6. Mapping of Potential Habitat Preferences

Selected fodder plants were assigned to the different determined habitats according to their
occurrence (Table S1). In order to spatially map the potential habitat preferences based on the
distribution of selected forage in the study area, the selected plant species were grouped concerning
their preference (0–3, see above) and averaged for the observation periods of spring, summer, autumn,
and winter for bison and horse separately. Determined habitats may contain several fodder plants
with different preferences. Therefore, mapped potential habitat preferences can be built up by various
forage preference categories. This results in a continuous scale of habitat preferences. Equal use of the
same habitat type irrespective of its position in the study area or distance to water or fences is assumed.
Each habitat category, or tree species, respectively, was then related to the potential habitat preference
and plotted for the entire study area.

2.7. Diet Data Analyses

Two-way contingency tables were applied to analyze abundance frequencies of the habitat-inherent
fodder sources within habitat and seasons for European bison and Przewalski’s horse separately.
Chi-square-test after Pearson was used to examine dependencies of the frequencies of observed fodder
plants in the survey collections on the factors ‘habitat’ and ‘season’. After adjusting for every season,
percentages of the preferred habitat corresponding plants were arranged as sunburst plots with the
season as the core factor and the habitat as the outer ring for both animals. All analyses were done
using scripts written in the statistical computing environment of R [66].

3. Results

3.1. Habitat Classification

The averaged overall accuracy (OAA) over all n = 500 decision trees in model validation was
high, with an OAA = 99.79% for tree species classification and OAA = 99.81% for openland habitats.
Almost all pixels could be allocated to their defined class in both classification forests using excluded
bootstrapped samples. Tables 2 and 3 show the specific user’s and producer’s accuracy along all
pixels of defined habitat units. Owing to the exclusive selection of habitats that occurred in connected
homogeneous patches (tree species patches) for habitat categorization, the classes white willow, ash
leaf maple, open sand, and water exhibited only a small number of pixels for calibration. The low
abundance of pure pixel findings for these classes reduced the amount of available calibration data
in the study area. However, both accuracy measures were high (>90%) over all classes, with slight
misclassification, mainly between heath and pine, between downy birch and birch, and between open
sand and cryptogams pixels. These class pairs show similar reflectance characteristics (needle-like
leafs, similar species, or sand cryptogams interpenetration) that cannot be resolved significantly in
5 m spatial pixel resolution. Pine habitats can be found in both classification models because the first
model designated needle tree areas to the openland category within the first classification step.
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Table 2. Confusion matrix for tree species with PA = producer’s accuracy (reference habitat is correctly predicted), UA = user’s accuracy (predicted habitat is correct),
using excluded bootstrapped samples in random forests internal model validation. Shown is the number of pixels belonging to one category (reference) that are
classified into one of the predicted habitats.

Reference
Predicted Habitat

Poplar Alder White
Willow Oak Robinia

(Black Locust) Lime Downy Birch Birch Haw-Thorn Pine Grey
Willow

Ash
Maple PA [%]

Poplar 352 0 0 0 1 0 0 0 0 0 0 0 99.72
Alder 0 2890 0 2 0 0 0 0 0 0 0 0 99.93

White willow 0 0 19 0 0 0 0 0 0 0 0 0 100.00
Oak 0 0 0 858 1 0 0 1 0 0 0 0 99.77

Robinia (black locust) 2 0 0 0 899 0 0 0 0 0 0 0 99.78
Lime 0 0 0 0 0 333 0 0 0 0 0 0 100.00

Downy birch 0 0 0 0 0 0 431 6 0 0 0 0 98.63
Birch 0 0 0 0 0 0 0 623 0 0 0 0 100.00

Hawthorn 0 0 0 0 0 0 0 0 283 0 0 0 100.00
Pine 0 0 0 0 0 0 0 0 0 436 0 0 100.00

Grey willow 0 0 0 0 0 0 0 2 0 0 148 0 98.67
Ash maple 0 0 0 0 0 0 0 0 0 0 0 23 100.00

UA [%] 99.44 100.0 100.0 99.77 99.78 100.0 100.0 98.58 100.0 100.0 100.0 100.0

Table 3. Confusion matrix for openland habitat categories with PA = producer’s accuracy (reference habitat is correctly predicted), UA = user’s accuracy (predicted
habitat is correct), using excluded bootstrapped samples in random forests internal model validation. Shown is the number of pixels belonging to one category
(reference) that are classified into one of the predicted habitats.

Reference
Predicted Habitat

Pine Heath Open
Sand Broom Xeric gr. a Crypto-Gams Fresh Mead. b Wet

Molinia
Wet

Carex Reed Water Bushgrass c Wet
Juncus Brush PA [%]

Pine 163 0 0 0 0 0 0 0 0 0 0 0 0 0 100.0
Heath 2 89 0 1 0 0 0 0 0 0 0 0 0 0 96.74

Open sand 0 0 14 0 0 1 0 0 0 0 0 0 0 0 93.34
Broom 0 0 0 206 0 0 0 0 0 0 0 0 0 0 100.00

Xeric gr. a 0 0 0 0 489 0 0 0 0 0 0 0 0 0 100.00
Cryptogams 0 0 0 0 0 128 0 0 0 0 0 0 0 0 100.00

Fresh mead. b 0 0 0 0 0 0 775 0 0 0 0 0 0 0 100.00
Wet Molinia 0 0 0 0 0 0 0 450 0 0 0 0 0 0 100.00
Wet Carex 0 0 0 0 0 0 0 0 697 0 0 0 0 0 100.00

Reed 0 0 0 0 0 0 0 0 0 84 0 0 0 0 100.00
Water 0 0 0 0 0 0 0 0 0 0 42 0 0 0 100.00

Bushgrass c 0 0 0 0 1 0 0 0 0 0 0 382 0 0 99.74
Wet Juncus 0 0 0 0 0 0 0 0 0 0 0 0 206 0 100.00

Brush 0 0 0 0 0 0 0 0 0 0 0 0 0 525 100.00
UA [%] 98.79 100.0 100.0 99.52 99.80 99.22 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

a sandy-xeric grassland; b fresh meadows; c bushgrass stands.
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3.2. Habitat Distribution within the Study Area

As presented in Figure 2, 79.7% of the study area was covered by forest habitats and 20.3% by
openland habitats. Water as part of openland habitats had a total cover of less than 1%. Forest was
the most abundant vegetation class in the study area and was mainly formed by twelve tree species
(Figure 3). Deciduous and mixed tree stands consisted mainly of birch (Betula pendula 34.2%), oak
(Quercus robur 31.7%), black locust (Robinia pseudoacacia 18.4%), poplar (Populus tremula 3.9%), alder
(Alnus glutinosa 3.5%), and pine (Pinus silvestris 3.2%) (Figure 3). Openland habitats were classified
into fourteen habitat types of different size and mainly found close to the fence (Figure 4). Openland
habitats were made up mostly by brush (40.5%), sandy–xeric grassland (18.5%), bushgrass stands
(13.3%), and cryptogam grassland (9.3%) (Figure 2). Wet openland habitats dominated by sedges and
rushes were rare (wet meadow Carex 0.58%, wet meadow Juncus 2.32%).Diversity 2019, 11, x FOR PEER REVIEW 10 of 21 
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3.3. Diet Selection

The pattern of bitten plants was significantly influenced by season and habitat for both European
bison (χ2 (279) = 818.1, p < 0.001) and Przewalski’s horses (χ2 (279) = 703.8, p < 0.001). European bison
and Przewalski’s horses showed intra-annual differences in forage preference (Figure 5). Whereas
bison included a high number of different forage plants in their diet, horses tended to prefer almost the
same forage plants year round. European bison had a much higher proportion of woody material in
their diet. For both European bison and Przewalski’s horses, debarking mostly occurred in winter and
spring, with almost no debarking in summer. European bison used foliage and bark from different
tree species, whereas Przewalski’s horses predominantly showed preferences for foliage (spring and
summer) and bark of oak (winter). The diet composition of the observed European bison was more
diverse than that of the Przewalski’s horses during the study period. This resulted in a different habitat
use for food selection throughout most of the year for both species. European bison showed a high
variation in the use of different habitat types for foraging. However, Przewalski’s horses used nearly
the same habitat types in all seasons.Diversity 2019, 11, x FOR PEER REVIEW 13 of 21 
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Figure 5. Percentage of habitat use for food selection per season from June 2016 until March 2017
within the core area of the Doeberitzer Heide for (a) European bison and (b) Przewalski’s horse.

3.3.1. Diet Selection Openland Habitats

On the basis of the distribution of selected forage plants in the study area, European bison as well
as Przewalski’s horses showed seasonal changes of trends in openland habitat preferences (Figure 6).
Horses preferred openland habitats throughout the year, while bison showed high preferences for
openland habitats in spring only. In summer and winter, bison selected forage in openland and forest
habitats equally. In autumn, bison rarely selected openland habitats for browsing. The fresh and
wet meadows, which together covered less than 1.2% of the total core area, were highly preferred
by European bison for food intake in all seasons, but only slightly used by horses. Horses rather
selected dry grasslands, especially the habitat types sandy–xeric grassland, as well as bushgrass stands
dominated by Calamagrostis epigejos throughout the year. In contrast, bison used plant species in
sandy–xeric grasslands only in winter and spring. Bushgrass stands were used rarely. Both horses and
bison avoided cryptogam grassland in all seasons. Bison, but not horses additionally showed high
preferences for brush in winter and spring.
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well as Przewalski ś horses showed seasonal changes of trends in openland habitat preferences 

(Figure 6). Horses preferred openland habitats throughout the year, while bison showed high 

preferences for openland habitats in spring only. In summer and winter, bison selected forage in 

openland and forest habitats equally. In autumn, bison rarely selected openland habitats for 

browsing. The fresh and wet meadow s, which together covered less than 1.2% of the total core area, 

were highly preferred by European bison for food intake in all seasons, but only slightly used by 

horses. Horses rather selected dry grasslands, especially the habitat types sandy–xeric grassland, as 

well as bushgrass stands dominated by Calamagrostis epigejos throughout the year. In contrast, 

bison used plant species in sandy–xeric grasslands only in winter and spring. Bushgrass stands were 

used rarely. Both horses and bison avoided cryptogam grassland in all seasons. Bison, but not horses 

additionally showed high preferences for brush in winter and spring. 
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Doeberitzer Heide (0—rejected, 1—seldom, 3—highest preference) on the basis of openland habitat
distribution. Observations about plant consumption are aggregated over specific habitat types and
plotted delineated in seasonal periods. Mapped potential habitat preferences can contain various forage
preference categories. Therefore, the scale of habitat preference is continuous.

3.3.2. Diet Selection Forest Habitats

Seasonal changes in forage preferences by European bison as well as Przewalski’s horses led to
seasonally changing trends in forest habitat preferences (Figure 7). In summer, autumn, and winter,
bison showed high preferences for forage in forest habitats. Overlap in forest habitat use for food
intake between bison and horses occurred in summer and slightly in autumn. Both bison and horses
showed high preferences for oak (foliage and bark). Additionally, bison, but not horses showed high
preferences for forest habitats dominated by black locust (foliage and bark). Both species avoided
forest habitats dominated by birch year round.
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Figure 7. Spatially explicit representation of potential habitat preferences of European bison and
Przewalski’s horses according to the distribution of selected forage plants in the core area of the
Doeberitzer Heide (0—rejected, 1—seldom, 3—highest preference) on the basis of forest habitat
distribution. Observations about plant consumption are aggregated over specific habitat types and
plotted delineated in seasonal periods. Mapped potential habitat preferences can contain various forage
preference categories. Therefore, the scale of habitat preference is continuous.

4. Discussion

This study provides empirical data concerning the selection of fodder plants as well as potential
preferences in habitat use by European bison and Przewalski’s horses living under similar conditions
in a rewilding area. European bison showed seasonal changes in trends of diet selection. In contrast,
Przewalski’s horses showed strong selection for grasses year-round, supplemented with sedges and
herbs and some woody material in winter. Przewalski’s horses selected forage plants in open habitats
throughout the year, while European bison used open habitats and additionally forest habitats in
all seasons.

Horses are generally known as monocotyledon specialists [67–74] and inhabit a wide range of
different open habitat types [2,15,75–78]. In our study, Przewalski’s horses were foraging more on
grasses than on browse during all seasons. Therefore, they would be categorized as grazers, similar to
the classification of Hofmann [79]. Their strong preference for dry grasslands is probably because of
the evolutionary history of E. ferus in Eurasian steppes [80]. The results of our study are comparable to
those of Feranec et al. [73], where horses did not show seasonal variation in diet preferences either.
The use of bark by equids occurs rarely and not to the extent that European bison are debarking [33].
In our study, we observed some use of oak bark by horses, but only in winter.

European bison preferred fresh and wet meadows with sedges and rushes as key forage species,
in association with herbs and grasses during spring, summer, and autumn. Additionally, they moved
into forest habitats to forage on foliage, especially on leaves of oak. On the basis of the distribution of
preferred forage plants, European bison are expected to prefer openland habitats in spring. Then, most
forage plants are of high quality owing to low fibre content and high digestibility [81–83].

During autumn, European bison started to broaden their diet. This led to the potential use
of a wide range of habitats within the study area. During winter, the diet of European bison was
dominated by woody material and they predominantly used forested habitats. The use of woody
material and debarking in winter by European bison is a well-known phenomenon [14,33,84]. A larger
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consumption of woody shrubs in autumn when graminoids are scarce was also observed for American
bison (Bison bison) in a study by Bergmann et al. [35]. Both Waggoner and Hinkes [85] and Larter and
Gates [86] reported an increased use of shrubs by American bison and Wood bison (Bison bison athabascae)
due to limited availability of sedges and rushes in winter. Traditionally, the habitat for European
bison is considered to be forest because the last wild living individuals inhabited forests [14,87].
However, several recently published studies agree that European bison tend to use open habitats
preferentially [24,33,79,84,88–91].

The increasing use of woody material in autumn and winter by the observed European bison
could be a result of limited availability of other suitable fodder. Preferred plants might have already
been heavily grazed in the study area as habitats containing preferred forage cover less than 1.2%
of the total core area (fresh and wet meadows). Animals were thus forced to use different forages.
Additionally, there were more bison than horses in the study area and the grazing pressure in preferred
habitats was higher. The intense selection of woody material by European bison might be an indication
for inappropriate habitats in general.

Przewalski’s horses and European bison used the available fodder resources in the study area
differently. European bison are, like cattle, unable to feed on very short grasses. Therefore, European
bison are more constrained by plant height, but less constrained by secondary metabolites compared
with Przewalski’s horses; cattle as well as European bison are able to better digest plants with secondary
metabolites than horses [23,92]. Horses are able to extract more nutrients than bovids from grasses
with a high fibre content [93–95]. Additionally, horses are able to feed on grass too close to the ground
for bovids [23,96] and are thus able to forage in heavily grazed habitats. In the study area, European
bison and Przewalski’s horses differed in their feeding niches throughout most of the year. Overlap
only occurred in the cold season when available forage was scarce and in spring when the first shoots
started to grow. Even the use of the same habitats does not necessarily lead to food competition
because different forage plants can be preferred.

The phenomenon of resource partitioning among large herbivores has been reported for
palaeoecosystems as well as modern ecosystems [33,73,97–99]. Through resource partitioning, different
digestive systems, and diverse foraging strategies, species can coexist within ecosystems [92,100,101].
The illustrated potential habitat preferences of European bison and Przewalski’s horses according to
the distribution of selected food plants in the different habitat types assumes an equal use of each
habitat within the study area. However, other factors like snow depth in winter, risk of disturbance, or
the availability of water can have additional influences on preferred habitat types and the distribution
of animals across the landscape [102–108]. Thus, the distance to waterers or the distance to fences
might additionally influence the use of habitats by the animals in the Doeberitzer Heide. This needs
to be tested in future studies, for example, by the use of animal tracking techniques such as Global
Positioning System (GPS) collars [109–111]. Additionally, fecal DNA metabarcoding could be used
to further expand the knowledge on animals’ diets [112]. Further long-term studies are needed to
determine the extent of inter-annual differences in forage availability and use.

European bison and Przewalski’s horses differed in their diet selection and did not generally
compete with each other over the study period. We showed that resource partitioning between
European bison and Przewalski’s horses occurred by their selection of diets in different habitats. Thus,
these two species were not in direct competition for resources throughout most of the year.

5. Conclusions

In the context of nature conservation management and rewilding projects, European bison and
Przewalski’s horses could represent one possibility to maintain open land and grassland habitats with
limited management effort. European bison and Przewalski’s horses have the potential for co-existence
in a heterogeneous area. Comparative foraging and feeding niches should be considered in the
establishment of multispecies projects to maximize the outcome of restoration processes. European
bison might need more open habitat, especially fresh and wet meadows, than so far assumed.
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