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Abstract

Recently, several wild or semi-wild herds of European bison have been reintroduced across

Europe. It is essential for future successful bison reintroductions to know how the European

bison use different habitats, which environmental parameters drive their habitat selection,

and whether their habitat use and behavioural patterns in new reintroduction sites differ

from habitats where European bison have been roaming freely for a long time. Here, we

address these questions for a 40-ha enclosed site that has been inhabited by semi-free

ranging European bison since 2012. The site, Vorup Meadows, is adjacent to the Gudenå
river in Denmark and consists of human-modified riparian meadows. During 2013 we moni-

tored the behavioural pattern and spatial use of the 11 bison present and in parallel carried

out floristic analyses to assess habitat structure and food quality in the enclosure. We tested

habitat use and selection against environmental parameters such as habitat characteristics,

plant community traits, topography, and management area (release area vs. meadow area)

using linear regression and spatial models. The bison herd had comparable diurnal activity

patterns as observed in previous studies on free-roaming bison herds. Topography

emerged as the main predictor of the frequency of occurrence in our spatial models, with

high-lying drier areas being used more. Bison did not prefer open areas over areas with tree

cover when accounting for habitat availability. However, they spent significantly more time

in the release area, a former agricultural field with supplementary fodder, than expected

from availability compared to the rest of the enclosure, a meadow with tree patches. We

wish to increase awareness of possible long-term ethological effects of the release site and

the management protocols accomplished here that might reduce the ecological impact by

the bison in the target habitat, and thereby compromise or even oppose the conservation

goals of the conservation efforts.
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1. Introduction

Megaherbivores and other large herbivores are increasingly acknowledged for their impor-

tance in shaping ecosystems in terms of physical structure [1, 2], trophic structure [1, 3], vege-

tation composition and diversity [1, 4–6] and biochemistry [1, 7] through feeding behaviour

and pressure, trampling activity, seed dispersal, droppings and eventually as carcasses. Accord-

ingly, loss and absence of large herbivores can have significant and far-reaching effects [8–11].

In the Late Pliocene and Early Pleistocene the genus Bison appeared widely in the temperate

regions of Asia and Europe giving origin to different forms of bison including Bison schoeten-
sacki. Bison schoetensacki was present in Western Europe until the Upper Pleistocene and is

thought to be a sister species to the modern European bison, Bison bonasus [12], which

emerged in southern Caucasus after the Last Glacial Maximum (22kya) [13] and inhabited

northern Germany and southern Scandinavia approximately 10kya [14]. By mid-Holocene

(5kya) Bison bonasus had disappeared from Western Europe, and later it also disappeared

from Central and Eastern Europe [15]. The decline of Bison bonasus is thought to be caused by

hunting [13] and increasing intensification of agriculture leading to habitat destruction and

fragmentation forcing the escaping bison into the forest of Eastern Europe [13]. By the late

1800s, there were only two European bison populations left, and the last wild bison died of dis-

ease in 1927 [15]. After World War I, a breeding program was initiated in 1920ies based on 12

individuals out of the 54 individuals surviving in zoos across Europe [13].

In the last few decades, European bison (Bison bonasus) have been reintroduced to various

habitats across Europe, ranging from coastal dunes in the Netherlands (e.g. [16, 17]) over

mountainous mosaic landscapes in the French Alps [18] and in Germany [19] to lowland peri-

urban meadows [20]. Reintroduction areas not only represent different habitats, they also rep-

resent different degrees of human modification, with some reintroduction sites being naturally

disturbed coastal dunes (e.g. [17]), private commercial plantation (e.g. [19]) or areas still

ditched and drained due to upland agricultural use [20]. The conservation goal of these rein-

troductions is often twofold, with one focus being the protection of the largest extant wild,

native herbivore in Europe, European bison [21], and the other focus being ecological restora-

tion focusing on restoring trophic top-down interactions and associated cascades as well as

non-feeding related processes of the European bison (i.e. trophic rewilding [22]) [17].

Reintroductions have until recently primarily occurred in forested areas [19] as European

bison have been thought to be a forest specialist originating from closed forest habitats. How-

ever, recently more studies report that bison originally roamed in mosaic landscapes foraging

on grassland plant species [14, 23–26]. The extensive reintroduction work has so far paid off,

as there now are 1647 bison in captivity, 400 semi-free bison and 4009 free-living, mainly

located in Poland, Belarus, Russia, and Caucasus [27] and the IUCN red list category has been

moved from ‘endangered’ to ‘vulnerable’ in 2008 [28]. However, challenges still remain as the

free-living bison are distributed on 40 small and rather isolated populations with no or little

genetic exchange [27]. None of these wild populations are considered to be self-sustaining

[29].

Despite the many reintroductions of European bison across Europe, there is still no clear

roadmap for how to successfully reintroduce bison. This is even more challenging in recent

reintroductions in anthropogenic landscapes in Western Europe where habitats often are size-

restricted and multifunctional [18, 19, 30]. Consequently, it is even more important to match

the habitat requirements of bison to the reintroduction site in order for it to be successful.

Reintroduction efforts should, therefore, undergo evaluation to help fill in the many knowl-

edge gaps e.g. do the bison thrive in the specific enclosure and habitat, how do they use it and

what management protocols are optimal for trophic rewilding?
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In Denmark two small semi-wild herds have been established; in the riparian meadows of

Gudenå river close to the city Randers in Jutland since 2010 [20] and since 2012 in the forests

of Almindingen on Bornholm Island [31]. The habitat use of two individuals of the herd con-

sisting of 11 individuals on Bornholm has been evaluated using GPS collars [32]. This study

will be the first to study the other case in the peri-urban meadow in Jutland.

In this study, we provide an assessment of the daily and seasonal behaviour of the bison and

compare it to that of free-ranging herds from Bialowieza Forest [33]. We also investigate the

bison herd´s habitat use by linking the occurrence of the bison herd to environmental parame-

ters such as habitat characteristics, plant community traits, topography, and management area

(release area with supplementary feeding vs. semi-natural meadow area) to better inform

future reintroductions of European bison and rewilding-inspired efforts in terms of assessing

suitable habitat and management interventions.

2. Material and methods

2.1 Study area

The study was conducted in a 40 ha large bison enclosure located along the river Gudenå, in

the Eastern part of Jutland, western Denmark (Fig 1A). The area mostly consists of wet mead-

ows (79.7%) partly susceptible to flooding, small deciduous forest patches (10.3%), and previ-

ously cultivated grassland (5.2%). The two largest tree covered patches (eastern: 2.5ha and

western: 0.7ha) (Fig 1B) can provide shelter for the herd during rainy and windy weather con-

ditions and shadow during hot periods. The bison enclosure consists of two areas (Fig 1B), a

release area (Fig 1D) and a meadow area (Fig 1C) with tree covered patches (Fig 1E), between

which the bison have free access most of the year. Formerly, the release area had been used for

hay-harvest followed by cattle grazing. The release area contains a permanent stable, hay rack,

and a water container (Fig 1D). The bison enclosure is fenced by a 2.3m external fence netting

and an internal electric single-wire fence (Gallagher Mx75500, 7.4 kV, 0.85cm above ground).

The enclosure is located 0–3 m above sea level and is still being drained by use of drainpipes

and ditches, though less effectively as during former land use practices. Roe deer (Capreolus
capreolus) have been spotted inside the bison enclosure, as well as hares (Lepus europaeus),
stoat (Mustela erminea) and foxes (Vulpes vulpes).

2.2 Study animals

Here we study 11 European bison of the lowland line (Bison b. bonasus) (1 bulls, 4 cows, and 6

female juveniles) that arrived at the bison enclosure in the summer of 2012. When the bison

first arrived, they were initially kept in the release area, which is positioned furthest away from

the open water and highest above sea level. During winter (October-March) supplementary

fodder (silage and compound feed) is provided in the release area to fulfil Danish legal animal

ethics, e.g. animals should stay in good body condition year-round. Supplementary fodder is

also occasionally available during other times of the year as a means to apply veterinary treat-

ment to the bison. According to the recently published framework Trophic Rewilding

Advancement in Anthropogenically Impacted landscapes (TRAAIL) [34] enabling categorisa-

tion of rewilding efforts based on the degree of self-regulation, this conservation project can be

referred to as a partial rewilding project according to the managers ambition of letting the

bison have year-round access to the study area, letting them exert their natural functions in

order to advance the ecosystem into a self-regulating biodiverse ecosystem, while not support-

ing natural population dynamics due to the size-restricted area. We note that the project was

discontinued in 2019 due to severe parasite infections by common liver fluke, Fasciola
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hepatica, leading to nine out of fourteen animals to be put down. The remainder have been

translocated to another rewilding area in Jutland.

2.3 Data collection of bison behaviour, habitat use and plant species

The methodology applied to record behaviour and habitat use generally follows the methodol-

ogy used by Caboń-Rackzyńska et al. 1987 [33] as we wish to compare the results from this

study with ours. Observations on behaviour and position were made from April 29 to Septem-

ber 27, 2013. During this period, observations were made 2–3 days a week on average, with a

total of 44 observation periods. Each observation period lasted 7–9 hours with a scan-sampling

interval of 15 minutes recording behaviour and position. Observation periods were either

ranging from dawn until noon, or from noon until dusk, where the herd would lay down for

the night. In total, 22 cycles from dawn to dusk were obtained, summing up to 326 observation

hours in total and resulting in 1380 observation data points. Temperature and weather condi-

tions were also logged, as well as notes about unusual or relevant events. The whole observa-

tional period (April to September) was divided into three seasons (spring, summer, and

Fig 1. Overview of and photos of the study area. (A)The big map shows Denmark with the study location marked with a red dot and the inserted map shows the location

of Denmark in Europe. (B) Ortho photo of the bison enclosure (yellow line) showing the GPS points used for the vegetation analysis within the meadow (blue points) and

within the release area (red points). (C) Photo of the bison herd feeding in the meadow. (D) Bison herd feeding at the hay rack in the release area. (E) Photo of the forest

habitat in the eastern forest patch.

https://doi.org/10.1371/journal.pone.0198308.g001

Wild steps in a semi-wild setting?

PLOS ONE | https://doi.org/10.1371/journal.pone.0198308 November 7, 2019 4 / 22

https://doi.org/10.1371/journal.pone.0198308.g001
https://doi.org/10.1371/journal.pone.0198308


autumn) based on the average daily temperature (S1 Fig), with the summer period being sig-

nificantly warmer than the spring and the autumn period (Dunn´s test: p = 0.0001 and

p = 0.0004, respectively). Observations were made from outside of the enclosure (sometimes

from on-site bird observation towers) and binoculars (Vortex Talon HD 10X42) were used if

necessary in order to categorize the behaviour of the bison (observation distance: min.: two

meters, max.: 500m). The behaviour observed was divided into four categories (feeding, rest-

ing, moving, and other), inspired by previous bison studies [33, 35] (Table 1). Type of behav-

iour was designated to the entire herd based on the type of behaviour the majority of the herd

showed at the logging time. This observational study was approved by the organization

responsible for the animals, Randers Rainforest.

To map the vegetation in the bison enclosure, 36 vegetation plots were randomly positioned

based on random geographic coordinates assigned in R [36] (Fig 1B). Every plot location was

found using a Trimble Juno SB GPS, however, three plots were positioned in open water and

therefore discarded. Each plot consisted of a circle of 10 meters in diameter according to the

guidelines of the Danish National Monitoring and Assessment programme for the Aquatic

and Terrestrial Environment (NOVANA) [37]. Plant species were identified on a presence/

absence level in each plot. Access to the area and execution of floristic analysis was done in

accordance with and approved by the organizations involved, Randers Rainforest and Aage V.

Jensens Nature Foundation.

2.4 Analysis of behavioural patterns and habitat use

Observational data on behaviour and position were processed in ArcGIS 10.1 [38]. The study

area was divided into 20m grid cells (40m2). This grid size was chosen based on the observed

space used by the 11 bison. The position and type of behaviour were summed for each grid cell

across the whole study period to link the spatial habitat use to predictor variables. Type of

behaviour was summed for each grid cell across each defined season to analyse behaviour

across season. Time spent on feeding, resting and moving was tested against previous findings

by Caboń-Rackzyńska et al. [33] on free-living European bison in Bialowieza Forest. This

study reported that bison on a daily basis forage 60.4%, rest 31.9%, and move 7.7% during peri-

ods with no snow cover. The percentage of each habitat type in each grid was calculated. Spa-

tial analysis was conducted in R [36]. One grid cell was removed from analysis involving

frequency of occurrence as we considered it an outlier as bison often were observed here (99

times) due to this grid cell being the physical link between the two management areas (release

area vs. meadow area with tree patches) of the enclosure.

We tested the difference in frequency of occurrence among habitat types (cultivated field

(release area), meadow, water, and tree covered areas) with a Pearson´s Chi-squared test and dif-

ference in frequency of occurrence among habitats when accounting for habitat availability was

also tested pairwise with a Pearson´s Chi-squared test. We calculated Jacob´s index, D, [39] which

is a food selection index independent of habitat availability as follows: D = (r—p)/(r + p– 2rp),

Table 1. Description of the four different types of behaviour monitored while observing the bison herd.

Behaviour

type

Description

Feeding The animal is standing still or taking slow steps without lifting its head.

Resting The animal is lying down on the ground ruminating or sleeping.

Moving The animal is walking or running with its head lifted off the ground and not eating.

Other The animal is standing still with its head lifted. Nuzzling or scratching, playing or fighting,

urinating or defecating autumns under this category.

https://doi.org/10.1371/journal.pone.0198308.t001
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where r is the proportion of habitat used and p the proportion of habitat available. D varies from

-1 (strong avoidance) to +1 (strong preference), and values close to zero indicate that the habitat

is used in proportion to its availability. Mann Whitney t-tests were used to test if the behavioural

pattern or frequency of occurrence differed across management area (release area vs. meadow

area). Whether the behavioural pattern of the bison herd differed across season (spring, autumn,

and summer) was tested with a Kruskal Wallis test, and significant test results were followed by

pairwise test using Dunn test using no p-value correction. Correlation between time spent on a

certain behaviour (feeding or resting) and the daily average temperature was tested with a cor-

rected Pearson´s correlation test accounting for temporal autocorrelation. All statistical tests were

performed in R [36] and datasets are available in Supporting Information.

2.5 Analysis of habitat selection

We considered two response variables (Fig 2A and 2B); the frequency of occurrence of bison

in each grid cell in the bison enclosure and presence/ absence of bison in each grid cell in the

bison enclosure. Frequency of occurrence was used as a measure for how often the bison herd

occur in a certain grid cell. Presence/absence was used as a measure for whether or not the

bison herd occur in a certain grid cell. We considered five predictor variables (Fig 2C–2F and

Table 2). Three variables describe the local environment: elevation derived from the Digital

Fig 2. Response and predictor variables used for the spatial linear and logistic regression. Response variables: (A) Response variable: Presence/

absence and (B) frequency of occurrence of the bison herd summed across the whole observation period. Predictor variables: (C) forage quality, (D) tree

cover, (E) SLA, and (F) elevation.

https://doi.org/10.1371/journal.pone.0198308.g002
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Terrain Model [40], tree cover, and management area (release area vs. meadow area with tree

patches) and two describe variation in the plant community; forage quality for cattle [41]

retrieved from BiolFlor [42] and Specific Leaf Area (SLA: leaf area per leaf dry mass) retrieved

from LEDA traitbase [43] in order to explain the habitat use by the bison. Elevation was

included to gain insight about the role of hydrology on habitat selection as the enclosure ran-

ged from a submerged area close to the river to a dry field furthest away from the river. Tree

cover was a relevant variable to include considering the ongoing debate about whether bison

prefer open habitats, mosaic-landscapes or closed forests [23]. Management area (release area

with supplementary feeding vs. semi-natural meadow area with tree patches) was considered

to assess the influence of the enclosure configuration and management protocols as this might

affect their habitat selection and behaviour. Forage quality and SLA were included as it is likely

that bison prefer areas where plants species provide high forage quality or digestibility, which

has been found to increase with increased SLA [44] and might constitute a relatively easy mea-

sure predicting where bison impact should be expected.

SLA and forage quality were interpolated to the whole study area based on presence/

absence data on plant species obtained from the 33 vegetation plots in order to include these

variables in the spatial models (Fig 2). We used kriging with the following co-variables; eleva-

tion and Digital Object Model (a measure for vegetation structure), which was derived from

elevation and Digital Surface Model [40]. Performance of co-kriging was tested using a train-

ing subset and a validation subset of vegetation plots and resulted in a prediction of 67.2% for

SLA and of 85.1% for forage quality. Co-kriging was performed using the function krige in the

R package gstat [45, 46] and based on exponential variogram shape.

The response variable frequency of occurrence was log transformed to ensure normality of

the residuals, and all grid cells with zero values (no observations of bison) were removed to

avoid skewness and bias in the residuals. One grid cell was removed from analysis involving

Frequency of occurrence as we considered it an outlier as bison often were observed here (99

times) due to this grid cell being the physical link between the two management areas (release

area vs. meadow area with tree patches) of the enclosure.

Table 2. Description of the predictor variables used in the spatial linear and logistic regression.

Variables Description

Elevation The Danish Digital Terrain Model [50] is a measure of the ground elevation

and indicated the height of ground and thereby areas of open water or areas

most likely to be flooded. The Digital Terrain Model was extracted from Light

Detection and Ranging (LiDAR) data.

Digital Object Model (used only for
co-kriging)

The Danish Digital Object Model is calculated as the difference between Digital

Terrain Model and Digital Surface Model and show the height of everything

above ground level (trees, shrub, and buildings).

Tree cover The percentage of the habitat consisting of deciduous tree stands, hedges and

shrubs. Constructed from ground-truthing and ortho-photos from 2012.

Management area The bison enclosure consists of the release area, a formerly cultivated field, and

the meadow area.

SLA SLA was calculated as the product of the Specific Leaf Area (SLA) for each plant

monitored on a presence/absence level in a 10m circle in the vegetation plots

and interpolated to the entire enclosure using co-kriging with Digital Object

Model and elevation.

Forage quality Forage quality was calculated as the product of the forage quality for each plant

monitored on a presence/absence level in the 10m circle in the vegetation plots

and interpolated to the entire enclosure area using co-kriging with Digital

Object Model and Digital Terrain Model. Forage quality for cattle was retrieved

from the BiolFlor database [42].

https://doi.org/10.1371/journal.pone.0198308.t002
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The relationship between the occurrence frequency (the number of times the bison herd

occurred in the same grid cell) and elevation, tree cover, management area, forage quality and

SLA was tested with simple linear regressions for continuous explanatory variables and with

Pearson product moment correlation for categorical explanatory variables.

Multicollinearity among predictor variables was tested using Spearman’s rank correlations

for variables with a non-linear relationship and Pearson´s correlation between variables with a

linear relationship. Multicollinearity was considered a problem among predictor variables

when correlations rose above 60%, and therefore management area and forage quality were

excluded from the habitat selection models as they were highly correlated with elevation (See

S1 Table). Elevation was not discarded as this predictor variable was of highest resolution.

Spatial autocorrelation was tested by evaluating Moran´s I for the lower distance classes of

the residuals and considered to be negligible (see S2 Fig). Linear regression models were con-

ducted to test if the predictor variables (elevation, tree cover, and SLA) influenced how often

the bison herd occurred in a given grid cell (frequency). Multiple logistic regression models

were performed to test if the predictor variables (elevation, tree cover, and SLA) had an effect

on whether the bison occurred in the grid cell or not (presence/ absence). All possible combi-

nations of models (eight models for both linear and for logistic models) were fit and ranked

according to their relative weight of evidence (using Akaike weights, wi) calculated from

Akaike’s Information Criterion corrected for small sample size (AICc). Models were assessed

according to the strongest support (wi) and explanatory power [47]. To evaluate the explana-

tory power of each individual variable, we calculated model-averaged coefficient estimates

(parameter estimates weighted according to support across all eight models) and relative vari-

able importance (RVI, the sum of Akaike weights for each model in which the explanatory var-

iable occur) [47]. Spatial model selection and model averaging were conducted using R

package MuMIn [48].

We also looked into an old study assessing the natural food preferences on European bison

in Poland [49] to investigate if the results of this study supported a relationship between feed-

ing preference and SLA. We therefore assigned SLA values to all the plant species for which

Borowski and Kossak [49] had measured abundance coefficients (D, after German “Deckungs-

wert”) and contacts between bison and plant (n) (bites) and tested the relationship between

food preference and SLA (n/D~SLA) with a linear regression.

2.6 Ethics statement

The animals were kept in a 40 ha enclosure privately owned by the NGO Aage V. Jensen

Nature Foundation. The zoo Randers Rainforest purchased six animals from UNK at Bialo-

wieza National Park and five animals were donated to the zoo Randers Rainforest from

another Danish zoo Ree Park–Ebeltoft Safari. The zoo Randers Rainforest was responsible for

animal handling, control, release and zookeepers supervised the animals daily. Randers Rain-

forest has obtained the necessary import permission for releasing the animals. The physical

body condition of the animals was regularly checked by the supervising veterinarian of the zoo

Randers Rainforest. This study did not imply animal sampling of protected animals.

3. Results

3.1 Behavioural patterns

The diurnal behaviour pattern showed that the bison herd had three major feeding bouts a day

(green bars in Fig 3A), namely during 4.30–8.30, 11–15 and 17–23 hours, with feeding bouts

defined as periods with 15 minute intervals where more than 50% of the observations over the

study period were feeding observations. Generally, the bison herd was resting between the
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feeding periods (orange bars in Fig 3A). Over the entire growth season, the bison herd spent

on average 59.4% on feeding, 29.5% on resting, 3.3% on moving, and 7.8% on other activities

(Fig 3B). This activity budget was consistent with previous findings by Caboń-Rackzyńska

et al. [33] (χ2
2 = 1.5482, p = 0.461). Time spent on resting did not change significantly over the

three seasons (spring, summer, and autumn) (H2 = 3.198, p = 0.202, Kruskal Wallis Rank Sum

test) (Fig 3B), though time spent on resting was significantly correlated with mean daily tem-

perature (r = 0.38, F40.58 = 7.04, p = 0.0113, corrected Pearson correlation for temporal

Fig 3. Daily and seasonal behavioural patterns. Fraction of observations where the bison herd rest, feed, move or express other types of behaviour during

a day throughout the observation period (spring, summer and autumn) (A). Time spent on a specific type of behaviour across the seasons (spring, summer,

and autumn) (B). Different letters are attributed to seasons that vary significantly from other seasons within the same type of behaviour.

https://doi.org/10.1371/journal.pone.0198308.g003
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autocorrelation) (Fig 4A). There was a non-significant tendency for the bison herd to spend

more time on feeding as the growth season progressed (H2 = 5.48, p = 0.0647, Kruskal Wallis

Rank Sum test) (Fig 3B). Time spent on feeding and daily temperature were not correlated

(r = 0.03, F23.7758 = 0.0257, p = 0.87) (Fig 4B). Time spent on moving and other behaviour

types showed a significant change across season with the spring period showing significantly

higher moving activity than the summer period (p = 0.0020, Dunn´s test) as well as a higher

level of other behaviour (e.g. scratching and playing) during spring time than the summer and

autumn period (p<0.0001 and p = 0.0217, respectively, Dunn´s test) (Fig 3B).

Fig 4. Correlation between temperature and time spent resting or feeding. Correlation between mean daily temperature and time spent on

(A) resting or on (B) feeding across the observation period. Statistical results from Pearson´s correlation corrected for temporal correlation are

shown.

https://doi.org/10.1371/journal.pone.0198308.g004

Wild steps in a semi-wild setting?

PLOS ONE | https://doi.org/10.1371/journal.pone.0198308 November 7, 2019 10 / 22

https://doi.org/10.1371/journal.pone.0198308.g004
https://doi.org/10.1371/journal.pone.0198308


3.2 Habitat use

Overall, the bison herd spent significantly more time in the open meadow than in any of the

other types of habitat (cultivated release area, tree covered patches, and open water (χ2
3 =

2101.5, p<0.001) (Table 3), but not as much time as predicted from the availability of the open

meadow area (Table 4). Bison spent almost the quadruple amount of time in the release area

than expected from its´ availability (Table 4), which was significantly more than time spent in

other habitats; meadow, areas with tree cover, and significantly more than in the other man-

agement area (meadow with patches of open water and tree covered patches) (Table 3). This

selection of the release area is also reflected in the highest Jacob index (0.26) (Table 3). There

was no difference in habitat use of meadow habitat and areas with tree cover or between open

areas (meadow combined with release area) and areas with tree cover (Table 3).

Log frequency of occurrence was significantly correlated with management type (Spearman

´s rank correlation: rho = 0.19, S = 5211000, p<0.001) (Fig 5) and the number of resting and

feeding observations per grid cell in the release area was significantly higher than in the

meadow area (Wilcoxon w = 3534, p<0.0001 and Wilcoxon w = 3678.5, p<0.005) (Fig 6). We

found no strong relationship between log frequency of occurrence and any explanatory vari-

ables, though there were moderate to weak relations to elevation (r2 = 0.099, p<0.001), SLA (r

= -0.12, p = 0.026) and forage quality (r2 = 0.077, p<0.001) (Fig 5).

3.3 Multiple linear and logistic models of habitat selection

None of the models considered showed problematic levels of spatial autocorrelation. There-

fore, spatial linear models were performed with Ordinary Least Square and spatial logistic

models were performed with Generalized Linear Model (S2 Fig). The three best linear regres-

sion models (ΔAICc < 2) all have fairly low wi values and low adjusted r2 values (Table 5), indi-

cating that the models neither are notably better than the worst models nor have great

explanatory support. These linear regression models indicate that Elevation is the most impor-

tant predictor as it appears in all the best three models and has the highest effect in the linear

regression models, while tree cover and SLA both have minimal effect (Table 6). Elevation had

positive coefficients (Table 5), suggesting that bison preferred staying in areas with higher ele-

vation, which were also drier than the area with lower elevation.

For the logistic regression models, the best models seemed to have much higher explanatory

support than the second best model (wi = 0.85 vs. wi = 0.15, respectively), though both had low

predictive power (McFadden’s r2 = 0.0830 and 0.0790). All explanatory variables were included

in the best model, whereas the second best model did not include elevation. Elevation and tree

Table 3. Statistical results of chi-square test of habitat use of different habitats and management areas when

accounting for their habitat availability.

Habitat use among habitats and management areas Test results

Habitats: Cultivated field (Release area) vs. meadow χ2
1 = 34.732, p<0.001

Habitats: Cultivated field (Release area) vs. tree covered areas χ2
1 = 14.171, p<0.001

Habitats: meadow vs. tree covered areas χ2
1 = 0.0020587,

p = 0.9638

Habitat: open habitat (cultivated field + meadow) vs closed habitat (tree covered areas) χ2
1 = 0.20878, p = 0.6477

Management area: Release area (cultivated field) vs. meadow with tree and water

patches

χ2
1 = 35.492, p<0.001

Bold letters indicate the type of habitat and management area that the bison significantly favors when accounting for

habitat availability.

https://doi.org/10.1371/journal.pone.0198308.t003
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cover had positive coefficients, whereas SLA had negative coefficients (Table 7). SLA had the

highest effect for the logistic regression models, and tree cover and elevation had moderate

effects (Table 6). The logistic model indicates that the bison herd more likely occurred in areas

with higher elevation, like the linear regression model, but also in areas with lower SLA-values

and more tree cover. Overall, these models suggest that the bison herd visited high-lying, drier

areas more often than low-lying areas, wet areas, and that the bison herd less likely visited

areas with high SLA-values at all.

Assigning SLA values to the bison food preference data obtained by Borowski and Kossak

[49] allowed us to test the relationship between food preference and SLA (n/D~SLA) (Fig 7).

The linear regression had very low explanatory power and SLA was a poor predictor of food

preference (adjusted r2 = 0.00082, p = 0.30).

4. Discussion

4.1 Behavioural patterns

In this study, we wished to assess the daily behaviour of bison and compare with previous find-

ings in Bialowieza Forest. The bison herd had three major feeding bouts a day (Fig 3A). In

comparison, previous studies from Bialowieza Forest report four feeding bouts a day in peri-

ods without snow cover [33] and in periods with snow cover two feeding bouts have been

reported [35]. On average the bison herd spent 59.4% on feeding, 29.5% on resting, and 3.3%

on moving across the growth season (Fig 3B), which was consistent with previous findings on

bison in Bialowieza Forest [33]. This is an interesting finding as time spent on feeding is

thought to depend on forage quality and quantity [51] indicating that the food quality and

quantity in this enclosure is equally good as the food available for the free-roaming bison in

Bialowieza. Bison reintroduced in the Alps in France with access to supplementary fodder

spent more than 40% of the time feeding and approximately 50% resting independent of snow

cover [18]. Caboń-Rackzyńska [35] found that bison in Bialowieza forest, also with access to

supplementary fodder, spent even less time of the day feeding (30%) and correspondingly

spent more time resting in periods with snow cover. Both these studies support that fodder

with presumably high food quality reduce the overall time needed to feed. Resting more during

cold periods can also be related to shifts in temperature and weather conditions, which appear

to cause the European bison to behave more docily [33]. Our observations also support that

shifts to higher temperature increase the amount of time spent on resting (Fig 4A).

The bison herd in Vorup meadows overall seem to behave like free-roaming bison observed

in large forested areas less human-modified, despite being confined to a heavily human-modi-

fied meadow enclosure. This is an important finding as this indicates that rewilding with Euro-

pean bison even in anthropogenic environments can support thriving animals expressing what

we, so far, believe is natural behaviour in the wild. Knowing this also enables us to transfer

knowledge from one reintroduction site to another more confidently.

Table 4. Time spent by the bison herd in each type of habitat compared to the availability of the habitat types including Jacob´s food selection index.

Meadow Tree cover Cultivated grassland

(Release area)

Open water

Habitat used (%), r�100 71.6 9.4 19.0 0

Habitat availability (%), p �100 79.7 10.3 5.2 4.8

Jacob´s index, D −0.22 −0.05 0.26 −1

https://doi.org/10.1371/journal.pone.0198308.t004
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4.2 SLA is a poor predictor for habitat selection

In the logistic regression models, SLA had a higher effect than elevation (Table 7), suggesting

that SLA was a better predictor of presence/ absence occurrence than elevation and that SLA

values often were low where the bison herd occurred. Whether bison actually avoided areas

with high SLA values or not, is hard to deduct as elevation and SLA were 59% correlated (See

Fig 5. Correlations between frequency of occurrence and predictor variables. Correlations between log frequency of occurrence and (A)

elevation, (B) tree cover, (C) management area, (D) SLA, and (E) forage quality). Statistical results from Pearson´s correlation or Spearman´s rank

correlation is shown for continuous variables and ordinal variables. An asterisk indicates a significant difference among management areas (C).

https://doi.org/10.1371/journal.pone.0198308.g005
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Fig 6. Time spent feeding and resting across management area. Number of feeding events or resting events of the bison herd observed in the

meadow area or in the release area. n value indicates number of grid cell per management area. An asterisk indicates a significant difference in

number of observations between management area.

https://doi.org/10.1371/journal.pone.0198308.g006

Table 5. Three best spatial linear models on log frequency of occurrence (ΔAICc <2) selected from eight tested models and ranked by AICc.

Model coefficients (n = 1095) ΔAICc wi Adjusted r2

Tree cover Elevation SLA

−0.08 0.37 0 0.317 0.141

0.37 0.27 0.277 0.138

−0.10 0.42 0.08 1.73 0.273 0.143

AICc (corrected Akaike Independent Criterion); wi, Akaike weights.

https://doi.org/10.1371/journal.pone.0198308.t005
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S1 Table), just below the threshold for exclusion based on multicollinearity, and therefore the

signals are hard to distinguish. Several of the herbaceous plants that European bison is

reported to prefer (e.g. Urtica diodica, Cirsium oleracium, Plantago sp, Filipendula ulmaria)

[52] were available in the enclosure, and in several vegetation plots, we observed clear bite

marks on these species. Plants with high SLA values observed in the enclosure included e.g.

Impatiens capensis (SLA 54.3 mm2/mg), Urtica dioca (SLA 31.6 mm2/mg), Alisma plantago-
aquatica (SLA 29.7 mm2/mg), Cirsium oleracum (SLA 25.7 mm2/mg), and several grasses

(SLA values from 18–35 mm2/mg). Some of the tree species (e.g. Betula pubescens, Alnus gluti-
nosa, Salix spp.) reported as preferred [52] were also observed in the enclosure and showed

clear signs of debarking. These species had lower SLA values than many herbaceous plants.

One might think that plant species with high SLA values might be attractive for foraging bison

due to their seemingly high palatability, but in this study, the logistic models indicated a nega-

tive relationship between occurrence and SLA. Testing the relationship between SLA and food

preference for plant species (n/D) obtained by Borowski and Kossak [49] studying bison in

Bialowieza Forest showed that SLA had very low explanatory power for food preference

(adjusted r2 = 0.00082, p = 0.30) (Fig 7). These results suggest that SLA is a poor predictor for

the habitat selection of bison.

4.3 Habitat use

We found that bison used the release area more than expected from availability, but did not

favour open habitat over forested habitat when accounting for habitat availability. It is not

clear whether the preference for the release area is linked to its inherent ethological value (i.e.

the possible status of the release area as their “home” might influence their behaviour accord-

ingly), or to the rather high forage quality of the release area (Fig 2C) due to former grass sow-

ing management or to the availability of supplementary fodder, or that the release site was

placed at the driest part of the enclosure. It is reasonable to think that the preference for the

release area is linked to feeding habits as the herd was observed significantly more times feed-

ing in grid cells in the release area than in the meadow (Fig 6), however, the herd was also

observed significantly more times resting in grid cells in the release area than in the meadow

Table 6. Summary of results after full model-averaging: Effects of each explanatory variable on frequency of occurrence (linear regression) and presence/absence

(logistic regression) of bison.

Predictors Linear regression Logistic regression

Estimate Adj. SE CI 95% RVI Estimate Adj. SE CI 95%

Elevation 0.391 0.0587 0.275 – 0.506 1 0.435 0.227 −0.083 - 0.807

SLA 0.0291 0.0545 −0.0777 - 0.136 0.59 -1.28 0.221 −1.71 - −0.844

Tree cover −0.0514 0.0592 −0.167 - 0.0647 0.41 0.630 0.159 0.318 - 0.941

Adj. SE, Adjusted standard error; CI 95%, 95% confidence interval; RVI,relative variable importance.

https://doi.org/10.1371/journal.pone.0198308.t006

Table 7. The best spatial logistic model on presence/ absence occurrence (ΔAICc <2) selected from eight tested models and ranked by AICc.

Model coefficients (sample size: n = 338) ΔAICc wi McFaddens r2

Tree cover Elevation SLA

0.61 0.42 −1.2 0 0.85 0.0830

0.72 −1.5 3.47 0.15 0.0790

AICc, (corrected Akaike Independent Criterion); wi, Akaike weights.

https://doi.org/10.1371/journal.pone.0198308.t007
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indicating that the release area has ethological value for the bison (Fig 6). During the study

period, bison were observed feeding close to the hay rack more often than in the rest of the

release area (mean number of feeding observation in grid cells with hay rack vs the rest of the

release area: 4.2 vs. 4>), however, bison were only observed feeding directly from the hay rack

a few times in the total study period (silage was only provided occasionally during the study

period). This indicates that bison exploited the supplementary fodder minimally, but more

likely were attracted to the release area due to the high forage quality, (Fig 5), dry habitat (Fig

5) or the release event. In the following section we discuss the potential role of the release

event, fodder supply and elevation (moisture) on habitat use.

Schmitz and colleagues recently investigated the exploration behaviour of a European bison

herd reintroduced to a mountainous area in Germany during the transition from an 89 ha

Fig 7. Relation between plant preference and SLA-values. Correlation between plant-bison contacts, availability of plant species, and SLA-

values of plant species. Un-preferred plant species (rectangle) is characterized by being abundant while having few contacts with a bison,

Preferred plant species (triangle) is characterized by having a low abundance while having many contacts with a bison, and plant species

with no preference (circle) is characterized by having increasing contacts with a bison with increasing abundance. Figure adapted from

Borowski and Kossak, 1972.

https://doi.org/10.1371/journal.pone.0198308.g007
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release area (occupied for three years) to the total designated area of 4500 ha. They found that

the release area was fully or partially included in the 85% Kernel density (i.e. used areas) by the

herd or the bull in 15 out of 18 10-days periods during the first 6 months of exploration [19].

Though the authors explicitly state that bison only used the release area occasionally, these

results indicate to us that the exploration behaviour by bison is centred around the release area

in the majority of the time during the first 6 months and that the release area, like in our study,

plays a significant role in how new habitats are occupied.

Evidence exists from other studies that European bison show higher habitat preference for

areas provided with supplementary fodder than if no supplementary feeding takes place [53,

54]. Recently Ramos and colleagues [18] showed that a herd of European bison reintroduced

in the French Alps spent more than 50% of the time in areas with supplementary fodder, but

when no provision of fodder occur bison spent significantly less time by the food racks and

exploited other areas to a higher degree [18]. Influence of access to supplementary fodder on

bison winter diet was recently investigated using DNA-barcoding by Kowalczyk and col-

leagues in Bialowieza Forest. Kowalczyk et al. [55] reported for bison occurring in forest habi-

tats that woody material made up 16% of the diet of bison intensively fed with supplementary

fodder, whereas the diet of non-fed bison was composed of 65% woody material [55].

Kerley and colleagues [23] have found that more than two-thirds of the free-ranging bison

herds have expanded their range, from originally being forest habitat, to also include open hab-

itats. This, however, is not considered a result of the bison´s habitat preference, but as a result

of a management problem as the open habitats bison adopt often are agricultural lands. Con-

spicuously, 65% of the free-ranging bison herd are also provided with supplementary fodder in

order to reduce unintended impacts of bison herds [23]. Kerley and colleagues [23] have sug-

gested that the overall larger habitat use of forest by bison observed today is a consequence of

anthropogenic pressure, habitat change, and the fact that conservation efforts have worked

within the “bison as a forest species” paradigm.

Elevation is for the study area related to wetness of the soil, as the enclosure is placed on the

Gudenå River bank, with terrain rising up away from the water. The area is in the lower parts

susceptible to flooding, which could be the reason why the bison herd seems to prefer higher

grounds. In this study we did not observe the bison herd occupying the open water patches

one single time; however, during the floristics analysis we saw obvious bite marks in areas

partly submerged and bison have also been observed in water-filled ditches. van Vuure has

pointed out that bison´s preference for drier areas is reflected in the distribution of fossils,

where only a few findings occur in river sediments [56]. However, there are studies indicating

that bison prefer moist habitats like the study by Daleszczyk and colleagues [57] where bison

was found to prefer the moist deciduous forest above all other less moist types of forests in the

Polish Bialowieza forests or the recently published study by Zielke et al. [58] documenting that

bison spent more time in wet open habitats in the German rewilding area Doeberitzer Heide

than expected from availability. Previous studies looking into habitat use or selection and food

selection of bison have not incorporated terrain in their analyses (e.g. [18, 19]). In a global

study, Olff et al. [59] linked plant-available nutrients and soil moisture to large herbivore den-

sities and suggested based on this that large herbivores prefer drier areas as forage quality of

plants are higher due to higher availability of soil nutrients. Unfortunately, in this study, we

could not investigate the spatial relationship between habitat use and forage quality as forage

quality was excluded from the spatial analysis due to multicollinearity between the elevation

and the forage quality.

When bison graze and spend time at the food rack or grazing the former cultivated field

they cannot exert their ecological function in other areas at the same time. This means that the

ecological impact by bison is reduced not only in terms of grazing pressure but also in terms

Wild steps in a semi-wild setting?

PLOS ONE | https://doi.org/10.1371/journal.pone.0198308 November 7, 2019 17 / 22

https://doi.org/10.1371/journal.pone.0198308


e.g. browsing, debarking [17, 55], trampling, distributing autochtonous nutrients, and seed

dispersal, presumably lowering the potential of the bison to affect plant diversity, structure and

composition, and thereby species communities dependent on these e.g. arthropods, amphibi-

ans, reptiles, birds and mammals [10]. This might compromise or oppose conservation goals

of trophic rewilding initiatives focusing on ecological restoration based on restoring trophic

top-down interactions and associated cascades as well as non-feeding related processes of the

European bison [22]. Therefore, in terms of rewilding category according to TRAAIL [34]

(categorised to be partial rewilding based on ambitions) the results from this study questions

whether the bison herd can advance the area into a self-regulating ecosystem as the bison seem

to be attracted to the release area due to the high forage quality here or the release event, which

turns the project into a minimal rewilding project.

Reintroductions are often conducted in two steps; releasing the bison into to a smaller

release area e.g. with supplementary fodder initially or continually, followed by allowing ani-

mals access to an adjoining, larger, and often more natural enclosure area [19]. Based on the

results presented in this study and other recent studies of bison reintroductions [18, 19, 55] we

advocate that constellation of release area and final reintroduction area should be thoroughly

considered along with how management protocols (e.g. supplementary fodder) might affect

the habitat use by the animals and thereby conservation goals–particularly when these are

framed within a trophic rewilding context.

5. Conclusion

Overall the present study found similar daily and seasonal behavioural patterns and habitat

selection of a semi-free-ranging bison herd as seen in studies on free-living herds, despite the

small living space and confinement and a high degree of human modification. These results

indicate that rewilding with European bison in anthropogenic environments can support what

appears to be natural behaviour. This is highly relevant as bison increasingly are being reintro-

duced to confined enclosures in anthropogenic landscape in order to 1) help conserve the spe-

cies and 2) restore ecological functions of the ecosystem, which might be compromised if

natural behaviours are not expressed.

The unexpectedly high use of the release site compared to the rest of the enclosure prompt

us to raise awareness of the possible long-term ethological effects of the release site and the

management protocols accomplished here, as this might cause the ecological impact by bison

to be reduced in terms of feeding and non-feeding activities. Further, this might reduce the

potential of the bison to affect plant diversity, structure and composition, and thereby species

communities dependent on these, and thereby compromise or oppose the conservation goals

addressed in a trophic rewilding context. We, therefore, encourage managers to carefully con-

sider the management in the release area relative to the overall aims of reintroducing bison in

the particular reintroduction area.

European bison is classified as vulnerable by IUCN and therefore still more populations are

needed. Combining large-scale rewilding and bison reintroduction might well be a win-win

situation, as large-scale rewilding can support bison population and help ensure genetic diver-

sity, and bison can contribute functionally to rewilding projects especially when framed within

a trophic-rewilding context. In line with Schneider [60] we think that in order to further

nature conservation, as well as the conservation of European bison, more research is needed to

assess to what degree European bison can replace conventional management protocols such as

mowing and to determine adequate habitat settings for the European bison.
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12. Palacio P, Berthonaud V, Guérin C, Lambourdière J, Maksud F, Philippe M, et al. Genome data on the

extinct Bison schoetensacki establish it as a sister species of the extant European bison (Bison bona-

sus). 2017; 17(1). https://doi.org/10.1186/s12862-017-0894-2.

13. Massilani D, Guimaraes S, Brugal JP, Bennett EA, Tokarska M, Arbogast RM, et al. Past climate

changes, population dynamics and the origin of Bison in Europe. BMC Biol. 2016; 14(1):93. https://doi.

org/10.1186/s12915-016-0317-7 PMID: 27769298; PubMed Central PMCID: PMC5075162.

14. Bocherens H, Hofman-Kaminska E, Drucker DG, Schmolcke U, Kowalczyk R. European bison as a ref-

ugee species? Evidence from isotopic data on Early Holocene bison and other large herbivores in north-

ern Europe. PloS one. 2015; 10(2):e0115090. https://doi.org/10.1371/journal.pone.0115090 PMID:

25671634; PubMed Central PMCID: PMC4324907.

15. Pucek Z, Belousova IP, Krasiñska M, Krasiñski ZA, Olech W. European Bison. Status Survey and Con-

servation Action Plan.. Pucek Z, editor. Cambridge, UK.: IUCN/SSC Bison Specialist Group; 2004.

Wild steps in a semi-wild setting?

PLOS ONE | https://doi.org/10.1371/journal.pone.0198308 November 7, 2019 20 / 22

https://doi.org/10.1073/pnas.1502540113
http://www.ncbi.nlm.nih.gov/pubmed/26811442
https://doi.org/10.1073/pnas.1502545112
http://www.ncbi.nlm.nih.gov/pubmed/26504223
https://doi.org/10.1111/brv.12113
https://doi.org/10.1111/brv.12113
http://www.ncbi.nlm.nih.gov/pubmed/24837856
https://doi.org/10.1086/284208
https://doi.org/10.1016/j.cub.2011.03.042
http://www.ncbi.nlm.nih.gov/pubmed/21514155
https://doi.org/10.1073/pnas.1502549112
http://www.ncbi.nlm.nih.gov/pubmed/26504209
https://doi.org/10.1126/science.1251817
http://www.ncbi.nlm.nih.gov/pubmed/25061202
https://doi.org/10.1126/science.1205106
http://www.ncbi.nlm.nih.gov/pubmed/21764740
https://doi.org/10.1126/sciadv.1400103
https://doi.org/10.1126/sciadv.1400103
http://www.ncbi.nlm.nih.gov/pubmed/26601172
https://doi.org/10.1111/brv.12374
https://doi.org/10.1111/brv.12374
http://www.ncbi.nlm.nih.gov/pubmed/28990321
https://doi.org/10.1186/s12862-017-0894-2
https://doi.org/10.1186/s12915-016-0317-7
https://doi.org/10.1186/s12915-016-0317-7
http://www.ncbi.nlm.nih.gov/pubmed/27769298
https://doi.org/10.1371/journal.pone.0115090
http://www.ncbi.nlm.nih.gov/pubmed/25671634
https://doi.org/10.1371/journal.pone.0198308


16. Rewilding Europe. Rewilding Europe; 2016 [cited 2016 24 May]. Available from: https://www.

rewildingeurope.com/project/european-bison-in-a-dutch-dune-system/.

17. Cromsigt JPGM, Kemp YJM, Rodriguez E, Kivit H. Rewilding Europe’s large grazer community: how

functionally diverse are the diets of European bison, cattle, and horses? Restoration Ecology. 2017.

https://doi.org/10.1111/rec.12661

18. Ramos A, Petit O, Longour P, Pasquaretta C, Sueur C. Space Use and Movement Patterns in a Semi-

Free-Ranging Herd of European Bison (Bison bonasus). PloS one. 2016; 11(2):e0147404. Epub 2016/

02/04. https://doi.org/10.1371/journal.pone.0147404 PMID: 26841107; PubMed Central PMCID:

PMC4740407.

19. Schmitz P, Caspers S, Warren P, Witte K. First Steps into the Wild–Exploration Behavior of European

Bison after the First Reintroduction in Western Europe. PloS one. 2015; 10(11):e0143046. https://doi.

org/10.1371/journal.pone.0143046 PMID: 26605549

20. Randers Regnskov. 2010 [cited 2016 January 27]. Available from: http://www.regnskoven.dk/det-sker/

seneste-nyheder/nyhedsvisning/nyhed/nu-kan-i-opleve-den-europaeiske-bison-paa-vorup-enge/.

21. Olech W. Bison bonasus. The IUCN Red List of Threatened Species 2008: T2814A9484719: IUCN

SSC Bison Specialist Group; 2008. Available from: https://doi.org/10.2305/IUCN.UK.2008.RLTS.

T2814A9484719.en.

22. Svenning JC, Pedersen PBM, Donlan CJ, Ejrnaes R, Faurby S, Galetti M, et al. Science for a wilder

Anthropocene: Synthesis and future directions for trophic rewilding research. Proceedings of the

National Academy of Sciences in the United States of America. 2016; 113(4):898–906. https://doi.org/

10.1073/pnas.1502556112 PMID: 26504218; PubMed Central PMCID: PMC4743824.

23. Kerley GIH, Kowalczyk R, Cromsigt JPGM. Conservation implications of the refugee species concept

and the European bison: king of the forest or refugee in a marginal habitat? Ecography. 2012; 35

(6):519–29. https://doi.org/10.1111/j.1600-0587.2011.07146.x

24. Cromsigt JPGM, Kerley GIH, Kowalczyk R, Roura-Pascual N. The difficulty of using species distribution

modelling for the conservation of refugee species—the example of European bison. Diversity and Distri-

butions. 2012; 18(12):1253–7. https://doi.org/10.1111/j.1472-4642.2012.00927.x

25. Kuemmerle T, Hickler T, Olofsson J, Schurgers G, Radeloff VC, Roura-Pascual N. Refugee species:

which historic baseline should inform conservation planning? Diversity and Distributions. 2012; 18

(12):1258–61. https://doi.org/10.1111/ddi.12013

26. Kuemmerle T, Hickler T, Olofsson J, Schurgers G, Radeloff VC. Reconstructing range dynamics and

range fragmentation of European bison for the last 8000years. Diversity and Distributions. 2012; 18

(1):47–59. https://doi.org/10.1111/j.1472-4642.2011.00849.x

27. European Bison Pedigree Book [Internet]. 2014.

28. Bison Bonasus. The IUCN Red List of Threathened Species 2008 [Internet]. IUCN. 2008 [cited 08

November 2017]. Available from: http://www.iucnredlist.org/details/2814/0.

29. Bleyhl B, Sipko T, Trepet S, Bragina E, Leitão PJ, Radeloff VC, et al. Mapping seasonal European

bison habitat in the Caucasus Mountains to identify potential reintroduction sites. Biological Conserva-

tion. 2015; 191:83–92. https://doi.org/10.1016/j.biocon.2015.06.011

30. Cromsigt J, te Beest M, Kerley G, Landman M, le Roux E, Smith F. Trophic rewilding as a climate

change mitigation strategy? Phil Trans R Soc B. 2018;373. https://doi.org/10.1098/rstb.2017.0440

PMID: 30348867

31. Danish Nature Agency. Bison Bornholm [cited 2016 27 Jan]. Available from: http://naturstyrelsen.dk/

naturbeskyttelse/naturprojekter/bison-bornholm/.

32. Brandtberg NH, Dabelsteen T. Habitat selection of two European bison (Bison bonasus) on the Danish

island Bornholm. European Bison Conservation Newsletter. 2013; 6:73–80.

33. Caboń-Rackzyńska K, Krasińska M, Krasiński ZA, Wojcik JM. Rythm of Daily Activity and Behaviour of

European Bison in the Bialowieza Forest in the Period without Snow Cover. Acta Theriologica. 1987; 32

(21):335–72.

34. Pedersen PBM, Ejrnæs R, Sandel B, Svenning J-C. Trophic Rewilding Advancement in Anthropogenic-

ally Impacted Landscapes (TRAAIL): A framework to link conventional conservation management and

rewilding. Ambio. 2019. https://doi.org/10.1007/s13280-019-01192-z PMID: 31201614

35. Caboń-Rackzyńska K, Krasińska M, Krasiński ZA. Behaviour and Daily Activity Rythm of European

Bison in Winter. Acta Theriologica. 1983; 28(18):273–99.

36. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation

for Statistical Computing; 2018.

37. Nielsen K, Bak J, Bruus M, Damgaard C, Ejrnæs R, Fredshavn J, et al. NATURDATA.DK–Danish moni-

toring program of vegetation and chemical plant and soil data from non-forested terrestrial habitat

types. Biodiversity & Ecology. 2012; 4:375-. https://doi.org/10.7809/b-e.00165

Wild steps in a semi-wild setting?

PLOS ONE | https://doi.org/10.1371/journal.pone.0198308 November 7, 2019 21 / 22

https://www.rewildingeurope.com/project/european-bison-in-a-dutch-dune-system/
https://www.rewildingeurope.com/project/european-bison-in-a-dutch-dune-system/
https://doi.org/10.1111/rec.12661
https://doi.org/10.1371/journal.pone.0147404
http://www.ncbi.nlm.nih.gov/pubmed/26841107
https://doi.org/10.1371/journal.pone.0143046
https://doi.org/10.1371/journal.pone.0143046
http://www.ncbi.nlm.nih.gov/pubmed/26605549
http://www.regnskoven.dk/det-sker/seneste-nyheder/nyhedsvisning/nyhed/nu-kan-i-opleve-den-europaeiske-bison-paa-vorup-enge/
http://www.regnskoven.dk/det-sker/seneste-nyheder/nyhedsvisning/nyhed/nu-kan-i-opleve-den-europaeiske-bison-paa-vorup-enge/
https://doi.org/10.2305/IUCN.UK.2008.RLTS.T2814A9484719.en
https://doi.org/10.2305/IUCN.UK.2008.RLTS.T2814A9484719.en
https://doi.org/10.1073/pnas.1502556112
https://doi.org/10.1073/pnas.1502556112
http://www.ncbi.nlm.nih.gov/pubmed/26504218
https://doi.org/10.1111/j.1600-0587.2011.07146.x
https://doi.org/10.1111/j.1472-4642.2012.00927.x
https://doi.org/10.1111/ddi.12013
https://doi.org/10.1111/j.1472-4642.2011.00849.x
http://www.iucnredlist.org/details/2814/0
https://doi.org/10.1016/j.biocon.2015.06.011
https://doi.org/10.1098/rstb.2017.0440
http://www.ncbi.nlm.nih.gov/pubmed/30348867
http://naturstyrelsen.dk/naturbeskyttelse/naturprojekter/bison-bornholm/
http://naturstyrelsen.dk/naturbeskyttelse/naturprojekter/bison-bornholm/
https://doi.org/10.1007/s13280-019-01192-z
http://www.ncbi.nlm.nih.gov/pubmed/31201614
https://doi.org/10.7809/b-e.00165
https://doi.org/10.1371/journal.pone.0198308


38. ESRI. ArcGIS. Redland, CA, USA.: ESRI; 2010.

39. Jacobs J. Quantitative measurement of food selection. Oecologia. 1974; 14(4):413–7. https://doi.org/

10.1007/BF00384581 PMID: 28308662

40. Danmarks højdemodel, DHM/Terræn [Internet]. 2011. Available from: http://sdfe.dk/hent-data/

kortforsyningen/.

41. Briemle G, Nitsche S, Nitsche L. Nutzungswertzahlen für Gefäßpflanzen des Grünlandes. In: KI KS,
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45. Gräler B, Pebesma E, Heuvelink G. Spatio-Temporal Interpolation using gstat. The R journal. 2016; 8

(1):204–18.

46. Pebesma EJ. Multivariable geostatistics in S: the gstat package. Computers & Geosciences. 2004;

30:683–91.

47. Burnham KP, Anderson DR. Model selection and multimodel inference: A Practical Information-Theo-

retic Approach. edition S, editor: Springer, USA; 2002.

48. Barton K. MuMIn: Multi-Model Inference. R package version 1.40.4. 2018.

49. Borowski S, Kossak S. The natural food preferences of the European bison in seasons free of snow

cover. Acta Theriologica. 1972; 17(13):151–69.

50. Rosenkranz B, Frederiksen P. Quality assessment of the Danish Elevation Model (DK-DEM) National

Survey and Cadastre—Denmark, technical report series number 122011.

51. Steuer P, Hummel J, Grosse-Brinkhaus C, Südekum K-H. Food intake rates of herbivorous mammals

and birds and the influence of body mass. European Journal of Wildlife Research. 2015; 61(1):91–102.

https://doi.org/10.1007/s10344-014-0877-1

52. Gebczynska Z, Gebczynski M, Martynowicz E. Food eaten by the free-living European bison in Bialo-

wieza Forest. Acta Theriologica. 1991; 36(3–4):307–13.

53. Krasińska M, Krasiński ZA, Bunevich AN. Factors affecting the variability in home range size and distri-

bution in European bison in the Polish and Belarussian parts of the Bialowieza Forest. Acta Theriolo-

gica. 2000; 45(3):321–34.

54. Krasińska M, Krasiński ZA. European Bison. The nature monograph: Mammal Research Institute, Pol-

ish Academy of Sciences, Bialowieza; 2007.

55. Kowalczyk R, Taberlet P, Coissac E, Valentini A, Miquel C, Kamiński T, et al. Influence of management

practices on large herbivore diet—Case of European bison in Białowieża Primeval Forest (Poland). For-

est Ecology and Management. 2011; 261(4):821–8. https://doi.org/10.1016/j.foreco.2010.11.026

56. van Vuure C. Retracing the aurochs: history, morphology and ecology of an extinct wild ox: Pensoft;

2005. 431 p.

57. Daleszczyk K, Krasińska M, Krasiński ZA, Bunevich AN. Habitat structure, climatic factors, and habitat

use by European bison (Bison bonasus) in Polish and Belarusian parts of the Bialowieza Forest,

Poland. Canadian Journal of Zoology. 2007; 85(2):261–72. https://doi.org/10.1139/Z06-209 PubMed

PMID: WOS:000245590000013.
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