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The presence of wolves leads 
to spatial differentiation in deer 
browsing pressure on forest 
regeneration
Adam Wójcicki 1* & Zbigniew Borowski 2

With the recent return of large carnivores to forest ecosystems, an important issue for forest owners 
and managers is how large predators influence the behaviour of their natural prey and, consequently, 
cervid browsing pressure on forest regeneration. To investigate this issue, we analysed deer pressure 
on Scots pine and European beech plantations in northern Poland’s ecosystems with and without 
permanent wolf populations. Two characteristics were used to describe deer browsing patterns in 
plantations: distance from the forest edge (spatial pattern of browsing) and number of saplings 
browsed (browsing intensity). Beech saplings were more intensively browsed by deer compared to 
pine saplings. In a forest ecosystem not inhabited by wolves, spatial variation in browsing patterns on 
small-sized beech plantations was the same between the edge and the center. In contrast, browsing 
pressure by deer was greater at the edges on large-sized pine plantations. The presence of wolves 
reduced deer browsing on beech and increased browsing on pine saplings. In addition, deer foraging 
behaviour changed in large-sized pine plantations, and browsing pressure increased only in the central 
areas of the plantations. We assume that the presence of wolves in a forest landscape is an important 
factor that alters browsing pressure on the youngest stands and their spatial pattern, and that this 
may be a major factor in stand regeneration, especially in small forest patches.

In recent decades, the numbers and population densities of many deer species have increased in temperate 
forests, including in Europe1. The reasons for this phenomenon lie in changes favorable to these herbivores 
during the twentieth century, including the disappearance of populations of large predators1,2. As a result, the 
increasing number and density of ungulates increases browsing pressure on vegetation, leading to higher losses 
in agricultural and forestry production1,3. Although it is worth noting that deer damage is not solely related to 
deer population density4. Trees and shrubs make up a significant share of the diet of wild ungulates5,6. Browsing 
of woody plants by deer is one of the major problems of modern forestry and consumes a large portion of the 
funds spent on tree protection in commercial forests. This problem mainly affects tree species preferred by deer, 
such as oaks Quercus spp., hornbeams Carpinus betulus, silver firs Abies alba and Scots pines Pinus sylvestris7,8.

Intense herbivore pressure on woody and shrub vegetation, while often favoring the development of 
herbaceous vegetation and creating favorable conditions for the maintenance of a wider range of forest plant 
community species9–11, conflicts with timber production and hinders the achievement of forest management 
goals. Current ungulate densities in temperate and boreal forests have long-term effects on forest structure, 
composition and litter depth, implying that these herbivores can slow down natural succession and reduce the 
sapling richness12. Deer damage young trees primarily by browsing shoots and stripping bark. Damaged trees may 
die13, develop more slowly14, have lower biomass growth15, and are more susceptible to damage from invertebrate 
infestations16. Loss of their main shoots also causes trees to take on a shrub form17. Patches of varying sizes in 
forest stands are attractive foraging sites for ungulates, as they find food more easily when they emerge from 
the closed forest18. Forest edges are particularly attractive to deer and thus these animals can largely shape the 
vegetation within them19. For this reason, young forest plantations are particularly vulnerable to severe damage 
from these herbivores. Furthermore, abundant early successional forest stands and edge habitats, together with 
local high deer densities, may cause significant external threats to stands near old and mature forest communities 
because widely wandering deer also penetrate deeply into them20.
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In the Northern Hemisphere, large carnivores are returning to their native ecosystems21. In Poland, for 
example, the grey wolf Canis lupus L. populations are increasing22,23. With the return of wolves to forests, 
the question arises whether this could reduce deer pressure on forest regeneration. Predators may indirectly 
affect lower trophic levels by influencing prey behaviour and reducing density24. They limit herbivore pressure 
on vegetation, which creates better conditions for plant development (a trophic cascade effect25,26). In forest 
ecosystems, large carnivores can affect forest stands in this indirect way because there is a strong relationship 
between the extent of tree damage caused by herbivores and stand regeneration27,28.

Large carnivores’ predation risk can affect ungulate density, distribution and behaviour, probably operate 
at different spatial scales29, but so far the influence of wolf presence on deer feeding behaviour at different 
scales (landscape, stand) has been demonstrated only in the protected Białowieża primaeval forest29–31. It has 
been argued that in natural ecosystems, like in Białowieża, large carnivores may alter the foraging behaviour 
of browsers at fine spatial scales (stand level), which could have long-term consequences for woody plant 
communities and affect forest ecosystem structure and composition32. In contrast, recent data from commercial 
forests suggest that the presence of wolves in the ecosystem does not affect or even increase damage to forest 
plantations caused by large herbivores such as moose Alces alces L. and the authors of these studies suggested 
that the attractiveness of the food base was the stronger factor than the risk of predation for this herbivore 
species33–35. There is limited data on the spatial pattern of foraging by deer at fine scales within gaps of different 
sizes. In addition, Kuijper et al.36 concluded that in human-dominated landscapes, fear is more likely to be 
caused by anthropogenic disturbance (even nonlethal effects of hunter presence) than by the presence of large 
predators, so the intensity and spatial pattern of browsing by wild ungulates may differ from those in natural, 
protected ecosystems.

From a scientific and practical perspective, this knowledge is important for forest managers where deer 
(such as red deer Cervus elaphus L. and roe deer Capreolus capreolus L.) cause the greatest damage to young, 
productive stands.

The purpose of our study was to investigate whether the presence of wolves in forest ecosystems affects the 
intensity and spatial distribution of browsing damage by deer in pine and beech plantations, which may lead to 
changes in timber production and forest quality. We tested two hypotheses: (1) deer browsing intensity is lower 
in ecosystems where wolves are present, and (2) deer browsing intensity is higher near forest edges.

Materials and methods
Study area
The study was conducted between 2015 and 2017 in three forest districts (FD) in northern Poland: Borne 
Sulinowo Forest District (BS), Polanów Forest District (POL) and Manowo Forest District (MAN). BS is located 
near the town of Borne Sulinowo (53°34′52″ N 16°32′00″ E) and covers 204.32 km2 of flat terrain with some 
slightly hilly areas. The predominant tree species is pine (about 90% of the stands). POL is located near the town 
of Polanów (54°07′10″ N 16°41′18″ E), covering 168.32 km2 and consists of both flat and hilly terrain. Pine and 
European beech (Fagus sylvatica) are the main tree species (together about 90% of the stands). MAN is located 
near the town of Manowo (54°07′30″ N 16°18′06″ E) and covers 172.03 km2 of hilly or flat terrain. The main tree 
species is pine (about 84% of the stands, and 87% together with beech).

In each FD, hunting is conducted annually during the hunting season. The hunting season for red deer lasts 
from August 21 to February 28 (bulls), from October 1 to January 1 (does) and from January 1 to February 28 
(calves), and for roe deer from May 11 to September 30 (bucks) and from October 1 to January 15 (does and 
fawns). In this region of Poland, 2.2–2.4 ind./km2/year of red deer and 2.7–2.9 ind./km2/year of roe deer were 
harvested. Also, the forests of each of these FDs are available for recreation (e.g. cycling, hiking). However, there 
are no tourist spots in any of them that can attract a particularly large numbers of tourists.

The detailed characteristics of the study area are shown in Table 1. Data on ungulate densities and hunting 
consist of unpublished 2016 data from official hunting and forestry statistics. In addition, single individuals of 
European bison Bison bonasus and moose occasionally appeared within the BS and single individuals of fallow 
deer Dama dama occasionally appeared within the MAN and POL. MAN and BS wolf populations were stable 
(about 1.2 individuals/100 km2 each) and average pack size varied between 3.5 and 5.6 individuals37. One wolf 
pack was present in MAN and two packs were present within BS. At the beginning of the study, no permanently 
functioning wolf packs were recorded in POL—only single wolves were observed sporadically at the end of the 
study period (these were usually individuals moving through the area).

Table 1.   The characteristics of study plots.

Forest district Wolf population

Wild ungulate density 
(ind./km2)

Study plotsRed deer Roe deer

Borne Sulinowo
BS Present 6.8 7.9 12 pine plantations

Manowo
MAN Present 7.7 8.4 10 beech plantations

Polanów
POL Absent 7.5 8.8 6 pine plantations

6 beech plantations
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Field measurements
Three- to five-year-old Scots pine plantations of 1–5 ha with the same soil characteristics and forest type and 
three- to five-year-old round or elliptical beech plantations of about 0.1 ha were randomly selected for the 
study, because they were the most common forest crops within the three sites. The selected plantations met the 
following criteria:

1)	 The saplings were unfenced and unprotected against browsing;
2)	 Each study plot was located at least 300 m from buildings, public roads and tourist spots and was completely 

or mostly surrounded by older stands. There was one unpaved forest road near each study plot (closer than 
50 m), which might have limited browsing pressure on saplings by making deer avoiding them34,38,39 and 
increased the wolf predation risk, as these carnivores take advantage of forest road infrastructure40;

3)	 Sapling heights ranged from 20 to 150 cm, the size most susceptible to browsing8,13,41. Plantations with higher 
saplings (> 150 cm), were not selected for the measurements because we wanted to avoid the situation when 
saplings become too high for deer to be browsed during the 3-year study period and the plantations become 
unattractive for large herbivores before the study ends. Also, up to this tree height, forest plantations are still 
an open environment where deer can see and perceive danger. Taller trees create an entirely different forest 
development medium—a forest thicket with lots of cover but little visibility.

Thirty-four study plots in total were selected for measurements (Table 1).
In addition, representatives of the genera Rubus spp. and/or Vaccinum spp. were present in each plantation, 

increasing the likelihood of tree browsing by deer42,43. There were also representatives of other vegetation groups, 
the most numerous of which were (in varying proportions): birch Betula pendula seedlings, Calluna vulgaris, 
Juncus spp., Festuca spp., Poa spp. No large grasslands were present within the POL and MAN forest districts. 
Within the BS were two large nature reserves (moors), but none of the study plots was closer than 500 m from 
these open areas.

The beech plantations had an area of 0.1 ha, while the pine plantations had an area of 1–5 ha. Because of 
their size, the beech plantations were divided into zones less than 10 m or more than 10 m from the nearest 
older forest edge. Data from the pine plantations were collected in zones that were less than 10 m from forest 
edge and no closer than 50 m from the nearest forest edge (and close to the plantation centre). Each year four 
10 m transects perpendicular to the edge of the plantation were randomly selected in each zone. We noted the 
number of saplings along each transect and whether traces of fresh browsing were present on the main shoots of 
each sapling (the freshly browsed apical shoots were noticeably softer and lighter in colour than those previously 
browsed). The plantations were single-species, so we analysed only pine saplings within pine plantations and 
beech saplings within beech plantations. If seedlings of other tree species (e.g. birch) were found in transects, 
which occurred very rarely, they were not included in the analysis. Traces of browsing on side shoots were not 
included in our analyses, as the loss of these shoots does not cause significant changes in the saplings’ form and 
their growth rate. We then calculated the proportion of trees with traces of browsing on apical shoots among all 
measured trees per transect. In each forest plantation, fresh browsing pressure was evaluated annually from 2015 
to 2017 in late spring (April–May), after the greatest winter and spring pressure from deer44. During the study 
period, neither tracks nor faeces of bison, moose or fallow deer were found within the study plots.

Statistical analysis
To analyse the data, we used a generalized linear mixed model fitted by maximum likelihood with binomial 
distribution for the response variable and logit linkage function. We calculated proportion of damaged trees 
as the number of browsed (apical shoot damaged) and unbrowsed trees per transect in each zone of the study 
plot35. This was our indirect indicator of browsing pressure and forest regeneration success41. The proportion of 
damaged trees was used as a response variable. All predictors were also binary coded: the apical shoot (1-browsed, 
0-not browsed), presence of wolves (1-present, 0-not present), distance to forest edge (edge < 10 m-1, far > 50 m 
(for pine)/ > 10 m (for beech)-0), and tree species (pine-1, beech-0). The study year (2015/2016/2017) and plot 
(specific forest plantation) were used as random factors. Initially, all interactions between dependent variables 
were considered: wolf presence, distance to the forest edge, and tree species, but only significant interactions were 
included in the final model. All statistical analyses were performed using the lmerTest package45 in R software46.

The null model contained only tree species as a predictor variable. We added more predictor variables to 
the null model and compared subsequent models using the likelihood ratio test to see which one fits the data 
better. We assessed how the model fits the data using the Hosmer–Lemeshow (HL) goodness of fit (GOF) test.

Ethical approval
The authors declare that the research was carried out in compliance with the IUCN Policy Statement on Research 
Involving Species at Risk of Extinction and the Convention on the Trade in Endangered Species of Wild Fauna 
and Flora.

The authors declare that the research was carried out in compliance with the IUCN Policy Statement on 
Research Involving Species at Risk of Extinction and the Convention on the Trade in Endangered Species of 
Wild Fauna and Flora.
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Results
A total of 2 087 pine saplings (within 144 transects) and 1 664 beech saplings (within 128 transects) were 
analyzed. The mean number of saplings per transect were: 4.99 ± 1.25 (SD) within the close zone (< 10 m to the 
forest edge) and 8.75 ± 1.37 (SD) within the far zone (> 50 m to the forest edge) for pine, and 5.13 ± 0.77 (SD) 
within the close zone (< 10 m to the forest edge) and 5.80 ± 0.99 (SD) within the far zone (> 10 m to the forest 
edge) for beech.

Although the final model performed significantly better than the null (species only) model (Chi-
squared = 13.97, p = 007) it did not fit data well (Hosmer–Lemeshow Goodness-of-Fit Test, Chi-squared = 30.72, 
df = 8, p = 0.0002). The reason why the model did not work well was due to two different effects. First, the presence 
of wolves mainly affected foraging distance (the location of foraging and thus its intensity depending on the size 
of the plantation, which varied between species). Second, the browsing intensity depended mainly on the tree 
species, hence the lack of interaction with the wolf. The interaction effect of wolf and species was insignificant 
in any of the interaction effects of factors.

The intensity of browsing differed between landscapes with and without wolf populations and by distance from 
the forest edge. In forests inhabited by wolves, browsing levels were higher than in forests without permanent 
wolf populations, but only for pine. For beech an opposite browsing pattern was observed (Table 2, Fig. 1). In 
both pine and beech plantations, deer preferred to browse near to the forest edge in landscapes with no wolves 

Table 2.   Model output results for browsing on pine and beech saplings together (with interactions). Wolf 
(Yes)—wolf present in the landscape (Yes vs. No), Distance (Close)- distance from the forest edge—above 10 m 
in beech and 50 m in pine plantations (Far vs. Close), Species (Pine)—analysed tree species’ saplings (pine vs. 
beech). SE standard error, Pr p value. Significant values are in [bold].

Effects Estimate SE z value Pr( >|z|)

Intercept − 2.0015 0.6904 − 2.899 0.00374

Wolf (Yes) 0.7769 0.2883 2.695 0.00705

Distance (Close) 0.3521 0.1733 2.032 0.04211

Species (Pine) − 1.7952 0.2788 − 6.440  < 0.001

Wolf (Yes)*Distance (Close) − 0.7070 0.2280 − 3.101 0.00193

Distance (Close) *Species (Pine) 0.4151 0.2249 1.845 0.06497
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Figure 1.   The proportion (mean ± SD) of freshly browsed apical shoots of Scotch pine and European beech 
saplings in different distances from the forest edge: in forests with (BS and MAN) and without (POL) permanent 
wolf populations.
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(Table 2, Fig. 1). Deer browsed pine saplings less intensively than beech saplings (Table 2). The presence of wolves 
increased the browsing pressure of deer on pine far from the forest edge, while a decrease in browsing close to 
the forest edge was observed in beech plantations.

Discussion
The results of a study conducted in North America show that large carnivores can have strong effects on prey 
populations by reducing their density and changing their behaviour, which can lead to a chain of changes at 
different trophic levels, i.e., cascade effects47,48. In our study, we hypothesised that the presence of wolves in the 
forest ecosystem would reduce the browsing intensity of deer in forest plantations regardless of their main sapling 
species. However, the results obtained partially contradicted this prediction. It was also noted that the presence 
of predators altered the spatial pattern of deer foraging. In pine plantations, deer tended to consume more pine 
saplings in the central zone. Within beech plantations, we observed a decrease in browsing at the forest edge. 
These results contrast with observations in Yellowstone National Park, where 15 years after the return of wolves, a 
decline in the deer population was accompanied by a significant decrease in the number of young trees damaged 
and an increase in young tree survival49 (but see Kauffman et al.50). Our results also differ from those of a study 
from Scandinavia, where the presence of wolves had no effect on damage caused by moose in pine plantations35, 
but they are consistent with the results of other studies in which moose browsing on pines was higher in wolf 
territories33,34. However, as has been highlighted in North America, predation on large prey is sometimes wishful 
thinking, while a trophic cascade may be weaker than claimed and strongly dependent on adequate sampling51.

So, the obvious question arises: why does the presence of wolves increase the browsing pressure of deer on 
saplings? According to the Optimal Foraging Theory, the most intuitive answer is that deer browsing pressure 
in wolf-inhabited landscapes may be concentrated in places with high food availability and good visibility, such 
as young and large forest plantations52. Such behaviour helps animals minimise foraging time and easily detect 
danger (predators). Some confirmation of the above explanation comes from the results of studies conducted 
in North America showing that deer minimise the risk of being preyed upon by coursing predators by relying 
on early detection, which is facilitated by the use of large-sized, open forest plantations53,54. Although dense 
vegetation cover near the forest edge may provide safety to deer by reducing detection42, it may obstruct visibility 
and escape routes, increasing predation risk from apex predators29,31. This would explain why distance from the 
forest edge was not statistically significant factor in the case of the beech plantations—these gaps were too small 
(0.1 ha) to provide sufficient distance for early detection of predators by deer, so they likely felt equally safe (or 
unsafe) within the entire plantations. We confirmed our second hypothesis that deer foraging behaviour varies 
spatially, but only under specific spatial conditions. However, sometimes the forest edge is the safest location42 
or simply the most attractive location where a trade-off can be made to provide both cover for safety and open 
space for grazing at safer times55. Wolf risk is an important factor creating a landscape of fear and influencing 
deer foraging behaviour, even in commercial forests, where human activities (e.g., recreation, hunting) 
influence deer browsing behaviour at the stand and landscape level33,36,38 and fear is triggered by anthropogenic 
disturbance rather than the presence of large predators36,56. Although the hunting pressure within our study 
areas was relatively high compared to other regions of Poland, it was due to alike deer densities similar for three 
analysed forest districts, which is why it was not included as a factor in our experimental design. It additionally 
suggests that risk effects caused by the wolf presence in the ecosystem may be strong enough to be found even 
in intensively human-disturbed landscapes.

One might wonder whether the results obtained were affected by differences in the densities of deer within 
the study areas, especially since the available data indicate a strong relationship between the density of deer and 
foraging intensity8,57–59. However, in the previously mentioned studies, significant differences in foraging intensity 
were found for deer densities ranging from a dozen to several dozen individuals/km2. In contrast, density varied 
at most in the presented study by only a few individuals/km2. Therefore, in our opinion, the effects of deer 
densities on levels of browsing damage were negligible.

Since the process of forest colonisation by wolves in Poland is relatively fast, it was a challenge to find suitable 
sites for research. We were able to locate three areas in the same region with similar (although not identical) 
natural conditions and different statuses of wolf populations in the landscape. Similar studies should include 
more areas to better analyse the effects of large predators on deer behaviour and forest regeneration, although 
we believe our research provided satisfactory results. This study suggests how apex predators can alter deer 
browsing intensity and young tree survival within forest plantations in anthropogenic forest ecosystems through 
spatial differentiation in the landscape of fear. However, we must remember that the earliest stand stages in 
commercial forests represent only a part of the total ecosystem and deer browsing pressure may be lower at other 
stages of forest development. Although the threat posed by human hunters is thought to be the most important 
determinant of cervid responses in commercial forests during the day through the hunting season36,60–62, we 
have observed a pattern of changes in the distance from the forest edge selection by deer in the face of cursorial 
predators. We found that open-spaced centres of large-sized clearcuts and young forests, distant from older forest 
edges, seem to be the safest places for deer to reduce predation risk by wolves and to browse in northern Poland. 
However, this is not a general rule, as, for example, the results of a study conducted in Scandinavia indicated 
that such habitats represent the highest risk of predation on moose61.

Our study suggests that the presence of wolves significantly affects forest regeneration by influencing the 
foraging behaviour and browsing of wild herbivores at a fine-scale. The conservation of temperate forests 
can benefit from the reduction of time deer spend browsing in forest patches with high biodiversity value63. 
Silviculture can benefit from a reduction of time deer spend browsing in forest plantations and wolves can support 
it. Our results are also relevant for the field of studying cascading effects of predators and how this shapes forests 
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in general. We perceive the wolf as a factor that can reduce and modify the pressure of herbivores at fine-scale 
and thus help regenerate forests to some extent.

However, the inconsistent results when combining research studies on this topic highlight the need for further 
research on the cascading effects of large predator populations and human activities on forest regeneration 
(in both commercial and protected forests). Furthermore, the influence of humans should be considered 
simultaneously with the influence of natural predators, as it is ubiquitous and cannot be ignored. This could 
benefit forest management and support the sustainable management of wildlife populations64.

Data availability
The data that support the findings of this study are available on request from the corresponding author.

Received: 14 March 2023; Accepted: 9 October 2023

References
	 1.	 Côté, S. D., Rooney, T. P., Tremblay, J.-P., Dussault, C. & Waller, D. M. Ecological impacts of deer overabundance. Ann. Rev. Ecol. 

Evol. Syst. 35, 114–147. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​35.​021103.​105725 (2004).
	 2.	 Kuiters, A. T., Mohren, G. M. J. & Van Wieren, S. E. Ungulates in temperate forest ecosystems. For. Ecol. Manag. 88, 1–5 (1996).
	 3.	 Bałazy, R., Ciesielski, M., Stereńczak, K. & Borowski, Z. The role of topography in the distribution and intensity of damage caused 

by deer in polish mountain forests. PloS One 11, e0165967. https://​doi.​org/​10.​1371/​journ​al.​pone.​01659​67 (2016).
	 4.	 Felton, A. M. et al. Forage availability, supplementary feed and ungulate density: Associations with ungulate damage in pine 

production forests. For. Ecol. Manag. 513, 120187. https://​doi.​org/​10.​1016/j.​foreco.​2022.​120187 (2022).
	 5.	 Krojerová-Prokešová, J., Barančeková, M., Šustr, P. & Heurich, M. Feeding patterns of red deer Cervus elaphus along an altitudinal 

gradient in the Bohemian Forest: effect of habitat and season. Wildl. Biol. 16, 173–184. https://​doi.​org/​10.​2981/​09-​004 (2010).
	 6.	 Churski, M. et al. How do forest management and wolf space-use affect diet composition of the wolf ’s main prey, the red deer versus 

a non-prey species, the European bison?. For. Ecol. Manag. 479, 118620. https://​doi.​org/​10.​1016/j.​foreco.​2020.​118620 (2021).
	 7.	 Boulanger, V. et al. Ranking temperate woody species along a gradient of browsing by deer. For. Ecol. Manag. 258, 1397–1406. 

https://​doi.​org/​10.​1016/j.​foreco.​2009.​06.​055 (2009).
	 8.	 Borowski, Z. et al. Density-related effect of red deer browsing on palatable and unpalatable tree species and forest regeneration 

dynamics. For. Ecol. Manag. 496, 119442. https://​doi.​org/​10.​1016/j.​foreco.​2021.​119442 (2021).
	 9.	 Callan, R., Nibbelink, N. P., Rooney, T. P., Wiedenhoeft, J. E. & Wydeven, A. P. Recolonizing wolves trigger a trophic cascade in 

Wisconsin (USA). J. Ecol. 101(4), 837–845. https://​doi.​org/​10.​1111/​1365-​2745.​12095 (2013).
	10.	 Tremblay, J.-P., Côté, S. D., Rooney, T., Dussault, C. & Waller, D. M. Ecological impacts of deer overabundance on temperate and 

boreal forests. Ann. Rev. Ecol. Evol. Syst. 35, 114–147. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​35.​021103.​105725 (2014).
	11.	 Boulanger, V. et al. Ungulates increase forest plant species richness to the benefit of non-forest specialists. Glob. Change Biol. 24(2), 

485–495. https://​doi.​org/​10.​1111/​gcb.​13899 (2018).
	12.	 Ramirez, J. I. et al. Long-term effects of wild ungulates on the structure, composition and succession of temperate forests. For. Ecol. 

Manag. 432, 478–488. https://​doi.​org/​10.​1016/j.​foreco.​2018.​09.​049 (2019).
	13.	 Motta, R. Impact of wild ungulates on forest regeneration and tree composition of mountain forests in the western Italian Alps. 

For. Ecol. Manag. 88(1/2), 93–98. https://​doi.​org/​10.​1016/​S0378-​1127(96)​03814-5 (1996).
	14.	 Boulanger, V. et al. Decreasing deer browsing pressure influenced understory vegetation dynamics over 30 years. Ann. For. Sci. 72, 

367–378. https://​doi.​org/​10.​1007/​s13595-​014-​0431-z (2015).
	15.	 Persson, I. L., Bergström, R. & Danell, K. Browse biomass production and regrowth capacity after biomass loss in deciduous and 

coniferous trees: Responses to moose browsing along a productivity gradient. Oikos 116(10), 1639–1650. https://​doi.​org/​10.​1111/j.​
2007.​0030-​1299.​15946.x (2007).

	16.	 Den Herder, M., Bergström, R., Niemelä, P., Danell, K. & Lindgren, M. Effects of natural winter browsing and simulated summer 
browsing by moose on growth and shoot biomass of birch and its associated invertebrate fauna. Ann. Zool. Fenn. 46, 63–74. https://​
doi.​org/​10.​5735/​086.​046.​0107 (2009).

	17.	 Drexhage, M. & Colin, F. Effects of browsing on shoots and roots of naturally regenerated sessile oak seedlings. Ann. For. Sci. 60, 
173–178. https://​doi.​org/​10.​1051/​forest:​20030​10 (2003).

	18.	 Kuijper, D. P. J. et al. Do ungulates preferentially feed in forest gaps in European temperate forest?. For. Ecol. Manag. 258(7), 
1528–1535. https://​doi.​org/​10.​1016/j.​foreco.​2009.​07.​010 (2009).

	19.	 Cadenasso, M. L. & Pickett, S. T. A. Linking forest edge structure to edge function: mediation of herbivore damage. J. Ecol. 88(1), 
31–44. https://​doi.​org/​10.​1046/j.​1365-​2745.​2000.​00423.x (2000).

	20.	 Alverson, W. S., Waller, D. M. & Solheim, S. L. Forests too deer: edge effects in northern Wisconsin. Conserv. Biol. 2(4), 348–358. 
https://​doi.​org/​10.​1111/j.​1523-​1739.​1988.​tb001​99.x (1988).

	21.	 Ripple, W. J. et al. Status and ecological effects of the world’s largest carnivores. Science 343(6167), 1241484. https://​doi.​org/​10.​
1126/​scien​ce.​12414​84 (2014).

	22.	 Jędrzejewski, W., Nowak, S., Schmidt, K. & Jędrzejewska, B. Wilk i ryś w Polsce – wyniki inwentaryzacji w 2001 roku. Kosmos 51, 
491–499 (2002) (in Polish).

	23.	 Nowak, S. & Mysłajek, R. M. Wolf recovery and population dynamics in Western Poland, 2001–2012. Mamm. Res. 61, 83–98. 
https://​doi.​org/​10.​1007/​s13364-​016-​0263-3 (2016).

	24.	 Strong, D. R. & Frank, K. T. Human involvement in food webs. Ann. Rev. Environ. Resour. 35, 1–23. https://​doi.​org/​10.​1146/​annur​
ev-​envir​on-​031809-​133103 (2010).

	25.	 Carpenter, S. R., Kitchell, J. F. & Hogdson, J. R. Cascading trophic interactions and lake productivity. BioScience 35(10), 634–639. 
https://​doi.​org/​10.​2307/​13099​89 (1985).

	26.	 Pace, M. L., Cole, J. J., Carpenter, S. R. & Kitchell, J. F. Trophic cascades revealed in diverse ecosystems. Trends Ecol. Evol. 14, 
483–488. https://​doi.​org/​10.​1016/​S0169-​5347(99)​01723-1 (1999).

	27.	 Palmer, S. & Truscott, A. M. Browsing by deer on naturally regenerating Scots Pine (Pinus sylvestris L.) and its effect on sapling 
growth. For. Ecol. Manag. 182(1–3), 31–47. https://​doi.​org/​10.​1016/​S0378-​1127(03)​00026-4 (2003).

	28.	 Didion, M., Kupferschmid, A. D. & Bugmann, H. Long-term effects of ungulate browsing on forest composition and structure. 
For. Ecol. Manag. 258, 44–55. https://​doi.​org/​10.​1016/j.​foreco.​2009.​06.​006 (2009).

	29.	 Van Ginkel, H. A. L., Kuijper, D. P. J., Schotanus, J. & Smit, C. Wolves and tree logs: Landscape-scale and fine-scale risk factors 
interactively influence tree regeneration. Ecosystems 22, 202–212. https://​doi.​org/​10.​1007/​s10021-​018-​0263-z (2019).

	30.	 Kuijper, D. P. J. et al. Landscape of fear in Europe: wolves affect spatial patterns of ungulate browsing in Białowieża Primeval Forest, 
Poland. Ecography 36, 1263–1275. https://​doi.​org/​10.​1111/j.​1600-​0587.​2013.​00266.x (2013).

	31.	 Kuijper, D. P. J. et al. Context dependence of risk effects: wolves and tree logs create patches of fear in an old-growth forest. Behav. 
Ecol. 26(6), 1558–1568. https://​doi.​org/​10.​1093/​beheco/​arv107 (2015).

https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1371/journal.pone.0165967
https://doi.org/10.1016/j.foreco.2022.120187
https://doi.org/10.2981/09-004
https://doi.org/10.1016/j.foreco.2020.118620
https://doi.org/10.1016/j.foreco.2009.06.055
https://doi.org/10.1016/j.foreco.2021.119442
https://doi.org/10.1111/1365-2745.12095
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1111/gcb.13899
https://doi.org/10.1016/j.foreco.2018.09.049
https://doi.org/10.1016/S0378-1127(96)03814-5
https://doi.org/10.1007/s13595-014-0431-z
https://doi.org/10.1111/j.2007.0030-1299.15946.x
https://doi.org/10.1111/j.2007.0030-1299.15946.x
https://doi.org/10.5735/086.046.0107
https://doi.org/10.5735/086.046.0107
https://doi.org/10.1051/forest:2003010
https://doi.org/10.1016/j.foreco.2009.07.010
https://doi.org/10.1046/j.1365-2745.2000.00423.x
https://doi.org/10.1111/j.1523-1739.1988.tb00199.x
https://doi.org/10.1126/science.1241484
https://doi.org/10.1126/science.1241484
https://doi.org/10.1007/s13364-016-0263-3
https://doi.org/10.1146/annurev-environ-031809-133103
https://doi.org/10.1146/annurev-environ-031809-133103
https://doi.org/10.2307/1309989
https://doi.org/10.1016/S0169-5347(99)01723-1
https://doi.org/10.1016/S0378-1127(03)00026-4
https://doi.org/10.1016/j.foreco.2009.06.006
https://doi.org/10.1007/s10021-018-0263-z
https://doi.org/10.1111/j.1600-0587.2013.00266.x
https://doi.org/10.1093/beheco/arv107


7

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17245  | https://doi.org/10.1038/s41598-023-44502-y

www.nature.com/scientificreports/

	32.	 Van Beeck Calkoen, S. T. S., Kreikenbohm, R., Kuijper, D. P. J. & Heurich, M. Olfactory cues of large carnivores modify red deer 
behavior and browsing intensity. Behav. Ecol. 32(5), 982–992. https://​doi.​org/​10.​1093/​beheco/​arab0​71 (2021).

	33.	 Van Beeck Calkoen, S. T. S. et al. Does wolf presence reduce moose browsing intensity in young forest plantations?. Ecography 
41(11), 1776–1787. https://​doi.​org/​10.​1111/​ecog.​03329 (2018).

	34.	 Gicquel, M., Sand, H., Månsson, J., Wallgren, M. & Wikenros, C. Does recolonization of wolves affect moose browsing damage on 
young Scots pine?. For. Ecol. Manag. 473, 118298. https://​doi.​org/​10.​1016/j.​foreco.​2020.​118298 (2020).

	35.	 Loosen, A. E. et al. Roads, forestry, and wolves interact to drive moose browsing behavior in Scandinavia. Ecosphere 12(1), e03358. 
https://​doi.​org/​10.​1002/​ecs2.​3358 (2021).

	36.	 Kuijper, D. P. J. et al. Paws without claws? Ecological effects of large carnivores in anthropogenic landscapes. Proc. R. Soc. B Biol. 
Sci. 283, 20161625. https://​doi.​org/​10.​1098/​rspb.​2016.​1625 (1841).

	37.	 Mysłajek, R. et al. Spatial organization in wolves Canis lupus recolonizing north-west Poland: Large territories at low population 
density. Mamm. Biol. 92, 37–44. https://​doi.​org/​10.​1016/j.​mambio.​2018.​01.​006 (2018).

	38.	 Mols, B., Lambers, E., Cromsigt, J. P. G. M., Kuijper, D. P. J. & Smit, C. Recreation and hunting differentially affect deer behaviour 
and sapling performance. Oikos 1, e08448. https://​doi.​org/​10.​1111/​oik.​08448 (2021).

	39.	 Scholten, J., Moe, S. R. & Hegland, S. J. Red deer (Cervus elaphus) avoid mountain biking trails. Eur. J. Wildl. Res. 61(1), 8. https://​
doi.​org/​10.​1007/​s10344-​018-​1169-y (2018).

	40.	 Bojarska, K. et al. Opportunity and peril: How wolves use a dense network of forest roads. Mamm. Biol. 100, 203–211. https://​doi.​
org/​10.​1007/​s42991-​020-​00014-0 (2020).

	41.	 D’Aprile, D. et al. Effects of twenty years of ungulate browsing on forest regeneration at Paneveggio Reserve, Italy. Forests 11, 612. 
https://​doi.​org/​10.​3390/​f1106​0612 (2020).

	42.	 Borowski, Z., Bartoń, K., Gil, W., Wójcicki, A. & Pawlak, B. Factors affecting deer pressure on forest regeneration: The roles of 
forest roads, visibility and forage availability. Pest Manag. Sci. 77(2), 628–634. https://​doi.​org/​10.​1002/​ps.​6207 (2021).

	43.	 Heinze, E. et al. Habitat use of large ungulates in northeastern Germany in relation to forest management. For. Ecol. Manag. 261(2), 
288–296. https://​doi.​org/​10.​1016/j.​foreco.​2010.​10.​022 (2011).

	44.	 Jędrzejewska, B., Jędrzejewski, W., Bunevich, A. N., Miłkowski, L. & Krasiński, Z. A. Factors shaping population densites and 
increase of ungulates in Białowieża Primeval Forest (Poland and Belarus) in the 19th and 20th centuries. Acta Theriol. 42, 399–451. 
https://​doi.​org/​10.​4098/​AT.​arch.​97-​39 (1997).

	45.	 Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. LmerTest: Tests in linear mixed effects models. J. Stat. Softw. https://​doi.​
org/​10.​18637/​jss.​v082.​i13 (2017).

	46.	 R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria 
(2020)

	47.	 McLaren, B. E. & Peterson, R. O. Wolves, moose, and tree rings on Isle Royale. Science 266, 1555–1558 (1994).
	48.	 Beschta, R. L. & Ripple, W. J. Are wolves saving Yellowstone’s aspen? A landscape-level test of a behaviourally mediated trophic 

cascade—comment. Ecology https://​doi.​org/​10.​1890/​11-​0063.1 (2011).
	49.	 Ripple, W. J. & Beschta, R. L. Trophic cascades in Yellowstone: The first 15 years after wolf reintroduction. Biol. Conserv. 145(1), 

205–213. https://​doi.​org/​10.​1016/j.​biocon.​2011.​11.​005 (2012).
	50.	 Kauffman, M. J., Brodie, J. F. & Jules, E. S. Are wolves saving Yellowstone’s aspen? A landscape-level test of a behaviorally mediated 

trophic cascade. Ecology 91, 2742–2755. https://​doi.​org/​10.​1890/​09-​1949.1 (2010).
	51.	 Brice, E. M., Larsen, E. J. & MacNulty, D. R. Sampling bias exaggerates a textbook example of a trophic cascade. Ecol. Lett. 25(1), 

177–188. https://​doi.​org/​10.​1111/​ele.​13915 (2021).
	52.	 Brown, J. S. Patch use as an indicator of habitat preference, predation risk, and competition. Behav. Ecol. Sociobiology 22, 37–47. 

https://​doi.​org/​10.​1007/​BF003​95696 (1988).
	53.	 Kunkel, K. & Pletscher, D. H. Winter hunting patterns of wolves in and near Glacier National Park, Montana. J. Wildl. Manag. 65, 

520–530. https://​doi.​org/​10.​2307/​38031​05 (2001).
	54.	 Dellinger, J. A. et al. Habitat use of sympatric prey suggests divergent anti-predator responses to recolonizing gray wolves. Oecologia 

189, 487–500. https://​doi.​org/​10.​1007/​s00442-​018-​4323-z (2019).
	55.	 Fattebert, J., Morelle, K., Jurkiewicz, J., Ukalska, J. & Borkowski, J. Safety first: Seasonal and diel habitat selection patterns by red 

deer in a contrasted landscape. J. Zool. 308(2), 111–120. https://​doi.​org/​10.​1111/​jzo.​12657 (2019).
	56.	 Van Beeck Calkoen, S. T. S., Deis, M. H., Oeser, J., Kuijper, D. P. J. & Heurich, M. Humans rather than Eurasian lynx (Lynx lynx) 

shape ungulate browsing patterns in a temperate forest. Ecosphere 13(2), e3931. https://​doi.​org/​10.​1002/​ecs2.​3931 (2022).
	57.	 Kamler, J., Homolka, M., Baranceková, M. & Krojerová-Prokešová, J. Reduction of herbivore density as a tool for reduction of 

herbivore browsing on palatable tree species. Eur. J. For. Res. 129(2), 155–162. https://​doi.​org/​10.​1007/​s10342-​009-​0309-z (2010).
	58.	 Gill, R. M. A. & Morgan, G. The effects of varying deer density on natural regeneration in woodlands in lowland Britain. Forestry 

83(1), 53–63. https://​doi.​org/​10.​1093/​fores​try/​cpp031 (2010).
	59.	 Chevrier, T. et al. The oak browsing index correlates linearly with roe deer denisty: A new indicator for deer management?. Eur. 

J. Wildl. Res. 58, 17–22. https://​doi.​org/​10.​1007/​s10344-​011-​0535-9 (2012).
	60.	 Ciuti, S. et al. Effects of humans on behaviour of wildlife exceed those of natural predators in a landscape of fear. PloS One 7(11), 

e50611. https://​doi.​org/​10.​1371/​journ​al.​pone.​00506​11 (2012).
	61.	 Ausilio, G. et al. Environmental and anthropogenic features mediate risk from human hunters and wolves for moose. Ecosphere 

13(12), e4323. https://​doi.​org/​10.​1002/​ecs2.​4323 (2022).
	62.	 Ramirez, J. I. et al. Top-down and bottom-up forces explain patch utilization by two deer species and forest recruitment. Oecologia 

201(1), 229–240. https://​doi.​org/​10.​1007/​s00442-​022-​05292-8 (2023).
	63.	 Ramirez, J. I. et al. Temperate forests respond in a non-linear way to a population gradient of wild deer. For. Int. J. For. Res. 94(4), 

502–511. https://​doi.​org/​10.​1093/​fores​try/​cpaa0​49 (2021).
	64.	 Bobrowski, M., Gillich, B. & Stolter, C. Modelling browsing of deer on beech and birch in northern Germany. For. Ecol. Manag. 

358, 212–221. https://​doi.​org/​10.​1016/j.​foreco.​2015.​08.​031 (2015).

Acknowledgements
The authors would like to thank the staff of Polanów, Manowo and Borne Sulinowo Forest Districts for their 
help during the research period. Their thanks also go to all students and others who helped with data collection. 
Special thanks go to Andrew Carr, who contributed valuable comments and language corrections to an earlier 
draft of this paper and to Karol Zub for his help in the statistical analyses.

Author contributions
A.W.—Research concept, data collection, data analysis, main text preparation. Z.B.—Research concept, 
supervision, data analysis, text corrections.

https://doi.org/10.1093/beheco/arab071
https://doi.org/10.1111/ecog.03329
https://doi.org/10.1016/j.foreco.2020.118298
https://doi.org/10.1002/ecs2.3358
https://doi.org/10.1098/rspb.2016.1625
https://doi.org/10.1016/j.mambio.2018.01.006
https://doi.org/10.1111/oik.08448
https://doi.org/10.1007/s10344-018-1169-y
https://doi.org/10.1007/s10344-018-1169-y
https://doi.org/10.1007/s42991-020-00014-0
https://doi.org/10.1007/s42991-020-00014-0
https://doi.org/10.3390/f11060612
https://doi.org/10.1002/ps.6207
https://doi.org/10.1016/j.foreco.2010.10.022
https://doi.org/10.4098/AT.arch.97-39
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1890/11-0063.1
https://doi.org/10.1016/j.biocon.2011.11.005
https://doi.org/10.1890/09-1949.1
https://doi.org/10.1111/ele.13915
https://doi.org/10.1007/BF00395696
https://doi.org/10.2307/3803105
https://doi.org/10.1007/s00442-018-4323-z
https://doi.org/10.1111/jzo.12657
https://doi.org/10.1002/ecs2.3931
https://doi.org/10.1007/s10342-009-0309-z
https://doi.org/10.1093/forestry/cpp031
https://doi.org/10.1007/s10344-011-0535-9
https://doi.org/10.1371/journal.pone.0050611
https://doi.org/10.1002/ecs2.4323
https://doi.org/10.1007/s00442-022-05292-8
https://doi.org/10.1093/forestry/cpaa049
https://doi.org/10.1016/j.foreco.2015.08.031


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17245  | https://doi.org/10.1038/s41598-023-44502-y

www.nature.com/scientificreports/

Funding
The research was funded by the Polish Ministry of Science and Higher Education (Research Project Number: 
240119).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The presence of wolves leads to spatial differentiation in deer browsing pressure on forest regeneration
	Materials and methods
	Study area
	Field measurements
	Statistical analysis
	Ethical approval

	Results
	Discussion
	References
	Acknowledgements


