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Forest management in Central Europe is affected by numerous biotic and abiotic 
factors, and wildlife damage to forest stands is one of the major ones. While damage 
to young forest stands is predominantly attributed to wild ungulates, the potential 
negative impact of the European hare (Lepus europaeus) on tree plantations has 
been largely overlooked. Therefore, this study aimed to quantify hare damage in 
comparison with ungulates, determine which developmental stages of trees are 
most attractive to hares, compare browsing preferences among key commercial 
species, and assess the effectiveness of commonly used protection measures. 
We  evaluated 209 calamity clearcuts with 75,912 seedlings to determine the 
proportion and structure of browsing damage. Research revealed a substantial 
proportional damage caused by the European hare, accounting for 10.12%, while 
wild ungulates were responsible for 7.11% of browsing damage. The species 
distribution played a crucial role in the damage rate. Hares caused the greatest 
browsing damage on silver birch (Betula pendula—37%), while ungulates preferred 
Scots pine (Pinus sylvestris—29%). Moreover, browsing intensity caused by hares 
was seasonally affected with a significantly higher damage ratio in autumn (<14%) 
compared to the spring season (<2%) when clearcuts offer enough alternative 
fodder opportunities. Common protection measures, such as coating and fencing, 
proved largely ineffective against hare browsing. Surprisingly, sycamore maple (Acer 
pseudoplatanus) and European beech (Fagus sylvatica) were more heavily damaged 
by hares when coated than unprotected seedlings. The results showed that the 
European hare plays a crucial role in clear-cut reforestation, highlighting the need 
for enhanced focus on protective measures, including population management 
and the use of specialized fencing made of dense wire mesh compared to the 
usual protection against wild ungulates.

KEYWORDS

browsing damage, Lepus europaeus, tree species attractiveness, post-calamity 
reforestation, wildlife damage, climate change adaptation

Introduction

European forests are currently facing a wide range of large and small-scale disturbances, 
including biotic and abiotic factors, which affect forest biodiversity, structure, stability, and 
species composition (Nagel et al., 2017; Brázdil et al., 2018). The negative factors affecting 
forest ecosystems are being intensified by ongoing climate change. They impact different tree 
species in different ways and generally destabilize forest stands (Allen et al., 2010; Lindner 
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et  al., 2014; Hlásny et  al., 2017; Vacek et  al., 2022, 2023). Forest 
management must respond to these changes by appropriate 
management measures, primarily by changing the tree species 
structure (Vacek et al., 2023). The traditional conifer monoculture 
plantations typical of Central Europe are now being replaced by 
broadleaved tree species predominately planted in mixtures that show 
greater resistance to climatic extremes (Seliger et al., 2023). Moreover, 
these mixed-species stands provide other benefits such as water 
regime improvement, amelioration effects, and increased and stable 
radial increment (González de Andrés et al., 2017; Pretzsch et al., 
2020; Steckel et al., 2020; Vacek et al., 2021).

On the one hand, these newly established resilient forest 
ecosystems consisting of mixtures of broadleaved and coniferous 
species are much more resilient to ongoing climate change (Zamora-
Pereira et al., 2021), on the other hand, may be endangered by other 
factors. In this context, the damage caused by wildlife is one of the 
most serious aspects affecting young forest stands with increasing 
intensity throughout Europe (Hardalau et al., 2024). In this case, wild 
ungulates such as red deer or roe deer, and also introduced ones (sika 
or fallow deer), are highlighted as species with frequent negative 
impacts on young forest stands (Gerhardt et  al., 2013). This is 
especially true for newly afforested extended clearcuts which arose 
over the last few years in Central Europe due to the unprecedented 
bark beetle calamity (Schwegmann et al., 2023). Browsing and bark 
damage by wild ungulates can locally represent a considerable 
constraint on the successful regeneration of forest stands. Nevertheless, 
a high proportion of afforested clearcuts within forest ecosystems may 
also provide suitable biotopes for the European hare (Lepus europaeus 
Pallas)—another wildlife species that was heretofore only tenuously 
connected to the damage to young forest stands (Jansson and 
Pehrson, 2007).

From a historical perspective, the European hare abundance was 
at its highest during the 1970s. In general, the habitat type that is 
primarily preferred by hares is rich fragmented farmland with high 
biodiversity (Marboutin and Aebischer, 1996; Smith et al., 2005). In 
the suitable landscape consisting of a mixed, arable agriculture 
environment, the hare densities can reach up to 134 ind./100 ha 
(Krivopalova et al., 2024), or even more. However, hares can also 
inhabit forest habitats where the population densities are lower 
compared to open fields (Gryz and Krauze-Gryz, 2022). Moreover, 
forest habitats affected by disturbances may offer more open areas, and 
the lack of continuous forest cover over larger expanses could create 
potentially suitable conditions for hares.

From the point of view of their diet, hares prefer weeds or grasses, 
depending on what the habitat offers (Schai-Braun et al., 2015). If the 
European hare does not have access to sufficiently energy-rich food, 
it increases its overall food intake (Hackländer et  al., 2002). The 
proportion of grasses in their diet decreases between summer and 
autumn, when forbs begin to dominate. Another shift occurs in winter 
with the onset of snow cover. During this period, the proportion of 
shrubs in the diet increases significantly (43% compared to a 
maximum of 3% in snow-free months) (Green et al., 2013). According 
to Hjältén et al. (2004), deciduous trees and shrubs are significantly 
more palatable to hares than conifers. Their diet predominantly 
includes goat willow (Salix caprea L.), common aspen (Populus 
tremula L.), and European blueberry (Vaccinium myrtillus L.). The 
ability to utilize woody plant shoots as a nutrient source enables hares 
to survive during periods when higher-quality food is scarce (Hulbert 

et al., 2001). When energy-rich food sources are limited, hares also 
include less nutritious species in their diet, and overall diet diversity 
decreases as food availability declines (Rödel et al., 2004).

Based on their feeding behavior, it is evident that the European 
hare may represent a significant threat to the regeneration and survival 
of young forest plantations. While the negative impact of wild ungulate 
populations on forest regeneration has been extensively studied and is 
frequently mentioned (Ramirez et al., 2018; Champagne et al., 2021; 
Unkule et al., 2022; Bernard et al., 2024; Brabec et al., 2024) the role 
of the hare has often been overlooked, or the damage it causes is not 
distinguished from that caused by other wildlife species.

Therefore, we tested the following research hypotheses:

	 i.	 Browsing damage by the European hare represents a higher 
proportion of total seedling damage compared to ungulates.

	 ii.	 The susceptibility of seedlings to hare browsing decreases with 
advancing developmental stage, as hares preferentially target 
younger individuals with thinner shoots.

	iii.	 Broadleaved tree species are more heavily browsed by hares 
than coniferous species.

	iv.	 Common protective measures (repellent coatings and 
conventional fencing) are ineffective against hare browsing.

Materials and methods

Area of interest

The research was conducted in the Drahanská vrchovina 
(Drahany Highlands) in southwestern Czech Republic (Figure 1; N 
49°22.81753′, E 16°48.70538′ – center of the study area). Mid altitudes 
(500–700 m a. s. l.) are characterized by extensive forest cover (53%). 
Climatically, the area belongs to the warm-summer humid continental 
climate (Dfb) according to the Köppen-Geiger classification (Peel 
et  al., 2007). The average annual temperature ranges from 6.2 to 
7.9 °C, and the annual precipitation ranges from 600 to 800 mm. The 
average number of days with snow cover is 70 (Český 
hydrometeorologický ústav—Czech Hydrometeorological Institute). 
The forest typology indicates the prevalence of the nutrient-rich series 
(Series mesotrophicum) in this area, particularly the nutrient-medium 
category (Categoria oligo-mesotrophica). Nutrient-rich series are well-
developed, fresh soils with fast decomposition, dominated by 
mesophytes, and characterized by high forest productivity and brush 
hazard. The second most represented is the acidic series (Series 
acidophilum), specifically the acidic category (Categoria acidophila). 
This series develops on mineral-poor, well-aerated soils with poor 
decomposition, low water-holding capacity due to rapid drainage, and 
low sorption and cation exchange capacity (Viewegh et al., 2003). The 
vegetation cover consists mainly of monospecific Norway spruce 
[Picea abies (L.) Karst.] forests and mixed stands of spruce, European 
beech (Fagus sylvatica L.), sycamore maple (Acer pseudoplatanus L.) 
and Scots pine (Pinus sylvestris L.), which have often replaced the 
original beech-dominated forests, mostly by artificial planting.

The total study area is 118,300  ha and, in terms of game 
management, is divided into 121 hunting grounds. The area has a high 
population density of roe deer (Capreolus capreolus L.). In hunting 
grounds where research plots are established (23 hunting grounds 
covering 34,800 ha), an average of 19.91 roe deer per 1,000 ha are 
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hunted. The European rabbit (Oryctolagus cuniculus L.) is not found 
in the area. The European fallow deer (Dama dama L.) and red deer 
(Cervus elaphus L.) are rarely seen. The average fallow deer and red 
deer harvests are 1.52 individuals/1000 ha and 1.83 
individuals/1000 ha, respectively. Hares are not harvested in these 
hunting grounds due to low hunting interest in forest areas where the 
ungulates are the main hunted species. The overview of game 
populations deliberately includes data on the harvest for the species 
concerned, which is considered the most reliable in hunting statistics 
(Kahlert et al., 2015). With all limitations acknowledged (e. g. Hunting 
effort or reporting of the data), these hunting bags primarily indicate 
the composition/ratio of the ungulate harvest and the dominant 
occurrence of roe deer in the study area. The location was purposely 
chosen with regard to the destruction of parent stands by the bark 
beetle disaster, and the subsequent availability of plantings up to three 
years old, and the presence of game, allowing for monitoring the 
impact of browsing on the survival and development of seedlings.

Data collection

For monitoring damage to seedlings caused by wildlife, forest 
plantations up to three years old were randomly selected in 2020 and 
2021. Monitoring took place from April 1 to April 30 in both years 
which reflects the browsing after whole non-vegetation season. The 

browsing was not evaluated during the vegetation season due to fast 
regeneration of seedlings and impossible estimation of the cause of 
damage. A total of 209 plots with an area ranging from 0.1 ha to 10 ha 
(average 1.33 ha, SD 1.46 ha) were evaluated over the two years. The 
areas were selected after a systematic survey of established young 
stands (plantations). The size of each clearing was determined using 
GIS tools (ArcGIS 10.6). GPS coordinates were entered for each plot. 
The basic characteristics of the plantation were first recorded for each 
assessed forested area: tree species, planting age, and method of 
protection against game, if applicable. Subsequently, we  made an 
inventory of growing seedlings and, for each hectare, even an 
incomplete one, we  evaluated 250 seedlings. The evaluation was 
carried out on line transects systematically distributed throughout the 
clearing to spread observations across the stand and minimize 
potential local clustering effects, with two transect lines located in the 
central part of the clearing at a distance of ten meters from each other, 
with one line on either edge. Additional transects were incorporated 
into the remaining portion of the plot to ensure uniform coverage of 
the entire plantation. Twenty-five seedlings were evaluated in 
each transect.

The evaluation also included an analysis on the impact of 
protective measures against terminal browsing. Of the total number 
of monitored plots, 19 were fenced with 160 cm high, 2.0/2.8 mm 
forest knot mesh with 15 horizontal wires spaced 15 cm apart and 
denser mesh at the bottom to keep away hares (dimensions and 

FIGURE 1

The area of interest—Drahanská vrchovina—with the main locations of the monitored plots (red dots).
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number of meshes from the bottom: four meshes 5 × 15 cm, five 
meshes 10 × 15 cm, two meshes 15 × 15 cm, and three meshes 
20 × 15 cm). The mesh was attached to wooden posts. Another 129 
areas were treated with repellent coating—with Aversol (TORA, 
Czech  Republic), Cervacol (AgroProtec, Czech  Republic), and 
Morsuvin (Nera Agro, Czech Republic) commonly used in the area. 
The remaining 61 plots were untreated. All individuals observed were 
included in the total number evaluated, regardless of damage. In cases 
where terminal browsing damage was found, the height from the 
above-ground part to the terminal browsing spot (with an accuracy of 
±0.1 cm), and the diameter of the root collar were measured using a 
digital caliper (±0.03 mm) on 15 randomly selected damaged 
seedlings. For comparison, the same parameters were also recorded 
for 30 randomly selected undamaged seedlings on the same plot. All 
data were entered in field forms and then digitized. The records were 
continuously checked for completeness and consistency. The resulting 
data were used to evaluate the extent of damage to seedlings and to 
statistically assess the influence of habitat factors.

Evaluation of browsing damage

The evaluation of damage to seedlings was based on differentiating 
two main groups according to who browsed the terminals—
specifically, hares and cloven-hoofed game, predominantly roe deer in 
our case (according to the game hunting figures). The species 
responsible were determined by their dentition differences, which are 
reflected in the nature of the damage and the resulting wound on the 
seedling terminal (Figure 2). The European hare has sharp incisors in 

both the upper and lower jaws. The dental formula is I 2/1, C 0/0, 
P 3/2, M 3/3 (I = incisors, C = canines, P = premolars, M = molars; 
upper/lower jaw). As a result, the shoots, or in our case, primarily the 
terminals, are severed to create a clean, smooth cut on the stem, 
typically at a 45-degree angle. This type of browsing is usually found 
up to a height of 50 cm, which corresponds to the maximum reach of 
a hare standing upright on its hind legs, without snow cover. In 
contrast, cloven-hoofed animals do not have incisors in their upper 
jaw. The dental formula is I 0/3, C 0/1, P 3/3, M 3/3. When feeding, 
they tear off plant material between their lower incisors and hard 
palate, resulting in irregular, frayed damage to shoots (Pepper and 
Hedge, 1998). The edges are usually ragged, often with visible tissue 
disintegration (Vowles et  al., 2016). The height of the damage 
commonly ranges between 30 and 150 cm because only artificial 
regeneration was evaluated. Natural regeneration was not included in 
the damage evaluation because the post-disturbance sites had been 
mostly artificially regenerated. During the evaluation, both the height 
of the damage and the nature of the cut were recorded at all plots, 
utilizing a magnifying glass if necessary. Based on these characteristics, 
it was possible to reliably identify the browser.

Statistical assessment

As a first analysis, we have provided basic statistics about overall 
tree species composition and mean damage across all plots.

For testing for differences in number of damaged trees between 
hares and ungulates (marked “species” in model description), 
we  analyzed the proportion of trees damaged using a binomial 

FIGURE 2

Browsing damage caused by the hare (smooth cut) and cloven-hoofed game (ragged, irregular).
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generalized linear mixed model (GLMM) with a logit link function. 
Species (hares/ungulates) was included as a fixed effect, and plot 
identity was included as a random intercept to account for 
non-independence of observations within plots. Each plot is 
considered observational unit in this analysis.

For evaluating the dependence of damage intensity on the plot 
area, linear regression was employed. However, due to a very low R2 
value and overall bad fit, a spline curve is also presented to illustrate 
the character of the data. This analysis is performed separately for 
treated and untreated variants of seedlings after the first and second 
growing season.

For species with the most observations (beech and spruce), a 
relative count of damaged individuals based on the season of 
plantation is depicted. Separate GLMMs with binomial distribution 
were fitted for damages/ungulates. Model marginal means are 
depicted in respective plot along with its 95% confidence interval. 
Models in form (number of damaged trees, number of not damaged 
trees) ~ tree species: planting season (spring/autumn) + (1 | location) 
were used for subsequent comparisons separately for each tree species. 
Comparisons of marginal means were done using R package 
“emmeans” (Lenth, 2023) as in previous case. Only data after one 
vegetation season were used for construction of mentioned models to 
avoid counting damage over more years.

Regarding the choice of seedlings by their diameter (by hare only, 
not applicable for damage by ungulates), the relationship between 
seedling diameter (in position of damage caused by hare) and seedling 
height (the rest above damage, respectively) was evaluated by linear 
regression with random intercept, where location was considered 
random effect. For construction of GLMM, R packages “lme4” (Bates 
et al., 2015) and “lmerTest” (Kuznetsova et al., 2016) were used.

Tree species preference (in terms of damage) for both hare and 
ungulates was further examined. For the most prevalent species in this 
study (beech, spruce, pine, oak, and maple), separate (for hares/
ungulates) generalized linear mixed effect models with binomial 
distribution were constructed for in following form (number of 
damaged trees, number of not damaged trees) ~ tree species + (1 | 
location). A statistical comparison of model predicted marginal means 
of damaged individuals’ ratio was performed using R package 
“emmeans.” To avoid counting damage from previous years, only data 
for trees after 1 vegetation season were used.

For testing for differences in damaged trees ratio between coated/
non-coated trees by repellent, separate GLMMs for hares/ungulates 
were created. Models in form (number of damaged trees, number of 
not damaged trees) ~ tree species: coating (yes/no) + (1 | location) 
were used for subsequent comparisons separately for each tree species. 
Comparisons of marginal means were done using R package 
“emmeans” as in previous case. Data for trees after 1 vegetation season 
only were used for identical reasons as in cases above.

For comparison of the relative number of damaged seedlings 
inside and outside fenced enclosures, GLMM with binomial 
distribution in following form: (number of damaged individuals, 
number of not damaged individuals) ~ tree species: fencing (yes/
no) + (1 | location), similarly as in previous cases. Also, comparison 
of damaged individuals ratio inside/outside fenced enclosure was 
performed using R package “emmeans” as in previous cases. The 
results are presented in form of bar plot.

All statistical computations were made in R software (R Core 
Team, 2021) and plots were created in its package “ggplot2” 

(Wilkinson, 2011). Mixed effect models were computed using R 
package “lme4.” An alpha level of 0.05 was used in all 
statistical analyses.

Results

Extent of damage caused by hares 
compared to ungulates

The impact of wildlife on the artificial regeneration of forest tree 
species was evaluated in 75,912 seedlings. The highest proportion of 
browsing damage was found in European beech (Fagus sylvatica 
L.—50.3% of all seedlings assessed), followed by Norway spruce (Picea 
abies [L.] Karst.—18.6%), pedunculate oak (Quercus robur L.—17.3%), 
Scots pine (Pinus sylvestris L.—4.84%), Norway maple (Acer 
platanoides L.—3.05%), sycamore maple (Acer pseudoplatanus 
L.—1.78%), small-leaved lime (Tilia cordata Mill.—1.55%), and 
European hornbeam (Carpinus betulus L.—1.36%), with other tree 
species having minimal representation (<1%). A total of 7,685 
seedlings (10.12%, SD 17%) were damaged by hares, while ungulates 
damaged 5,401 seedlings (7.11%, SD 15%).

The results of comparison of damage intensity between hares and 
ungulates showed significant differences (p < 0.001) in damage odds 
ratio (1.57 for hares), meaning that the tree is 1.57 likely to be damaged 
by hare than by ungulate according to constructed GLMM model. 
Overall numbers of damaged trees for hares/ungulates are 
presented above.

The relationship between the size of the research plots (in ha) and 
the proportion of damaged seedlings (in %) from four scenarios 
according to treatment (coating versus no treatment) and monitoring 
period (one versus two growing seasons) is shown in Figure 3. In none 
of the cases was a statistically significant dependence confirmed (all 
models show very low R2 values and insignificant regression 
coefficients  – not treated/ after 1 veg. Season: R2 = 0.04, p = 0.21, 
treated/ after 1 veg. Season: R2 = 0.04, p = 0.09, not treated/ after 2 veg. 
Seasons: R2 = 0.01, p = 0.56, treated/ after 2 veg. Seasons: R2 = 0.001, 
p = 0.78). The data shows only a weak, non-linear indication of higher 
damage on smaller plots (primarily those around 1 ha), particularly 
on the untreated ones after the first growing season. However, this 
“peak” is significantly influenced by several extreme values and cannot 
be interpreted as a robust trend. The variance of values is considerable, 
especially for smaller plots, where both very low and extremely high 
damage can occur. Contrastingly, for larger plots, the damage is mostly 
low, but exhibits no clear trend. For the treated plots, damage is lower 
overall, but the relationship with the plot size is also inconsistent. A 
similar development was also observed in the evaluated damage 
caused by cervids. No correlation was confirmed between clearing size 
and browsing level; considerable variation exists across seasons and 
treatment regimes.

The model predicted (marginal means) relative proportion of 
damaged seedlings of the most common commercial tree species, i.e., 
beech and spruce, depending on the season they were planted (spring 
versus autumn) and game species (hare versus cloven-hoofed game) 
is shown in Figure 4. In all combinations, autumn plantings were more 
susceptible to damage than spring ones. For hare-induced damages, 
marginally insignificant results are observed for both tree species 
(p = 0.07 for beech, 0.08 for spruce). In autumn, marginal means 
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reached 9.5% for beech and 13.9% for spruce, in spring, marginal 
values reached values around 1% in both cases. For cloven-hoofed 
game-induced damage, no significant differences were found – for 
spring, marginal means reached around 2% in both cases, for autumn, 
marginal means reached 5.2% for beech and 7.8% for spruce.

Tree species attractiveness by seedling size

Typically, hares damage seedlings of low to mid-height, while in 
taller individuals, they select parts of a specific diameter to browse 
(Figure  5). Regression analysis with location as a random effect 
(random intercept) confirmed a marginally statistically significant 
(p = 0.048) but a very slight relationship between these two variables 
(y = 2.61–0.005x) with random effect of location varying between 
−1.54 and 2.83. Marginal R2 reached only value of 0.004, with random 
effects included (conditional R2 = 0.73), showing that random effect 
(intercept) of location “described” most of variability. The diameter of 
the seedling at the site of damage was chiefly between 2 and 3 mm 
(overall mean 2.43 mm, SD 0.85), with values only rarely approaching 
4 mm, even in seedlings taller than 60 cm. The slope coefficient of the 
regression line (−0.005) shows that for every 10 cm of shoot height, 

the diameter at the point of browsing decreases by less than 0.1 mm 
on average (which is practically negligible value). It can therefore 
be concluded that hares prefer thinner shoots.

Species preference and seedling protection

In terms of species preference, the animals mainly damaged native 
species such as birch, Norway maple, sycamore maple, and alder. 
Hares grazed most on the seedlings of deciduous trees, such as birch 
(overall damage of 37%), sycamore maple (22%), beech (15%), and 
Norway spruce (11%), while other tree species were damaged by less 
than 10%. Cloven-hoofed animals primarily grazed on terminal 
shoots of pine (29%), alder (21%), birch (20%), and sycamore (18%). 
For damage by hares, used GLMM with binomial distribution does 
not show any significant differences between model predicted 
marginal means (which take into account location variability in 
species distribution using location as a random model effect), which 
varied between 0.2% of trees damaged for oak and 10.4% of trees 
damaged for maple (beech  – 3.8%, pine  – 8.0%, spruce  – 0.8%; 
Figure  6A). In case of damage by wild ungulates, model showed 
significant difference of pine (marginal mean = 57.65%) compared to 

FIGURE 3

The effect of plot size and treatment on the intensity of hare browsing. To maintain the proportions of the individual graphs, the figure does not show 
three outliers (not shown in plot, but included in analysis) for the 10-ha plot, namely 0.8% in the upper left graph and 0.4 and 20.4% in the lower left 
graph. A red line in each subplot depicts spline line (smoothing parameter of 0.7 was used), black dashed line depict linear regression line.
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other tree species (which values varied between 1.2% for maple and 
3.1% for oak, beech – 2.7%, spruce – 2.2%), showing its significant 
preference (Figure 6B).

In the case of wild ungulates, the repellent coating did not prove 
to be  an effective tool for protecting seedlings of almost any tree 
species (p ˃ 0.05), except for pine (p = 0.04, model marginal mean for 
protected individuals = 18.9%, for unprotected individuals = 57.8%). 
In case of maple, marginal insignificance was found (p = 0.09, model 
marginal mean for protected individuals = 1.2%, unprotected 
individuals = 28.6%). Other values of model marginal means varied 
around 2% (Figure 7).

Similarly, the coating did not repel hares effectively (p > 0.05) also 
except for pine (p < 0.001), where significant difference between 
coated and non-coated trees was found (model marginal mean for 
protected individuals = 0.3%, unprotected individuals = 7.9%). 
Specifically, in the case of European hare, the highest proportion of 
damaged seedlings was recorded in sycamore maple, oddly, in the 
variant with a protective coating—an overall average of 45% (marginal 
mean also 45%), while in untreated seedlings, the overall proportion 
was only 17% (marginal mean = 10%, see Figure 8).

The difference was not statistically significant though (p = 0.41), 
probably due to high variability, but still, opposite to the assumption 
of forest protection and coating application objectives. Similarly, in 
beech seedlings, which showed second highest difference ratio where 

coated individuals showed higher damage ratio than non-coated, the 
overall proportion of damage in coated individuals was 14% (marginal 
mean = 8.6%), however, in untreated individuals, it was approximately 
9% (marginal mean = 3.7%), which again represented a statistically 
insignificant difference (p = 0.22), probably due to the same reason as 
in previous case. The opposite, but expected, positive effect of the 
coating was found in pine, where the overall difference between the 
variants was minimal—8% in coated and 10% in untreated seedlings, 
but, probably due to species clustering among plots, marginal means 
showed highly significant difference (0.3% for coated individuals vs. 
7.9% for non-coated individuals, p < 0.001). In spruce, overall damage 
values were very low in both variants (approximately 2%), and the 
difference was not statistically significant (p > 0.05). The effectiveness 
of the coating in protecting against European hare browsing varied 
significantly between tree species, while it led to lower damage in 
some species (e.g., pine), in others (especially sycamore maple), a 
higher proportion of damaged individuals was recorded in the 
protected variant.

Figure 9 shows the percentage of damaged seedlings for the three 
main tree species—beech, oak, and spruce—and compares two 
planting variants: fenced and unfenced plots. In the case of hares, no 
significant differences were found, but in the case of beech, marginal 
insignificance was found (p = 0.06), where the most profound 
difference was observed – model marginal mean = 1.1% for trees in 

FIGURE 4

Relative count of damaged beech and spruce seedlings by planting season (spring versus autumn). (A) hare-induced damage; (B) cloven-hoofed 
game-induced damage.
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FIGURE 5

The relationship between the above-ground part and diameter of the seedling at the hare-browsed spot. Linear regression line depict model intercept 
and fixed effect slope.

FIGURE 6

Comparison of marginal means of damaged individuals ratio for selected tree species for damages by hares (A) and ungulates (B). Different indices 
above subplot B show statistically significant differences (variants with different index above respective bar depict significant difference and vice versa). 
Error bars depict 95% confidence interval for respective marginal mean.
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fenced enclosure, 8.0% for trees without fence protection. Other 
variants varied around 1%.

No significant differences were found also for ungulates 
(p > 0.05 in all cases, Figure 10). Most visible difference was found in 
spruce  – model marginal mean for trees inside fenced 
enclosure = 6.9%, for trees outside fenced enclosures = 0.9%. Contrary 
to original expectations, fenced enclosures did no prevent damages 
by ungulates.

Discussion

The results of the study clearly indicate that the European hare is 
a relevant, highly underestimated risk factor in forest regeneration, 
especially in post-calamity young deciduous tree plantations. The 
results of constructed GLMM model shows significantly, that trees 
were significantly more likely to be  damaged by hares than by 
ungulates. The mean browsing damage to seedlings caused by hares 
was 10.1%, whereas browsing by wild ungulates averaged 7.1%. In 
general, the intensity of browsing varied significantly depending on 
the tree species. The highest damage was noted in birch, sycamore 
maple, and beech, while spruce and oak showed a lower proportion 
of damaged individuals. Similarly, in the Krkonoše Mountains in the 
Czech Republic, no more than 0.5% of sycamore maple seedlings 
were documented to survive due to browsing by hares (Vacek et al., 
2018). These findings correspond to the selective feeding behavior of 
the hare, which prefers trees with soft bark and higher energy value 

(Hackländer et al., 2002; Schai-Braun et al., 2015). Studies report that 
hares consume dozens of plant species, but approximately 50% of 
their diet usually consists of only two or three preferred species (Puig 
et  al., 2017). This selectivity—and high individual variability, 
seasonal changes, and local food availability—makes it challenging 
to predict browsing intensity. Nevertheless, it is possible to deduce a 
general rule that hares prefer energy-rich food and parts of plants 
with a higher fat content (Rödel et al., 2004; Katona et al., 2010) 
which is important to consider when planning the protection 
of plantings.

The ungulates, which may be mistakenly cited as the main limiting 
factor for the growth of regeneration and loss of species diversity in 
forest ecosystems (Schulze et al., 2014; Hardalau et al., 2024), caused 
3% lower browsing damage in seedlings compared to hares. Wild 
ungulates primarily browsed terminal shoots of pine (29%)—contrary 
to most other references, where silver fir (Abies alba Mill.) (Bledý 
et  al., 2024; Frei et  al., 2025) and deciduous trees (Motta, 2003; 
Konôpka and Pajtík, 2015; Fuchs et al., 2024) are presented as suffering 
the most damage compared to Scots pine (Brichta et al., 2023). For 
example, a study of relict pine forests in the Czech Republic shows that 
only 1.6–12.2% of pine trees were damaged by browsing, while 
European beech was the most affected species, with 36.2–92.5% 
damage (Vacek et al., 2019). However, the results in our study may 
be  due to the fact that Scots pine was not the main, but an 
allochthonous or admixed tree species. In general, as the proportion 
of a species decreases, its attractiveness increases significantly, 
regardless of the tree species (Brabec et al., 2024).

FIGURE 7

Proportion of cloven-hoofed game-induced damage by tree species and protection. Bars show GLMM predicted marginal mean value for each variant, 
error bars depict a 95% confidence interval for each ratio. Symbols above each species bar pair depict statistical significance for the comparison of 
particular species (asterisk stand for p-value between 0.01 and 0.05, dot stands for marginal insignificance, i.e., p-value between 0.05 and 0.1).
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Regarding the hare-induced terminal browsing, it is also crucial 
to identify seasonality, which has been found to play a critical role in 
the risk of damage. Although the trend of a higher risk of browsing 
damage during the autumn compared to the spring was also observed 
in cloven-hoofed game, it was much more pronounced in European 
hares. The difference was found in Norway spruce, where the 
proportion of damaged individuals reached nearly 14% in the autumn, 
while in the spring, it did not exceed 2%. A similar trend is also 
evident in European beech. These values can be explained to some 
extent by the food preferences of hares, which mainly seek out weeds 
or grasses (Schai-Braun et  al., 2015). The more varied species of 
grasses and herbs available in spring may be the primary source of 
food for hares. Contrastingly, in winter, it is often only dry bushgrass 
[Calamagrostis epigejos (L.) Roth] (Rebele and Lehmann, 2001) and 
other less suitable species that remain on post-calamity clearings, and 
for this reason, hares may prefer tree shoots in their diet. Therefore, 
protecting plantings through mowing weeds helps restore food 
sources for wild animals. However, the evaluation of the planting 
protection in terms of mowing and weed control by herbicide 
application was not the subject of this study.

Unquestionably, one of surprising results is the ambiguous 
effectiveness of repellent coatings. While a reduction in the browsing 
damage caused by wild ungulates was observed in Scots pine after the 
application of chemical protection, in as the case of sycamore maple, there 
was paradoxically found a marginal insignificantly opposite effect 
(p = 0.09) when the damage rate was incomparably higher for coated 
seedlings (1.2%) compared to untreated variant (28.6%). In the case of 

European hare, almost the same trend was found for sycamore maple with 
higher intensity of browsing on coated seedlings (45%) compared to the 
untreated ones (17%), however, despite the browsing rate of coated 
seedlings was almost 3 times higher, the differences were insignificant. 
There are several possible explanations for this finding. First, coated 
seedlings may have been more likely to be located in areas with higher 
expected game pressure, which may have influenced the results to some 
extent. Second, it is possible that hares browsed on parts of the seedlings 
below the coating level, especially in species with thin and attractive bark, 
such as sycamore maple. This phenomenon is consistent with the finding 
that hares adapt their behavior to food availability (Rödel et al., 2004; 
Mayer et al., 2018) and can specifically target unaffected parts of plants. 
These results indicate the need for a species-specific approach when 
choosing protective measures. Commonly used repellents may not 
be universally effective, and, without considering the target tree species or 
game species, their application may be  ineffective or even 
counterproductive. Repellents appear to be an inappropriate measure for 
sycamore maple, while they may be somewhat effective for conifers. It 
should also be taken into account that hares browse close to the ground, 
and the application of a coating may not protect the most vulnerable parts 
of the seedling. In the case of cloven-hoofed game, seedlings with 
protective coating applied suffered higher damage rates than untreated 
individuals in most cases, except for pine, indicating the limited 
effectiveness of chemical protection even against this group of herbivores 
(Elmeros et al., 2011).

Contrarily, fencing proved to be the most effective method of 
protection against browsing, as it physically prevents access by both 

FIGURE 8

Proportion of hare-induced damage by tree species and protection. Bars show GLMM predicted marginal mean value for each variant, error bars 
depict a 95% confidence interval for each ratio. Symbols above each species bar pair depict statistical significance for the comparison of particular 
species (***p < 0.001).
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hares and wild ungulates. Despite the fencing, a small proportion of 
Norway spruce was browsed by both European hares and wild 
ungulates. However, this browsing most probably occurred because 
the fence had previously been damaged and the forage available 
inside was limited. Once wildlife discovered an opening, they 
consumed whatever vegetation was accessible, regardless of their 
usual food preferences, since spruce is otherwise not a preferred 
species. This measure confirms the conclusions of previous studies 
that recommend physical barriers as the most reliable and effective 
protection in areas with high game pressure (Gill, 1992; Redick and 
Jacobs, 2020). In many cases, mechanical protection of the most 
attractive tree species or extensive fencing of the restored forest part 
is practically the only possible way (Vacek et al., 2014). However, 
high economic costs and difficult implementation in large areas 
remain a disadvantage (Redick and Jacobs, 2020), requiring a 
combination of multiple strategies and careful planning that 
corresponds to local conditions. Additionally, current forestry 
practices in the context of climate change, such as creating forest gaps 
and clearcuts, can significantly increase the risk of damage to 
plantings by ungulates, as these open areas serve as attractive grazing 
habitats. Measures aimed at influencing the grazing behavior of game 
and dispersing its activity into the landscape could therefore be more 
effective than fencing and population control alone (Kuijper et al., 
2009; Brabec et al., 2024).

In terms of food selection, hares typically prefer to nibble on thinner 
shoots of seedlings, with the diameter of damaged parts usually ranging 
between 2 and 3 mm. As the height of the seedling increases, the 
diameter of the browsed area increases only slightly, which confirms the 
weak but statistically significant relationship between the height of the 
seedling and the diameter of the damaged area. Similarly, Rao et al. 
(2003) emphasize the selective behavior of other species of hares (Lepus 
timidus L.) when browsing on young trees. Concerning the planting 
season, a significantly higher degree of damage was recorded in autumn 
plantings, regardless of tree or game species. This phenomenon can 
be explained by a lesser availability of other food during the autumn and 
winter months, which makes freshly planted seedlings more attractive 
(Reimoser and Gossow, 1996). On the other hand, the size of the 
plantation area had no statistically significant effect on the degree of 
damage. A review study by Smith et al. (2004) states that field size was 
negatively correlated with the number of the hares in half of the studies 
(neutral in the other studies), and that the relationship between the 
number of the hares and forests depends on the spatial scale. However, 
the higher variability in smaller areas from our study suggests that the 
degree of browsing is more influenced by local factors such as hare 
density, stand cover structure, and microclimatic conditions. This is 
consistent with the findings of Reichlin et  al. (2006) and Voigt and 
Siebert (2019), who found hares prefer a mosaic landscape with sufficient 
cover in the peripheral parts of stands.

FIGURE 9

Proportion of damaged seedlings (%) in three tree species from fenced and unfenced plots for damages by hare. Bars show marginal mean values, 
error bars depict 95% confidence interval for each depicted variant.
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In relation to the formulated hypotheses, the results provide strong 
and coherent evidence supporting all of the stated assumptions. The 
first hypothesis, predicting that browsing damage by the European hare 
constitutes a higher proportion of total seedling damage than that 
caused by ungulates, was clearly confirmed. The second hypothesis was 
also supported, as the susceptibility of seedlings to hare browsing 
decreased with advancing developmental stage, reflecting the species’ 
preference for younger individuals with thinner shoots. The third 
hypothesis, which assumed that broadleaved tree species are more 
intensively browsed by hares than conifers, was likewise validated, with 
birch, sycamore maple, and beech being the most affected. Finally, the 
fourth hypothesis, suggesting the limited effectiveness of commonly 
applied protective measures such as repellents and fencing, was also 
confirmed. In particular, the ambiguous or even counterproductive 
effects of chemical repellents highlight the need for a more species-
specific approach to protection. Overall, these findings underline the 
substantial and often underestimated influence of hares on forest 
regeneration and emphasize the necessity to develop more targeted and 
ecologically based protection strategies tailored to local conditions and 
species composition.

In this context, a limitation of the study is that the relationship 
between the degree of damage and microhabitat conditions has not 
been quantified in detail, which limits a more accurate interpretation 
of the influence of local factors such as stand cover structure or local 

hare density. Conversely, more than 200 sites and nearly 76,000 
seedlings represent a robust sample for assessing general trends in 
selective browsing, not only by hares, but also by ungulates across 
different habitats, planting conditions, and set objectives. Here 
we should acknowledge that browsing is unquestionably influenced 
by the food supply across the evaluated plots and their surroundings 
(habitat context). In our study, the representation of tree species was 
not uniform; however, it reflected actual forestry practice and the 
afforestation of clearcuts after bark beetle calamity. For this reason, 
we do not attach excessive importance to minor differences in the 
preferences for individual tree species, which might vary in areas with 
a more diverse planting composition. Instead, we  emphasize the 
general trends, on the basis of which hares must be regarded as a 
genuine threat to tree plantations under Central European conditions, 
a fact that has not yet been sufficiently highlighted.

Conclusion

The results of this extensive field study demonstrate that the rate of 
seedling damage caused by wildlife exhibits substantial species-specific 
variability and is influenced by multiple factors, including shoot height 
and diameter, planting season, and the application of protective measures. 
The most unexpected finding is the substantial extent of damage 

FIGURE 10

Proportion of damaged seedlings (%) in three tree species from fenced and unfenced plots for damages by ungulates. Bars show marginal mean 
values, error bars depict 95% confidence interval for each depicted variant.
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attributable to the European hare. The European hare prefers browsing on 
broadleaved tree species with thinner shoots, while ungulates tend to 
focus more on Scots pine. Autumn plantings were significantly more 
susceptible to damage than spring plantings, across both tree species and 
wildlife types. The analyses did not confirm a statistically significant effect 
of planting area size on the level of damage; however, the variance was 
high—particularly on smaller plots—suggesting a complex interplay of 
additional local factors. Repellent treatments yielded inconsistent results: 
while damage was reduced in some species (e.g., Scots pine), a negative 
effect was observed in others, particularly sycamore maple, where the 
treated seedlings experienced even higher levels of browsing. In the case 
of hare damage, repellents proved ineffective and, in some instances, 
increased the attractiveness of seedlings. Conversely, fencing was 
confirmed to be  the most effective method for reducing browsing 
pressure. The annual browsing rate by ungulates and hares combined 
reached 17.2%, causing substantial damage to broadleaved species. Due 
to cumulative wildlife pressure, more susceptible species may eventually 
disappear from regeneration, whereas less affected species are able to 
outgrow the browsing pressure. For practical forestry and future research, 
it is recommended to abandon the blanket use of chemical repellents and 
instead implement targeted protection strategies tailored to individual tree 
species and specific game.
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