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Abstract: This study compares the amount of available biomass for wild herbivores (red deer (Cervus
elaphus L.), roe deer (Capreolus capreolus L.), and hare (Lepus europaeus Pallas)) depending on three
different types of forest silvicultural systems—presented using the example of beech and spruce
stands in wintertime. During the winter period, spruce provided ten times more biomass for
herbivores than beech. However, beech provided more metabolizable energy, 7.38 MJ/kg on average,
whereas spruce only provided 6.57 MJ/kg. From the point of view of “risk of damage by herbivores”,
artificial regeneration suffered the worst damage after using the Clear Cutting method of forest
regeneration, as there was the least amount of biomass available, and thus, herbivores caused the
greatest damage. On average, 12% of shoots were damaged in clearings. Most at risk was young
forest vegetation up to 1 m tall. In summer, the area was overgrown with available plants, but in
winter, the herbivores focused mainly on eating woody shoots. Damage to the natural regeneration
when using the Shelterwood Cutting and Strip Cutting regeneration methods ranged up to 3%. At the
same time, a high amount of available biomass was measured there, most likely due to its frequent
natural regeneration. Thus, both types of trees regenerated in this way were not as susceptible to
damage by herbivores as when regenerated using the Clear Cutting method.

Keywords: food supply; ungulates; forest regeneration; silvicultural systems; biomass; browsing

1. Introduction

In addition to their production and many non-production functions, forest stands
also play an irreplaceable role in the herbivore environment, providing shelter and food.
Herbivores contribute to some extent to the environment’s diversity and stability through
their feeding behavior, and imbalances between the number of animals and the food supply
in the environment can lead to unfavorable development of the herbivore population, of
the forest stands [1,2], and can also lead to a significant economic damage [3,4]. Forests
growing under excessive grazing pressure then have a changed tree composition and lower
stability and diversity [5]. Therefore, it is important to maintain herbivore populations in
accordance with the carrying capacity of the specific environment. It is very difficult or
sometimes even impossible to set the carrying capacity limits. The effects of herbivores’
feeding behavior on the forest ecosystem are the result of several factors that are difficult to
forecast accurately [6]. Among the external factors, most important are species composition
and their food specialization, the number of individuals of the species and their distribution
in the environment, the distribution of food sources and their attractiveness, the use of
alternative food sources around the forest complexes, and harassment by tourists. In
addition to all these influences, forest stands themselves also play a significant role in
the herbivore existence impact [7,8]. In forests with developed undergrowth, providing
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a rich food supply of grasses and shrubs, the herbivore grazing pressure on the target
woody plants is significantly lower [9,10] than in forests, where the only food sources
are found on pastures and in the youngest stands [11,12]. At the same time, the critical
influence of herbivores’ feeding behavior on forest stands often has great seasonal and
spatial variability [13]. Animals tend to concentrate in places that are favorable to them in
terms of other food sources [14], or are safe for them, and thus, there is the greatest risk
of damage, while the overall damage to the forest complex is tolerable. The most critical
season is winter. In winter, the availability of most alternative food sources and shelter
outside the forest is limited, and animals are concentrated in the forest complexes. At the
same time, the food supply is very limited in the forest environment, so animals are forced
to feed to a large extent on woody plant shoots [15,16]. The most exposed stands are those
up to 150 cm tall [17].

Therefore, the way forests are managed affects to a large extent both the carrying
capacity for herbivores and the impact of their feeding behavior. Most important in this
respect are the methods of stand regeneration that significantly affect the quantity, quality,
and attractiveness of the food available to the animals [18,19]. Therefore, taking herbivore
browsing pressure into consideration, when selecting a stand regeneration method, can
significantly reduce the risk of damage. In the Czech Republic, most forest areas are
managed commercially using artificial (76.4%) and natural (23.6%) regeneration (see Data
Availability Statement). The most commonly used methods of regeneration are Clear
Cutting, Strip Cutting, and Shelterwood Cutting.

The amount of available food is a crucial factor that directly determines the usable
environment capacity for herbivores, and also indirectly determines the intensity of forest
damage by browsing. Throughout the year, the amount of available biomass and its
quality changes significantly. As has already been established, the critical period for both
herbivores and forests is the end of winter, when food supplies may be depleted, and
hungry animals switch to emergency food and cause great damage to forest stands. For
these reasons, this study focused on the available biomass of winter shoots. The aim of this
work was to compare the Clear Cutting, Strip Cutting, and Shelterwood Cutting methods
of forest regeneration in terms of woody plant shoot availability for herbivores in winter,
and the risk of damage by herbivore browsing.

Study Hypotheses

1. The regeneration method will significantly affect the amount of available biomass,
where the smallest amount of biomass will result from using the Clear Cutting method,
and the relatively lowest number of woody plants per unit area will be expected.

2. The largest amount of biomass available to herbivores will be young vegetation with
low side branches.

3. The highest browsing damage will occur when using the Clear Cutting method due
to the small number of woody plants in the area.

2. Materials and Methods
2.1. Study Area

The study area was in the forest stands in the Drahanska Highlands (49◦18′52.793′ ′ N;
16◦51′26.564′ ′ E), Czech Republic, at the altitude of approximately 500 m above sea level.
There were spruce (Picea abies (L.) H. Karst.) and beech (Fagus sylvatica L.) forests with
three types of silvicultural systems, with natural and artificial regeneration. The area had
similar terrain parameters (maximum inclination was up to 5◦). The studied types of forest
environment were sufficiently represented in the monitored locality, as shown in Figure 1.



Forests 2021, 12, 825 3 of 10Forests 2021, 12, x FOR PEER REVIEW 3 of 10 
 

 

 
Figure 1. Map of the study area with spruce and beech stands distinguished using remote sensing 
(nDSM images). 

2.2. Biomass of Shoots 
The data on the available biomass of woody plant shoots and their damage by herbi-

vores were collected in areas with three different types of silvicultural systems (Clear Cut-
ting with artificial regeneration, Strip Cutting, and Shelterwood Cutting with natural re-
generation) and with two types of trees (spruce and beech). 

The stands, in which the sampling plots were located, were sorted according to type 
of silvicultural system, type of regeneration, type of trees, coverage (%), and average tree 
height (at 1 m intervals). Biomass was determined for a total of 164 sampling plots, and 
each plot was 1 m2 in size. There was only one tree species on each sampling plot, and 
there were at least 20 sampling plots in each stand type. (Table 1). 

Table 1. Number of sampling plots, in which the biomass weight of shoots was determined. 

Silvicultural Sys-
tem 

Shelterwood Cut-
ting 

Strip  
Cutting 

Clear  
Cutting Total 

Beech 28 27 20 86 
Spruce 28 21 22 78 

Regeneration origin→natural→natural→artificial. 

The amount of biomass available for large herbivores was estimated by cutting all 
available biomass of woody plant shoots, up to height of 0.5 m, and between 0.5 and 2 m, 
during the winter. The biomass was collected, simulating the natural feeding behavior of 
herbivores. The maximum length of the collected shoots was 5 cm. The shoots biomass 
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measured. Then, the shoots in the plots were pruned and subsequently weighed. Tree 
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Figure 1. Map of the study area with spruce and beech stands distinguished using remote sensing (nDSM images).

2.2. Biomass of Shoots

The data on the available biomass of woody plant shoots and their damage by her-
bivores were collected in areas with three different types of silvicultural systems (Clear
Cutting with artificial regeneration, Strip Cutting, and Shelterwood Cutting with natural
regeneration) and with two types of trees (spruce and beech).

The stands, in which the sampling plots were located, were sorted according to type
of silvicultural system, type of regeneration, type of trees, coverage (%), and average tree
height (at 1 m intervals). Biomass was determined for a total of 164 sampling plots, and
each plot was 1 m2 in size. There was only one tree species on each sampling plot, and
there were at least 20 sampling plots in each stand type. (Table 1).

Table 1. Number of sampling plots, in which the biomass weight of shoots was determined.

Silvicultural System Shelterwood Cutting Strip
Cutting

Clear
Cutting Total

Beech 28 27 20 86
Spruce 28 21 22 78

Regeneration origin→natural→natural→artificial.

The amount of biomass available for large herbivores was estimated by cutting all
available biomass of woody plant shoots, up to height of 0.5 m, and between 0.5 and 2 m,
during the winter. The biomass was collected, simulating the natural feeding behavior of
herbivores. The maximum length of the collected shoots was 5 cm. The shoots biomass
was cut only in the plots without any sign of previous browsing, or in the fenced plots.
On each sampling plot, tree coverage (%), number of trees, and their height (cm) were
measured. Then, the shoots in the plots were pruned and subsequently weighed. Tree
vegetation coverage and height was also measured in all stand types. To compare the
weight of biomass among the monitored types of forest environment, first, the weight
of trimmed shoots from individual sampling plots was recalculated to 100% canopy of
present trees within the sampling plot (kg/m2). Next, the weight of biomass thus calculated
was multiplied by the value of tree coverage from the relevant stand type, and converted
to an area of one hectare (kg/ha). The biomass samples were dried at 105 ◦C, and dry
matter content was determined. The dried samples were ground and homogenized,
basic nutritional value parameters were determined, and metabolizable energy content
was estimated.
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2.3. Woody Plants Damage Intensity

At the end of winter, the intensity of woody plants damage in 135 transects was
determined. The transects were 1 m wide, and there were at least 30 trees on each of them.
The transects were located in each type of examined unfenced forest stand (beech or spruce;
natural or artificial regeneration; Clear Cutting or Strip Cutting or Shelterwood Cutting
system), with a height of 0.1 to 1.3 m. For each tree in the transect, its height (cm) was
measured, and the total number of shoots and the number of browsed shoots in this winter
season were counted. Thus, the proportion of damaged shoots in individual trees (spruce
or beech) was determined.

2.4. Presence of Herbivores

In order to detect the presence of herbivores, the amount of herbivore fecal pellets was
monitored after winter in March, on 1 m wide and 50 m long strip transects (115 transects),
evenly distributed across the study area. The presence of brown hare, red deer, and roe
deer was detected.

2.5. Statistical Methods

STATISTICA 8 software (Palo Alto, CA, USA) and Microsoft Office Excel-2003 were
used for statistical data processing. The normality of the data was tested using the Shapiro–
Wilks test and normal probability graphs. The data were then evaluated by a parametric
test on the agreement of variances 1F ANOVA, or by a t-test. If the data did not meet the
assumption of normality, the hypotheses were tested by non-parametric Kruskal–Wallis
or Mann–Whitney U-test. To assess the significance of individual factors, post hoc tests
such as Tukey’s HSD test for unequal N were used. For non-parametric data, multiple
comparison tests of p values were used for data satisfying normality. Interdependencies of
factors were determined on the basis of correlation and regression analyses. In all statistical
analyses, a significance level of α = 0.05 was determined.

3. Results
3.1. Biomass of Shoots

The amount of biomass available for large herbivores differed significantly (p < 0.05)
among the two tree types, the vegetation height groups, and the different methods
of regeneration.

Figure 2 shows the amount of usable biomass by silvicultural system. Figure 3 shows
the amount of usable biomass for herbivores increased for vegetation height of 3 m. As
regards trees taller than 3 m, usable biomass measured up to 2 m decreased for both beech
and spruce.
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Figure 2. Amount of usable biomass of trees up to two meters tall, according to silvicultural system.
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The largest weight of available biomass was found in stands using natural regeneration
(Figure 4). For beech, it was in the Strip Cutting silvicultural system, in the height category
of up to two meters (913 kg/ha on average). For spruce, it was in the Shelterwood
Cutting silvicultural system, in the height category of up to four meters (12,799 kg/ha
on average) (Figure 5). In the stands where the Clear Cutting silvicultural system was
used, the amount of available biomass of shoots was significantly (p < 0.05) lower. For
beech, the maximum biomass was in the height category of up to three meters (461 kg/ha
on average). For spruce, the maximum biomass was in the height category of up to four
meters (12,051 kg/ha on average).
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Figure 4. Average weight of available biomass in beech stands regenerated using Shelterwood
Cutting, Strip Cutting, and Clear Cutting according to height.
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Figure 5 Figure 5. Average weight of available biomass in spruce stands regenerated using Shelterwood
Cutting, Strip Cutting, and Clear Cutting according to height.

Vegetation height had a significant (p < 0.05) effect on the amount of biomass, as
the highest amount of biomass is in the crown. The amount of the most easily available
biomass, up to 50 cm from the ground, remained the same up to a height of three meters.
Then, the lower branches died, and the usable biomass was practically no longer present up
to this height. The biggest decrease in biomass according to vegetation height was in beech
stands using Shelterwood Cutting and Strip Cutting systems with natural regeneration.
This was also due to the high tree density, where the lower branches dry up quickly. When
regenerated using the Clear Cutting method, the difference in height categories was low
for both beech and spruce stands. However, for both monitored tree types and all the
methods of regeneration, the amount of available biomass was lower in old stands with a
height of over five meters than in young stands. At the same time, spruce stands offered
significantly more biomass than beech, and there was not a significant (p > 0.05) difference
in the regeneration origin, but there was a (p < 0.05) significant difference in the weight of
spruce biomass in silvicultural systems in young stands (1–3 m high). On the other hand,
spruce offered large amounts of biomass for a much longer time than beech.

Compared to beech trees, spruce shoots had a lower dry matter content and at the
same time, a lower nutritional value. The average dry matter content was 50.72% for spruce
shoots and 58.86% for beech shoots. The total nutritional value using metabolizable energy
content was estimated to be 6.57 MJ/kg on average for spruce, and 7.38 MJ/kg on average
for beech. When converting metabolizable energy content to the amount of vegetation
biomass, the difference between spruce and beech stands was still huge (spruce stands
offered 18,854 MJ/ha on average, while beech stands offered only 2025 MJ/ha on average).

3.2. Woody Plants Damage Intensity

The method of vegetation regeneration also had a significant effect (p < 0.05) on the
browsing intensity of shoots. The average browsing intensity in the stands with Shelter-
wood Cutting and those with Strip Cutting were similar—2.03% and 2.55%, respectively.
In the stands regenerated using the Clear Cutting method, the browsing intensity of the
shoots was the highest, being 12.84% on average (Figure 6). In all the monitored locations,
large herbivores were represented in similar numbers. The average number of fecal pellet
groups per m2 was 0.97 ± 0.2 for roe deer, and 0.11 ± 0.06 for red deer.
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Figure 6. Comparison of the browsing intensity in stands regenerated using Shelterwood Cutting,
Strip Cutting, and Clear Cutting.

4. Discussion

As knowledge of potential browsing damage caused by herbivores is crucial, the
assessment of environment capacity has already been the subject of a number of studies.
Homolka and Heroldová [20], or Feuereisel and Ernst [21] focused on the weight of
available biomass in the past. These authors collected biomass by cutting, either whole
plants or only shoots, on test plots sized 0.5 × 0.5 m, or 1 × 1 m, up to height of 1.5, 2.0, or
2.5 m. They also recorded the coverage of vegetation communities in large areas (5 × 5 m
or 10 × 10 m), or even in entire stands, and determined the weight of fresh biomass and its
dry matter. Feuereisel and Ernst [21] also evaluated the nutritional value of the collected
biomass by laboratory methods.

The obtained biomass data in this study are consistent with the previous studies. For
example, in Austria, Reimoser and Gossow [19] found that the usefulness of the forest
environment in winter is 52% to 88% lower than in the growing season. In the USA, this
difference was confirmed by Johnson et al. [22]. Katreniak [23] determined that the average
amount of available biomass of woody plant shoots for herbivores in winter, and in beech
forest up to the age of 20 years, was 85.5 kg/ha. In their study, only 20% of the shoots
were analyzed, and the total biomass of the shoots was around 427 kg/ha; however, it
fully corresponds to our results. A slightly higher biomass was found for hornbeam–oak
forest (926.25 kg/ha) and beech–oak forest (530 kg/ha) [23]. Approximately ten times
more biomass (5750 kg/ha) was detected in a similar type of stand in the summer [20].
Similarly, Homolka and Heroldová [20] measured a total of 3775 kg of spruce shoots per
hectare in the winter, in a 15-year-old artificially grown spruce stand. In a 15 to 20-year-old
stand, biomass was 933 kg/ha, and in a 25-year-old stand, there were only 165 kg of spruce
shoots per hectare. It is clear from the results that the amount of biomass available to
herbivores is much smaller in winter than in summer. Biomass quality and availability are
also important [24], and in winter, biomass consists mainly of shoots and tree needles [16].
On average, they have a lower nutritional value than leaves. From the point of view of
“animal nutrition,” it is also important whether sufficiently nutritious woody plant types
are available for food, such as soft deciduous trees, or if the animals are forced to feed
on larger woody plants, or even big branches with some proportion of bark and bast.
The importance of woody plants for herbivores depends on the animals’ body size [25],
where small species are able to feed on small amounts of vegetation; it also depends on
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food specialization, where grass eaters can feed on grass biomass on meadows, or from
additional feeding. Homolka [26] found 40% of woody plants in red deer’s winter diet
in the Drahanska Highlands, 53% in the Beskydy Mountains, and 61% in the Jeseniky
Mountains. The same author states that in the Jeseniky Mountains, in the summer, the
share of woody plants in red deer’s diet is only 1.5%, and in the Beskydy Mountains, in
the summer, it is 6%. As regards roe deer that barely use grasses as food, woody plants
make up more than 65% of their diet in winter, and 75% or more of their diet during
the growing season [26,27]. The highest proportion of woody plants was in the diet of
moose that do not eat grass and feed mainly on woody plant shoots, which completely
dominated in their diet [28]. The low energy value of the winter food diet of ruminants
results in acclimatization to this energetic challenge by means of hypothermia, i.e., reduced
endogenous heat production and abandoning the maintenance of a high body temperature,
particularly in peripheral body parts. Altogether, metabolic rate, estimated by continuous
heart rate measurement, during winter is downregulated to more than half of the summer
level [29]. Turbill et al. [30] reported metabolic rate reduction in red deer as an important
physiological mechanism for energy conservation during winter, and in response to food
restriction. The negative energy balance during winter is compensated by using fat reserves
accumulated during summer [29].

From the point of view of “forest regeneration”, hares can also be an important species.
Although they feed mainly on herbaceous vegetation during the growing season, they
can switch to deciduous trees in winter when other food is lacking. An important factor
influencing hares’ food composition is snow cover. Green et al. [31] found an increase
in the share of woody plants up to 43% during snow cover compared to 3% in periods
without snow.

The observed sharp decrease in the amount of available biomass with the increase in
stand height corresponded to the drying up of lower branches. At heights of about 8 m for
beech stands and 12 m for spruce stands, the weight of biomass for herbivores was already
very low and occurred almost exclusively in stands with multiple ground levels. From the
point of view of “herbivore nutrition in winter”, beech stands up to 4 m tall and spruce
stands up to 6 m tall were the key elements. Other stands were not as important in terms
of herbivore nutrition and environment capacity. Thus, herbivores are food-dependent on
areas with young vegetation, which, in addition to woody plants, also offer grass and small
new plants during the growing season. However, the high degree of attractiveness of these
areas leads to the accumulation of herbivores in the vicinity. Therefore, the regeneration
methods play an important role, as individual regeneration elements can be applied in
parallel [12]. If there is plenty of food and shelter, herbivores stay there even during the
winter. This can lead to a collision, as in winter, the food available in the herbaceous layer
disappears under the snow, and only woody plant shoots remain. Therefore, artificially
based stands on clear cuttings have a significantly greater predisposition to damage than
stands created by natural regeneration.

5. Conclusions

The amount of food available in forest environments varies greatly, and vegetation
height, stand usability, and seasons all have a fundamental influence.

Due to the significant differences in environments’ capacity, it would be advisable to
forest management, when evaluating a particular environment capacity, to consider the
size of areas with vegetation up to three meters tall, as they provide herbivores with food,
even in winter. The large amount of food available in the summer is of no significance
in terms of steady all-year-round herbivore occurrence, and thus there is no need to take
it into account in forest management, as animals usually concentrate in forests for the
winter and have to survive on the existing supply of woody plant shoots. To reduce the
degree of damage to forest stands by browsing, it is demonstrably more appropriate to use
silvicultural systems with natural regeneration.
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