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Abstract

Large ungulates significantly influence forest ecosystems through shoot biting and bark
stripping, but their impact on the dynamics of invasive plant species still remains in-
sufficiently investigated. The North American black cherry (Prunus serotina Ehrh.) is a
widespread invasive species in European forests, known for its strong defensive capabilities
against herbivores. Despite this, recent observations indicate that deer occasionally utilize
its bark and phloem as a food source. This study aimed to determine the extent of deer bark
stripping on P. serotina across different age/size classes and evaluate the associated nutrient
content in plant tissues. Conducted in two Polish forest districts varying in P. serotina stand
and deer pressure structure, we inventoried bark wounds on mature and mid-aged trees.
Furthermore, we analyzed nitrogen, glucose, total non-structural carbohydrates (TNC),
and the C:N ratio in both healthy and damaged trees. Our findings reveal that mature trees
were damaged more often than mid-aged individuals, with wounds positioned higher
on the trunks. Interestingly, the dimensions of individual wounds did not significantly
differ between age classes. Chemical analysis showed that undamaged mid-aged trees
naturally possess higher TNC and glucose contents than mature trees. Given the occurrence
of bark stripping, one would expect higher browsing pressure; however, this is not the
case. Following bark stripping, only mature trees exhibited a significant chemical response:
damaged trees showed increased relative nitrogen content (decreased C:N ratio) and a
marked reduction in glucose and TNC. These results suggest the rapid reaction in mature
individuals, leading to reduction in local palatability, which likely explains the observed
lack of repeated feeding on previously stripped trees. Ultimately, while deer herbivory
alone may not directly limit the expansion of P. serotina, the resulting physical wounds
provide critical entry points for pathogenic microorganisms, highlighting a novel trophic
interaction with significant implications for the biological control of this invasive species.

Keywords: bark wounds; carbohydrates; Cervidae; nitrogen; nutrient content; primary
metabolites; invasive species management; plant-herbivore interactions

1. Introduction
Deer species are characterized by a wide range of occurrence and inhabit most of

Europe, utilizing both open landscapes and diverse forest habitats [1]. The red deer (Cervus
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elaphus L.), roe deer (Capreolus capreolus L.), and fallow deer (Dama dama L.) are widespread
ungulates in Europe [2–4]. However, their historical habitat preferences differ significantly.
The red deer is traditionally considered an inhabitant of the ecotone between forests and
open habitats, such as the woodland–grassland interface [4–6]. In contrast, the roe deer
was originally strictly associated with the early successional stages of woods and has
only recently colonized open habitats and croplands [3]. The fallow deer, an introduced
species in Central Europe, is originally native to Anatolian pinewoods and oakwoods; it is
a highly flexible species that readily inhabits grasslands, woodlands, and scrublands [4].
Following their distinct evolutionary adaptations, the feeding styles of these species also
fundamentally differ [7,8]. The roe deer is classified as a concentrate selector, preferentially
browsing on easily digestible, nutrient-rich plant parts. Conversely, both red and fallow
deer are mixed feeders, possessing a highly adaptable diet that seamlessly shifts between
browsing trees or shrubs and grazing grasses. Given these dietary strategies and their
regular presence in forested environments, woody plants may constitute a large part of
their winter diet. During this period, they consume leaves, twigs and bark of trees and
shrubs. Consequently, their impact on forest ecosystems varies [9]. Red deer pose a major
threat to forestry, primarily due to their large body size and high daily food intake, which
frequently leads to extensive bark stripping. In contrast, roe deer represent a minor threat
in terms of bark damage; due to their smaller size and concentrate-selector feeding style,
they predominantly browse on tender apical shoots and buds rather than stripping bark
from trunks. The damage probability of host plants by deer is a complex process influ-
enced by many factors and is mainly dependent on chemical traits rather than on physical
characteristics of plants [10–12]. Some researchers argue that the primary factor regulating
feeding behavior is the chemical defense of plant tissues [12]. This is often explained by
the assumption that primary tissue metabolism is nearly identical across plant species;
therefore, the baseline presence of nutrients such as carbohydrates, polysaccharides, lipids,
amino acids, and proteins is similar [13], making secondary metabolites the main differ-
entiator. Chemical defense mechanisms involve the production of compounds harmful
to herbivores, i.e., secondary metabolites such as alkaloids, simple phenolic compounds,
tannins, and flavonoids [14–17]. However, contrasting studies suggest that herbivores
are primarily guided by nutrient contents, avoiding plants poor in nitrogen compounds
and carbohydrates but also those rich in indigestible compounds like lignin [10,18,19].
Moreover, they emphasize that carbohydrates are the main factor determining palatability,
as they constitute a basic component of herbivore diets [13]. In summary, deer tend to
optimize their foraging strategy by selecting more digestible and palatable food while
avoiding resources that do not provide sufficient energy and nutrients or contain high
levels of deterrents [20].

Black cherry (Prunus serotina Ehrh.) originates from North America [21]. The first
introduction of this species to Europe took place in the 17th century. At the turn of the
19th and 20th centuries it was widely introduced into forests as an admixture species [22].
In Poland, black cherry is recognized as an invasive species and occurs quite frequently
throughout most of the country, occupying approximately 1.4% of the forest area man-
aged by the State Forests [23–26]. In its native range, black cherry can exceed 35 m in
height, whereas in invaded areas it generally takes the form of a shrub or a tree up to
20 m in height [27]. The species exhibits broad ecological plasticity, characterized by low
light requirements, tolerance to deep shade, extreme temperatures, drought, and spring
frosts [25,28]. It is well adapted to local climatic and soil conditions and poses a significant
threat to European flora due to its strong expansion potential [21,29–31]. In addition to
low habitat requirements, black cherry possesses other traits that facilitate its rapid spread.
One of these is a high potential for generative reproduction. Trees are pollinated by non-
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specialist insects [32], and fruiting may begin as early as 10 years of age [33]. Furthermore,
the fruits are consumed by several dozen animal species [22], which disperse them over
long distances [34,35]. Another important adaptive trait is the ability to produce numerous
epicormic shoots, which occurs in approximately 50% of the population under European
conditions [36]. This strong resprouting response are typically stimulated by damage or
cutting of shoots [37]. Black cherry also exhibits allelopathic effects by releasing chemical
compounds such as R-prunasin and amygdalin into the soil [38,39]. This increases its
chances of survival by eliminating seedlings of native species [31,40,41] and discouraging
herbivores from feeding [42].

The negative consequences of black cherry expansion have sparked interest in the
potential utilization of this alien species by native herbivores [43]. This perspective is the
main reason for ongoing research on its use by insect herbivores [44–47]. Direct observa-
tions and recent reports based on camera traps suggest that the tissues of this plant may
also constitute a potential food source for large herbivores [48–50]. Despite numerous
defense mechanisms against herbivores, it appears that certain stimulants (such as nitrogen
compounds and carbohydrates), combined with the high availability of this species, may
encourage deer to feed on it. While wounds resulting from bark stripping constitute a
serious problem in traditional silviculture [19,51–56], they may paradoxically also become
an ally for foresters in combating this invasive species. To date, few effective and environ-
mentally friendly methods of controlling black cherry have been developed [57–59], and the
greatest hopes are placed in pathogenic fungi, whose reservoir may be the soil [57,60–62].
Crucially, physical damage such as bark stripping not only creates entry wounds for these
pathogens but also forces the tree to drastically reallocate its resources, permanently altering
its chemical profile. Understanding how the contents of primary metabolites, specifically
nitrogen and non-structural carbohydrates, shift post-wounding is vital, as these induced
physiological responses reflect the tree’s weakened state and may dictate its future survival
or alternatively help explain why previously bark-stripped individuals are not subjected
to repeated damage. Considering these facts, a detailed examination of the damage to the
phloem and bark of the black cherry seems highly justified and necessary, while taking into
account the age of the trees.

Building on this premise, the main aim of this study was to assess whether and
to what extent deer are interested in utilizing the bark and phloem of black cherry of
different ages as a food source, and how this foraging behavior permanently impacts on the
chemical composition of the remaining tissues. To achieve this, several specific objectives
were formulated:

(a) To determine the effect of black cherry age on the frequency of damaged trees;
(b) To characterize the size and location of wounds in mid-aged and mature individuals;
(c) To determine the baseline content of nitrogen and non-structural carbohydrates in

undamaged black cherry trees across different age classes and subsequently compare
these metabolic profiles with those of bark-stripped individuals.

Based on these objectives, we tested the following hypotheses:

I. Mature individuals (i.e., fruiting trees) are bark-stripped more frequently than mid-
aged individuals (i.e., younger, non-fruiting trees) (rationale: age-related changes in
bark structure and physical properties make the trunks of mature trees more attractive
or accessible for foraging deer).

II. The physical characteristics and vertical distribution of bark wounds are dependent
on the developmental stage of the tree (rationale: because morphological traits such
as stem diameter and overall tree height naturally constrain the feeding behavior and
physical reach of herbivores, we predict that bark stripping on mature trees will result
in larger wounds located higher on the trunk compared to mid-aged individuals).
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III. The baseline content of nitrogen and non-structural carbohydrates in undamaged
individuals is stage-dependent (rationale: as trees transition between developmental
stages, their changing physiological demands and storage capacities fundamentally
alter the baseline accumulation of these nutrients).

IV. Damaged trees exhibit a distinct shift in chemical composition compared to undam-
aged ones, specifically an increase in nitrogen content and a decrease in the content
of non-structural carbohydrates (rationale: bark stripping and the subsequent sys-
temic reallocation of resources alter the concentration of essential nutrients and energy
reserves across the tree stem).

2. Materials and Methods
2.1. Study Sites and Plant Material

The field research began in mid-autumn 2018 in Poland, in the Człuchów Forest
District (53◦45′ N, 17◦29′ E) and the Łopuchówko Forest District (52◦51′ N, 17◦12′ E).
Both study sites belong to the Wielkopolska-Pomeranian nature region, one of the eight
regions distinguished for forestry management in Poland. This selection ensured that
the investigated areas are shared, in order to select an area with similar physiographic
conditions, where the studied type of forest develops best. The study site in the Człuchów
Forest District is inhabited mainly by red deer and roe deer, and mid-aged black cherry
occurs as individuals that have not yet reached the fruiting stage. On the other hand, the
study site in the Łopuchówko Forest District is characterized by the regular present of red
deer and fallow deer, and black cherry populations are characterized by a predominance
of mature specimens (fruiting individuals) in the understory layer. It should be noted
that, in this study, the terms ‘mid-aged’ and ‘mature’ operate as designations for distinct
developmental stages (differentiated objectively by reproductive capacity (fruiting status)
and stem morphology) rather than exact chronological age, which is highly variable and
difficult to determine non-destructively. While some variability in absolute age within the
plots was acceptable, ensuring a consistent morpho-developmental structure across a given
plot was the primary criterion. They grew in mature fresh mixed forest stands, under the
canopy of pine, with admixture of oak and birch. Based on the information obtained and
observations carried out in both Forest Districts, it was concluded that deer population
densities were at a constant level, although the precise game abundance was measured
directly at the entire Forest Districts rather than individual study sites.

Field research and sample collection were conducted with the explicit permission and
cooperation with the administration of the Człuchów and Łopuchówko Forest Districts.

A total of 30 circular sample plots with a radius of 5 m (78.54 m2) were established.
This plot size was chosen a priori because it provides an optimal area for accurately
inventorying dense understory layers and mid-aged stands. The central points of the plots
were randomly designated on a digital map using Geotracer software (Android 8.1 Oreo)
to ensure representative distribution within the selected forest stands. These designated
coordinates were subsequently located in the field using a GPS receiver. Fifteen plots were
located in the Człuchów Forest District, and the remaining 15 in the Łopuchówko Forest
District. The sample plots were randomly designated, maintaining a minimum distance of
50 m between plot centers to ensure spatial independence. At the end of October 2018, on
each sample plot, a central tree, stripped trees, and healthy ones were permanently marked
by giving them a number written on a colored tape, following the methodology described
by Kurek et al. [19]. On each plot, the number of black cherry individuals was recorded (to
estimate density), and the diameter at breast height (DBH) of the two trees located closest
to the plot center was measured. All previous damage was permanently marked on the
trees using small colored pins.
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The subsequent phase of the research was conducted in late March 2019. All sample
plots were surveyed for new damage sustained during the winter and early spring. Fresh
bark stripping was identified primarily by the absence of colored pins (which marked
all previous damage), supported by visual criteria such as exposed, unweathered xylem,
its light coloration, and a complete lack of callus tissue. Attribution of the damage to
cervids was based on characteristic bark-stripping signs and the known composition of
the local fauna. For the purposes of this study, all observed bark stripping was treated
collectively as cervid-induced damage; no attempt was made to differentiate the specific
feeding signs among red, roe, or fallow deer on individual trees, as our primary focus
was on the plant’s physical and metabolic response. Whenever a new bark wound was
observed, its maximum width was measured, along with the distance from the ground
to its lower and upper edges to determine its maximum length. Assuming a generally
rectangular shape, the approximate area of each wound was calculated by multiplying its
maximum length by its maximum width. Trees within the sample plots were classified as
“damaged” if they sustained fresh wounds during the study period, whereas “undamaged”
trees were required to have no visible wounds of any kind. Consequently, trees previously
marked with colored pins were excluded from the chemical analyses.

Subsequently, plant material (an approx. 4 cm2 square piece of bark and phloem) was
excised from the trunk on the side directly opposite the fresh wound at a height correspond-
ing individually to the height of the wound on the damaged tree. This sampling location
was intentionally chosen to investigate the systemic response of the tree to browsing dam-
age, avoiding the localized metabolic changes that occur at the immediate boundary of
the wound. The samples representing the damaged variant (N = 60; 19 mid-aged and
41 mature individuals) were collected using a heavy-duty utility knife with snap-off blades
to ensure a clean cut and minimize tissue damage. To prevent cross-contamination, a new
blade segment was used for each sampled tree. Additionally, three healthy individuals
with no visible damage were selected within each sample plot to serve as an undamaged
control group (undamaged variant) for the chemical analysis (N = 90; 2 study sites × 15
circular sample plots × 3 samples). On each control tree, plant material was collected at a
height of approximately 90 cm on the side of the trunk, which corresponds to the typical
average height of cervid bark-stripping activity in these stands, thereby providing a stan-
dardized and ecologically relevant baseline. To minimize the risk of sample degradation
or the leaching of soluble compounds, all material was collected on rainless days. Upon
collection in the field, the samples were packed into paper envelopes and transported to
the laboratory.

2.2. Chemical Analysis

The chemical composition of the bark and phloem of P. serotina (non-structural carbo-
hydrates, including glucose, and nitrogen) was tested on ground and dried material using
gas chromatography and spectrophotometry. The collected plant material was air-dried
by storing it for a period of 4 months at room temperature. The initial air-drying pro-
cess rapidly reduced the moisture content of the tissues, effectively halting the enzymatic
degradation of carbohydrates. Furthermore, because all samples were subjected to the
identical storage conditions and duration before the final oven-drying and analysis, the
relative differences between groups remain robust and unbiased by the storage protocol.
Before analyses, plant material was additionally dried for 3 days at 65 ◦C using a labora-
tory dryer with forced air circulation (Pol-Eko, Wodzisław Śląski, Poland), and ground
into powder with an impact mill (IKA®-Labortechnik Staufen, Janke & Kunkel GmbH &
Co. KG, Staufen im Breisgau, Germany). Nitrogen and carbon contents (% d.m.) were
determined using an ECS CHNS-O 4010 analyzer (Costech Instruments, Pioltello, Italy).
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These results were subsequently used to calculate the C:N ratio. The methodology for
determining the concentration of total non-structural carbohydrates (TNC) and nitrogen
was performed without any modifications, exactly as previously described in detail by
Karolewski et al. [63]. Total non-structural carbohydrates (with glucose evaluated as an
integral component within the same analytical procedure, rather than via a separate assay)
were assayed in methanol–chloroform–water extracts, and results were expressed as % d.m.
The content of soluble carbohydrates was measured at λ = 625 nm following a color reaction
with anthrone. Absorbances were determined using the UV-1700 Visible Spectrophotometer
(PharmaSpec, Shimadzu, Kyoto, Japan).

2.3. Statistical Analysis

All statistical analyses were performed using JMP® software, version 19.0 (SAS In-
stitute Inc., Cary, NC, USA). Before conducting hypothesis testing, the normality of data
distributions was verified using the Shapiro–Wilk test, and the assumption of homogeneity
of variances was tested via Bartlett’s test. Because the assumptions for parametric testing
(e.g., Student’s t-test or one-way analysis of variance) were not met in any case (due to
non-normal data distribution and heteroscedasticity), we used the non-parametric one-way
Wilcoxon test with a χ2 approximation (equivalent to the Mann–Whitney U test) for all
pairwise comparisons.

To evaluate the effect of tree age on physical characteristics, this non-parametric
approach was employed to compare tree diameter (DBH), wound dimensions (length,
width, area), and wound placement (distance from the ground to the lower and upper edges)
between mid-aged and mature individuals. Furthermore, to assess baseline ontogenetic
differences in primary metabolites, the concentrations of nitrogen, total non-structural
carbohydrates (TNC), glucose, and the C:N ratio were compared between undamaged
mid-aged and undamaged mature trees. Finally, to quantify the physiological response to
bark stripping, the chemical profiles of damaged trees were compared against undamaged
controls. Because the baseline chemical content was found to be strictly dependent on the
developmental stage, these physiological comparisons were conducted separately within
the mid-aged cohort and the mature cohort. In the reported results, p-values presented in
bold indicate significant differences at p < 0.05. All figures present mean values with their
corresponding standard errors.

3. Results
In total, 1456 mid-aged and 622 mature P. serotina individuals were recorded across all

sample plots. Winter mortality was zero, ensuring the complete cohort was available for
the spring assessment. After converting the obtained counts into density (per hectare), the
density of mid-aged trees was more than twice as high as that of mature ones (Figure 1A). In
addition to abundance, tree diameter at breast height (DBH) differed significantly between
the two developmental stages, with mature individuals exhibiting substantially larger
diameters (8.13 ± 0.70 cm) than mid-aged ones (3.67 ± 0.24 cm; N = 60; F1,28 = 17.09;
p < 0.0001). The density of trees damaged both before winter (Figure 1B) and after winter
(Figure 1C) was significantly higher in plots dominated by mature trees. It was also
found that the increase in the density of damaged trees per hectare during winter was
significantly higher in the mature-dominated site (Figure 1D). The high standard error
observed in this parameter is driven by high spatial variance in the emergence of new
wounds among the sampling plots. To account for the differences in total stand density and
to standardize our measure of bark-stripping, we calculated the per-tree damage probability.
Damaged individuals accounted for only 1.36% (±0.29) of the total available mid-aged
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trees, compared to a significantly higher proportion of 13.24% (±3.44) among the available
mature trees (N = 30; F1,28 = 11.86; p = 0.0018).

Figure 1. Comparison of Prunus serotina Ehrh. stand density and bark stripping incidence between
plots dominated by mid-aged (white bars) and mature (black bars) trees. (A) Mean (±SE) density of
all trees per hectare; (B) mean (±SE) density of previously damaged trees before the 2018/2019 winter;
(C) mean (±SE) density of damaged trees after the winter; and (D) mean (±SE) winter increment in
the density of damaged trees. The p-values derived from Generalized Linear Mixed Models (GLMMs)
are presented above the bars, with bold font indicating statistically significant differences (p < 0.05).

During the field study, 73 instances of bark and phloem stripping (wounds) were
measured on trees across the two developmental stages. Among them, 19 were located
on sample plots dominated by mid-aged trees, and the remaining 54 were inventoried on
plots dominated by mature ones. Both the distance from the ground to the lower edge
of the damage, as well as to the upper edge, were significantly greater in mature trees
(Figure 2A,B). Conversely, GLMM-based comparisons of wound dimensions revealed
no significant differences in length, width, or total area between the two age classes
(Figure 2C–E).

The baseline concentrations of primary metabolites in the phloem and bark of un-
damaged trees were determined to assess ontogenic nutritional differences (Figure 3).
Nitrogen content (% dry mass) did not differ significantly between undamaged mid-aged
and mature individuals (N = 90; F1,28 = 0.1915; p = 0.6650). Similarly, the mean C:N ratio
in undamaged individuals showed no significant difference between the two develop-
mental stages (N = 90; F1,28 = 0.7714; p = 0.3873). However, mean glucose content (N = 60;
F1,28 = 55.7372; p < 0.0001) and total non-structural carbohydrates (TNC) content (N = 60;
F1,28 = 55.6309; p < 0.0001) were both significantly higher in mid-aged individuals than in
mature individuals.
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Figure 2. Characteristics of wounds caused by deer bark stripping on mid-aged and mature Prunus
serotina Ehrh. trees. (A) Mean (±SE) distance from the ground to the lower edge (start) of the
wound; (B) mean (±SE) distance from the ground to the upper edge (end) of the wound; (C) mean
(±SE) wound length; (D) mean (±SE) wound width; and (E) mean (±SE) wound area. The p-values
derived from Generalized Linear Mixed Models (GLMMs) are presented above the bars, indicating
the significance of differences between the two developmental stages. Bold font indicates statistically
significant differences (p < 0.05).

To evaluate the differences in chemical composition associated with bark stripping, we
compared the mean percentage of nitrogen between damaged and undamaged individuals
of black cherry within each developmental stage.

Interestingly, mid-aged trees showed no significant chemical response to the damage;
there were no significant differences in the mean percentage of nitrogen, C:N ratio, glucose,
or TNC content between damaged and undamaged mid-aged trees (Figure 3A–D). In
contrast, mature trees exhibited significant chemical alterations following bark stripping.
Damaged mature individuals had a significantly higher mean nitrogen content (Figure 3A)
and a correspondingly lower C:N ratio (Figure 3B) compared to their undamaged counter-
parts. Furthermore, the concentrations of both glucose (Figure 3C) and TNC (Figure 3D)
were significantly lower in damaged mature trees than in undamaged mature controls.
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Figure 3. Chemical profiles of the bark and phloem of mid-aged and mature Prunus serotina Ehrh.
trees in undamaged and bark-stripped (damaged) variants. (A) Mean (±SE) percentage of nitrogen;
(B) mean (±SE) Carbon:Nitrogen ratio; (C) mean (±SE) percentage of glucose; and (D) mean (±SE)
percentage of total non-structural carbohydrates (TNC) based on dry mass. Within each developmen-
tal stage, white bars represent damaged trees and gray bars represent undamaged trees. The p-values
derived from Generalized Linear Mixed Models (GLMMs) represent pairwise comparisons between
damaged and undamaged treatments within the respective developmental stage. Bold font indicates
statistically significant differences (p < 0.05).

4. Discussion
To our knowledge, this research reports for the first time the phenomenon of bark

stripping on black cherry (P. serotina) by deer in the area of its invasive range. The most
important observation is that deer actively utilize black cherry as a food source, resulting
in bark and phloem damage. However, it is likely not a highly desirable food item, as
indicated by the small percentage of damaged trees on the sample plots. The recently
observed mild winters in Central Europe, characterized by a lack of severe frosts, reduced
snowfall, and relatively high temperature [64,65] may not encourage deer to intensively
strip the bark of this geographically alien species. This is clearly shown by the very little
increase in the number of wounds during the winter period of 2018/19. However, as local
weather conditions and deer foraging activity were not monitored over multiple years, the
potential influence of winter severity should be considered as a hypothesis rather than a
demonstrated explanation for the observed pattern. It can be speculated that during harsh
winters season with severe frosts, easily available food in the form of phloem and bark
of black cherry may become a quite important in the dietary component for deer. Under
such conditions, the energetic cost of foraging for higher-quality food might outweigh
the benefits, prompting deer to utilize black cherry more frequently. Thus, most of the
observed wounds were likely the result of foraging activity during earlier, harsher seasons.

The results of the field studies clearly show that there is no correlation between the
number of damaged specimens and the total number of available trees per area unit. The
areas covered with mid-aged black cherries are characterized by a very high stem density,
which probably makes it difficult for deer to enter and navigate the stand, thus limiting
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the use of this food resource. In addition, the smaller size of mid-aged trees (i.e., smaller
trunk circumference, lower height) and high elasticity of the trunks make bark stripping
mechanically more difficult in contrast to mature black cherry trees that have a much
larger DBH. Both the distances from the ground to the lowest and the highest point of the
damage were clearly higher in mature trees, which is a natural consequence of their greater
height. It might seem that deer would be much more likely to strip mature trees due to
better availability of food and the possibility of taking more bark from a single individual.
However, it turned out that there are no significant differences between the length, width
and area of wounds between trees of both studied tree age classes, which may indicate that
deer, during a single act of consumption, consistently take a slice of plant material with a
similar size (biomass). These observations differ from patterns recorded for bark stripping
in other tree species, where wounds tend to be larger on trees with a larger girth. For
example, in lodgepole pine Pinus contorta Dougl. ex Loud., the width of the damage is over
three times greater, and the length is half as much compared to the black cherry [60]. The
size of the damage to the black cherry was mostly similar to that observed for Sitka spruce
Picea sitchensis (Bong.) Carr. [66], although in this species single wounds many times larger
than those for black cherry were also observed [54]. The species-specific susceptibility
to separating the bark and phloem from the xylem should also be taken into account, as
well as the fact that in winter it is generally more difficult to separate these tissues [67].
In general, we did not observe more than one damage on the same individual made at
different times. This indicates that after consuming a section of bark and phloem, deer do
not continue feeding on it, nor do they return to the previously wounded individual. This
observation is inconsistent with what has been reported for common beech Fagus sylvatica
L. [19] or lodgepole pine [60], where deer returned to previously damaged and weakened
individuals. Taking all the above into account, we can conclude that our hypothesis I
was fully supported, whereas hypothesis II was only partially confirmed: while wounds
occurred at different heights depending on tree age, their size did not differ significantly
between mid-aged and mature individuals. Mid-aged black cherries were stripped to a
lesser extent than mature ones.

Carbon and nitrogen are the most important macronutrients in the plant, serving as
integral parts of the most important compounds for the organism’s life [68–70]. An optimal
ratio of carbon to nitrogen must be maintained for a plant to function efficiently. This is
regulated by mechanisms sensing the C:N ratio, which activate nitrogen assimilation in the
case of excess carbon skeletons and nitrogen deficiency, and stop nitrogen assimilation in
the case of carbon deficiency and high nitrogen contents [68]. Here, it can be concluded
that despite the age differences in black cherry, there are no differences in the baseline
content of these key elements within undamaged tissues. The nitrogen content often
turns out not to be stage-dependent but strongly correlated with photosynthesis and
carbon metabolism [71]. The same is true for the carbon content of plant tissues, as it is
adjusted to the nitrogen level [69]. Moreover, in damaged tissues of mature trees, there
was a significantly lower C:N ratio (indicating a higher relative concentration of nitrogen)
than in healthy tissues; however, this statistically significant response to bark stripping
stress was noted only in mature trees. This may be due to the plant’s induced defensive
reaction, resulting in nitrogen translocation and the production of alkaloids, i.e., compounds
containing large amounts of nitrogen [12,13,72,73]. These compounds are synthesized and
accumulated in damaged tissues to protect against herbivores due to their harmful and
toxic properties [12,74–76].

Analyses indicate a significantly higher content of glucose (which is the main compo-
nent of TNC) in mid-aged black cherry specimens. The reason for this may be the fact that
glucose indirectly influences the synthesis of auxins, which are responsible for stimulating

https://doi.org/10.3390/f17091079

https://doi.org/10.3390/f17091079


Forests 2026, 17, 1079 11 of 16

plant growth and are present in greater amounts in immature individuals that record
greater growth rates than older individuals [77,78]. Another reason for such a difference
may be the potentially different access of leaves to light, due to the varied structure of
the crown, between mid-aged and mature individuals. The quantity and quality of solar
radiation reaching the lower parts of the crown of older trees could be much weaker, which
could reduce photosynthesis intensity and decrease glucose production during the growing
season. A different mechanism of glucose allocation to different tissues may be just as
likely. The greater glucose content in mid-aged trees is directly proportional to the greater
content of TNC in them. Furthermore, the glucose content in undamaged black cherry
tissues was significantly higher than in damaged tissues, but this significant difference
occurred only in mature specimens. In this case, as with nitrogen, only mature trees reacted
to bark stripping stress. It can be concluded that this difference is driven by the systemic
defense response of these trees against herbivores, during which systemic reserves are
mobilized or translocated away from potential attack sites, thereby reducing the nutritional
value of tissues across the stem [14,79]. In general, herbivores avoid plants characterized
by low nutritional value, manifested by a low content of nutritive nitrogen compounds and
carbohydrates, alongside high concentrations of indigestible compounds such as lignin [18].
Studies examining tissue directly adjacent to wounds often report a localized accumulation
of carbohydrates. For instance, in common beech (F. sylvatica), studied by Kurek et al. [19]
in June, the carbohydrate concentration in the phloem right next to fresh stripping was
up to three times higher due to a girdling-like interruption of transport, as bark stripping
physically interrupts the phloem pathway and the movement of assimilates. In contrast,
our systemic samples, taken from the opposite side of the trunk in early spring, revealed
a decrease in glucose content in damaged mature trees. This highlights the fundamen-
tal difference between localized accumulation at wound sites during the peak growing
season and systemic resource mobilization throughout the tree. Taking all the above into
account, we can conclude that hypotheses III and IV have been partially positively verified.
Mid-aged black cherries did not respond to damage in the form of changes in N content,
C:N ratio, or carbohydrate content. On the other hand, mature individuals activated their
induced systemic defense mechanisms, simultaneously increasing the relative amount of N
and decreasing the content of non-structural carbohydrates.

An important factor determining the choice of food by deer is the development of
various forms of defense by plants. One of them is the production of secondary metabo-
lites such as terpenoids, alkaloids, and phenols [12,80]. These types of compounds most
effectively protect the plant against generalist species, which also include deer [1,81,82].
One of the most important subgroups of terpenoids that influence the damage incidence of
plants by deer are monoterpenes. The property of monoterpenes to deter deer is not taste
but smell [83]. However, smell alone would not be an effective defense in the long term. It
has been proven that monoterpenes in higher concentrations inhibit the growth of ruminal
microorganisms. As a consequence, digestion is inhibited in ruminants such as deer [83,84].
It is highly possible that some of the glucose in trees damaged as a result of a defense
reaction has been invested directly in the production of protective carbon-based metabolites,
e.g., simple phenols or monoterpenes, although we have not studied this directly.

It is important to acknowledge certain limitations of our study. Firstly, a critical
limitation of our study design is the complete nesting of tree developmental stages within
the two study sites (i.e., mid-aged individuals located in Człuchów and mature individuals
in Łopuchówko). These specific locations were purposively selected because they are well-
known areas of active, confirmed cervid bark-stripping, which was an essential prerequisite
for our field sampling. Consequently, the developmental class of the trees is inherently
confounded with site-specific environmental conditions, local forest stand structure, and
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the exact composition of the cervid community. Therefore, while our findings strongly align
with ontogenetic theories of plant defense, any differences tentatively attributed to tree
development must be interpreted cautiously, as they represent comparisons between two
distinct, age-dominated site types. Future studies incorporating multi-site replication are
required to definitively decouple the effects of ontogeny from local environmental drivers.
Second, our inferences regarding deer behavior are based on ex post observations of tree
damage rather than direct monitoring of feeding activity. Consequently, the exact timing of
the older bark stripping events remains an estimate. Third, because our chemical analyses
were strictly limited to primary metabolites (nitrogen and non-structural carbohydrates),
our inferences regarding the subsequent production of secondary defense compounds (e.g.,
alkaloids or phenolics) and their actual effect on deer palatability and feeding behavior
remain hypothetical and warrant future targeted research. It should be noted that, in our
sampling design, damaged tissues were collected directly opposite the wound at varying
heights, whereas undamaged controls were sampled at a fixed height of approximately
90 cm. While this standardization of controls was necessary to establish a consistent
baseline, we acknowledge it as a minor limitation of the study, as metabolite concentrations
can theoretically exhibit some vertical variation along the tree stem.

5. Conclusions
This study provides the first documented evidence that deer actively utilize the bark

and phloem of invasive P. serotina in European forests, with both foraging patterns and the
systemic chemical composition of the trees being highly dependent on plant age. Based on
our findings, several key conclusions can be drawn:

• While wounds on both mid-aged and mature trees share similar dimensions, only
mature individuals exhibit a distinct, systemic chemical defense response to bark
stripping. Mature trees react by significantly reducing total non-structural carbohy-
drates (TNC) and lowering the C:N ratio (increasing the relative nitrogen pool) in
tissues opposite the wound, indicating a systemic defense mechanism not observed in
mid-aged trees.

• The induced chemical shifts in mature trees likely degrade the nutritional value and
palatability of the local tissue. This systemic response explains the observed behav-
ioral pattern: deer rarely return to feed on previously wounded individuals, actively
avoiding tissues that have become energetically deficient or chemically deterrent.
From an applied perspective, the most promising potential of these findings lies in
invasive species management. Bark stripping creates vital entry points for pathogenic
microorganisms and wood-decaying fungi, which are currently considered among the
most viable biocontrol agents against P. serotina. However, while the physical damage
from bark stripping could facilitate this pathogen ingress, our study did not measure
secondary infections, subsequent tree decline, or broader demographic effects on the
population. Therefore, the practical relevance of cervid bark stripping as an effective
biocontrol strategy currently remains untested and requires long-term field validation.
To advance this concept, future studies should prioritize the comprehensive chemical
profiling of black cherry tissues to identify the specific secondary metabolites—both
stimulants and deterrents—that drive damage probability by deer foraging behavior.
Ultimately, if these mechanisms are fully understood, developing methods to safely
attract deer to selectively strip P. serotina could naturally facilitate targeted pathogenic
infections. While currently hypothetical, this approach could eventually offer a novel,
environmentally friendly tool for foresters combatting this persistent invasive species.
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48. Dzięciołowski, R. Food selectivity in the red deer towards twigs of trees, shrubs, and dwarf-shrubs. Acta Theriol. 1970, 15, 13–23.
[CrossRef]

https://doi.org/10.3390/f17091079

https://doi.org/10.1093/aob/mcq065
https://www.ncbi.nlm.nih.gov/pubmed/20400456
https://doi.org/10.1007/s10530-009-9599-9
https://doi.org/10.2478/v10111-011-0026-5
https://doi.org/10.2478/frp-2014-0033
https://doi.org/10.1007/s10530-007-9164-3
https://doi.org/10.1007/s13595-021-01033-8
https://doi.org/10.1111/j.0906-7590.2005.04054.x
https://doi.org/10.1086/303193
https://www.ncbi.nlm.nih.gov/pubmed/29578791
https://doi.org/10.2307/2656714
https://www.ncbi.nlm.nih.gov/pubmed/29049434
https://doi.org/10.1016/j.foreco.2007.04.023
https://doi.org/10.3161/15052249pje2019.67.2.004
https://doi.org/10.1023/a:1026208327014
https://doi.org/10.2307/3868432
https://doi.org/10.12657/denbio.084.006
https://doi.org/10.1007/s10530-008-9353-8
https://doi.org/10.1111/een.12428
https://doi.org/10.1111/afe.12052
https://doi.org/10.1016/j.flora.2014.06.009
https://doi.org/10.4098/at.arch.70-24
https://doi.org/10.3390/f17091079


Forests 2026, 17, 1079 15 of 16

49. Gill, R.M.A. A review of damage by mammals in north temperate forests: 3. Impact on trees and forests. Forestry 1992, 65, 363–388.
[CrossRef]

50. Hasstedt, S.L.; Annighöfer, P. Initial Survival and Development of Planted European Beech (Fagus sylvatica L.) and Small-Leaved
Lime (Tilia cordata Mill.) Seedlings Competing with Black Cherry (Prunus serotina Ehrh.). Plants 2020, 9, 677. [CrossRef] [PubMed]

51. Candaele, R.; Lejeune, P.; Licoppe, A.; Malengreaux, C.; Brostaux, Y.; Morelle, K.; Latte, N. Mitigation of bark stripping on spruce:
The need for red deer population control. Eur. J. For. Res. 2021, 140, 227–240. [CrossRef]

52. Welch, D.; Scott, D. Bark-stripping damage by red deer in a Sitka spruce forest in western Scotland: IV. Survival and performance
of wounded trees. Forestry 1998, 71, 225–235. [CrossRef]

53. Vasiliauskas, R.; Stenlid, J. Discoloration following bark stripping wounds on Fraxinus excelsior. Eur. J. For. Pathol. 1998, 28,
383–390. [CrossRef]

54. Di Bitetti, M.S. Primates bark-stripping trees in forest plantations—A review. For. Ecol. Manag. 2019, 449, 117482. [CrossRef]
55. Vacek, Z.; Cukor, J.; Linda, R.; Vacek, S.; Šimůnek, V.; Brichta, J.; Gallo, J.; Prokůpková, A. Bark stripping, the crucial factor

affecting stem rot development and timber production of Norway spruce forests in Central Europe. For. Ecol. Manag. 2020,
474, 118360. [CrossRef]

56. Krisans, O.; Saleniece, R.; Rust, S.; Elferts, D.; Kapostins, R.; Jansons, A.; Matisons, R. Effect of bark-stripping on mechanical
stability of Norway Spruce. Forests 2020, 11, 357. [CrossRef]

57. Korzeniewicz, R.; Baranowska, M.; Behnke-Borowczyk, J. The effect of size of black cherry stumps on the composition of fungal
communities colonising stumps. Open Life Sci. 2019, 14, 482–493. [CrossRef] [PubMed]

58. Łukowski, A.; Korzeniewicz, R.; Kowalkowski, W.; Jakubowski, M.; Krupiński, D.; Baranowska, M. Assessment of sodium
chloride application for controlling invasive black cherry Prunus serotina Ehrh. Sylwan 2024, 168, 656−673.

59. Łukowski, A.; Jessa, M.; Duk, K.; Korzeniewicz, R.; Kowalkowski, W.; Szewczyk, W.; Baturo-Cieśniewska, A.; Baranowska, M.
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