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A B S T R A C T

Herbivory may threaten forest conservation, depleting habitat quality in protected areas, yet effects of herbivore 
population densities on Mediterranean forests remain poorly understood. Holm oak Quercus ilex forests are the 
most widely-distributed in the Mediterranean, being carbon sinks and protected under the EU-directive, despite 
unfavourable status. We investigated how browsing pressure by introduced fallow deer Dama dama and native 
roe deer Capreolus capreolus affected habitat quality of Holm oak forests in protected areas. Typical plants’ cover 
increased forest patch palatability to deer, escalating their browsing pressure. Thus, deer impact may target 
sentinel species of this habitat. However, only spatiotemporal increases in fallow deer densities boosted browsing 
at the community- and sentinel species-levels, depleting up to half of the browse responsible for plant regen
eration when at moderate-high density. This result highlights stronger ecological impacts of introduced deer 
compared to their native counterparts. We found fallow deer inhabiting ~20 % EU-protected Holm-oak forests, 
which raises potential bioregion-wide threats to Mediterranean forest conservation. Precipitation did not dilute 
deer browsing via enhanced plant resprouting; therefore, reversing current Mediterranean aridification would 
benefit forests only if deer densities are mitigated. Fallow deer affected browsing at multiple spatial-scales, 
recommending coordinated management actions at the appropriate extent to reduce impact. Throughout our 
study, the decline in fallow deer density, possibly triggered by wolf Canis lupus recolonisation, resulted in 
browsing collapse, suggesting that top-down control by apex predators may entail forest restoration. Our findings 
contribute practical solutions to foster conservation of Mediterranean forests under browsing pressure, offering 
insights into ecosystem resilience.

1. Introduction

Wild herbivores play significant roles in shaping the structure and 
functioning of ecosystems worldwide. Whether through negative or 
positive impacts, depending on the focal biotic component considered, 
deer and other ungulates profoundly affect the composition and abun
dance of plant communities, forest regeneration, and overall ecosystem 
dynamics (Côté et al., 2004; Jia et al., 2018; Pringle et al., 2023). 
Although herbivory is a natural process, under some circumstances, 
plant consumption may threaten endangered habitats, generating con
servation concerns (Reimoser and Putman, 2011). For example, intense 
browsing pressure can lead to changes in plant community composition, 
favouring species that are less palatable to herbivores while suppressing 

those preferred by them (Wardle et al., 2001; Perea et al., 2015). This 
selective feeding may disrupt natural vegetation succession, affecting 
biodiversity and depleting habitat quality. Browsing and grazing can 
also alter vegetation density and structure, influencing habitat suit
ability for both plant and animal species, as well as their ecological in
teractions (Putman et al., 1989; Boulanger et al., 2018; Koerner et al., 
2018). Second-order effects may occur on vegetation-dependent animal 
species spanning different taxa (Afonso et al., 2024; Phillips and Cristol, 
2024). Herbivory also poses a significant challenge to forest regenera
tion processes, ultimately affecting carbon sequestration (Petersen et al., 
2023).

The above impacts can become particularly severe when herbivore 
populations occur at high densities and, more often, there is evidence 
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that impacts are proportional to herbivore abundance (Morellet et al., 
2007; Royo et al., 2016; Rhodes and Clair, 2018; Boulanger et al., 2018; 
Borowski et al., 2021a). Yet there is no universal consensus, as complex 
threshold-effects and other nonlinear relationships between ungulate 
densities and browsing impact have been reported (Tremblay et al., 
2007; Putman et al., 2011; Lesser et al., 2019; Spake et al., 2020). An 
additional challenge is represented by contexts where multiple herbi
vore species co-occur. In these cases, disentangling species-specific 
ecological effects and differences in abundance has been recom
mended to understand how forest ecosystems are affected, achieving 
desired conservation and management outcomes (Gresham et al., 2025). 
Moreover, recent studies highlighted how the effect of population den
sity may be scale-dependent (Jarnemo et al., 2014; Sample et al., 2023; 
Donini et al., 2024), meaning that herbivore abundance may influence 
browsing only at some particular spatial scales. Nevertheless, relevant 
information is scarce, making it essential to improve knowledge of scale- 
dependent effects to target the appropriate scale over which effective 
forest conservation measures and ungulate management should be 
planned.

While extensive research on the browsing impact of wild herbivores 
has been conducted worldwide, most has been focused on temperate 
forests. Far less is known about the potential interactions of browsing 
with other environmental stressors, such as water availability and multi- 
scale effects of herbivore population density, in Mediterranean habitats. 
The Mediterranean biome is spread globally across five distinct areas 
dominated by plant communities generally adapted to warm-dry con
ditions. This biome hosts high plant endemism and diversity levels and is 
recognised as a global biodiversity hotspot, with ~20 % of the world’s 
vascular plant species (Médail and Quézel, 1999; Rundel et al., 2016). 
Mediterranean forests, woodlands, and scrub also represent one of the 
Earth’s most imperilled biomes (Dinerstein et al., 2017), which is pre
dicted to experience the greatest biodiversity alterations by the end of 
this century due to land use and climatic changes (Sala et al., 2000). 
Nevertheless, this biome shows low levels of protection, particularly for 
forested habitats within the Mediterranean basin, suggesting their high- 
priority status for conservation (Underwood et al., 2009). This is espe
cially concerning given the ongoing climate crisis in that region, where 
water availability has already decreased and is predicted to decline 
further in the coming decades (Lionello and Scarascia, 2018). In Europe, 
the Mediterranean domain is projected to shrink by the end of the 
century, affecting one-fifth of Mediterranean protected areas, with 
major habitat loss in those sites (Barredo et al., 2016). Droughts, in 
particular, are expected to intensify over the next decades due to global 
warming, which would pose further challenges to the conservation and 
service provision of Mediterranean forests (Schröter et al., 2005; Morán- 
Ordóñez et al., 2021; Mauri et al., 2023). Under this scenario, unravel
ling the interplay of multiple stressors, such as population density- 
dependent browsing pressure by wild herbivores and water availabil
ity, would be critical for assessing cumulative impacts on vegetation 
communities and forest functioning, offering insights into Mediterra
nean ecosystem resilience.

Here, we aim to fill these gaps by investigating browsing pressure by 
two contrasting wild deer species (native roe deer Capreolus capreolus 
and introduced fallow deer Dama dama) on the most widely distributed 
forest habitat in the Mediterranean, the Holm oak Quercus ilex forest. 
These forests are dominated by holm oak and other evergreen scle
rophyllous plants. They cover ~40 % of Mediterranean Europe and are 
reported in unfavourable status within much of their range (EEA, 2020), 
with projected shrinks due to climate change (Ogaya and Peñuelas, 
2003; Lindner et al., 2010). Such forests are of conservation importance, 
corresponding to a habitat of Community Interest listed in Annex I of 
92/43/EEC European Habitats Directive (namely the habitat 9340 
“Quercus ilex and Quercus rotundifolia forests”, where Q. rotundifolia 
forests refer to western Europe; European Commission, 2013).

Taking advantage of multi-scale, spatiotemporal gradients in deer 
densities within a protected area, we evaluated multiple-level responses 

of the Holm oak forest’s woody plants to deer browsing, including re
sponses by sentinel taxa, and on the whole woody community at the 
forest patch level. While considering the effects of plant palatability and 
availability, we predict that deer browsing pressure on the target habitat 
and its sentinels would be driven by spatiotemporal variations in deer 
densities and water availability. Specifically, we expect that (P1) higher 
deer densities would intensify browsing impact, with such effects 
occurring at the local scale for the more sedentary roe deer and at 
broader scales for the more mobile fallow deer; (P2) increased rainfall 
would dilute deer browsing impact through enhanced plant growth.

2. Methods

2.1. Study area and deer populations

Our study was conducted in a Mediterranean coastal protected area 
of central Italy (Maremma Regional Park, MRP; extent: ~90 km2). The 
area is characterized by hot-dry summers and mild winters (mean 
annual temperature and cumulative rainfall: 15.5 ◦C, 599.6 mm; 
2000–2023 data: Servizio Idrologico Regione Toscana). The Holm oak 
forest covers most of the MRP (Fig. S1; Melini et al., 2019), among other 
habitats (Appendix A), with a mean tree canopy height of 6.4 m (data 
from Tolan et al., 2024). Wild ungulates in MRP are the roe deer, the 
fallow deer, and the wild boar Sus scrofa. Among deer, the roe is native 
to the area, whereas fallow deer populations result from introductions 
conducted in the 19th century, up to the 1960s (Ferretti et al., 2011). 
While roe deer are present at low densities (~3 individuals km− 2), 
fallow deer (~7–9 ind. km− 2) and wild boar (~10–12 ind. km− 2) pop
ulations oscillate at medium-high densities (Ferretti et al., 2023) and 
both are the targets of control programmes to reduce their impacts. 
Stable presence of wolves Canis lupus is reported since 2015, with wild 
boar and fallow deer making up respectively ~50 % and ~25 % of their 
diet, whereas roe deer represents only ~5 % (Lazzeri et al., 2024).

2.2. Sampling design

Since we were interested in assessing the link between multi-scale 
deer densities and their browsing impact, we implemented a stratified 
sampling scheme identifying 36 Holm oak forest patches (i.e., circular 
sampling plots; radius: 5 m) surveyed concurrently for browsing impact 
and deer densities, with 235 additional plots of the same radius outside 
the target habitat, which were surveyed solely to estimate deer densities. 
The latter was necessary to obtain deer density estimates at broader 
spatial scales, allowing multi-scale evaluation. In a subsample of 57 
plots used for density estimation, including all plots surveyed for 
browsing, we also quantified forest patch palatability (cf. 2.5), as 
necessary for analysis. The sampling scheme is detailed in Appendix A.

2.3. Browsing pressure

We estimated browsing impact on woody vegetation, as woody 
plants are the main indicators of forest growth. Moreover, contrary to 
woody plants, deer browsing signs on herbaceous vegetation cannot be 
distinguished from those of other herbivores (Morellet and Guibert, 
1999). We assessed browsing at the end of winter, immediately before 
the beginning of the growing season, to obtain estimates representative 
of the annual load of accumulated browsing on vegetation (Moore et al., 
1999; Morellet and Guibert, 1999; Perea et al., 2015; Fattorini et al., 
2020). In MRP, vegetation productivity rises from March, peaking in 
May–June, and decreases until January–February (Maselli et al., 2014). 
Therefore, we conducted browsing surveys in February, for 4 years 
(2019–2023; surveys were not allowed in 2021 due to COVID-19 
restrictions).

In each sampling plot, for each woody plant species, we visually 
estimated the cover proportion of the plant matter accessible to deer 
(‘browse’; height ≤ 1.5 m, as per browsing limits in our deer species; 

N. Fattorini et al.                                                                                                                                                                                                                               Biological Conservation 313 (2026) 111575 

2 



Nichols et al., 2015). We considered the groundcover-projected vertical 
estimation of each plant species cumulatively in terms of stems, shoots, 
sprouts, twigs, leaves, leaf blades, and lateral/terminal buds, that could 
potentially be eaten by deer in the plot, representing the species-specific 
browse availability for deer in the plot (Perea et al., 2015; Lecomte et al., 
2024). Initially, we quantified cover in 5 %-classes, being supported by 
preprinted reference images of circular plots with simulated plant cover 
percentages. Whenever possible, we refined estimation to the nearest 1 
%, using reference paper sheets measuring 0.785 m2 (1 % plot cover) in 
size. Then, we estimated the species-specific proportion of the above 
plant matter browsed in the plot (browsing severity) by counting the 
number of browsed and unbrowsed aforementioned plant items. While it 
is not possible to identify the deer species responsible for bites, deer 
browsing marks can be distinguished from those of other wild herbi
vores (Mayle, 1999). Finally, we weighted browsing severity by browse 
availability to calculate a species-specific index of relative browsing 
severity (hereafter ‘browsing pressure’). This standardisation was 
necessary to compare browsing pressure across plant species and forest 
patches, providing an unbiased investigation of deer density effects, as 
the species-specific availability of browse differed within and between 
plots. Indeed, such indices allow quantifying browsing independently of 
plant availability (Gaudry et al., 2022; Sample et al., 2023; Lecomte 
et al., 2024). Eventually, we aggregated species-specific browsing 
pressure within each plot and calculated the same index at the forest 
patch level to investigate browsing on the woody plant community of 
the Holm oak forest as a whole. Woody plants were identified at the 
species level, though we grouped infrequent species with common 
congenerics into genera for analyses (e.g., the infrequent Phillyrea 
angustifolia with the common P. latifolia into Phillyrea spp.), to increase 
the sample size and improve the biological inference of our assessment. 
The occurrence of taxa found in sampling plots and their average browse 
availability are reported in Table S1.

Following recent studies on the conservation of EU habitats 
(Angiolini et al., 2021; Bricca et al., 2024), we implemented an evalu
ation focused on the so-called sentinels (namely ‘typical species’, i.e., 
diagnostic plant species mostly contributing to inferring the habitat 
quality status; Bonari et al., 2021). Among the woody sentinels of the 
Holm oak forest (as listed in the Italian Interpretation of the Manual of 
the 92/43/EEC European Habitats Directive; Biondi et al., 2009), we 
considered for analysis those whose sample size was sufficient to allow 
our modelling approach, i.e. Q. ilex and Phillyrea spp., the dominant and 
structural taxa in the study area (occurrence: ~89–94 % plots; Table S1).

2.4. Multi-scale deer densities

We estimated post-reproductive (i.e., summer), species-specific deer 
densities annually through pellet group count, as recommended to es
timate ungulate abundance in densely covered Mediterranean habitats, 
where animal visibility is poor (Acevedo et al., 2010). This method has 
been largely implemented to assess the effects of ungulate density on 
their browsing impact (Martin et al., 2011; Jarnemo et al., 2014; Perea 
et al., 2015; Borowski et al., 2021b; Pringle et al., 2023; Donini et al., 
2024; Fedrigo et al., 2024), and it has been applied in our study area for 
almost two decades, providing density estimates of wild ungulates 
strongly consistent with abundance indices obtained through other 
methods (Fattorini et al., 2011; Ferretti et al., 2023). We performed 
counts in 271 circular plots identified through a stratified sampling 
scheme specifically calibrated in the study area (Appendix A), and using 
the faecal accumulation rate technique (Appendix B). Because we were 
interested in assessing multi-scale effects of deer densities on browsing 
pressure, we obtained densities (measured as individuals km− 2) in the 
whole study area (~90 km2) and within each of the two main sector of 
the study area (~25–60 km2), as well as local densities (measured as 
individuals plot− 1) at the species-specific annual home range size- 
(~0.5–3 km2) and sampling plot- (~75 m2) scales (Appendix B).

2.5. Environmental variables

We used rainfall as a proxy for water availability in sampling plots. 
Because Mediterranean plant growth is sensitive to irregular and abrupt 
changes in rainfall throughout the year, with some resprouting even 
after the growing season (Peñuelas et al., 2004), we considered the total 
amount of rainfall available to plants between successive annual 
browsing surveys to capture annual plot-specific water availability 
(Appendix C). In each sampling plot and study year, we also quantified 
other confounding environmental variables. We visually estimated the 
percentage cover of the herbaceous layer as a proxy for herbs and grasses 
available to deer (Jarnemo et al., 2014). Furthermore, we calculated the 
Shannon index of the woody plant community in the plot, based on taxa 
in Table S1, as a measure of the diversity of the woody vegetation 
available to deer (Donini et al., 2024). Additionally, because woody 
community composition varied among plots, we accounted for the 
different browse palatability in plots, i.e., forest patches, in the analysis 
conducted at the community level. To this end, we first quantified the 
general palatability of each woody plant taxon found in plots using the 
Jacobs selectivity index as a proxy for the overall taxon palatability 
(Appendix D). This approach has been commonly used to evaluate 
foraging preference in browsing studies (Perea et al., 2015). Then, for 
each study year, we derived the Jacobs index of each forest patch as a 
proxy for the browse palatability by deer in the same patch. We calcu
lated the latter by averaging the general Jacobs indices of all woody taxa 
in the plot while weighting them by their browse availability in the same 
plot (i.e., calculating a weighted average of the general palatability of 
each taxon found in a plot). Thus, forest patches with higher availability 
of avoided/unpalatable plants received lower palatability values, 
whereas forest patches with higher availability of preferred/more 
palatable plants received higher palatability values.

2.6. Statistical analyses

We analysed factors affecting deer browsing pressure through 
generalised linear mixed models (GLMMs). As response variables, we 
considered the browsing pressure measured on (i) the woody commu
nity as a whole and for each of the two dominant sentinels of the Holm 
oak forest habitat type (ii: Q. ilex; iii: Phillyrea spp.). We modelled 
response variables through beta errors (ordered beta; Kubinec, 2022), as 
recommended for continuous proportions. We investigated deer density 
effects at multiple scales separately, meaning that we repeated each 
global model at the four spatial scales for relevant deer densities, 
running a total of 12 global models.

In all models, we included as fixed effects: (1) roe deer and (2) fallow 
deer densities (continuous; individuals km− 2 or individuals plot− 1, 
depending on the spatial scale considered) to test the effects of deer 
density; (3) rainfall (continuous; mm), to investigate the effect of the 
annual amount of water availability in the plot; (4) herbaceous cover 
(continuous; %), to account for the availability of alternative forage; (5) 
diversity of woody plants (continuous; Shannon index values) to control 
for the richness of the forest patch community. For models fitted on 
browsing at the woody community level, we also included (6) plot 
palatability (continuous; Jacobs index values) to account for changing 
browse palatability across forest patches due to different plant com
munity composition. We included the plot identity as a random intercept 
to consider repeated measurements of browsing in the same sampling 
plot, i.e., forest patch, and scaled covariates to allow comparison of ef
fect sizes. Global models did not show multicollinearity (VIFs<3).

For all global models, we adopted an all-subset-multi-model selec
tion approach to select the best-fitting, less complex model(s) among all 
possible candidates. For each of the 12 global models, we evaluated all 
the possible combinations of predictors, including the null model, as 
each of them reflected a different plausible a priori hypothesis which 
could not be discarded in advance (Harrison et al., 2018). We used 
Akaike’s Information Criterion corrected for small samples (AICc) to 
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rank candidate models. We first calculated ΔAICc for each model, 
namely the AICc difference between the focal model and the best model 
(the model with the lowest AICc). Then, we selected models with ΔAICc 
<2 and, among them, we excluded any model whose AICc was higher 
than that of a simpler nested alternative, to avoid retaining overly 
complex models (‘nesting rule’; Harrison et al., 2018). For each model 
selection, we obtained either a set of top-ranked models or a single best 
model. Finally, we standardised the Akaike model weight (i.e., the 
probability of each model being the best in supporting the observed 
data) within the subset of selected models. Results of model selections 
are reported in Tables S2–S4.

We investigated the effects of predictors using the best models. For 
each best model, we estimated coefficients and 95 % confidence in
tervals (CIs) of predictors, assessing whether 95 % CIs overlapped “0” to 
identify informative predictors. We performed GLMMs and model se
lections in R 4.3.0 through the glmmTMB::glmmTMB (Brooks et al., 2017) 
and MuMIn::dredge (Bartoń, 2020) functions, respectively. We checked 
diagnostics and fit of best models through visual inspection of residuals 
(Harrison et al., 2018).

3. Results

Browsing pressure in Holm oak forest patches increased with 
spatiotemporal increases in fallow deer densities beyond the sampling 
plot-scale, both considering the woody plant community as a whole, 
where densities had the strongest effects among predictors (Table S5, 
Fig. 1a–c), as well as for each of the two dominant sentinels (Q. ilex: 
Table S6, Fig. 1d–f; Phillyrea spp.: Table S7, Fig. 1g–i). Conversely, 
browsing pressure was never associated with roe deer densities (Tables 
S2–S7). Fallow deer density affected browsing more strongly at the 
study area-scale, for the woody community (Table S5, Fig. 1j) and Q. ilex 
(Table S6, Fig. 1j), or at the home range-scale, for Phillyrea spp. (Table 
S7, Fig. 1j).

Browsing pressure on the woody community and Q. ilex increased 
with increasing rainfall accumulated over the year (Tables S5–S6), 
whereas the latter did not affect Phillyrea spp. (Table S7). Forest patches 
with higher herbaceous cover experienced the lowest browsing pressure 
on the woody community (Table S5, Fig. 2a) and Q. ilex (Table S6), 
though herb and grass cover did not influence browsing on Phillyrea spp. 
(Table S7). Browsing pressure on the woody community also escalated 
with increasing browse palatability in forest patches (Table S5, Fig. 2b), 
and forest patches with higher relative availability of sentinel over non- 
sentinel taxa were more palatable to deer (Appendix D and Fig. 2c).

Since wolf recolonisation (2015–2023), deer densities generally 
decreased, especially after the third wolf pack settled in the area 
(Fig. 2d). During this period, the fallow deer decline was not explained 
by culling pressure on the population, which also decreased (Fig. 2d and 
Appendix E). Rather, both fallow and roe deer densities were negatively 
affected by per capita wolf pack predation pressure, although the effect 
on roe deer was weaker (Fig. 2e–f and Appendix E). Over the study years 
(2019–2023), fallow and roe deer densities declined by ~25 % and ~40 
%, respectively (Fig. 2g), with a concurrent collapse of browsing pres
sure on the Holm oak forest (woody community: − 70 %; Q. ilex: − 90 %; 
Phillyrea spp.: − 74 %; Fig. 2g).

4. Discussion

4.1. Introduced fallow deer escalate browsing impact on Mediterranean 
forests

Despite extensive research on deer impact on forests, knowledge 
gaps remain in between-species effects, often leading to failure in 
desired conservation outcomes (Gresham et al., 2025). Findings did not 
support the prediction (P1) that increasing densities of both deer species 
are associated with higher browsing pressure on the Holm oak forest. 
Conversely, we found strong evidence that browsing impact was mainly 

elicited by introduced fallow deer, and not by native roe deer. Fallow 
deer is about twice as large as roe deer, and herbivore body mass posi
tively influences browsing levels due to food intake requirements 
(Wilmshurst et al., 2000), possibly explaining the more significant 
impact of the introduced deer. Moreover, fallow deer are highly 
gregarious throughout the year, whereas roe deer are mainly solitary, 
forming small groups only in winter. In our study area, the mean group 
size of fallow deer is ~50 % larger than that of roe deer in forested 
habitats (Ferretti et al., 2023). Thus, large groups of fallow deer may 
have concentrated around the same habitat patch simultaneously, 
further exacerbating browsing pressure on woody plants. Although roe 
deer densities have been reported to drive browsing impact in fallow 
deer-free areas (Chevrier et al., 2012; Gaudry et al., 2022), fallow deer 
have been shown to reduce habitat quality for roe deer, outcompeting 
them where the two species are sympatric (Putman and Sharma, 1987; 
Focardi et al., 2006; Gryz et al., 2024). This is also the case in our study 
area, where interference has been reported, with roe deer being chased 
away from feeding grounds, pushed to suboptimal habitats, and showing 
reduced population density due to competition with fallow deer (Ferretti 
et al., 2011; Ferretti and Fattorini, 2021), supporting the contrasting 
effect of their densities on browsing pressure. Hence, higher density, 
larger body size, and greater gregariousness of introduced fallow deer 
likely underpin their propensity to exploit a greater proportion of Holm 
oak forest patches compared to the native roe deer.

Fallow deer are the most widespread deer species in the world, with 
populations introduced to all continents (Chapman and Chapman, 1997; 
De Marinis et al., 2022) and covering ~50 % of European countries 
(Linnell and Zachos, 2011), where they increased five-fold in abundance 
over the last 40 years (Bijl and Csányi, 2022). They were introduced in 
Italy in ancient times (Baker et al., 2024), with populations introduced 
two centuries ago and further subsidised up to 60 years ago in our study 
area (Ferretti et al., 2011). Our results corroborate the view that intro
duced ungulates elicit more considerable impacts than native ones 
(Ferretti and Lovari, 2014, for deer), mainly because they are not co- 
evolved with native vegetation and habitats (Wardle et al., 2001; 
Parker et al., 2006), but often also due to their greater productivity. 
Where exotic, fallow deer are known to modify forest structure and 
inhibit the growth of native trees (Relva et al., 2010; Martin et al., 2011). 
Here, we showed how fallow deer densities of ~9 individuals km− 2, 
commonly considered ‘moderate’ for natural forest regeneration issues 
(Martin et al., 2011; Putman et al., 2011), and local densities of ~0.0035 
individuals forest patch− 1 (corresponding to a ~75 m2-patch use of ~44 
individuals km− 2) across the home range size, may deplete from one- 
fifth to half of the entire browse available in Holm oak forest patches, 
depending on the analysis. Browse is composed of plant twigs, buds, 
leaves, and other vegetative parts responsible for plant regeneration. 
Although a ~20–50 % consumption of browse may not constrain, in the 
short-term, the persistence of this habitat, it may have relevant conse
quences for forest growth due to defoliation and biomass loss. Addi
tionally, such browsing levels may reduce tree and shrub shading that 
promotes germination and growth of sciophilous plant sentinels and 
juvenile stages of Q. ilex characterising the understory of Holm oak 
forest (Quero et al., 2006), potentially triggering degradation in overall 
habitat quality and cascading effects on forest functioning. Fallow deer 
distribution overlaps with ~30 % of European protected areas (Linnell 
et al., 2020) and - we found - with ~21 % of protected Holm oak forests 
in Mediterranean Europe (Fig. 2h). This suggests that the role of 
moderate-to-high densities of this ungulate on the regrowth of Medi
terranean forests may extend on the bioregion-scale, reinforcing the 
necessity of effective management measures.

4.2. The scale-dependent effect of deer density and its consequences for 
management

Whenever the conservation status of a forest habitat is identified as 
critically impaired by herbivory, assessing scale-dependent effects of 
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herbivore densities is critical to tailoring management actions on the 
most appropriate spatial scale (Fattorini et al., 2020; Suzuki et al., 
2022). Results partially conform to previous studies reporting multi- 
scale effects of deer densities ranging from local to landscape scales 
(0.1-to-7 km2: Sample et al., 2023, for white-tailed deer Odocoileus vir
ginianus; 50 m2-to-45 km2: Donini et al., 2024, for red deer Cervus ela
phus), but also contrasting to others showing only effects of local 
densities (100 m2: Jarnemo et al., 2014, for red deer). For the woody 
community and Q. ilex, fallow deer density at the study area-scale eli
cited the strongest effect on browsing, reflecting between-year varia
tions in deer population abundance. For Phillyrea spp., the strongest 
effect of fallow deer density occurred at the annual home-range size 
scale, corresponding to variations in local densities across the spatial 
range used throughout the year. However, densities at the study sector- 
scale, spanning ~9 km-wide forest sectors, also affected browsing on the 
whole community and sentinel taxa, possibly mirroring movements by 
fallow deer beyond the home range-scale (up to ~8 km, for rutting fe
males in a Mediterranean area; Imperio et al., 2020). By contrast, fallow 
deer density effect disappeared at the finest, sampling plot-scale, sup
porting substantial redistribution and heterogeneous space use by in
dividuals within their home range-scale. Suggestively, fallow deer 
population control has been proven ineffective in reducing browsing 
impact on forest at the local, within-home range size scale, in a 
temperate, predator-free area (Fattorini et al., 2020). Our multi-scale 
analysis suggests that fallow deer management should be coordinated 
across a relatively large extent to achieve effective reductions in 
browsing impact on Mediterranean forests.

4.3. Managing browsing pressure by manipulating deer densities: a role 
for predators?

Conservation management should aim to regulate herbivore den
sities to minimise their impacts on habitats of conservation concern. 
Adaptive management through population control may represent a so
lution to limit deer impacts on forest regeneration. Indeed, culling was 
effective in reducing fallow deer density in our study area during the 
previous decade, when the presence of apex predators was only irregular 
(Ferretti and Fattorini, 2021). Yet, since stable wolf recolonisation, 
culling markedly decreased, failing to explain the reduced fallow deer 
density alone. On the other hand, the recent decline of fallow deer and, 
to a lesser extent, roe deer matched the increased number of wolf packs 
in the area. Indeed, fallow deer was a major wolf prey in the area, 
whereas roe deer was not (~25 % vs ~5 % of wolf diet, respectively; 
Lazzeri et al., 2024). Although our correlative approach did not consider 
other factors possibly contributing to the reduced fallow deer numbers 
(e.g., decreased resource availability), it suggests a role of wolf preda
tion in driving the collapse of the browsing pressure on Holm oak forest. 
Such browsing plummet may have been also favoured by the concomi
tant decline in roe deer density, yet the density of this deer was not 
associated with browsing (cf. 3). If so, we suggest the occurrence of 
consumptive effects triggered by wolf numbers especially on the fallow 
deer population, leading to a top-down control of its browsing impact. 
Whether through lethal or non-lethal effects, trophic cascades elicited by 
large carnivores may help control herbivory (Beschta and Ripple, 2016), 
though they have been rarely supported in Europe (Kuijper, 2011; 

Kuijper et al., 2013; van Beeck Calkoen et al., 2021; Bubnicki et al., 
2019; Wójcicki and Borowski, 2023). Inevitably, our evaluation would 
benefit from longer-term monitoring and experimental approaches to 
clarify the trophic cascade. Nevertheless, besides implementing man
agement plans, our preliminary evidence suggests that recolonising apex 
predators may contribute to mitigating browsing pressure on Mediter
ranean forests through the control of deer densities.

4.4. Browsing pressure and the interplay with water availability in a 
changing Mediterranean climate

Water is paramount for woody plants, sustaining chlorophyll pro
duction and photosynthesis, supporting cooling and nutrient transport 
systems, increasing leaf greenness and sturdiness, ultimately enhancing 
plant growth. Although Mediterranean vegetation shows remarkable 
adaptations to dry conditions and may tolerate prolonged drought, 
water availability still governs the growth, productivity, and health of 
Mediterranean forests (Lloret et al., 2004; Peñuelas et al., 2004; Barbeta 
et al., 2013), especially for the dominant sentinel of the Holm oak forest, 
the more drought-sensitive Q. ilex (Ogaya and Peñuelas, 2003; Limousin 
et al., 2009; Misson et al., 2011; Pasquini et al., 2023; Altieri et al., 
2024). One might have expected that higher rainfall would have diluted 
deer browsing pressure through enhanced browse availability. Contrary 
to our expectation (P2), browsing did not decrease in forest patches that 
received higher amounts of rainfall. Surprisingly, increasing rainfall 
escalated browsing on the woody community and Q. ilex, despite not 
affecting Phillyrea spp., the latter being more tolerant to water scarcity 
(Ogaya and Peñuelas, 2003; Peñuelas et al., 2004; Parra et al., 2012). 
Because our browsing indicator accounted for plant availability, such an 
effect should not be interpreted as the consequence of the increased 
cover of available woody vegetation to browse in patches and years with 
higher amounts of rainfall, indicating that browsing pressure in forest 
patches inherently increased with rainfall, regardless of plant cover 
changes. Higher water availability likely enhanced resprouting of Q. ilex 
and other woody plants with increased palatability and nutrient content, 
making them more attractive and browsed by deer. This novel finding 
suggests that higher water availability alone would not dilute browsing 
pressure on vegetation, implying that impact on Holm oak forests may 
still occur - or increase, especially for Q. ilex - even when water avail
ability is high, if deer densities are not mitigated. Indeed, seminal 
studies have suggested that bottom-up forces like rainfall may act on the 
recovery of plant communities only after a relaxation of herbivore 
browsing pressure (Beschta and Ripple, 2016). Thus, a reversal of the 
increasing aridity trend predicted over the next decades would be 
beneficial to Mediterranean forests, but only under a scenario of 
concomitant reductions in deer densities.

4.5. Towards improved conservation of Mediterranean forests under 
browsing pressure

While findings highlight the critical role played by the introduced 
herbivore in shaping browsing in Mediterranean forests, recommending 
control of its densities, our results also suggest practical interventions at 
the forest patch-level to facilitate forest recovery. Because patches with 
higher sentinel cover tended to be more palatable to deer, and increasing 

Fig. 1. Browsing pressure predicted on the woody community of Holm oak forest patches (a-c) and its sentinels (d-f: Quercus ilex; g-i: Phillyrea spp.) over the 
observed range of fallow deer densities at different spatial scales (a, d, g: study area-scale; b, e, h: study sector-scale; c, f, i: home range-scale), as estimated by 
GLMMs (line: predicted values; band: 95% CI; x-axis marks: observed values). In each analysis, the predicted proportion of browsing pressure was back-standardized 
over the mean browse availability into browsing severity and expressed as percentage to facilitate interpretation (for example, 100% browsing would indicate that 
the whole browse available to deer in the woody community or for each sentinel taxon within a Holm oak forest patch having the average browse availability is 
entirely browsed). Insets show partial regression plots with observed values. (j) Standardized coefficient estimates (dots) and 95% confidence intervals (bars) for 
multiple scale-effects of fallow deer densities on the browsing pressure in Holm oak forest patches considered on the woody community as a whole and its sentinels, 
as estimated by GLMMs. Note that fallow deer density at the sampling plot scale was not supported as an influential predictor for both sentinel taxa, and its effect 
overlaps 0 for the woody community. Because predictors are scaled, the estimated effect sizes are expressed as standard deviation units, allowing comparisons across 
different analyses.
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palatability strongly boosted browsing pressure on the woody commu
nity, deer may target patches with sentinel taxa, jeopardising typical 
species of Holm oak forests and possibly lowering the conservation 
status of this EU-habitat type, locally. When feasible, preventive mea
sures may involve fencing the most at-risk forest patches, such as those 
covered by higher proportions of sentinels, particularly in sites charac
terized by elevated deer densities.

Finally, availability of alternative forage is known to decrease deer 
impacts on focal habitats (Hurley et al., 2012; Jarnemo et al., 2014; 
Spake et al., 2020; Borowski et al., 2021b; Sample et al., 2023). Our 
analyses supported that herbaceous availability in forest patches offers 
alternative foraging opportunities for deer, relaxing their browsing 
pressure on woody vegetation. This finding has important implications 
for Mediterranean forest conservation, suggesting that deer browsing on 
woody plants can be diluted in patches where the herbaceous layer is 
more developed, such as forest patches with canopy gaps. Thus, a 
diversified canopy cover allowing more gaps may favour the resprouting 
of woody species through decreased ungulate browsing, achieving a 
generally improved conservation status of the target habitat.

The present work may also advance the coordination of conservation 
policies in protected areas. To this end, ours and similar evaluations 
could be standardised and used to inform on the conservation status of 
protected habitats, as well as the effectiveness of conservation efforts. 
Specifically, integrating the country-specific reports regularly submitted 
for the 92/43/EEC European Habitats Directive with assessments of 
browsing levels could help improve the development of evidence-based 
conservation policies for forested habitats.

5. Conclusion

Mediterranean and especially Holm oak forests provide critical 
ecosystem services within the Mediterranean basin. Although possible 
effects on plant richness and successional dynamics remain to be dis
closed through longer-term studies, our study emphasises the pivotal 
role of introduced deer densities in driving their browsing pressure. 
Considerable effects of introduced deer should be expected on reducing 
the availability of regenerating plants in this habitat through browsing, 
potentially affecting the quality, growth, and recovery of Holm oak 
forests. Adaptive deer population control at the appropriate scale and 
recolonising predators, together with local interventions on forest 
patches, could help sustain their conservation.
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