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Abstract
In forests affected by heavy fires and continuous grazing of exotic herbivorous mammal 
species, Nothofagus pumilio (lenga) cannot recover naturally. The main factors that hinder 
the natural recovery of these forests and the feasibility of native tree plantations are the 
exotic herbivorous pressure, like that produced by Lepus europaeus (European hare), and 
the environment degradation degree by anthropic disturbances. The objective of this study 
was to evaluate different plantation efforts to recover N. pumilio forests degraded by fires 
in Chilean Patagonia. The plantation actions also included wire fences for sapling protec-
tion in 100 ha, where 60 ha were established during autumn (May 2012), and 40 ha were 
established during spring (October 2012). In March 2013 we recorded the height annual 
growth (cm  year−1), the section browsed at each sapling, the modification of plant form 
(number of new branches), and the vigor expression. We evaluated the data using one- and 
two-way ANOVAs, Cohen’s d effect size, and chi-square analyses. We measured a total 
of 872 plants, where 42% presented damages caused by European hare browsing. These 
results indicated that the wire fences were not completely useful to stop the damage on 
saplings (Cohen’s d effect size =  < 0.2). We also found that autumn plantations were more 
susceptible to damage than those established during spring. European hares predominantly 
browsed on a particular sapling section: the apical buds. As a consequence, the browsed 
saplings had lower height growth than undamaged ones. These outputs highlight the need 
to explore and implement alternative actions for the rehabilitation of these degraded decid-
uous forests, to achieve the objectives of sustainable management or to recover the natural 
ecosystem functions.
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Introduction

The increasing transformation of natural habitats into agricultural and industrial lands has 
led to significant environmental changes worldwide (Watson et al. 2018). For example, in 
South America, human activities have transformed large areas of the Patagonian forests 
through intensive logging and conversion to grasslands, and in more subtle ways through 
the effects of biological invasions and heavy fires (Veblen 2007; Luque et  al. 2011). In 
Chilean Patagonia, natural fires do not occur (except those associated with volcanic erup-
tions). However, over 3.5 million hectares of native forests were burned by settlers in the 
early twentieth century to promote the generation of pastures (Quintanilla 2008). These 
native forests are dominated by trees of the genus Nothofagus (Gajardo 1994), where 
deciduous N. pumilio (lenga) is one of the most widely distributed species across a wide 
range of latitudes (35° S to 56° S) and altitudes (from sea level to 2000 m a.s.l.) (Donoso 
1993). Despite its genotypic and phenotypic plasticity (Premoli 2004), this species lacks 
enough regenerative strategies to cope with the adverse effect of fires or continuous brows-
ing pressure (e.g. stump sprouting as the reproduction mechanism) (Kitzberger et al. 2002; 
Veblen et al. 2003).

Recurrent fires create extensive mineral soil areas and grasslands where the tree canopy 
is not closed, destined to extensive livestock grazing (Luque et al. 2011), and facilitating 
the spread of invasive species such as Lepus europaeus (European hare) (Jaksic et al. 2002; 
Bonino et al. 2010). This lagomorph inhabits open environments, intensifying the herbivo-
rous pressure, and delaying or suppressing the natural regeneration of the natural forests 
(Ovalle et al. 2002; Reus et al. 2017). The European hare damages the trees, mainly during 
the establishment phase, browsing the apical buds and eventually the bark at its base, and 
therefore leading to individual mortality (Sullivan and Moses 1986; Urretavizcaya et  al. 
2018). The European hare damage is described as a potential cause of establishment failure 
in many native tree plantations across Patagonia, as it is considered responsible for retard-
ing plant height growth and increasing desiccation, which leads to the plant’s death (Jara 
2013; Urretavizcaya et al. 2018).

In fire degraded areas, native tree plantations may offer a wide range of benefits that 
include the reduction of the probability of new fire events (Veblen et  al. 2011), this is 
because grasslands and some shrublands are more combustible (Bowman et  al. 2009; 
Veblen et al. 2011). Moreover, the recuperation of habitats is important for native biodi-
versity, soil stabilization, improvement of water provision, and landscape quality (McNa-
mara et  al. 2006; Toro Manríquez et  al. 2019). Given that traumatic exogenous factors 
can compromise plant survival (Puntieri et  al. 2006), areas with an abundant presence 
of exotic herbivores need control actions that prevent or mitigate predation, e.g. offering 
artificial protection during the early stages of plantations (Latorre et al. 2013). Direct or 
indirect control methods are useful in native tree plantations to counteract potential dam-
ages caused by problematic species (Salafsky et  al. 2008). Direct control methods seek 
to eliminate individuals through poisoning, hunting, and trapping, while indirect methods 
are based on protecting plantations with perimeter fences, electric fences, individual plant 
shelters, and repellents (Löf et  al. 2019). In this context, few experimental studies were 
done to evaluate the different methods and determine the effectiveness to achieve greater 
success in plantations with native species (Suding 2011). The first years of the planting 
are critical to the success of native tree plantation establishment, affecting mainly the indi-
vidual plant survival (Sato 2000; Miller et al. 2006; Close et al. 2010). For this, climatic 
factors and planting season may have an important effect on plantation success (Sukhbaatar 
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et  al. 2020), where the quantification of the impact of introduced herbivores allows to 
improve guidelines for management and conservation. Besides, it is necessary to manage 
exotic species populations before any attempts to reintroduce native plants (Latorre et al. 
2013; Stutz et al. 2017).

Currently, many activities (e.g. restoration and/or rehabilitation) for the recovery 
of degraded natural areas are considered one of the most effective strategies for climate 
change mitigation but it also highlights the urgent need for active actions (Clewell 2015; 
Bastin et al. 2019). Given the efforts put into this type of projects, the ecological expecta-
tions, and the economic resources invested, it is imperative to determine new management 
techniques that can successfully contribute to reduce the direct threats to the establishment 
of native tree plantations, such as herbivory control and/or the reduction of physical plant 
damage (Cernansky 2018). In this context, the aim was to assess native tree plantation 
efforts (e.g. the period of the planting along the year and the effectiveness of fencing for 
European hare exclusion) for the recovery of N. pumilio forests degraded by fires in the 
Chilean Patagonia. The following questions were addressed: (1) How do the European hare 
damages vary with control actions implemented during the plantation (e.g. wire fences, 
planting season)? (2) How do plants respond to the browsing damage (e.g. modification of 
plant growth, vigor)?

Materials and methods

Study area

The study was conducted in Lago Carlota National Reserve (~ 180  km2) in the Northern 
Chilean Patagonia, Aysén Region (44° 27 ‘ S, 71° 44 ‘ W, 700 m a.s.l.; Fig. 1a), which 
was created in 1965. Before the creation of the reserve, many forest stands were burned for 
livestock grazing (CONAF 1998). Currently, livestock grazing is forbidden, and there were 
no signs of recent grazing within the study area. Most of the relief is plain or undulating 
lowlands (between 700 to ~ 1100 m a.s.l.), where only a few hill areas and mountain terrain 
display a rugged topography. The most common soil type is humic Andosol (FAO-UNE-
SCO 1988). The regional climate is warm temperate meso-thermal, where the average tem-
perature of the coldest months is 1.2 °C (winter), and the average of the warmest months 
is 19.0 °C (summer) (AGRIMED 2017). Annual precipitation includes snowfall and rarely 
exceeds 500 mm   yr−1 (AGRIMED 2017), where February is the driest month (14 mm), 
and May, June, and July are the rainiest months (42 mm), with a snow depth of > 1 m dur-
ing the winter season. The Carlota Lake (1.4  km2) is the main water body and supplies 
several waterways and small streams that play an essential role in the hydrological regula-
tion of the landscape. The vegetation hosts temperate N. pumilio and N. antarctica forests 
and also steppes. The mature forest stands cover approximately 70% of the land, which 
is mainly dominated by N. pumilio (including krummholz formations near the tree-line), 
from the lowland (700 m a.s.l.) to the mountains (1200 m a.s.l.). The N. pumilio forests 
are the most degraded forest type, where fires were set during the early twentieth century 
(around 900 ha were burned in the reserve). This National Reserve was selected because it 
contains a set of stands with a known history of fire and herbivory damage (where Euro-
pean hares are the main exotic herbivore), and comprises a typical burned forest landscape 
where native forests cannot naturally regenerate due to these trade-offs.
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Plantation establishment and experimental treatments

Approximately 100  ha of burned forests within the reserve were selected for the native 
tree plantation using aerial imagery from Bing (Microsoft, USA) and field visits (Fig. 1b). 
Naturally regenerated N. pumilio forests were only found in patches growing in flat areas 
(85%) and undulate areas (representing 15% with a ~ 4% of slope). The selected area for 
the plantation had < 30% of the original forest land-cover and a high density of European 
hares (approx. 5 individuals per ha). The average density was 60 trees  ha−1 with dominant 
heights reaching 8 m, and perennial herbs and shrubs did not exceed 50 cm height in the 
understory. No significant erosive water processes were observed, such as sheet or gully 
erosion. More detailed information on the study area can be found in CONAF (1998) and 
Huertas Herrera (2014). Within the reserve, 100 ha were planted with N. pumilio saplings 
in 100  m2 plots (with 20 saplings each) (Fig. 2), resulting in a density of 2,000 saplings 
 ha−1. The manual site preparation was carried out by local tree planters. The potential 
competing plants, as Rumex acetosella, Anemone multifidia, Rytidosperma virescens, and 
Baccharis magellanica, were manually removed within a quadrant of 30 × 30 cm around 
each plant. The saplings were planted on exposed soils. These saplings were 2–3 years-
old, 3.8–4.5 mm (4.2 mean ± 1.4 standard deviation) in diameter at root collar (DRC) and 
15–20 cm (15.1 mean ± 4.5 standard deviation) in height (H). The individuals presented 

b

a c

Fig. 1  Study area: a location of the Lago Carlota National Reserve (in dark grey); b Nothofagus pumilio 
degraded forest (black polygon) chosen for native tree plantations within the reserve (Bing image, Micro-
soft, USA); and c plantation establishment and the experimental treatments used for browsing damage con-
trol caused by European hares
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similar shapes (only one stem and erect stem) and a root/shoot mass ratio higher than 2:1. 
All plants were obtained from a forest nursery located 150  km away from the reserve, 
placed in a similar elevation range and aspect to ensure good adaptation to the environ-
mental conditions. Planting was carried out during two seasons to assess the best plant-
ing period. The first was during May 2012 (autumn), when a total of 60 ha were planted, 
while the second was during October 2012 (spring), when a total of 40 ha were planted. 
All plants were treated with a hare-repellent substance (Pomarsol® Forte 80% WG Prod-
uct Thiram of Bayer CropScience fungicide and repellent for lagomorphs) with Bond® 
sticker (200 L for approximately 52,000 plants). For their application, the repellents were 
hand-sprayed.

At the plantation site, several exclosures to protect saplings from European hare brows-
ing were established (Fig.  1c). Ten exclosures of 1  ha consisted of fences circularly 
designed (1 m high and 355 m in perimeter) staked to the ground and constructed with 
a woven wire mesh (mesh size of 30 mm × 30 mm). Four exclosures were set up for the 
autumn plantation and six for the spring plantation. The status of wire fences was evalu-
ated once in the summer of 2013, and all of them were found in perfect conditions. We 
did not register chewed holes in the fences or trees fallen over them. Besides, we did not 
find evidence of hares jumping fences. In this context, the treatments defined for this study 
consisted of T1, autumn unfenced plantation; T2, autumn fenced plantation; T3, spring 
unfenced plantation; and T4, spring fenced plantation.

Data collection

We collected data during summer 2013 for all the experimental treatments. We surveyed 
the survivorship and the browsing damage by European hares on saplings in 18 plots, rep-
resenting 400  m2 each (20 × 20 m). The plots were randomly distributed in each treatment 
at a distance of ~ 15 m from all remnant forests to avoid edge effects, with the following 
number of replicas (n): T1 (n = 4), T2 (n = 4), T3 (n = 4), and T4 (n = 6); ± 40 saplings were 
recorded at each 20 × 20 m plot. Within each plot, the annual growth in height (cm  year−1) 

Plantation plots 100 m2

10 m

10 m

ba

Fig. 2  The plot planting methodology was used. Black points represent Nothofagus pumilio saplings. a The 
vertical lines divide the surface area of 100  m2 between segments (rectangles). Seven plants were placed in 
the outer rectangles, and six plants were placed in the center rectangle. b Linear representation of the plant 
distribution scheme at the time of planting
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and the modification of plant form (e.g. number of new branches) were recorded. Also, 
the vigor was recorded, which was defined according to the visible expression of growth 
potential at each individual. These vigor expressions were classified as follows based on 
Torres (1998): (1) dead plant, when the sapling had primary leaves of brown coloring with 
no signs of vitality and had a fragile stem to the touch; (2) nearly dead plant, when the sap-
ling had primary leaves of brown coloring, but with a sign of vitality as a recent regrowth; 
(3) wilting plant, when the sapling had primary leaves of brown-green or yellow color-
ing with few leaves and buds; (4) healthy plant, when the sapling had green leaves with 
active shoots; (5) very healthy plant, when the sapling had primary green leaves with evi-
dent growth and abundant foliage. The browsing occurrence (yes/no) and the section of the 
plant affected by browsing damage were distinguished as apical bud, stem branches, bark, 
and leaves. Based on the Browse Rating Index (BRI) proposed by Veblen et  al. (1989), 
plant damage severity was estimated according to the proportion of above-ground biomass 
removed as follows: 0% (no damage), without signals of damage; 1–25% (low damage), 
when few above-ground biomass were removed; 25–50% (medium damage); 50–75% 
(high damage); > 75–90% (very high damage); and 90–100% (total cut-off), when cut and 
uneaten stems lied at the base of the plants.

Data analyses

The proportion of browsed saplings by European hares per plot was assessed using effect 
size as measured by Cohen’s d effect size index, where differences between fenced and 
unfenced treatments (treatment mean browsing—control mean browsing) were calculated 
based on sample size and so-called pooled standard deviation in each planting period 
(autumn and spring). We used Cohen’s d because the variances of the treatments were 
similar and because Cohen’s d is recommended to estimate the effect size in large sample 
sizes (e.g. > 25 individuals) (Turner and Bernard 2006). Then, mean percentage values per 
plot of damage severity, classified by its category of damage (e.g. no damage, low dam-
age, medium damage, high damage, very high damage, and total cut-off), were examined 
through two-way ANOVAs to evaluate the effects of damage severity classified by its cat-
egory in the plant structure, with planting period (e.g. autumn and spring) and fencing use 
(e.g. unfenced and fenced) as main factors. The normality and homoscedasticity of the data 
were verified with the Shapiro–Wilk and Levene tests, respectively. When the paramet-
ric assumptions were not met, the data of damage severity were arcsine square root trans-
formed to normalize their distribution and homoscedasticity, but non-transformed average 
data are shown. Additionally, one-way ANOVAs were conducted using the mean percent-
age of the annual increase of saplings with and without European hare browsing for testing 
the significant differences in each treatment (e.g. T1, T2, T3, and T4). We used post-hoc 
Tukey tests (p < 0.05) to separate significant mean values for all pairwise comparisons. All 
analyses were conducted using the Statgraphics Centurion XVI Version 16.1.11 (StatPoint 
Technologies, Warrenton, VA, USA) package.

Descriptive statistical analyses in terms of mean percentages and standard deviation 
(means ± SD) values were used to elucidate sapling survival (alive/dead) and their annual 
increments in height (cm  year−1) during the establishment of plantations. We calculated 
the mean percentage values per plot to compare damages according to plant sections (e.g. 
apical buds, stems, branches, bark, and leaves), and vigor (e.g. dead plants, nearly dead 
plants, wilting plants, healthy plants, and very healthy plants). Moreover, we compared the 
mean number of new branches (number per plant) in each treatment. The damage on the 
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plant structure, the vigor, and the number of new branches were analyzed using Chi-square 
analysis to determine if treatments (e.g. T1, T2, T3, and T4) affected the proportion of sap-
ling damage caused by browsing of European hares.

Results

Indirect control measures for browsing

A total of 872 saplings were measured, where 775 (89%) were alive and 509 (58%) did not 
present any signal of browsing. The Cohen’s d index showed a very small effect size of the 
effectiveness of the fenced treatments in autumn (unfenced 0.46 ± 0.40, mean ± SD; fenced 
0.55 ± 0.40, mean ± SD: Cohen’s d = 0.18) and spring (unfenced 0.24 ± 0.25, mean ± SD; 
fenced 0.25 ± 0.33, mean ± SD: Cohen’s d = 0.03) periods (Fig.  3). Besides, in the treat-
ments established during autumn (unfenced and fenced) the saplings suffered more damage 
due to European hare browsing.

There were no interactions for the average percentage of browsed plants per category 
between the period and fencing factors (p > 0.05), and fencing did not show significant dif-
ferences between inside (fenced) and outside (unfenced) exclosures (Table  1). However, 
comparisons of the periods showed significant differences for autumn and spring in the cat-
egories without damage (p < 0.004), medium damage (p < 0.001), high damage (p < 0.009), 
and very high damage (p < 0.018). In autumn plantations, the herbivorous pressure was 
higher than in spring (from medium damage to a total cut-off), except for the low damage 
category.

Damage caused by European hares on saplings

Within the total number of the browsed saplings (n = 363), apical buds were the plant 
structure with the highest proportion of browsing damage (73.7 ± 4%, mean ± SD), con-
sidering all the studied treatments (Fig.  4a). The unfenced spring treatment (T3) pre-
sented the smallest proportion of apical bud damages (67.4%). The branches showed 
a small proportion of browsing (9.1 ± 7%), followed by the stems (8.7 ± 7%), bark, 
and leaves, where all saplings presented a small percentage of damage (> 7%). Dur-
ing autumn (T1 and T2), the bark and leaves were either not browsed or represented 
less than 5% of the browsed sections, while during spring, these structures were 

Fig. 3  Cohen’s d effect sizes 
and pooled standard deviation 
(Sp) for saplings browsed by 
European hares (individuals 
per treatment) in the native tree 
plantation. Bars showed averages 
comparison (treatment mean 
browsing—control mean brows-
ing) for the unfenced (black bars) 
and fenced (grey bars) treatments 
in each planting period (autumn 
and spring)
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proportionately more affected. Remarkably, more than 50% of the plants were healthy 
(56 ± 12%) and 11 ± 11% were very healthy (Fig. 4b). Most of the very healthy plants 
were found in the spring treatments (T3 with 18% and T4 with 27%). The proportions 
of wilting (7 ± 3%), nearly dead (11 ± 6%), and dead (12 ± 3%) plants presented simi-
lar results, considering all the studied treatments. These vigor expressions were found 
especially in the autumn treatments, where only 13% and 18% of nearly dead plants 
were found in T1 and T2, respectively. On average, between 80 and 95% of the browsed 
plants of all treatments had new branches (Fig.  4c), and between 3 and 16% of the 
browsed plants had at least two new branches. Saplings with more than three branches 
represented less than 7%. For the analyses of new branches (Chi-square = 37.8; df = 12) 
and vigor expression (Chi-square = 113.8; df = 12), significant differences were found 
for all treatments (p < 0.001). The Chi-square test presented the same patterns that were 
described before, where autumn plantations were more susceptible to damage than 
those saplings planted during spring (see Appendix for details). Contrary to our expec-
tations, significant differences in occurrence of new branches were not found between 
treatments (Chi-square = 113.8; df = 12; p > 0.05). On average, height growth increased 
in saplings without European hare browsing, varying from 3.6–3.7 cm  yr−1  plot−1 dur-
ing autumn to 5.7–6.0 cm  yr−1  plot−1 during spring in the fencing treatments (Table 2). 
Most of the saplings without browsing have a major height growth compared to saplings 
damaged by European hare browsing, which were significant (p < 0.05) for T2 during 

Fig. 4  Assessment of browsing damage caused by European hares, considering a the part of the sapling 
browsed, b the vigor expression, and c the number of branches (n). T1, autumn unfenced plantation; T2, 
autumn fenced plantation; T3, spring unfenced plantation; T4, spring fenced plantation. Numbers 0 to 100 
in each subfigure refer to the percentage of saplings considered within the studied treatments
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autumn, as well as for the two spring treatments and the overall analysis (non-browsed 
with 4.5 cm  yr−1 vs. browsed with 3.3 cm  yr−1).

Discussion

Effectiveness of indirect control methods

Throughout the study, the impact of European hares was negative for native tree planta-
tion efforts in Lago Carlota Reserve, which included indirect methods of control to avoid 
browsing. These methods have been efficient in other plantation experiments, e.g. those 
reported by Löf et al. (2019) and Villalobos et al. (2019). The number of damaged plants 
in this research was similar to those reported in other experiments at similar latitudes. 
For example, according to Schlegel et  al. (1979), plantations with N. pumilio consider-
ing different establishment techniques, as bare root planting and direct sowing in the box, 
presented higher plant mortality associated with the intense damage caused by European 
hares than in our study but also related to the extreme climatic local conditions (e.g. strong 
winds).

European hares have a territorial behavior and they recognize unfamiliar individuals 
that mark their area by cutting plants (Ovalle et al. 2002). This behavior may be favorable 
in areas with fences, as it might avoid possible transit of other wildlife (Poor et al. 2014; 
Reus et  al. 2017), including other probable terrestrial predators (Gantchoff and Belant 
2016; Frank and Eklund 2017). In this context, fences could be vital for European hares in 
cases where they have access within the fenced area and predators do not. Otherwise, fenc-
ing is usually more beneficial to predators concerning prey species. The absence of spe-
cific predators can generate an excessive increase in the population of the European hare, 
which can be directly related to a substantial impact on natural tree regeneration (Diamond 
1986; Gantchoff and Belant 2016). Therefore, control over the browsing of European hares 
on saplings might require direct control methods instead of the simple implementation of 
indirect control methods. A previous study has established a link between wire fences and 
direct methods for more effective control of wild ungulate browsing (e.g. Lama guanicoe) 
over N. pumilio regeneration in southern Patagonia, where the use of barriers should be 

Table 2  One-way analyses of variance (ANOVAs) for annual increments (cm  year−1) of saplings with and 
without European hare browsing in the autumn and spring plantations. The number of plants and the mean 
percentage of the annual increase (values in parenthesis) were calculated within each treatment. T1, autumn 
unfenced plantation; T2, autumn fenced plantation; T3, spring unfenced plantation; T4, spring fenced plan-
tation

F(p) = Fisher test and significance in parentheses. Different letters for each row showed differences by the 
Tukey test at p < 0.05

Treatment Not Browsed Browsed F (p)

Autumn T1 171 (3.7) 145 (4.1) 1.24 (0.266)
T2 68 (3.6) a 83 (2.2) b 8.32 (0.004)

Spring T3 77 (5.7) a 13 (3.7) b 4.26 (0.042)
T4 165 (6.0) a 58 (4.5) b 6.53 (0.011)

Overall 770 (4.5) a 560 (3.3) b 42.79 (< 0.001)
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accompanied by a reduction in the density of undesired animals (Martínez Pastur et  al. 
2016).

The use of wire fences, implemented in native tree plantations, was not fully effective in 
preventing the damage over N. pumilio saplings caused by European hare browsing (e.g., 
Fig. 3, Cohen’s d = 0.18 vs. 0.03). Fences are not always enough to prevent animal dam-
age (Reidy et al. 2008), stopping or even slowing animal crossing (Wilkinson et al. 2021). 
Sometimes, one of the key factors that reduce effectiveness is that fences are not properly 
constructed (Honda 2018). However, although the fences of control implemented to avoid 
browsing and damage were not efficient, a key to achieving better results was found in 
terms of the planting time along the year (e.g. it was better at the beginning than at the end 
of the growing season). In temperate forests, an essential topic of native tree plantation 
efforts is the growth and plasticity of the plants during the planting period (Luoranen et al. 
2018). For example, according to Sukhbaatar et al. (2020), in plantations of the Northern 
Hemisphere, the plant survival could be directly related to meteorological conditions dur-
ing the planting period, because it may coincide with unfavorable environmental condi-
tions such as prolonged drought or frequent windstorms.

Regarding the ecophysiological plasticity of the Nothofagus genus, in Patagonia, sap-
ling planting is feasible before or after winter, so, individuals are not generally affected by 
ice damage before sprouting (Urretavizcaya et al. 2015, 2018). However, when saplings are 
planted during spring, they do not suffer during winter and may gain extra vigor, so, they 
are less likely to break after winter and can withstand mechanical or frost damage. Whereas 
in autumn, when saplings produce roots in the absence of leaves (as water requirements are 
lower and there are adequate temperatures for radical growth) and begin to grow when they 
have the appropriate environmental conditions (Martínez Pastur et al. 2011; Urretavizcaya 
et al. 2018). However, during autumn, saplings may not be adapted to harsh winter condi-
tions. Thus, both season times (autumn and spring) have advantages and disadvantages for 
the native tree plantation efforts.

The biological requirements of the European hare might explain the higher damage dur-
ing winter, since the food availability, such as grasses and herbs, is lower than in spring 
(Ovalle et al. 2002). In this context, autumn plantations could benefit European hares by 
offering an alternative supply of food. This is consistent with the diet preferences reported 
in European landscapes (Edwards et al. 2000). Therefore, we obtained a paradoxical effect 
in implementing wire fences, where they can protect the plants, but also can end up favor-
ing the browsing of European hares by offering extra protection against predators, however, 
our research was conducted in the short-term (e.g. during the plantation establishment). 
While our findings on the seasonality of browse are important, they may be confounded 
by the fact that saplings planted earlier (autumn) had a longer time to be browsed than 
those planted during spring. However, understanding this fact helps to clarify the problem 
from the general point of view. When the wire fences were constructed, sometimes, it was 
not feasible to eliminate all of the individuals inside the plantations; however, the fences 
decreased the number of individuals in the rehabilitated areas. In light of this, the lack of 
difference can likely be due to: (1) the effectiveness of the fence to avoid European hares in 
the area, or (2) the effectiveness of the wire fences is only significant in the long-term. In 
addition, European hares can access the apical buds of larger plants when snow accumula-
tion occurs, being critical between late autumn and early spring. However, deep winter 
snow (e.g. > 1 m) may also cover and protect smaller saplings. Earlier works have recog-
nized that in environmental conditions without enough snow, winter is the season where 
the highest levels of browsing occur because of the evident decrease in the herbaceous 
stratum (Ovalle et al. 2002; Puig et al. 2017). Some studies in other temperate forests have 
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shown that, during the regeneration establishment of native woodlands, plants are more 
browsed during winter and spring than during summer, particularly after planting (Rao 
et al. 2003).

In central Chile, physical protection methods have been evaluated to protect the regen-
eration of native plants by using wire fences, electric fences, shelters, or the application 
of repellents (Ovalle et al. 2002). In Patagonia, polycarbonate shelters and the facilitation 
by selecting special microsites have been used to improve sapling establishment (Valen-
zuela et al. 2016, 2018; Promis et al. 2018). However, whatever the method, the solution 
has been partially effective, or costly because replanting areas present low survival rates. 
In this context, many times, targeting the problem of rehabilitation of degraded forests in 
remote areas in terms of logistical work, e.g. monitoring of exotic species browsing, is lim-
ited, due to the difficult access during the entire year, in which there is not always profes-
sional supervision available, and because the labor can be done in a single season (usually 
during summer). In fact, in our study area, technicians could visit the plantations only once 
during the summer season. Therefore, positive or negative experiences are very important 
for future native tree plantation efforts, as is usually searched for adaptive learning in land-
scape management. We believe that the findings of this paper are quite representative of 
many rehabilitation efforts, and many times, money was spent on the same strategies that 
often fail due to the same reasons.

European hare browsing effects

Previous studies have suggested that damage to the apical buds does not necessarily result 
in the death of the plant, but often produces undesirable ramifications (Till-Bottraud et al. 
2012) with a significant loss of the aerial biomass (Rao et al. 2003). However, if brows-
ing occurs near the base, the plants could die because of the excessive damage (Ovalle 
et al. 2002). According to previous studies (e.g. Urretavizcaya et al. 2015), the height that 
plants must exceed to enter the safe zone to escape death and/or deformation caused by 
loss of apical buds by hares is near 60 cm. Considering N. pumilio can reach 1 m height in 
5–10 years (Schmidt et al. 2003), this does not prevent individuals from being attacked by 
hares in the future, e.g. however it does prevent the browsing of the apex (which deforms 
plants) and guarantees the survival of the individuals (Jara 2013; Urretavizcaya et al. 2015).

The vigor of the plants was optimal in the studied saplings probably because the envi-
ronmental factors were not so hard during the study period (Urretavizcaya et  al. 2015; 
Luoranen et al. 2018). However, many herbivores prefer to feed on vigorous plants as they 
are more nutritious and palatable (Bergquist et al. 2003; Pardo and Pulido 2017). As was 
observed for other herbivore species (Price 1991), European hares browsed preferentially 
on vigorous plants (Edwards et al. 2000; Puig et al. 2017). Therefore, it would be benefi-
cial that individuals of N. pumilio quickly overcome 60 cm height to prevent death from 
browsing, or to avoid becoming deformed. Furthermore, microclimatic characteristics 
exert intense selective pressure on the first stages of development of the Nothofagus genus 
(Alberdi 1987; Martínez Pastur et al. 2011; Urretavizcaya et al. 2015), in addition to other 
physiological properties related to watering balance and resistance to environmental factors 
(Toro Manríquez et al. 2019). For example, neighboring vegetation (nurse plants), as Ber-
beris microphylla in South Patagonia (Bustamante et al. 2020) can increase the probability 
that palatable plants persist despite high herbivore pressure (Miller et al. 2006; Stutz et al. 
2015, 2017; Löf et al. 2019).
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Concluding remarks

Here, the use of wire fences implemented to protect native tree plantations was not fully 
effective in preventing the browsing of European hares and the subsequent damage over 
saplings of N. pumilio in the Lago Carlota National Reserve (Chile), and no significant 
differences were found in the damage of the plants outside fencings. Findings on the 
effects of the season showed that autumn plantations were more at risk for hare brows-
ing than spring plantations. This highlights the importance of considering the planta-
tion season in future studies, analyzing European hare browsing damage effects to face 
projects focusing on reversing the historical forest trends of degradation through native 
tree plantation programs. In addition, empirical evidence showed that this damage to 
the individuals of N. pumilio caused changes in their growth through the formation of 
new branches that compete for apical buds, affecting the desirable form of plants (e.g. 
deforming them). Our study showed that European hare browsing poses one of the most 
significant challenges to the early success of plantations with N. pumilio trees. The reha-
bilitation of forests in Chilean Patagonia, in general, seems to be problematic by estab-
lishing native saplings and implementing interventions targeted at controlling the dam-
age caused by herbivores, which further affects the structure and survival of plants.
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