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Background and aims – Plants may use various defence mechanisms to protect their tissues against deer
browsing and the allocation of resources to defence may trade-off with plants’ growth. In a context of
increasing deer populations in European forests, understanding the resource allocation strategies of trees is
critical to better assess their ability to face an increasing browsing pressure. The aim of this study was to
determine how deer removal affects the resource allocation to both defensive and growth-related traits in
field conditions for three tree species (Abies alba, Picea abies and Fagus sylvatica).
Methods – We compared eight pairs of fenced-unfenced plots to contrast plots with and without browsing
pressure. The pairs were set up in 2005 and 2014 to compare different fencing duration. We measured leaf
and shoot traits related to the defence against herbivores (phenolic content, structural resistance, C:N ratio)
and to the investment in plants’ growth and productivity (specific leaf area and nutrient content).
Key results – For the three species, the structural resistance of leaves and shoots was negatively correlated
with SLA, nutrient content and phenolic content. For Abies alba, exclusion of deer decreased shoot
structural resistance in favour of higher nutrient content, SLA and phenolic content. The fencing duration
had no effect on the different measured traits.
Conclusions – Our results support the assumption of a trade-off between structural defence and growthrelated traits at the intraspecific scale for the three studied species. We also confirmed the hypothesis that
exposure to deer browsing is involved in the resource allocation of woody species. For Abies alba, fencing
led to a change in resource allocation from structural defence to growth-related traits and chemical defence.
Keywords – Deer browsing; functional traits; mixed forests; resource allocation; chemical defence;
structural defence; fencing experiment.
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INTRODUCTION
The modification of the chemical composition and/or structural properties of leaves and shoots is a well-known defence
mechanism used by plants against herbivores (KeefoverRing et al. 2016; Ohse et al. 2016). Plants chemical defence
corresponds to the production of secondary metabolites – e.g.
phenolics, terpenes – that reduces the digestibility and nutritional value of plant tissues and can even have toxic effects
for herbivores (Iason 2005; Bergvall & Leimar 2017). Structural defence can be described as the production of spines,
hairs or cuticles, or as an increase in leaf and shoot thickness, toughness (resistance to fracture) or stiffness (resistance to deformation), or a combination of these three properties (Carmona et al. 2011; Pérez-Harguindeguy et al. 2013).
Former theories attempting to explain the allocation of resources to chemical and structural defence were based on
the availability of resources (Bryant et al. 1983; Ayres 1993;
Wise & Abrahamson 2005). These ideas have notably been
questioned by the optimal defence theory, which assumes
that the allocation of resources to defence can be predicted
based on three identified factors: the value of the plant tissue
to the plant, the cost of defence and the likelihood of being
attacked by herbivores. Under this theory, the acclimation to
environmental factors such as temperature, drought or herbivory may influence a plant’s resource allocation (Hamilton et al. 2001). The optimal defence theory is supported by
several observations on woody species showing increasing
leaves’ phenolic content or structural resistance in response
to browsing by wild ungulates not only in controlled environments (Keefover-Ring et al. 2016; Nosko & Embury
2018) but also in field conditions (Ohse et al. 2016).
The growth of tissues, the synthesis of defensive compounds and cellular differentiation processes (such as the lignification of cell walls or the thickening of the leaf cuticle)
all compete for the same pool of carbohydrates (Ayres 1993),
implying a trade-off between the allocation of resources to
defence and growth (Bryant et al. 1983; Herms & Mattson
1992). This trade-off in resource allocation has been well described at the interspecific scale through the comparison of
selected leaf traits – namely leaf nitrogen (N) and phosphorus (P) content, photosynthetic activity, leaf lifespan, dark
respiration rate and leaf mass per area – across a wide range
of plant species (Wright et al. 2004). Plant species investing
in defence against herbivores are characterized by long leaf
lifespans, high level of chemical and/or structural defence
and thus by an effective conservation of resources (Wright
et al. 2004). On the contrary, plant species investing in high
growth rates are characterized by a short leaf lifespan, and a
high N and P content and specific leaf area (SLA), allowing
for a higher carbon gain per unit area that can be invested
in the production of leaves (Westoby et al. 2000). Although
inter-specific differences are well established, this pattern has
rarely been described at the intraspecific scale, as most traitbased studies on herbivory focus on defensive traits without
addressing the potential cost of an investment in chemical
and/or structural defence.
European mixed forests have been facing major increases
in deer populations, and current population levels alter the
diversity of forest tree species and potentially decrease these
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forests’ ecological and economical value (Hegland & Rydgren
2016; Boulanger et al. 2018; Ramirez et al. 2019). A better
understanding of seedlings and saplings resource allocation
strategy is thus essential to assess woody species ability to
face an increasing browsing pressure. In this study, using experimental paired fenced and unfenced plots set in 2005 and
2014, we investigated how deer removal affects the resource
allocation to both defensive and growth-related traits in field
conditions for three emblematic species of mixed forests in
European mountains: silver fir (Abies alba), Norway spruce
(Picea abies) and common beech (Fagus sylvatica). We hypothesized that (i) the three species invest in structural and/or
chemical defence at the expense of nutrient content and SLA
(i.e. growth-related traits) and that (ii) deer removal induces a
lower investment in defensive traits and a higher investment
in growth-related traits.
MATERIALS AND METHODS
Study area and experiment design
The experiment was conducted in La Petite Pierre National
Hunting and Wildlife Reserve (NHWR), a 2700 ha unfenced
forest area located in the Vosges mountain range, in northeastern France (48.5°N, 07.0°E, 200–400m a.s.l.). The two
large herbivore species present in the area are red deer (Cervus elaphus) and roe deer (Capreolus capreolus). Figure 1
presents the yearly abundance dynamics of these two species in La Petite Pierre NWHR, estimated as the number of
individuals observed per kilometre using the methodologies
developed by Garel et al. (2010) for red deer and Vincent et
al. (1991) for roe deer. See Storms et al. (2008) for a more
detailed description of the study site.
We compared eight pairs of fenced-unfenced plots of
0.36 ha each to contrast plots with (unfenced) and without
(fenced) browsing pressure. Pairs of fenced-unfenced plots
are hereinafter referred to as experimental units. Three experimental units were set in 2005 – i.e. 12 years of fencing
duration (FD) – including two in mixed oak-beech stands and
one in a pure silver fir stand. Five experimental units were set
in 2012 – i.e. three years of FD – including three in mixed
oak-beech stands and two in pure silver fir stands. The fences
were 2 m high with a 10 × 10 cm mesh size. The fences were
subject to careful maintenance and no marks of browsing
were observed in the fenced plots since their establishment.
Data collection
Among each experimental unit located in mixed oak-beech
stands, we sampled 6 beech individuals (3 fenced and 3 unfenced). Among each experimental unit located in pure silver
fir stands, we sampled 10 silver fir and 10 Norway spruce
individuals (5 fenced, 5 unfenced). In the unfenced plots, we
only sampled individuals on which we could observe evidence of browsing damage on the current-year shoots. As the
sampling occurred two months after budburst, the unfenced
individuals were thus browsed in the last two months.
We sampled the shoots for fir and spruce and leaves for
beech since leaves of beech are more frequently found in red
deer and roe deer rumen than the whole shoots, whereas for
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fir and spruce, the shoots are more frequently found (S. Saïd,
unpublished data). For all the species sampled, we collected
three current year’s shoots (conifers) or leaves (beech) per
individual. We collected leaves and shoots on the highest
parts of the plant – i.e. leaves and shoots located above 75%
of the plants’ height – as these parts are targeted in priority
by both deer species. The height of the sampled individuals
ranged from 10 cm to 160 cm.
Global radiation above each individual tree was recorded
using a light meter with a quantum sensor (LiCor LI-250A,
Lincoln, NE). Once a plot was sampled, the total incident
light was also measured in a clearing close to the plot. The
available light for each individual tree was computed as the
ratio of these two measurements. All the light measurements
were performed in summer, between 10 AM and 3 PM and
during clear weather.

All mechanical tests were performed within 48 h following the collection of all samples, all kept in humid conditions.
Needles of fir and spruce were cut away from the stem prior
to tensile tests and kept for SLA and chemical measurements.
The Young’s modulus and maximum stress characteristics
of leaves and shoots were measured using an electronic mechanical testing device equipped with a load cell of 125N (InSpec 2200, Instron Corporation, Norwood, MA, USA). Tensile tests were performed on leaves of common beech and on
the current-year, leafy shoots of silver fir and Norway spruce,
following the basic protocol of Vincent (1990, 1992). For
each parameter, the mean value for an individual was computed as the mean of the two closest values out of the three
plant fragments sampled per individual. Higher values of
these two traits indicate a higher level of structural defence.

Plant structural defence

The three samples of each individual were pooled so that
each chemical analysis was performed at an individual scale.
Beech leaves and fir and spruce needles were scanned to
compute the foliar surface (mm2) using ImageJ version 1.51
software (Rasband 1997). The samples were then oven-dried
and weighed to obtain their dry mass. SLA of each individual
was calculated as the ratio of the foliar surface and the dry
mass, expressed in mm2.mg-1 of dry weight.
The leaves and needles of each individual were then
ground to a fine, homogenous powder – particle size of approximately 10 µm – with a ball mill (Retsch MM2-type,
Haan, Germany). To measure the P content, the leaf extract
of each individual was mineralized using a mixture of nitric
acid and oxygenated water. The solution was analysed by col-

Young’s modulus and maximum tensile stress were measured as these two traits are correlated with the plant’s carbon investment in the structural protection of photosynthetic
tissues, notably against herbivores (Cornelissen et al. 2003).
Young’s modulus in tension is the initial linear slope of the
curve representing the variation of tensile stress (ratio of the
force applied to the section area) with elongation. Maximum tensile stress is the ratio of the maximum stress to the
section area. These two traits are expressed in MPa. Tensile
tests were chosen because they represent a convenient way
of measuring stiffness and maximum resistance and because
they are geometrically similar to the biting/gripping then
pulling-to-failure gesture used by deer when browsing.

Chemical and morphological analysis

Figure 1 – Yearly dynamics of the mean number of roe deer (pedestrian kilometric index according to Vincent et al. 1991) and red deer
(spotlight counts according to Garel et al. 2010) observed per kilometer in La Petite Pierre NHWR from 2005 to 2017.
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orimetry with a VICTOR3 Multilabel Plate Reader (Wallace
1420 Software) using the ammonium molybdate ascorbic
acid method (Kuo 1996). The optic density was measured at
880 nm and compared to a calibration curve to obtain the
P content. The total phenolic concentration was determined
with a colorimeter (DR/890 – HACH Company, Colorado,
USA) using the Hach Tanniver method (method no. 8193,
Hach, Loveland, CO, USA). N and C content were measured with an elemental analyser (Thermo Finnigan, Flash EA
1112, Thermo Fisher Scientific, Walthman, MA, USA). N,
P and C content were expressed in percentage of dry weight
and the content of total phenolics was expressed in mg.g-1 of
dry weight.
Data analyses
As the budburst dates of the individuals sampled varied
among stands and individuals, the measured structural properties could be influenced by the age of the leaves or shoots.
To overcome this bias, we used the length of the samples as
an estimator of its age in relation to budburst. We modelled
the development of the two structural properties (maximum
stress and Young’s modulus) with the length of the samples
using a simple linear regression model for each species. The
statistical analyses were then performed on the residuals of
this model. For the model of silver fir only, we log-transformed the data prior to analysis to correct the non-normality
of the residuals.
We studied the correlations between defensive and
growth-related traits with a principal component analysis
(PCA) on the seven studied traits – i.e. SLA, C:N ratio, N
and P content, phenolic content, Young’s modulus and maximum stress – using the vegan package (Oksanen et al. 2019).
To assess the effect of browsing on SLA, C:N ratio, N
and P content, phenolic content, Young’s modulus and maximum stress, we conducted for each species linear mixed
models with the lmer function of the lme4 package (Bates et
al. 2014), followed by a Type-II Anova using the car package
(Fox & Weisberg 2011). We included fencing (three levels
ordered factor: “12-years fencing”, “3-years fencing” and
“unfenced”) as fixed effect and experimental unit as random
effect [Y ~ fencing + (1|experimental unit)]. For significant
models, the differences between the fencing levels were tested with Tukey’s post-hoc test.
In order not to be limited to a simple trait-by-trait comparison and to take into account the correlations between defensive and growth-related traits, we studied for each species the
multivariate response of the seven studied traits to fencing by
means of partial redundancy analyses (pRDA) conditioned for
the experimental unit [Y ~ fencing + Condition(experimental
unit)]. Significance of the model and of the ordination axes
was tested with Monte Carlo test with 999 permutations. We
performed one-way ANOVA followed by Tukey’s post-hoc
test on the coordinates of the records on each significant axis
to investigate the overall fencing effect. Partial RDA were
conducted using the vegan package (Oksanen et al. 2019). All
the analyses were performed with R statistical framework (R
Core Team 2017).
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RESULTS AND DISCUSSION
Correlations among traits
For the three species, on the first PCA axis, traits related
to structural defence – i.e. Young’s modulus and maximum
stress – are opposed to growth-related traits – i.e. SLA and
nutrient content – and to phenolic content (fig. 2). The negative correlation between structural defence and SLA, N and
P content is consistent with our initial hypothesis that tree
species tend to invest in structural defence at the expense
of growth-related traits. This result confirms, at least for the
three studied species, that the trade-off between growth-related and defensive traits, found by Wright et al. (2004) at
the interspecific scale, is also valid at the intraspecific scale.
However, we also found that for the three studied species,
phenolic content is positively correlated with SLA and nutrient content and negatively correlated to structural defence
(fig. 2). This result is inconsistent with the literature and with
our initial hypothesis as most studies reports that chemical
defence trade-offs with growth (Bryant et al. 1983; Herms
& Mattson 1992). Hanley & Lamont (2002) found a similar
result with species of the genus Hakea that had either high
SLA and phenolic content, either high structural resistance.
This result might be explained by a trade-off between chemical and structural defence. Because plant species have access
to a limited pool of resources and can produce different types
of defence against herbivores, several authors have discussed
the potential trade-off between chemical and structural defence across plant species (Steward & Keeler 1988; Twigg
& Socha 1996; Moles et al. 2013). Although Twigg & Socha (1996) observed a negative correlation between chemical
and structural defence among several herbaceous species of
the genus Gastrolobium, such correlation was to our knowledge never found among woody species (Steward & Keeler
1988; Moles et al. 2013). Our results suggest the existence
of such a trade-off at the intraspecific scale with individuals investing either in growth and chemical defence, either in
structural defence. A possible interpretation for this strategy
is that according to Koricheva (2002), the production of phenolics is less costly for plants growth than other defensive
compounds such as alkaloids or terpenes. It is thus possible
that the studied species privileged either growth while maintaining a relatively low-cost type of defence – i.e. phenolics
– either a costly but possibly more efficient type of defence
– i.e. structural resistance – at the expense of growth.
It is interesting to note that the C:N ratio is positively
correlated to structural resistance for silver fir (fig. 2A) and
to chemical defence for spruce and beech (fig. 2B, C). Low
values of leaf C:N ratio usually reflect a high investment in
growth and in resource acquisition whereas high values indicate an investment in the conservation of resources and in the
defence against herbivores (Mondolot et al. 2008). However,
the types of defence that are associated with a high C:N ratio
are still debated : depending on the studied species, it was
found that C:N ratio may be positively correlated to chemical defence only (Royer et al. 2013), to structural defence
only (Agrawal & Fishbein 2006) or to both types of defence
(Mondolot et al. 2008). Our results support the assumption
that a high C:N ratio indicates either an investment in structural defence (for silver fir here), either in chemical defence
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Table 1 – Foliar trait differences between individuals exposed and unexposed to deer (mean ± standard error).
The effect of fencing on each functional trait was tested with mixed models [Y ~ fencing + (1|experimental unit)]. Bold values indicate a
significant fencing effect (α = 0.05). Groups with different letters are significantly different (Tukey’s post-hoc test).
Unfenced

3-years fencing

12-years fencing

(mean ± se)

(mean ± se)

(mean ± se)

SLA

8.8 ± 0.8 a

9.4 ± 0.6 ab

C.N

49 ± 4 a

χ2df = 2

p-value

11.0 ± 0.2 b

7.4

0.025

43 ± 3 b

36 ± 3 ab

8.8

0.012

Silver fir

N

0.010 ± 0.000 a

0.011 ± 0.000 a

0.013 ± 0.000 a

8.0

0.018

P

0.066 ± 0.009

0.110 ± 0.029

0.110 ± 0.018

5.8

0.055

Phenol

0.017 ± 0.001

0.019 ± 0.002

0.023 ± 0.003

3.5

0.180

Young mod.

-0.013 ± 0.280

0.210 ± 0.191

-0.650 ± 0.180

0.16

0.920

Max. stress

0.074 ± 0.199

0.230 ± 0.119

-0.700 ± 0.171

2.2

0.340

SLA

9.8 ± 1.0 a

8.2 ± 0.8 a

19.0 ± 7.6 b

14

< 0.001

C.N

39 ± 2

40 ± 4

29 ± 7

2.5

0.280

N

0.013 ± 0.001

0.013 ± 0.001

0.017 ± 0.004

3.0

0.220

P

0.13 ± 0.02

0.11 ± 0.02

0.05 ± 0.00

4.0

0.140

0.022 ± 0.002

0.018 ± 0.002

0.027 ± 0.008

3.5

0.180

Norway spruce

Phenol
Young mod.

-11 ± 13

11 ± 14

-7 ± 1

2.5

0.280

Max. stress

-0.29 ± 0.27

0.64 ± 0.38

-0.15 ± 0.04

4.7

0.097

SLA

24 ± 1

24 ± 1

28 ± 3

3.5

0.170

C.N

21 ± 1

20 ± 2

22 ± 1

1.7

0.420

N

0.023 ± 0.001

0.026 ± 0.002

0.022 ± 0.001

2.5

0.280

P

0.054 ± 0.006

0.050 ± 0.005

0.076 ± 0.012

4.5

0.110

Phenol

0.043 ± 0.003

0.042 ± 0.008

0.043 ± 0.005

0.80

0.670

Young mod.

560 ± 32

620 ± 37

480 ± 33

2.0

0.360

Max. stress

21 ± 1

20 ± 1

21 ± 1

1.9

0.390

Beech

(for beech and spruce) and that there is a high interspecific
variability in these correlations.
Effect of browsing on resource allocation – univariate
approach
We found no variation of the leaf phenolic content with the
fencing treatment for the three species (table 1), although
phenolics are widely known as one of the main defence
mechanisms used by plants against herbivores (Iason 2005;
Nosko & Embury 2018). This result may be linked to the kinetics of inducible defence: depending on the plant and the
herbivore species, there is a high variability in the persistence of herbivore-induced chemical changes. Changes can
occur within two minutes (Furstenburg & van Hoven 1994)
or a few hours (Schultz et al. 2013) after the herbivore attack
and may persist for several months (Tarald et al. 2017). For
instance, Furstenburg & van Hoven (1994) reported a return
to normal of the levels of condensed tannins of Acacia spp.
only two hours after being browsed by giraffes. As we are
not able to precisely estimate the day when the sampled sap-

lings had been browsed, we cannot exclude the possibility
that phenolic concentration had already returned to its predisruption level before the time of sample collection. Moreover, our study focuses on total phenolics which include a vast
array of molecules with diverse functions that are not strictly
limited to anti-herbivore defence (Close & McArthur 2002).
It is thus possible that browsing only affected a specific molecule or a small set of molecules among total phenolics: in
that perspective, the effect of browsing may have been diluted by the other phenolic compounds that were not affected by
herbivory. Similarly, Väisänen et al. (2013) found that deer
browsing could induce variations in the relative proportions
of different phenolic compounds without changing the total
foliar phenolic content. Finally, it cannot be excluded that the
studied species responded with other secondary metabolites
– e.g. terpenes or alkaloids – as it has been reported among
several woody species (Langenheim 1994; Iason 2005).
For the three species, the fencing treatment has no effect
on seedlings and saplings Youngs modulus and maximum
stress (table 1). However, fenced silver fir individuals have
higher SLA and nutrient content and lower C:N ratio than
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unfenced individuals (table 1). This result indicates that the
investment in growth and in resource acquisition is higher
for individuals protected from deer browsing for this species.
Considering the traits correlations revealed by the PCA analysis for this species (fig. 2A), these observations also suggest
a lower investment in structural defence and a higher investment in chemical defence but multivariate testing of the fencing effect is necessary to confirm this trend.
Effect of browsing on resource allocation – multivariate
approach
For silver fir, the RDA performed with the seven studied
traits – i.e. SLA, C:N ratio, N and P content, phenolic content, Young’s modulus and maximum stress – revealed that
shoots are significantly affected by the fencing treatment (ta-

ble 2). The first axis of the RDA, which accounts for 17.7%
of the variance explained, contrasts fenced individuals characterized by a high SLA, nutrient content and phenolic content with unfenced individuals characterized by a high C:N
ratio and maximum stress (fig. 3). Overall, the PCA analysis (fig. 2A), the univariate models (table 1), and the RDA
(fig. 3) are consistent and converge on the idea that for silver fir, fencing leads to a switch in resource allocation from
structural defence to growth and chemical defence.
Most of the saplings we sampled were older than three
years, and thus individuals from the 2014-fenced-plots likely
experienced browsing before fence protection, unlike the
saplings from the 2005-fenced-plots. However, for silver fir,
the post-hoc analysis on the 1st RDA axis revealed no significant differences between individuals fenced for 3 years and
for 12 years (fig. 3). The trait differences between fenced and

Figure 2 – Principal Component Analysis performed with silver fir (A), Norway spruce (B) and beech (C) data. Variables tested are SLA,
C:N ratio, N and P content, phenolic content, Young’s modulus and maximum stress. PC1 and PC2 respectively stand for 1st and 2nd principal
component.
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Table 2 – Adjusted R2, F-values and p-value obtained from
the RDA testing the effect of the fencing treatment on the
three studied species functional traits [traits ~ Fencing +
Condition(experimental unit)].
RDA was performed for each species with SLA, C:N ratio, N, P,
phenolic content, maximum stress and Young’s modulus as response
variables. F-values and p-values were obtained with the Monte
Carlo permutation test (n = 999, α = 0.05). Bold value indicates a
significant fencing effect.
Adjusted R2

F-value

p-value

Silver fir

0.07

2.7

0.012

Norway spruce

0.00

0.94

0.424

Beech

0.00

0.42

0.770

unfenced plots are thus not affected by the duration of deer
removal. Although this might be the consequence of a relatively low number of replicates, this result also suggests that
the observed variability is mainly explained by phenotypic
plasticity rather than by evolutionary mechanisms. Under
this assumption, the resource allocation of silver fir saplings
would mainly depend on the recent occurrences of browsing – the unfenced individuals were browsed in the last two
months before the sampling – rather than on the genetic differences between individuals or on previous occurrences of
browsing (Holeski et al. 2012).
For Norway spruce and beech, mixed models show that
only a very limited number of traits – i.e. SLA for spruce –
are affected by fencing (table 1). The RDA permutation test
confirms this trend and reveals no significant effect of fencing for Norway spruce and beech (table 2). It is interesting
to note that among the three studied species, only silver fir

Figure 3 – Scatter diagram of the two first axes of the partial RDA testing the effect of the fencing treatment on silver fir functional traits
[traits ~ Fencing + Condition(experimental unit)]. The traits included in the RDA are SLA, C:N ratio, N and P content, phenolic content,
Young’s modulus and maximum stress. RDA 1 and RDA 2 respectively stand for 1st and 2nd axis of the RDA. The fencing factor is represented
by standard-error ellipses around group centroids with a confidence level of 0.95. The inset shows the differences in RDA1 coordinates
between the three levels of the fencing treatment, tested by a one-way ANOVA followed by Tukey’s post-hoc test.
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is affected by the fencing treatment. This could be explained
by the fact that this species has been reported to be more frequently browsed by ungulates than spruce and beech (Storms
et al. 2008). We may thus assume that silver fir is more likely
to develop defence mechanisms against herbivores because
it faces greater browsing pressure than the two other species.
Previous work on plant defences have underlined the importance of multi-trait approaches that also detect the cost
of resource allocation to defence (Harvell 1990). Our results
show that the effect of deer browsing is not limited to defensive traits and that the growth capacity of plants may be
affected as well. In the case of woody species in managed
forests, this indirect effect merits further consideration as it
may have important consequences in the long run for forest
growth and productivity.
ACKNOWLEDGEMENTS
This paper is dedicated to the memory of our friend and colleague Bernard Amiaud who passed away during the final
stages of completing this manuscript. We thank Jean-Loup
Imbert for taking part in most of the laboratory work, Jessy
Monnot and Meline Reeb for their contribution to the fieldwork and Denise Mirat and Catherine Carter for correcting
the linguistic mistakes. We are also grateful to the PACE
platform members for supervising the chemical analysis, and
to the biomechanics laboratory of the UMR 0931 AMAP for
their help with mechanical tests. Finally, we thank the associate editor Dr François Gillet, for his precious contribution to the analysis of the data. This study was funded by
the ONF (French National Forest Office), ONCFS (French
National Hunting and Wildlife Agency) and CNRS (National
Centre for Scientific Research) under partnership agreement
2016/05/6171. This study also benefitted from the DISTIMACC project (ECOFOR-2014-23, French Ministry of
Ecology and Sustainable Development, French Ministry of
Agriculture and Forests).
REFERENCES
Agrawal A.A., Fishbein M. (2006) Plant defense syndromes.
Ecology 87(sp7): S132–S149. https://doi.org/10.1890/00129658(2006)87[132:PDS]2.0.CO;2
Ayres M.P. (1993) Plant defense, herbivory, and climate change. In:
Kareiva P.M. (ed.) Biotic interactions and global change: 75–
94. Sunderland, Sinauer Associates.
Bates D., Mächler M., Bolker B.M., Walker S.C. (2014) Fitting
linear mixed-effects models using lme4. Journal of Statistical
Software 67(1): 1–51. https://doi.org/10.18637/jss.v067.i01
Bergvall U.A., Leimar O. (2017) Directional associational plant defense from Red deer (Cervus elaphus) foraging decisions. Ecosphere 8(3): e01714. https://doi.org/10.1002/ecs2.1714
Boulanger V., Dupouey J., Archaux F., Badeau V., Baltzinger C.,
Chevalier R., Corcket E., Dumas Y., Forgeard F., Marell A.,
Montpied P., Paillet Y., Picard J.-F., Saïd S., Ulrich E. (2018)
Ungulates increase forest plant species richness to the benefit of
non-forest specialists. Global Change Biology 24(2): 485–495.
https://doi.org/10.1111/gcb.13899
Bryant J.P., Chapin F.S., Klein D.R. (1983) Carbon/nutrient balance
of boreal plants in relation to vertebrate herbivory. Oikos 40(3):
357–368. https://doi.org/10.2307/3544308

424

Carmona D., Lajeunesse M.J., Johnson M.T.J. (2011) Plant traits
that predict resistance to herbivores. Functional Ecology 25(2):
358–367. https://doi.org/10.1111/j.1365-2435.2010.01794.x
Close D.C., Mcarthur C. (2002) Rethinking the role of many
plant phenolics – protection from photodamage not herbivores? Oikos 99(1): 166–172. https://doi.org/10.1034/j.16000706.2002.990117.x
Cornelissen J.H.C., Lavorel S., Garnier E., Diaz S., Buchmann N.,
Gurvich D.E., Reich P.B., Ter Steege H., Morgan H.D., Van Der
Heijden M.G.A., Pausas J.G., Poorter H. (2003) Handbook of
protocols for standardised and easy measurement of plant functional traits worldwide. Australian Journal of Botany 51(4):
335–380. https://doi.org/10.1071/BT02124
Fox J., Weisberg S. (2011) Car: companion to applied regression.
Available at http://CRAN. R-project.org/package=car [accessed
10 Jun. 2019].
Furstenburg D., van Hoven W. (1994) Condensed tannin as antidefoliate agent against browsing by giraffe (Giraffa camelopardalis) in the Kruger National Park. Comparative Biochemistry
and Physiology Part A: Physiology 107(2): 425–431. https://
doi.org/10.1016/0300-9629(94)90402-2
Garel M., Bonenfant C., Hamann J.-L., Klein F., Gaillard J.-M.
(2010) Are abundance indices derived from spotlight counts reliable to monitor red deer Cervus elaphus populations? Wildlife
Biology 16(1): 77–84. https://doi.org/10.2981/09-022
Hamilton J.G., Zangerl A.R., DeLucia E.H., Berenbaum M.R.
(2001) The carbon-nutrient balance hypothesis: Its rise and fall.
Ecology Letters 4(1): 86–95. https://doi.org/10.1046/j.14610248.2001.00192.x
Hanley M.E., Lamont B.B. (2002) Relationships between physical
and chemical attributes of congeneric seedlings: how important
is seedling defence? Functional Ecology 16(2): 216–222. https://doi.org/10.1046/j.1365-2435.2002.00612.x
Harvell C.D. (1990) The ecology and evolution of inducible defenses. The Quarterly review of biology 65(3): 323–340. https://doi.
org/10.1086/416841
Hegland S.J., Rydgren K. (2016) Eaten but not always beaten: winners and losers along a red deer herbivory gradient in boreal
forest. Journal of Vegetation Science 27(1): 111–122. https://
doi.org/10.1111/jvs.12339
Herms D.A., Mattson W.J. (1992) The dilemma of plants: to grow
or defend. The Quarterly review of biology 67(3): 283–335. https://doi.org/10.1086/417659
Holeski L.M., Hillstrom M.L., Whitham T.G., Lindroth R.L. (2012)
Relative importance of genetic, ontogenetic, induction, and seasonal variation in producing a multivariate defense phenotype
in a foundation tree species. Oecologia 170(3): 695–707. https://doi.org/10.1007/s00442-012-2344-6
Iason G. (2005) The role of plant secondary metabolites in mammalian herbivory: Ecological perspectives. Proceedings of
the Nutrition Society 64(1): 123–131. https://doi.org/10.1079/
PNS2004415
Keefover-Ring K., Rubert-Nason K.F., Bennett A.E., Lindroth R.L.
(2016) Growth and chemical responses of trembling aspen to
simulated browsing and ungulate saliva. Journal of Plant Ecology 9(4): 474–484. https://doi.org/10.1093/jpe/rtv072
Koricheva J. (2002) Meta-analysis of sources of variation in fitness
costs. Ecology 83(1): 176–190. https://doi.org/10.2307/2680130
Kuo S. (1996) Phosphorus. In: Sparks D. L. (ed.) Methods of soil
analysis. Part 3: Chemical methods: 869–920. Madison, SSSA
Book Series.

Barrere et al., The cost of deer to trees

Langenheim J.H. (1994) Higher plant terpenoids: a phytocentric
overview of their ecological roles. Journal of Chemical Ecology 20(6): 1223–1280. https://doi.org/10.1007/BF02059809
Moles A.T., Peco B., Wallis I.R., Foley W.J., Poore A.G.B., Seabloom E.W., Vesk P.A., Bisigato A.J., Cella-Pizarro L., Clark
C.J., Cohen P.S., Cornwell W.K., Edwards W., Ejrnæs R.,
Gonzales-Ojeda T., Graae B.J., Hay G., Lumbwe F.C., MagañaRodríguez B., Moore B.D., Peri P.L., Poulsen J.R., Stegen J.C.,
Veldtman R., Zeipel H., Andrew N.R., Boulter S.L., Borer E.T.,
Cornelissen J.H.C., Farji-brener A.G., DeGabriel J.L., Jurado
E., Kyhn L.A., Low B., Mulder C.P.H., Reardon-smith K., Rodríguez-Velázquez J., De Fortier A., Zheng Z., Bledinger P.G.,
Enquist B.J., Facelli J.M., Knight T., Majer J.D., Martínez-Ramos M., McQuillan P., Hui F.K.C. (2013) Correlations between
physical and chemical defences in plants : tradeoffs, syndromes,
or just many different ways to skin a herbivorous cat? New Phytologist 198(1): 252–263. https://doi.org/10.1111/nph.12116
Mondolot L., Marlas A., Barbeau D., Gargadennec A., Pujol B., McKey D. (2008) Domestication and defence: Foliar tannins and
C/N ratios in cassava and a close wild relative. Acta Oecologica
34(2): 147–154. https://doi.org/10.1016/j.actao.2008.05.009
Nosko P., Embury K. (2018) Induction and persistence of allelochemicals in the foliage of balsam fir seedlings following simulated browsing. Plant Ecology 219(6): 611–619. https://doi.
org/10.1007/s11258-018-0821-7
Ohse B., Hammerbacher A., Seele C., Meldau S., Reichelt M.,
Ortmann S., Wirth C. (2016) Salivary cues: simulated roe deer
browsing induces systemic changes in phytohormones and defense chemistry in wild-grown maple and beech saplings. Functional Ecology 31(2): 340–349. https://doi.org/10.1111/13652435.12717
Oksanen J., Blanchet G.F., Friendly M., Kindt R., Legendre P.,
McGlinn D., Minchin P.R., O’Hara R.B., Simpson G.L., Solymos P., Stevens M.H.H., Szoecs E., Wagner H. (2019) vegan:
Community Ecology Package. R package version 2.5-4. Available at https://CRAN.R-project.org/package=vegan [accessed
10 Jun. 2019].
Pérez-Harguindeguy N., Díaz S., Garnier E., Lavorel S., Poorter H.,
Jaureguiberry P., Bret-Harte M.S., Cornwell W.K., Craine J.M.,
Gurvich D.E., Urcelay C., Veneklaas E.J., Reich P.B., Poorter
L., Wright I.J., Ray P., Enrico L., Pausas J.G., de Vos A.C.,
Buchmann N., Funes G., Quétier F., Hodgson J.G., Thompson
K., Morgan H.D., ter Steege H., van der Heijden M.G.A., Sack
L., Blonder B., Poschlod P., Vaieretti M. V., Conti G., Staver
A.C., Aquino S., Cornelissen J.H.C. (2013) New handbook
for standardized measurement of plant functional traits worldwide. Australian Journal of Botany 61(3): 167–234. https://doi.
org/10.1071/BT12225
R Core Team (2017) R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. Available at https://www.R-project.org/ [accessed 10
Jun. 2019].
Ramirez J.I., Jansen P.A., den Ouden J., Goudzwaard L., Poorter
L. (2019) Long-term effects of wild ungulates on the structure, composition and succession of temperate forests. Forest
Ecology and Management 432(15): 478–488. https://doi.org/
10.1016/j.foreco.2018.09.049
Rasband W.S. (1997) Image J1: Image processing and analysis in
Java. Maryland, National Institute of Health. Available at https://imagej.net/ImageJ1 [accessed 12 Jul. 2017].
Royer M., Larbat R., Le Bot J., Adamowicz S., Robin C. (2013) Is
the C:N ratio a reliable indicator of C allocation to primary and
defence-related metabolisms in tomato? Phytochemistry 88:
25–33. https://doi.org/10.1016/j.phytochem.2012.12.003

Schultz J.C., Appel H.M., Abigail P.F., Arnold T.M. (2013) Flexible
resource allocation during plant defense responses. Frontiers in
Plant Science 4: 1–12. https://doi.org/10.3389/fpls.2013.00324
Steward J.L., Keeler K.H. (1988) Are there trade-offs among antiherbivore defenses in Ipomoea (Convolvulaceae)? Oikos 53(1):
79–86. https://doi.org/10.2307/3565666
Storms D., Aubry P., Hamann J.-L., Saïd S., Fritz H., Saint-Andrieux, C., Klein F. (2008) Seasonal variation in diet composition and similarity of sympatric red deer Cervus elaphus and
roe deer Capreolus capreolus. Wildlife Biology 14(2): 237–250.
https://doi.org/10.2981/0909-6396(2008)14[237:SVIDCA]2.0.
CO;2
Tarald S., Hegland S.J., Rydgren K., Rodriguez-Saona C., Töpper
J.P. (2017) How to induce defense responses in wild plant populations? Using bilberry (Vaccinium myrtillus) as example. Ecology and Evolution 7(6): 1762–1769. https://doi.org/10.1002/
ece3.2687
Twigg L.E., Socha L.V. (1996) Physical versus chemical defence
mechanisms in toxic Gastrolobium. Oecologia 108(1): 21–28.
https://doi.org/10.1007/BF00333210
Väisänen M., Martz F., Kaarlejärvi E., Julkunen-Tiitto R., Stark S.
(2013) Phenolic responses of mountain crowberry (Empetrum
nigrum ssp. hermaphroditum) to global climate change are
compound specific and depend on grazing by reindeer (Rangifer tarandus). Journal of Chemical Ecology 39(11–12): 1390–
1399. https://doi.org/10.1007/s10886-013-0367-z
Vincent J.F.V. (1990) Structural biomaterials. Princeton, Princeton
University Press.
Vincent J.P., Gaillard J.M., Bideau E. (1991) Kilometric index as
biological indicator for monitoring forest roe deer populations.
Acta Theriologica 36: 315–328.
Vincent J.F.V. (1992) Plants. In: Vincent J.F.V. (ed.) Biomechanics – materials, a practical approach: 165–191. Oxford, Oxford
University Press.
Westoby M., Warton D., Reich P.B. (2000) The time value of leaf
area. The American Naturalist 155(5): 649–656. https://doi.
org/10.1086/303346
Wise M.J., Abrahamson W.G. (2005) Beyond the compensatory
continuum: environmental resource levels and plant tolerance of herbivory. Oikos 109(3): 417–428. https://doi.org/
10.1111/j.0030-1299.2005.13878.x
Wright I.J., Reich P.B., Westoby M., Ackerly D.D., Baruch Z.,
Bongers F., Cavender-Bares J., Chapin T., Cornelissen J.H.C.,
Diemer M., Flexas J., Garnier E., Groom P.K., Gulias J., Hikosaka K., Lamont B.B., Lee T., Lee W., Lusk C., Midgley J.J.,
Navas M.-L., Niinemets Ü., Oleksyn J., Osada N., Poorter H.,
Poot P., Prior L., Pyankov V.I., Roumet C., Thomas S.C., Tjoelker M.G., Veneklaas E.J., Villar R. (2004) The worldwide
leaf economics spectrum. Nature 428: 821–827. https://doi.
org/10.1038/nature02403
Communicating Editor: François Gillet
Submission date: 27 Feb. 2019
Acceptance date: 1 Jul. 2019
Publication date: 28 Nov. 2019

425

