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Abstract

The concurring effect of herbivory by wild ungulates and drought events is experiencing a notable increase in Mediterranean
and temperate forests. While many studies have addressed the influence of drought on plant susceptibility to herbivory, it
appears crucial to comprehend the impact of prolonged browsing on the physiological response of plants to increasing water
deficit. To this end, we analyzed the effect of long-term recurrent herbivory by ungulates on physiological, biochemical, ana-
tomical and morphological variables of Ilex aquifolium and Fagus sylvatica saplings during the growing seasons of 2018 and
2019 in a mixed sub-Mediterranean forest. We compared plants growing within an exclosure fence since 2006 (unbrowsed)
with plants growing outside (browsed) that were also fenced during the study to investigate herbivory legacy. Twelve years
of herbivory pressure modified significantly plant functional performance. Independently of the species, browsed plants
showed higher root-to-shoot ratio, stem cross-sectional area-to-leaf area ratio, predawn leaf water potential, leaf nitrogen
concentration and leaf gas exchange rates than unbrowsed plants. Moreover, browsed plants had lower leaf bulk modulus
of elasticity, and higher osmotic potential at full turgor and turgor loss point. Thus, herbivory modified the leaf economic
spectrum towards a more resource-acquisitive and less water stress tolerant type. These results suggest that, once browsing
has subsided, plants continue to reflect some legacy effects that make them more vulnerable to further abiotic and biotic
stresses, which has implications for forest regeneration.
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Introduction

The significant increase in the population of wild ungulates
in the Northern Hemisphere over the last decades (Carpio
et al. 2017; Valente et al. 2020) is triggering unprecedented
levels of herbivory (Leland Russell et al. 2001; Coté et al.
2004; Morales-Molino et al. 2019). Ungulate browsing has
become a major factor hindering natural regeneration in
many temperate, boreal and Mediterranean forests (Zamora
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et al. 2001; Coté et al. 2004; Pulido and Diaz 2005; Pellerin
et al. 2010; Lopez-Sanchez et al. 2019). After browsing,
plants suffer morphological alterations, such as reduced
height and foliage density often leading to significant
growth loss (Drexhage and Colin 2003). However, in some
cases, plants are able to recover and overcome the effects
of browsing (Staver and Bond 2014). As an adaptation to
herbivory, plants have developed a series of mechanisms of
tolerance and/or resistance, such as high root—shoot ratio,
increased leaf photosynthesis, rapid resource allocation from
root to shoot upon browsing (Strauss and Agrawal 1999;
Tiffin 2000), or leaf spinescence, pubescence and sclero-
phylly (Hanley et al. 2007). Due to differences in herbivory
susceptibility, repeated browsing can cause changes in the
structure and composition of woody plant communities, as
the most palatable and/or least adapted species reduce their
abundance (Gill and Beardall 2001; Rooney and Waller
2003; Perea et al. 2014; Lecomte et al. 2024).
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Another key factor affecting forest dynamics in south-
ern parts of Europe and western North America is drought-
induced tree mortality and forest die-off, related to an
increase in the frequency, duration, and/or severity of
drought events (Hammond et al. 2022). Depending on the
growth stage of the plant, a deficit in water supply affects a
broad set of morphological, physiological and biochemical
processes, such as growth and productivity, water relations,
mineral uptake and assimilation, and light harvesting and
carbon fixation (Farooq et al. 2012). Thus, to avoid lethal
drought stress, plants modulate plant biomass allocation
and root architecture (Malamy 2005), reduce transpiration,
increase water use efficiency and adjust the concentrations of
osmolytes to, collectively, maximize soil foraging for water,
minimize water loss, and extend carbon gain in dehydrating
leaves (Poorter and Markesteijn 2008).

In natural conditions, plants must face multiple co-occur-
ring stresses. Plant acclimation to simultaneous stresses,
e.g., drought and shade (Aranda et al. 2001, 2002), heat and
drought (Rennenberg et al. 2006; Zandalinas et al. 2018),
shade and herbivory (Blundell and Peart 2001) or drought
and herbivory (Bansal 2015; Gieger and Thomas 2002) often
involves phenotypic changes that are not the sum of those
observed under each stress separately. Multiple studies have
addressed the way drought stress affects plant susceptibility
to herbivores, especially insects (White 1984; Huberty and
Denno 2004; Gutbrodt et al. 2011; Gely et al. 2020). Much
less effort has been made to understand how herbivory, espe-
cially long-term, sustained browsing, affects drought resist-
ance in plants (Johnston et al. 2007; Pittermann et al. 2014;
Carvajal Acosta et al. 2023). That is, does browsing affect
the capacity of the plants to avoid or tolerate desiccation
stress?

The co-occurrence of herbivory and drought stress often
has antagonistic effects on plants, since herbivory tends to
increase the need for carbon, while drought stress decreases
carbon gain (Taiz and Zeiger 2010). Moreover, the need to
defend from ungulates by producing secondary metabo-
lites may divert carbon and energy for osmotic adjustment,
which is a common mechanism of drought tolerance (Munns
1988). Repeated browsing of shoots may also alter hydraulic
architecture and reduce xylem area-specific conductivity, if
sustained reductions in carbon gain affect xylem develop-
ment (Pittermann et al. 2014; Ueda et al. 2024; Leonard
et al. 2024). However, the effect of sustained herbivory over
time on drought response may not necessarily be negative
(Bansal et al. 2013). Browsing during the vegetative period
may reduce leaf area and plant transpiration (Peléez et al.
2025), an effect that may be partly offset by compensatory
growth, and increase leaf-specific hydraulic conductivity
and gas exchange rates (Johnston et al. 2007). Furthermore,
browsing can enhance biomass partitioning to the roots,
which may favor drought avoidance through the formation
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of lateral roots and/or a larger taproot (Drexhage and Colin
2003). It is important to study the joint effect of long-term
herbivory pressure and soil water deficit, two main stressors
in Mediterranean and sub-Mediterranean forests, to gain a
deeper understanding of tree acclimation responses and their
consequences for tree recruitment, and forest structure and
function (Didion et al. 2009; Nuttle et al. 2011; Frerker et al.
2014; Pendergast et al. 2015).

This study aims to uncover how herbivory legacy affects
drought stress intensity and tolerance. To this end, during
the growing seasons of 2018 and 2019, we examined leaf
water relations, photosynthetic, biochemical, anatomical and
morphological traits of Ilex aquifolium and Fagus sylvatica
saplings naturally regenerated in a sub-Mediterranean mixed
broadleaf forest under high vs. null ungulate pressure since
2006. We compared both species because they are predomi-
nant in European broadleaf forests and because they differ in
leaf habit and lifespan, and probably in herbivory sensitivity
(Salleo et al. 1997; Retuerto et al. 2006; Gossner et al. 2014;
Rita et al. 2015; Leuschner 2020; Perea et al. 2020). The
evergreen leaf habit of I. aquifolium (hereafter Ilex) implies
a greater risk of browsing than the deciduous leaf habit of F.
sylvatica (herafter Fagus); however, Ilex has greater resist-
ance to herbivory due to its thick, hard and spiny leaves,
and its significant capacity to resprout when the entire shoot
is cut or eaten (Mountford and Peterken 2003; Perea et al.
2020). Both species are very tolerant to shade and sensitive
to water stress, although the sclerophyll leaf of Ilex typically
confers greater ability to avoid water stress (van Hees 1997;
Niinemets and Valladares 2006). Moreover, there is a great
difference between both species in their growth rates, with
Fagus having 10 times higher stem annual radial growth
in this study area (Rodriguez-Calcerrada et al. 2019). We
hypothesized that (1) sustained browsing would increase
the root-to-shoot biomass ratio and that, for this reason, (2)
browsed saplings would experience less water stress during
summer drought than protected, unbrowsed saplings, and so
(3) would be less drought tolerant. In a fourth hypothesis, we
expected that species would differ in response to herbivory.
The coriaceous, spiny leaves of Ilex would be a constitutive
defence that would reflect limited herbivory-induced plas-
ticity, as compared to faster growing, less sclerophyll Fagus
(Sun et al. 2023).

Materials and methods

Study area and study species

This study was conducted in a 125-ha mixed broadleaf forest
located in the Ayllon mountains, Central Spain, (3°30°W,

41°07°N), at 1250-1500 m above sea level. The forest
has six types of pure to mixed stands dominated by Fagus
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sylvatica L, Quercus petraea (Matts.) Liebl. and Quercus
pyrenaica Willd. In addition, Ilex aquifolium L. is widely
found in the understory of all stands, especially those of
Fagus. The forest is part of the World Heritage Primeval
Beech Forests of the Carpathians and Other Regions of
Europe and represents one of the southernmost European
populations of several temperate tree species (e.g., F. syl-
vatica, I. aquifolium, Prunus avium L. and Q. petraea). Soils
are formed from mica schists and mica gneiss substrates.
Climate is sub-Mediterranean, with 9.9 °C mean annual tem-
perature and 879 mm annual rainfall—average data from
1994 to 2021 recorded in a meteorological station located in
the forest. Both variables exhibit a strong seasonality: mean
monthly minimum (0.5 °C) and maximum (24.0 °C) tem-
peratures are reached in January and July, respectively, and
a dry period of 131 mm rainfall (on average) extends from
June through September. As other marginal populations, the
stand is potentially sensitive to warming-induced drought
stress (Rozas et al. 2015).

Roe deer (Capreolus capreolus L.) and cattle are the main
large herbivores in the study area. High habitat quality and
changes in land use, mainly increased forest cover and tree
density, have led to an increase in the density of roe deer
over the last decades (Aragon et al. 1995; Telleria and Virgos
1997), with a current density of 5.56 individuals km~? in the
UTM square of Ayllon-Guadalajara (Acevedo et al. 2010),
near the study forest. Deer populations have increased in the
whole study area similarly to many other areas in Europe
(Burbaite and Csanyi 2009) and are considered overabun-
dant in many areas (Carpio et al. 2021). The abundance of
wild boar (Sus scrofa L.) has also increased in recent dec-
ades, with an estimated density of 1.0—1.6 individuals km 2
in the study area (Acevedo et al. 2014). Cattle presence is
frequent, particularly in summer, when temperatures in sur-
rounding grasslands are too high.

The high ungulate pressure and summer drought sever-
ity in this forest affect the regeneration of Ilex and Fagus.
Despite they are not preferred food sources in the forest
(Perea et al. 2020) it is rare to find saplings of any of the
two species that are not intensively browsed.

Study design

In January 2018, five plants per species were selected inside
a 0.5 ha ungulate exclosure (hereafter, unbrowsed plants)
and outside (hereafter, browsed plants). The ungulate exclo-
sure was established in 2006 using 150-cm high wire fences.
Importantly, the plants located outside the ungulate exclo-
sure were protected individually during the entire study—
2018 and 2019—by metal mesh (31 mm mesh size) to ensure
that plants were not damaged by the action of ungulates. This
way we were sure of addressing long-term browsing effects
on plant traits, without the uncontrolled, variable impact

of ungulates during the years of study. Maximum distance
between individuals was 68.0 3.7 m (mean = SE). Plant
light availability was assessed with one hemispherical photo
(Nikon digital camera with a sigma 8-mm fisheye lens) taken
over each plant further analyzed with Hemiview 2.1 Can-
opy Analysis Software (Delta-T Devices Ltd, Cambrigde,
UK). The global site factor (i.e., the proportion of light in
the understory relative to an open site), ranged between 16
and 28%. No statistically significant differences were found
between browsed and unbrowsed plants for this variable at
P <0.1. Plants selected outside the fence showed symptoms
of heavy browsing, with these plants having most of the
shoots eaten by ungulates. Thus, mean plant height and
stem base diameter were higher for unbrowsed than browsed
plants at P <0.01: 28.7 + 1.4 vs. 20.9 + 1.2 mm diameter and
153.1+6.5 vs. 72.9+5.7 cm height, respectively. An analy-
sis of growth rings at the stem base in harvested plants indi-
cated that mean age was 21.7 + 1.9 years in browsed plants
and 17.6 + 1.8 in unbrowsed plants (P >0.10).

Measurements were taken during the growth periods of
2018 and 2019. Photosynthetic and biochemical variables
were measured three times during each growing season, in
late spring, midsummer and late summer, with the intention
of capturing the progressive increase in drought intensity.
Pressure—volume (PV) curves were constructed once a year,
in late summer. Finally, plant anatomical and morphological
variables were measured at the end of the experiment, after
the harvest of the studied plants in October 2019.

Leaf water potential

Leaf water potential (¥) was measured with a Pressure
Chamber (Model 1000, PMS, Instrument Company, USA)
using the standard protocol established by Scholander et al.
(1965). Leaf water potential was measured at dawn (‘I’pd,
before 7:00 am local time), when it is maximum and indica-
tive of the soil water accessible to the roots, and at mid-day
(¥,,¢> from 13:00 to 16:00 pm), when water potential reaches
the minimum diurnal value.

Photosynthetic parameters

An infrared gas analysis (IRGA) system (Li-6400; Li-Cor
Inc., Lincoln, NE, USA), coupled to a broadleaf chamber
(LCF-40 chamber LI-COR Inc., Lincoln, NE, USA) was
used to estimate net photosynthetic rate (A,,,), stomatal
conductance to water vapor (g,), intercellular CO, concentra-
tion (C;) and electron transport rate (ETR). Intrinsic water-
use efficiency (WUE), a measure of carbon assimilation per
unit of water used, was calculated as the ratio of A, to g..
The ETR was calculated as: actual quantum yield of electron
transport through photosystem II (®pg;;) X photosynthetic
photon flux density (PPFD) X 0.5 (considering excitation
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energy divides equally between two photosystems) X 0.84
(a common leaf absorbance coefficient for C3 plants; Flexas
et al. 1999). @pgy; was calculated according to the equations
given in Maxwell and Johnson (2000). Measurements were
taken at 400 ppm air CO, concentration, 25.0 °C air tem-
perature, ambient air relative humidity, 300 umol s~! air inlet
flow rate and 1200 m? s™! PPFD, in one healthy leaf per indi-
vidual selected from the upper outer part of the canopy. This
leaf was representative of the individual, given the small size
of plants and high morphological homogeneity of foliage.
The measurements were made between 10:30 and 14:00 h,
alternating measurements between species and at least twice
between treatments. These leaves were used to calculate the
Leaf Mass per Area (LMA) and from it, the net photosyn-
thetic rate per unit of leaf dry mass (A

mass) °

Biochemical measurements

For the analysis of C and N concentrations ([C] and [N]),
and C and N isotope composition (8'*C and 8'°N), we used
the same leaves in which photosynthetic measurements had
previously been made. These samples were sent to Depart-
ment of Plant Sciences (University of California, Davis,
California, USA) for their measurement with an elemen-
tal analyzer. Approximately 4 mg of samples oven-dried at
60 °C for 72 h were prepared following the protocol estab-
lished by the UC Davis Stable Isotope Facility.

Pressure-volume curves

Pressure—volume curves were constructed using one healthy
leaf per plant taken close to the leaves used for photosyn-
thetic and biochemical measurements. They were collected
at dawn in plastic bags and their petioles immersed in
deionized water for rehydration during the following hours.
Weight and water potential were measured periodically as
the leaves gradually dried, until at least five data points were
recorded after the turgor loss point, with a total of 11-19
measurements per curve. Leaves were then oven-dried at
70 °C for 72 h to calculate leaf dry weight.

Relative water content at the turgor loss point (RWC),
relative symplastic and apoplastic water contents (R, and R,
respectively), osmotic potential at full turgor (x,), osmotic
potential at the turgor loss point () and dry weight-to-tur-
gor weight ratio (Dy/Ty) were derived from the PV curves
as described by Turner (1988). The maximum bulk modu-
lus of elasticity (e,,,,) was calculated following Robichaux
(1984).

max.

Biomass partitioning

At the end of the study, aboveground biomass was har-
vested using pruning shears. Root biomass was measured
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only for Fagus. The enormous root system of /lex made
its excavation too time-consuming and laborious, with the
additional risk of having inaccurate data. Roots were col-
lected manually using a mattock tool (38.1 cm), for prepar-
ing the ground, and a set of chisels (§—11.5-22 mm) for the
individualized extraction of roots. Root depth (RD) was
measured in situ with a measuring tape. In the laboratory,
roots were washed thoroughly with tap water through a
0.5 mm screen sieve. Root and shoot (leaves and stem)
dry mass (RB and SB, respectively) were determined after
drying the plant material in an oven at 72 °C for 72-96 h.

The root-to-shoot ratio (R/S) was calculated as the ratio
of root dry weight to aboveground dry weight. The total
leaf area (LA) was estimated as the product of the total dry
weight and the ratio between the leaf area and dry weight
of a subsample comprising 15 randomly selected leaves.
The random selection and number of leaves were consid-
ered adequate due to the morphological homogeneity of
the leaves within each sample, despite the differences in
plant height and diameter. The area was quantified using
WinFolia Pro 2009 (Regent Instruments, Quebec, CA,
US). The stem cross-sectional area-to-leaf area ratio (S,/
L,) was measured for each plant as the cross section of the
main stem base divided by LA. This variable was a proxy
of the Huber value, as the relationship between sapwood
area and stem cross-sectional area in a subsample of 11
plants was strong (R?=0.998) and had a slope close to one
(y=0.94 x - 0.061).

Anatomical measurements

A 5-cm thick basal stem and root segment per sample was
stored in FAA (formaldehyde—acetic acid—70% ethanol;
5:5:90, v:v:v) during a week and subsequently in 70%
ethanol for anatomical analysis. Root segments were col-
lected only in Fagus. Xylem cross sections 20-30 um thick
were cut using a sliding microtome (Leica SM 2400). The
sections were stained with a solution of 1% safranine and
1% alcian blue following standard protocols (Rodriguez-
Garcia et al. 2014), dehydrated with 80%, 90%, 95% and
100% ethanol during 15 min in each solution, then placed
into xylene and, finally, mounted with Eukitt for opti-
cal microscopy following standard protocols (Venturas
et al. 2013). Images were obtained using a digital camera
(Canon EOS 1000D, Japan) attached to a light microscope
(Olympus BX51, Japan) for further image analysis with
ImageJ (Schneider et al. 2012).

Anatomical variables were measured in 2017, 2018 and
2019 growth rings. For each ring, we calculated theoretical
specific hydraulic conductance (k) of stems (Sk,) and
roots (Rkg,) based on the Hagen—Poiseuille equation of
Tyree and Ewers (1991) as
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np n

1287 i=1 (Dj‘)
sth = f’

Where p is the water density, # is the water viscosity, S is the
sapwood cross-sectional area and D is the equivalent circular
vessel diameter in at least 100 vessels.

Data analysis

A linear mixed effect model (LMM) with browsing, tree
species, date and their two- and three-way interactions as
fixed factors (and with tree as a random factor), was used
to assess their effects on physiological and biochemical
variables. “Tree” was included within the random effect
structure to account for repeated measurements on the
same tree. When date was significant at P <0.05, pairwise
comparisons among dates were analyzed with Tukey HSD
tests. The morphological variable S,/L, and the shoot
anatomical variables, sampled just once during the study,
were compared between browsing treatments and species
with two-way linear models. The rest of the morphologi-
cal measurements (R/S and RD) and the root anatomical
measurements, available only for unearthed Fagus sap-
lings, were compared between browsing treatments with
one-way linear models (see Table S1 available as Online
Resource).

Backward stepwise selection was applied for all mod-
els through a series of simplifications to the minimal
adequate model, following Crawley (2007). Data were
log,o-transformed to achieve the requirements of nor-
mality and homoscedasticity of residuals, when neces-
sary; in these cases, back-transformed model estimates
are reported in the text. The S,/L, corresponding to one
plant (95 % 10~* cm? cm™?) was removed from the data set,
because it exceeded 10 times the limit value defined as an
extreme outlier, i.e., three times the interquartile range.
Furthermore, we run a Principal Component Analysis
(PCA) after standardizing the study variables to separate
observations along a multivariate plane. A subset of 10
study variables (only those showing a significant treat-
ment effect in previous univariate comparisons: g, A
LMA, [N], g9, ©p, Dw/Ty, €
included in the PCA.

Statistical analyses were carried out in R version 4.1.2
(R Development Core Team 2021) using the package
nlme (Pinheiro et al. 2021) to perform linear mixed mod-
els, and the package stats (version 4.1.2) to perform linear
models, calculate P values and run the PCA. Figures were
produced using the package ggplot2 (Wickham 2016). All
values presented in the text are means + standard error.

mass’

SA/L,, and SB) were

max?

Results

Twelve years of contrasting, heavy ungulate browsing modi-
fied plant biomass distribution (i.e., R/S), plant hydraulic
architecture (i.e., Sy/L,), water status of leaves (i.e.,¥ )
and leaf gas exchange. This effect did not vary across dates
(P value of treatment by date effect> 0.05 for all variables
except ¥4) and was remarkably similar in Fagus and Ilex (P
value of species by treatment effect > (0.05 for all variables),
despite their different leaf habit and ecophysiology (Table 1;
see Discussion and Online Resource Table S2). However, the
studied variables were described and presented graphically
separating the species and treatment.

These results were for 2 years of near average climate
conditions. Precipitation and temperature during the 2018
study period (125 mm and 16.8 °C, respectively, over June
through September) were similar to those of the 1994-2021
period. However, in the same period of 2019, precipitation
was 13% above average (148 mm). It is noteworthy that the
2019 late summer measurement was preceded by 12.9 mm
precipitation in the previous 48 h (see Figure S1 available
as Online Resource).

Leaf water potential

Significant differences in ¥,y were found between tree spe-
cies, dates and ungulate exclosure treatments (Table 1A,
Fig. 1). Fagus and Ilex plants subjected to sustained brows-
ing showed 0.2-0.3 MPa higher ¥4 than unbrowsed plants
in late summer 2018. Ilex plants showed the same trend in
late spring and late summer 2019 (P <0.1). On the contrary,
¥ 4 was not affected by browsing. ¥, 4 was significantly
higher for Ilex than Fagus (Ilex: — 1.04+0.04 vs. Fagus:
— 1.72+0.04 MPa; P<0.0001) and varied across dates
(P<0.0001).

Photosynthetic parameters

Browsed plants exhibited lower LMA (91.4+7.6 vs.
102.0+8.2 g m™% P<0.05), and higher rates of A,
(137.4+11.7 vs. 1223+ 11.0 nmol g~!' s™'; P<0.05)
and g, (0.12+0.01 vs. 0.10+0.01 mol m™? s™!; P<0.05)
than unbrowsed plants (Fig. 2). Browsing did not affect
the rest of photosynthetic variables, which were remark-
ably different between species. For example, LMA in
Ilex was more than three times higher than that of Fagus
(150.99+38.7 vs. 42.4+ 1.3 g m~%; P<0.0001), while A,
and g, were lower in /lex than in Fagus (A, 49.1+2.1 vs.
210.6+5.9 nmol g~! s™1; P<0.0001. g.: 0.091 +0.005 vs.
0.129 +0.006 mol m~2 s~!; P <0.01). The photosynthetic

rate per unit leaf area (A,,.,) was also significantly lower in
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Table 1 Statistical significance (P value) of main and interaction ured three times per year. B LMMs for pressure—volume variables
effects of treatment (T: Browsed and Unbrowsed), species (S) and, measured once per year. C LMMs for biomass and anatomical varia-
if applicable, date (D) during 2018 and 2019. A Linear mixed effect bles, measured once at the end of the study. NS means non-significant
models (LMMs) for physiological and biochemical variables meas- effect (P> 0.05)

(A)

Response variable Treatment (T) Species (S) Date (D) T:S T:D S:D T:S:D
Yo 0.0199 0.0243 <0.0001 NS 0.0026 <0.0001 NS
Yoa NS <0.0001 <0.0001 NS NS NS NS
Aea NS 0.0295 0.0009 NS NS NS NS

g, 0.0465 0.0012 <0.0001 NS NS 0.0013 NS
G NS NS <0.0001 NS NS NS NS
ETR NS NS <0.0001 NS NS 0.0347 NS
iWUE NS NS <0.0001 NS NS NS NS
LMA 0.0498 <0.0001 <0.0001 NS NS <0.0001 NS
Aass 0.0372 <0.0001 0.0011 NS NS <0.0001 NS
[C] NS NS NS NS NS NS NS
[N] 0.0142 <0.0001 0.0069 NS NS 0.0054 NS
N NS 0.0015 <0.0001 NS NS NS NS
8N NS NS <0.0001 NS NS 0.0008 NS
B)

Response variable Treatment (T) Species (S) Date (D) T:S T:D S:D T:S:D
RWC NS NS NS NS NS NS NS
R, NS NS NS NS NS NS NS
R, NS NS NS NS NS NS NS
00 0.0019 NS NS NS NS NS NS
T 0.0035 NS NS NS NS NS NS
Dy/Ty 0.0232 <0.0001 0.0078 NS NS NS NS
€max 0.0176 NS NS NS NS NS NS
©

Response variable Treatment (T) Species (S) T:S
SA/Lo 0.0313 <0.0001 NS
Skn17 NS <0.0001 NS
Skgnis NS 0.0002 NS
Skghio NS <0.0001 NS
R/S 0.0069 - -
RD NS - -
RB 0.0493 - -
SB 0.0028 - -
Rkh17 NS - -
Rkyyyg NS - -
Rksth 19 NS - -

¥,, Predawn leaf water potential (MPa), ¥,,, Midday leaf water potential (MPa), A,,,, net photosynthetic rate (umol m~2 571, g, stomatal con-
ductance of water vapor (mol m~2 s™!), C; intercellular CO, concentration (ppm), ETR electronic transport rate (umol m~2 s~1), iWUE intrinsic
water-use efficiency (mol mol™), LMA leaf mass per area (g m™2), A, net photosynthetic rate per unit of leaf dry mass (nmol g~! s7%), [C]
carbon concentration (mg g~!), /N nitrogen concentration (mg g™), §*°C carbon isotope composition (%o), 6/°N nitrogen isotope composition
(%0), RWC relative water content at the turgor loss point (%), R, relative symplastic water contents (%), R, relative apoplastic water contents (%),
;00 OSMOtic potential at full turgor (MPa), 7, osmotic potential at the turgor loss point (MPa), Dy/T}, dry weight to turgor weight ratio (g g7),
€e Maximum bulk modulus of elasticity (MPa), S,/L, Stem cross-sectional area leaf area ratio (cm”? cm™), LA total leaf area (cm?), Sk 7,
Skyniss SKenio 2017, 2018 and 2019 stem theoretical specific hydraulic conductance (kg m™! s™! MPa™!), R/S root to shoot ratio (g g~!), RD root
depth (cm), RB root dry biomass (g), SB shoot dry biomass (g), Rky;,;7 Rkyy1s Rkgne 2017, 2018 and 2019 root theoretical specific hydraulic
conductance (kg m~!' s~ MPa™h)
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Fig. 1 Evolution of predawn leaf water potential (¥,) during the growing seasons of 2018 and 2019 in Fagus and Ilex saplings. BRO browsed,

UNB unbrowsed. Means + SE. #*: P value <0.05. =: P value<0.1

Ilex than in Fagus (7.02+0.27 vs. 8.81+0.29 umol m™2 s~
P <0.05; Table 1A). All photosynthetic variables exhibited
significant variation over time (P <0.01).

Biochemical measurements

Browsed plants had 13% higher [N] than unbrowsed ones
(18.79+0.70 vs. 16.65+0.77 mg g~'; P<0.05) (Fig. 2).
Leaf [C], and leaf 8'3C and 8"°N were not affected by sus-
tained browsing. By species, Ilex leaves showed lower [N]
(13.08 £0.47 vs. 22.36+0.42 mg g~'; P<0.0001) and
higher 8'*C (= 30.15+0.13 vs. — 31.43+0.15 %o; P <0.01)
than Fagus leaves (Table 1A). The influence of date was
statistically significant for all biochemical measurements
except for [C] (P<0.01).

Pressure-volume curves

Browsing had a significant effect on ¢, 7y €, and Dy /Ty,
(Table 1B). Browsed plants had higher values of &, and =,
and lower of €, and Dy,/Ty,; (Fig. 3). Species and date were
only significant for Dy,/Ty; this variable was higher in Ilex
than in Fagus (0.43+0.01 vs. 0.37+0.01 g g™'; P<0.05)
and lower in 2018 than in the wetter 2019 (0.39 +0.01 vs.

0.41+0.01 g g~'; P<0.05) (Table 1B).

Biomass partitioning

Plant biomass distribution was affected by sustained brows-
ing. The variables R/S and RB for browsed Fagus plants
were 88% higher and 33% lower than that for unbrowsed
plants, respectively (R/S: 0.49+0.06 vs. 0.26 +0.03 g g ;
RB: 68.7+9.6 vs. 102.1+16.8 g; P<0.01). Shoot biomass
(SB) were significantly lower in browsed plants compared
to unbrowsed plants (113.2+53.4 vs. 417.6+257.1 g;
P <0.05). However, RD was not significantly different
between browsed and unbrowsed plants (67.2 +12.4 vs.
69.7 +£6.6 cm). The S,/L, estimated at the whole-plant level
increased with long-term browsing (18.9 107 +6,6 107 vs.
9.6 10%+2.6 10~ cm? cm™%; P <0.05), and it was signifi-
cantly higher in Ilex than in Fagus (22.3 104 +5.5 107 vs.
4.810*+0.4 10 cm? cm™% P <0.0001) (Fig. 4; Table 1C).

Anatomical measurements

Browsing had no significant effect on stem and root theoreti-
cal specific hydraulic conductance in 2017, 2018 and 2019
growth rings. The variable Sk, for Fagus plants was always
higher than that for /lex plants (P <0.01) in 3 years analyzed
(Table 1C).

To synthesize previous results, we ran a PCA with a sub-
set of 10 variables showing a significant treatment effect in

previous univariate comparisons (g, Ay LMA, N, 700,
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Fig.2 Photosynthetic and biochemical parameters significantly
affected by sustained herbivory in Fagus and Ilex saplings across
dates (see Table 1A). A Stomatal conductance of water vapor; B pho-
tosynthesis per-unit mass; C leaf mass per area; D nitrogen concen-
tration. Closed bars correspond to browsed plants and open bars to
unbrowsed plants. Means + SE

Ty, Dyw/Tws €max> Sa/La and SB). The first two principal
components (PC) explained > 70% of the variance. The PC1
separated the species Fagus and Ilex by their contrasting
resource-use leaf strategy, whereas the PC2 separated the
treatments by the contrasting sclerophylly and drought toler-
ance of browsed vs. unbrowsed plants (Fig. 5).

Discussion

The legacy of herbivory in two contrasting species has mod-
ulated a specific pattern of biomass partitioning, morphol-
ogy, physiology and architecture that makes browsed plants
more sensitive to further browsing and concurrent drought.
These findings have implications for the regeneration of
these and similar species in environments where herbivory
and drought co-occur.

Repeated shoot browsing by ungulates resulted in plants
with lower above- and below-ground biomass. The loss
of root biomass may be related to at least two interrelated
processes. On the one hand, reduced whole plant C gain
due to foliage removal limits root growth, and may cause
plants to allocate resources to shoot tissue regeneration,
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Fig.3 Pressure—volume curves variables significantly affected by
sustained herbivory in Fagus and Ilex saplings across dates (see
Table 1B). A Osmotic potential at full turgor; B osmotic potential
at the turgor loss point; C maximum bulk modulus of elasticity; D
dry weight-to-turgor weight ratio. Closed bars correspond to browsed
plants and open bars to unbrowsed plants. Means + SE

at the expense of their investment in root biomass (Smith
and Schowalter 2001). On the other hand, the disruption of
hormonal signals above ground, such as increased jasmonic
acid concentration or reduced auxins after browsing (Erb
et al. 2009), can lead to a reorganisation in root metabolism
and architecture, reducing root size over time (Wasternack
2007). However, as it was hypothesized, although browsing
reduced root biomass, the R/S of browsed plants was higher
than that of unbrowsed plants. The depth reached by the
taproot was not significantly different between treatments,
suggesting a preferential root inversion in soil foraging for
water, the main abiotic limiting factor during the summer
season (Padilla and Pugnaire 2007). Long-lasting effects of
browsing on hydraulic architecture extended to the higher
sapwood-to-leaf area ratio in browsed plants, estimated by
the S,/L, at the whole plant level. This variable may be
directly and indirectly related to herbivory: directly, due to
the mechanical removal of shoots, and indirectly due to the
smaller leaf area of browsed plants (mean total leaf area
3111.0+815.2 vs. 10,743.0+2619.3 cm?, P <0.05, data
not shown). Notably, browsing did not trigger any change
in xylem anatomy, supporting that a change in the xylem
conducting area-to-leaf area ratio is the main factor favoring
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too laborious and imprecise, B and D were measured only for Fagus.
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water supply to leaves in browsed plants (Pittermann et al.
2014; Leonard et al. 2024).

The plant architectural changes that long-term herbivory
has generated in browsed plants have likely influenced organ-
level physiology and biochemistry. Leaves of browsed plants
showed a higher [N] than those of unbrowsed plants. This is
inconsistent with the lower root biomass of browsed plants,
which would limit soil nitrogen uptake (McMurtrie et al.
2012; Postma et al. 2014; Kiba and Krapp 2016), assum-
ing equal nutritional specialization of fine roots of all plants
(Hodge 2004; Goransson et al. 2007; da Silva et al. 2011).
However, a higher R/S ratio in browsed plants may improve
the distribution of N above ground. Lower leaf biomass of
browsed plants results in lower dilution of assimilated N per
unit leaf mass compared to unbrowsed plants. Moreover, the
higher photosynthetic rate per unit mass of leaves in browsed
plants suggests a higher N assimilation capacity (Hikosaka
and Osone 2009). The higher foliar [N] may be associated
with a greater capacity to synthesize defensive compounds
(phenols in Fagus and phenols and alkaloids in Ilex), but it
also makes leaves more attractive to ungulates.

Similarly, herbivory legacy on root and shoot biomass
partitioning, specifically R/S, rather than root depth, affected

leaf predawn water status (Boyer 1995). The browsed plants
had a higher ¥, than the unbrowsed ones at the end of sum-
mer 2018, a year climatically similar to 1994-2021 period
(see Figure S1 available as Online Resource). This higher
water status at dawn in the browsed saplings suggests a
greater ability to avoid water stress compared to unbrowsed
saplings; it would partly compensate the loss of plant foli-
age by buffering the negative impact of summer drought
on leaf carbon fixing capacity (Aranda et al. 2002; Robson
et al. 2009). The dwarfing of the plant body caused by ungu-
lates reflected in high R/S and S,/L,, together with simi-
lar kg,, favor the recovery of ¥ once the stomata close. In
fact, the ¥4 was not affected by herbivory, indicating that a
higher ¥ gradient developed throughout the day in browsed
plants. Although in some studies a lower xylem water trans-
port capacity has been found in plants subjected to recur-
rent herbivory (Pittermann et al. 2014), our results showed
that the theoretical hydraulic conductivity was independ-
ent of the herbivory legacy. Since irradiance (i.e., global
site factor) was also similar in plants inside and outside the
ungulate exclusion fence, we argue that leaf-level water
expenditure in plants subjected to sustained herbivory was
higher than in unbrowsed plants. The higher stomatal con-
ductance observed in the leaves of browsed plants supports
this view. The higher ‘I‘pd, S/L, and foliar [N] of browsed
saplings favor CO, assimilation, and explain the higher A,
observed in browsed plants. However, the comparatively
thinner leaves produced by browsed plants, as suggested by
their lower LMA compared to those of unbrowsed plants,
explains why A, was similar for browsed and unbrowsed
plants.

The analysis of PV curves suggested that, in relation
to their higher ¥4, browsed plants also had lower need or
capacity to tolerate drought; lower need due to lower water
stress or lower capacity due to lower ability to osmoregu-
late. Tolerance to water stress is related to the osmotic and
elastic adjustments defined by n;(, and €., respectively
(Dreyer et al. 1990; Zobel 1996). Leaves formed by plants
under long-term herbivory were characterised by higher 7,
and m,, and lower ¢, and D, /T, values than those devel-
oped under the fence protection. Although osmotic adjust-
ment was not explicitly quantified by measuring m;,, on
dates without water stress, our results suggest that browsed
saplings accumulate solutes less actively than unbrowsed
saplings, and thus are less able to tolerate drought stress.
First, at a given level of water potential, the higher values
of w49 and m, in leaves of browsed plants imply a lower
capacity to maintain cell turgor. Second, the higher elastic-
ity of their cell wall, determined by ¢, leads to a lower
capacity to maintain or recover cell volume (Corcuera et al.
2002). Third, the lower D,/T,, typical of low-LMA leaves
with thin cell walls (Hassiotou et al. 2010) suggests a lower
capacity of cells to withstand low turgor loss point values

area
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Fig.5 Principal component
analysis results from a subset

of measured variables. Dots
represent plants, and arrows

are proportional to the weight
of variables in each principal
component 1 and 2. g, stomatal
conductance of water vapor,
A,..ss Photosynthesis per-unit
mass, LMA leaf mass per area,
[N] nitrogen concentration,

7590 OSMotic potential at full
turgor, 7, osmotic potential at
the turgor loss point, Dy/Ty, dry
weight-to-turgor weight ratio,
€max Maximum bulk modulus of o
elasticity, S,/L, stem cross-
sectional area-to-leaf area ratio,
SB shoot dry mass, ¥, predawn
leaf water potential, BRO
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(Nardini 2022). This lower tolerance to dehydration of leaves
in browsed plants could aggravate the response to drought
in drier years, as both species show a limited capacity to
osmoregulate in the understory, where shade limits mecha-
nisms of drought tolerance (Aranda et al. 2001; Rodriguez-
Calcerrada et al. 2010). In line with these results, Ueda et al.
(2024) showed higher xylem vulnerability to cavitation in
severely defoliated Fagus crenata plants than in non-defo-
liated ones.

Taking all these results together, we observe that sus-
tained herbivory has modulated leaf traits towards the fast-
returning end of the leaf economics spectrum (Wright et al.
2004). Thus, herbivory legacy resulted in a lower degree of
sclerophylly, reflected in lower LMA and D, /T, higher [N]
and A, higher n, and =, and lower €., a syndrome
resembling that of short-lived leaves with an acquisitive
strategy of rapid return of nutrients invested in plant bio-
mass (Corcuera et al. 2002; Wright et al. 2004). This her-
bivory-induced modification of the leaf economics spectrum

@ Springer
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is in line with the positive plant-herbivore feedback phe-
nomenon (Craig 2010). This phenomenon evidences that
browsed plants are more prone to suffer subsequent her-
bivory due to compensatory growth being associated with
reduced herbivory defence (du Toit et al. 1990; Barrere
et al. 2022). To counteract biomass losses, the plant invests
nutrients in forming acquisitive organs conducing to rapid
growth (Edenius et al. 1993), which may lead to increased
attractiveness to ungulates, due to higher leaf nitrogen
content (Wright et al. 2004) and digestibility (Cornelis-
sen et al. 2004), associated among other traits with lower
LMA (Baraza et al. 2010). The modification of plant archi-
tecture produced by ungulates, which allows a high num-
ber of shoots to be maintained at the optimum browsing
height, may also favor this positive feedback loop (Hartley
et al. 1997). Contrary to our results, shorter-term studies on
(insect) herbivory have described opposite changes in dam-
aged tree saplings towards a more conservative resource-use
strategy (Peschiutta et al. 2018), with this highlighting the
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need to contextualize herbivory effects on stress resistance
according to the type and duration of herbivory. Interest-
ingly, although Ilex and Fagus belong to the opposite end of
the leaf economic spectrum axis (Tomas Marin et al. 2023;
Jacobs et al. 2022; Niinemets et al. 2003), and present differ-
ent strategies against ungulate pressure (Obeso 1997; Svend-
sen 2001; Scarnati et al. 2009) and summer drought (Aranda
et al. 2008; Valladares and Niinemets 2008), both species
responded similarly to herbivory, suggesting that constitu-
tive differences in leaf herbivory resistance between species
do not modulate plasticity to severe, long-term browsing.
This similar long-term response of Ilex and Fagus to her-
bivory does not suggest a differential impact of browsing on
the relative abundance of both species.

Concluding statements

We have compared tree saplings growing in an exclosure
fence for 12 years with saplings growing outside, fenced
individually for 2 years of the study (i.e., after herbivory has
subsided). This simple experimental approach, which has
never been applied before (to the best of our knowledge),
allows studying herbivory legacy, without the confounding,
uncontrolled effects of current-year herbivory. We conclude
that sustained herbivory has long- (at least 2 years) last-
ing legacy effects on plant architecture and biomass parti-
tioning, which modifies the leaves towards more resource-
acquisitive, less stress tolerant phenotypes. Since plasticity
in leaf water relations is related to the intensity of the expe-
rienced stress, higher hydraulic recovery capacity (i.e.,'¥ )
in historically browsed plants may have lowered the need
(and cost) to phenotypically adjust leaf properties, such as
osmotic contents. On the other hand, C limitations caused by
recurrent foliage removal and need to resprout may reduce
the capacity to accumulate solutes, and favor less C costly
elastic adjustments.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-025-05678-4.
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