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Summary

1. An innovative hypothesis to explain the higher carbon (C) and nitrogen (N) storage in woody tis-
sues of winter deciduous species as compared to evergreen species is that these storages reflect an
adaptation to tolerate herbivory. Support for this hypothesis has been little when manipulative defoli-
ations were partial and/or applied in a single season. Given that repeated defoliations throughout a
single season are common in temperate forests and tend to be more severe in deciduous than in
evergreen species, we tested this hypothesis considering complete and recurrent defoliation in two
sympatric Nothofagus species with contrasting foliar habit.
2. In the field, we applied three defoliation intensities for 3 years in naturally coexisting juvenile
trees of Nothofagus betuloides (evergreen) and Nothofagus pumilio (deciduous). Defoliation intensi-
ties included complete defoliation (100%) twice during the growing season, partial defoliation
(50%) twice during the whole experiment and no defoliation. We evaluated survival, regrowth and
C- and N-storage in the leaves, stems and roots of each tree.
3. Complete defoliation caused 100% mortality in N. betuloides after the first year and no mortality
in N. pumilio after 3 years; it induced higher C reductions in N. pumilio roots, supported by greater
C-storage. Partial defoliation caused no interspecific differences in survival, though it produced a
stronger decrease in C-storage in N. betuloides than in N. pumilio. N concentrations in woody tis-
sues were significantly higher in N. pumilio than in N. betuloides, and only in the former did they
decrease with the defoliation intensity.
4. Synthesis. We found a potential functional link between leaf habit, defoliation tolerance and C-
and N-storage. The deciduous species tolerated complete and recurrent defoliations better than the
evergreen species, which was associated with higher C- and N-storage in stems and roots of the for-
mer. This link was not detected under partial defoliation. We suggest that the higher C- and N-stor-
age in the woody tissues of deciduous species as compared to evergreen species is an adaptation to
tolerate complete and recurrent defoliations under which temperate winter deciduous species may
have evolved.
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Introduction

Evergreen species differ from winter deciduous species in that
they have functional leaves year-round. A less conspicuous
but distinctive physiological trait differentiating the two leaf
habits relates to carbon (C) and nitrogen (N) storage in peren-
nial, woody tissues, which is higher in deciduous than in
evergreen tree species (e.g. Vanderklein & Reich 1999;
Millard et al. 2001; Hoch, Richter & K€orner 2003; Millard &
Grelet 2010; Fajardo, Piper & Hoch 2013; Richardson et al.

2013). The ecological and evolutionary reasons for the differ-
ent C- and N-storage in these leaf habits are not clear. The
classical and most accepted explanation affirms that winter
deciduous species are highly dependent on C- and N-storage
in order to meet spring growth demands (Dickson 1989;
Kozlowski 1992; Pallardy 2007). This explanation is largely
based on species artificially selected for high fruit or wood
yield, which is necessarily linked to important seasonal fluctu-
ations in C- (e.g. Boscagli 1982; Mataa & Tominaga 1998;
Mataa, Tominaga & Kozaki 1998; Miller et al. 1998) and N-
storage (Tromp 1983). In wild winter deciduous species, how-
ever, the amount of carbohydrates withdrawn from major*Correspondence author: E-mail: fpiper@ciep.cl
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C-storage sites in spring is actually a very small fraction of
the total (Barbaroux & Br�eda 2002; Hoch, Richter &
K€orner 2003; El Zein et al. 2011; Richardson et al. 2013),
and variations in C-storage are restricted to the youngest
shoots during short periods (Sch€adel et al. 2009), consistent
with the rapid C-autonomy acquired by new leaves and
shoots (Hoch, Richter & K€orner 2003; Keel & Sch€adel
2010; Landh€ausser 2011). As such, winter deciduous spe-
cies show similar annual variation in C-storage when com-
pared to evergreen species (Hoch, Richter & K€orner 2003),
as well as similar relative contributions of N-storage mobili-
zation and uptake for growth demands (Millard 1994; Grelet
et al. 2001; Silla & Escudero 2003). Thus, even during the
highly demanding period of leaf flushing, woody tissues of
deciduous species maintain higher storage of both C and N
than those of evergreens (Millard 1994; Grelet et al. 2001;
Hoch, Richter & K€orner 2003), undermining the phenologi-
cal hypothesis. Thus, an unresolved question is: why do
winter deciduous species store more C and N in their
woody tissues?
It has been proposed that high levels of C- and N-storage

in woody tissues of winter deciduous trees may reflect an
adaptation to tolerate defoliation (Millard et al. 2001; Hoch,
Richter & K€orner 2003). The idea is consistent with the
higher defoliation levels that deciduous species seem to expe-
rience. The fast leaf economics strategy of deciduous species,
associated with low toughness and high nutrient concentration
and specific leaf area (SLA; Mooney & Gulmon 1982;
Walters & Reich 1999; Wright et al. 2004), certainly makes
leaves more susceptible to herbivory (Chabot & Hicks 1982;
Pringle et al. 2011). Abiotic disturbances like frost, wind,
severe drought and hail are other important agents of defolia-
tion in temperate forests (Grayburn 1957; Dobbs & McMinn
1973; Ozolincius & Stakenas 1996; Lorenz & Becher 2012),
which also appear to cause more defoliation in deciduous
than in evergreen species (Lorenz & Becher 2012). In cases
of intense and unpredictable defoliation, herbivory tolerance
is thought to be the most efficient strategy to adopt (van der
Meijden, Wijn & Verkaar 1988; Haukioja & Koricheva
2000). One of the main physiological mechanisms behind
herbivory tolerance is the mobilization of stored C and nutri-
ents (van der Meijden, Wijn & Verkaar 1988; Richards 1993;
Tiffin 2000; Myers & Kitajima 2007; Palacio et al. 2008).
Thus, higher C- and N-storage in deciduous species as com-
pared to evergreen ones may be an adaptation to tolerate the
defoliations that deciduous species seem to have evolved
with.
The adaptive role of C- and N-storage in the herbivory

tolerance of deciduous species has, however, not been sup-
ported much in previous studies. In particular, studies assess-
ing partial defoliations have not found that winter deciduous
species are more tolerant to defoliation or that they experi-
ence higher C mobilization than evergreens. For instance,
Vanderklein & Reich (1999) found that seedlings’ survival
and C reserves of Larix leptolepis (deciduous) and Pinus
resinosa (evergreen) were similar in response to 25–75%
defoliation; Handa, K€orner & H€attenschwiler (2005) found

that both adult trees of Larix decidua and Pinus uncinata
survived a single 80% defoliation event and recovered their
initial needle length and most of their leaf carbohydrate con-
centrations after 3 years. Similar responses to partial defolia-
tion in both leaf habits can be explained by mechanisms
such as compensatory photosynthesis (Vanderklein & Reich
1999; Li, Hoch & K€orner 2002; Handa, K€orner &
H€attenschwiler 2005), remobilization from remaining leaves
(Millard et al. 2001) and fast C-autonomy of new shoots
and leaves (Keel & Sch€adel 2010; Landh€ausser 2011), all of
which can make the retrieval of C-storage in both leaf types
unnecessary. And yet, under complete or very severe defolia-
tions, deciduous species have a clear advantage, since, in
contrast to evergreens, they store C and N in the woody tis-
sues, not in the leaves (Millard et al. 2001; Millard & Grelet
2010). Although partial defoliations certainly represent the
most common case for many temperate forests, complete
defoliations can also be very common and more detrimental
in temperate forests (Kulman 1971; Veblen et al. 1996; Free-
lich 2002; Paritsis 2009; Paritsis et al. 2010; F. I. Piper &
A. Fajardo, pers. obs., see Fig. 1). Thus, we propose that the
high C- and N-storage in deciduous species’ woody tissues
reflects an adaptation to tolerate complete and repeated defo-
liations, rather than partial ones.
In this study, we aimed to determine the defoliation toler-

ance of two sympatric, congeneric broadleaf tree species
with contrasting leaf habits: Nothofagus betuloides (ever-
green) and Nothofagus pumilio (deciduous). The two species
coexist along a wide latitudinal range in southern South
America (approximately 40–55°SL). Previous work has dem-
onstrated that along a temperature gradient, C-storage has
always been higher in N. pumilio than in N. betuloides

Fig. 1. Stands of Nothofagus pumilio showing complete defoliation
after a massive outbreak by the caterpillar of the moth Ormiscodes
amphimone (Lepidoptera: Saturniidae) in southern South America
(Estero Parada area in Reserva Cerro Castillo, Regi�on de Ays�en, Chil-
ean Patagonia). The outbreak’s peak was in January 2009. The picture
was taken in April 2009 (mid-autumn); thus, the reddish canopy at
the higher elevation corresponds to the forest which was not defoli-
ated due to the caterpillars’ thermal threshold. Note the green (i.e.
new) leaves produced after the defoliation event on the tree in the
front of the photograph.
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(Fajardo, Piper & Hoch 2013). Here, we hypothesize that
N. pumilio has higher tolerance to complete and recurrent
defoliation than N. betuloides, due to higher C- and N-stor-
age in woody tissues. Massive and complete defoliations by
the caterpillar Ormiscodes amphimone (Lepidoptera: Saturnii-
dae) are common in N. pumilio forests, and they can occur
during consecutive years (Paritsis et al. 2010; Fig. 1).
Nothofagus betuloides may also be affected by O. amphi-
mone, but to a much lower degree than N. pumilio (Veblen
et al. 1996; Paritsis 2009; Paritsis et al. 2010). In addition,
southern South American Nothofagus forests have evolved
under a regime of large-scale, frequent and catastrophic
disturbances, where abiotic defoliations have been reported
(Veblen et al. 1996). Using a purported, different-intensity
defoliation experiment (zero, partial and complete) in juve-
niles of N. betuloides and N. pumilio, we examined survival,
regrowth and C- and N-storage in a period of three growing
seasons. Specifically, we determined whether the deciduous
species had higher C- and N-storage in their woody tissues
than the evergreen species. If so, we expect that: (i) under
complete defoliation events, N. pumilio will make use of its
higher C- and N-storage to promptly replace foliage tissue
and eventually survive, incurring stronger C and N reduc-
tions; (ii) N. betuloides, on the other hand, will run out of
reserves under complete defoliation and will most likely die;
and (iii) when defoliation is of partial intensity, both leaf
types will be able to survive, resulting in similar and gener-
ally low C or N mobilization.

Materials and methods

SPECIES AND STUDY SITE

Nothofagus betuloides (Mirb.) Oerst. and N. pumilio (Poepp. Et
Endl.) Krasser (Nothofagaceae) are two broadleaf tree species ende-
mic to the southern Andes of South America, distributed from 40° to
55°S and from 35° to 55°S, respectively (Rodr�ıguez & Quezada
2003). They are among the most cold-resistant tree species of the
region forming high-elevation forests (Alberdi et al. 1985; Fajardo,
Piper & Hoch 2013). Nothofagus betuloides is an evergreen tree with
leaf longevity of at least 2 years (A. Fajardo & F. I. Piper, unpubl.
data). Nothofagus pumilio is a winter deciduous tree whose growing
season typically starts in October and extends to mid-April, although
this varies with latitude and elevation (Hevia et al. 1999). In Pata-
gonia, leaf bud break occurs in late October, maximum leaf size is
reached in early December, leaf senescence (reddish colour) occurs in
April, and complete leaf shedding is achieved in May (A. Fajardo &
F. I. Piper, unpubl. data).

The study site where the experiment was located is in the Alto R�ıo
Ib�a~nez area (46°100S, 72°380W, 550 m a.s.l.) in the Ays�en Region of
the Chilean Patagonia. The mean annual precipitation is 1600 mm
and is distributed regularly throughout the year (Direcci�on General de
Aguas, Servicio Meteorol�ogico Nacional); mean temperature for the
growing season is 8.6 °C. The forest here is dominated by N. betulo-
ides and N. pumilio. We worked in an open-canopy mature forest site
(< 150 trees ha�1, 20–25 m high), where juveniles (1–1.5 m high) of
both species co-occur intermingled at a high density (approximately
2500 juveniles ha�1).

DEFOLIAT ION EXPERIMENTAL DESIGN

Within the forest, we set 10 sampling points every 25 m along a sam-
pling line. At each sampling point we selected in the neighbourhood
three juvenile trees of N. pumilio and N. betuloides (1.5 m high,
approximately 10 years old). Juveniles’ selection was based on the
following criteria: unshaded and vigorous looking, one dominant
stem, no signs of disease or herbivory and no close (< 50 cm) neigh-
bours (i.e. minimum biotic interactions). Three levels of defoliation
were randomly assigned to juveniles of each species: 100%, 50% and
0% of defoliation (i.e. control). Thus, we had six treatments (two spe-
cies 9 three defoliation levels) with 10 replicates each. One hundred
percent defoliation consisted of the complete removal of leaves both
in mid-December (late spring) 2009, 2010 and 2011, and in early
February (mid-summer) 2010 and 2011. Fifty percent defoliation con-
sisted of the removal of every other leaf in late spring twice during
the whole experiment (mid-December 2009 and 2010). When we car-
ried out subsequent defoliations, we made no distinctions between
leaves displayed before and after defoliation, that is, all leaves were
treated equally disregarding leaf age. Defoliations were performed
manually, and we were particularly careful to not remove buds. Mean
leaf size was 1.73 cm2 (�0.2) for N. betuloides and 2.6 cm2 (�0.6)
for N. pumilio. For complete defoliation, we defoliated on average
2135 (�220) leaves for each N. betuloides juvenile and 1068 (�146)
leaves for each N. pumilio juvenile.

SURVIVAL AND REGROWTH

At each defoliation date, we evaluated survival and regrowth (i.e. leaf
biomass produced following a defoliation event). Juveniles were con-
sidered dead when all their leaves, buds and bark (slightly removed at
the base of the stem with a knife) were brown and dry. For 100%
defoliation, regrowth was determined as the percentage of dry leaf
mass and leaf area harvested at each defoliation date relative to the
initial dry leaf mass and leaf area, respectively. While less straightfor-
ward, for 50% defoliation, regrowth was estimated 1 year after the
beginning of the experiment and at the end, with the following
formula:

R ¼ ðlh � 2� lrÞ � 100=li
where R stands for regrowth (in percentage), lh is the harvested leaf
biomass at a given date (i.e. lh*2 represents the total leaf biomass at a
given date), lr is the leaf biomass harvested at the previous defoliation
date and li is the initial leaf biomass (estimated as twice the harvested
leaf biomass at the first defoliation date; Fig. S1 in Supporting Infor-
mation). Leaf biomass for lh, lr and li was measured in grams of dry
weight. For this, harvested leaves from each treatment and sampling
date were collected, placed in labelled bags and stored in cool boxes
that were brought to the laboratory (Centro de Investigaci�on en Eco-
sistemas de la Patagonia, Coyhaique). Given that regrowth was based
on dry leaf mass and leaf area, we calculated SLA, determined as the
ratio between fresh leaf area and leaf mass. For leaf area determina-
tion, a subset of fresh leaves from each juvenile was displayed sepa-
rately on a white sheet along with a reference square of known size
(4 cm2), covered with a transparent glass and photographed with a
Sony DSC–S750 digital camera (Sony Corporation, Tokyo, Japan).
Images were later processed to calculate the total projected leaf area
using the image processing software SIGMAPROC 5.0 (Systat Software
Inc., Richmond, CA, USA). Leaves were then placed to dry in a
forced-air stove (Memmert GmbH, Schwabach, Germany) at 70 °C
for 72 h and were subsequently weighed with a scale to a precision
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of 0.0001 g. Finally, the successive measurements of regrowth were
added for each juvenile to estimate the cumulative regrowth.

HARVEST AND BIOMASS ANALYSES

Trees were sampled for chemical and biomass analyses at the end of
the experiment in March 2012 (late summer). As an exception,
N. betuloides juveniles which had undergone 100% defoliation were
found dead in mid-December 2010 (late spring) and were thus har-
vested for chemical and biomass analyses at that time. A few brown-
ish and dried leaves, still attached to the dead juveniles, were used
for analyses. We do not know exactly when these juveniles died;
however, they probably had not yet begun to decompose at the har-
vest time, and we therefore assume our data are indicative of the real
physiological condition of the juveniles at their time of death. We
believe that the low temperatures which occur in the winter and
spring in this geographical area most likely impede fast tissue decom-
position. Nevertheless, to test for potential changes in the chemical
composition associated with decomposition processes, we analysed
the C-storage of leaves harvested in February 2010 for 100% defoli-
ated N. betuloides and compared it to the C-storage found in dead
leaves. To determine C- (soluble sugars and starch) and N-storage
concentrations and pools, a small, coarse piece of superficial root
(approximately 0.5–1 cm diameter) and main stem (collected at mid-
dle height) were taken from each juvenile, and bark and phloem were
removed in the field with a knife. Plant material was brought to the
laboratory in a cooler box with an ice pack to reduce tissue respira-
tion for the 2 h trip. Samples for C- and N-storage analyses were
heated in a microwave in three 20 s cycles at maximum power in
order to stop enzymatic activity (Popp et al. 1996). Samples were
then dried in a forced-air stove at 70 °C for 72 h, and afterwards,
they were ground to a fine powder by a coffee mill and a mortar, and
finally, they were stored at 4 °C until chemical analysis. For biomass
distribution estimation, four juveniles per treatment were excavated.
Roots, main stem and all leaves were collected separately. In the lab-
oratory, roots were thoroughly washed with tap water, gently brushed
and put back in paper bags, along with leaves and stems. All plant
material was placed to dry at 70 °C for 72 h and then dry weights
were recorded.

CHEMICAL ANALYSES

Leaves, stem and roots of each juvenile were analysed for non-struc-
tural carbohydrates (NSC = soluble sugars + starch) and N concentra-
tions. In approximately 15 mg of dried powder sample, soluble
sugars and starch concentrations were determined. Soluble sugars
were extracted with a methanol:chloroform:water solution, separated
from pigments and lipids by adding water and chloroform (Rose et al.
1991), and main sugars (sucrose, glucose, and fructose) determined
with the phenol sulphuric method, using 2% phenol and reading at
490 nm (Chow & Landh€ausser 2004). The residual pellet was dried
overnight at 50 °C in a forced-air stove and starch was then gelati-
nized (Rose et al. 1991) and hydrolysed to glucose with amyloglucos-
idase (Sigma-Aldrich 10115, St. Louis, MO, USA) at 45 °C
overnight. Glucose was determined similarly to soluble sugars (Chow
& Landh€ausser 2004). Soluble sugars and starch concentrations were
expressed as mg per gram of dry weight. Total NSC concentrations
were estimated from the sum of soluble sugars and starch. The nitro-
gen concentration was determined in 25 mg of dry and ground sam-
ples of leaves, stem and roots, by a combustion analyser (LECO
TruSpec� Micro CHN; Center of Applied Isotope Studies of the Uni-

versity of Georgia, Athens, GA USA). N concentrations were
expressed both per mass unit (as % of dry matter) and per area unit
(in the case of leaves). Carbohydrate and N pools were obtained by
multiplying the biomass of each tissue by NSC and N concentrations.

STAT IST ICAL ANALYSES

The influence of defoliation intensity and species foliar habit in bio-
mass distribution, soluble sugars, starch, NSC and N concentrations
and pools were analysed fitting linear mixed-effects models (LMM).
In the modelling, we considered the defoliation level (0%, 50% and
100%) and species foliar habit (deciduous and evergreen) as fixed
factors and sampling points as random factors to account for among-
point variation. To test whether there was a difference between decid-
uous and evergreen species’ C- and N-storage across defoliation lev-
els, we computed mean values, confidence intervals, and predicted
differences between deciduous and evergreen species, and inference
(t- and P-value) on planned contrasts using the esticon function in the
doBy package (Højsgaard et al. 2012). For 100% defoliated N. betu-
loides, leaf carbohydrate concentrations in early February 2010 (living
leaves) and mid-December 2010 (dead leaves) were compared with a
Student’s t-test. We planned to evaluate survival responses in the dif-
ferent treatments by fitting generalized LMM, considering a logistic
link function (alive vs. dead, binomial residual distribution; Pinheiro
& Bates 2001). However, we found no variation in survival (complete
mortality for one treatment, and complete survival for the other five
treatments; see Results below). Thus, we only show absolute values
demonstrating the blatant difference among treatments. Finally, cumu-
lative regrowth was compared between species at the end of the
experiment for the two defoliation treatments (50% and 100% defolia-
tion) using LMMs, where species was the fix factor and sampling
point was the random factor. All analyses were done in R version
2.15.3 (R Development Core Team 2013).

Results

By the time the second complete defoliation was carried out
(mid-summer 2010, i.e. February), all 60 juvenile trees were
found alive. At this time, regrowth was very low in N. pumi-
lio (19% of initial leaf biomass) and higher in N. betuloides
(42%) (Fig. 2). In the second growing season (specifically by
mid-December 2010), all N. betuloides juveniles (evergreen)
that had been subjected to 100% defoliation (two consecutive
100% defoliations during the first growing season) were
found dead, with a few attached leaves formed in the prior
growing season (Fig. 2). In contrast, no mortality was
observed in N. pumilio (deciduous) under the same defolia-
tion regime during the experiment. Furthermore, this species
was able to regrow throughout the 3 years of the experiment
(Fig. 2). Since the first pulse of regrowth in N. betuloides
was high, cumulative regrowth was statistically similar
between species that underwent 100% defoliation. We found
no juvenile mortality of any species with 50% defoliation at
any time in the 3 year experiment. Cumulative regrowth for
this defoliation intensity was also similar between species
(Fig. 2).
In the absence of defoliation (i.e. controls), leaf NSC con-

centrations were similar between species, although starch was
higher in N. betuloides, whereas soluble sugars were higher
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in N. pumilio (Table 1, Fig. 3). NSC concentrations in stems
were also similar between species; however, in roots,
N. pumilio had significantly higher concentrations of starch
and NSC than N. betuloides (Table 1, Fig. 3). The effect of
defoliation on NSC concentrations differed between species
and depended on tissue type. First, according to our expecta-

tion that under complete defoliation N. pumilio incurs greater
C and N reductions in woody tissues than N. betuloides, we
effectively found that for roots, control trees of N. pumilio
had higher NSC (starch and sugar) concentrations than
N. betuloides counterparts, while both species had similar
NSC concentrations under 100% defoliation. This pattern
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Fig. 2. Cumulative (bars) and seasonal (dots,
inset graphs) regrowth in juvenile trees of
Nothofagus betuloides (evergreen) and
Nothofagus pumilio (deciduous) subjected to
50% and 100% defoliation intensity during
three growing seasons in a mixed forest in
Patagonia, Chile. For cumulative regrowth,
values represent the sum of successive
regrowth relative to the initial total leaf mass
and leaf area of each juvenile tree. F-ratios,
degrees of freedom and P-values based on
linear mixed-effects models (LMM) analyses
are for the foliar habit comparison. D:
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Table 1. Statistical results (F- and P-value) based on linear mixed-effects models (LMM) showing the effects of species (spp.), defoliation level
(D) and the interaction of both on concentrations of non-structural carbohydrates (NSC), starch, soluble sugars and nitrogen (N) in leaves, stems
and roots (in mg g�1 d.w.) for juvenile trees of Nothofagus betuloides (evergreen) and Nothofagus pumilio (deciduous) in Patagonia, Chile

Soluble sugars Starch NSC N

Concentration
Leaves
sp. 64.92 (<0.001) 93.04 (<0.001) 22.38 (<0.001) 12.99 (0.002)
D 11.52 (<0.001) 149.74 (<0.001) 8.26 (0.001) 10.20 (0.012)
sp. 9 D 7.36 (0.002) 122.67 (<0.001) 2.83 (0.072) 1.97 (0.171)

Stems
sp. 13.09 (<0.001) 2.81 (0.101) 1.47 (0.232) 4.18 (0.051)
D 20.95 (<0.001) 31.90 (<0.001) 42.39 (<0.001) 7.02 (0.0036)
sp. 9 D 14.79 (<0.001) 1.51 (0.233) 4.07 (0.024) 6.20 (0.007)

Roots
sp. 8.59 (0.005) 33.08 (<0.001) 35.00 (<0.001) 0.83 (0.372)
D 9.54 (<0.001) 45.64 (<0.001) 41.57 (<0.001) 3.47 (0.047)
sp. 9 D 5.11 (0.010) 3.80 (0.030) 5.55 (0.007) 4.50 (0.022)

Pool
Leaves
sp. 3.71 (0.067) 7.37 (0.011) 3.13 (0.085) 21.24 (<0.001)
D 62.78 (<0.001) 112.11 (<0.001) 120.79 (<0.001) 23.77 (<0.001)
sp. 9 D 9.69 (<0.001) 6.42 (0.005) 5.15 (0.011) 17.27 (<0.001)

Stems
sp. 6.06 (0.018) 1.56 (0.220) 0.45 (0.506) 1.39 (0.25)
D 23.36 (<0.001) 28.37 (<0.001) 29.10 (<0.001) 5.79 (0.008)
sp. 9 D 4.78 (0.014) 3.50 (0.040) 2.56 (0.091) 5.37 (0.010)

Roots
sp. 0.002 (0.888) 22.52 (<0.001) 15.64 (<0.001) 3.16 (0.087)
D 2.51 (0.094) 23.65 (<0.001) 17.99 (<0.001) 0.07 (0.929)
sp. 9 D 2.77 (0.075) 1.97 (0.153) 2.34 (0.108) 0.08 (0.011)
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shows that N. pumilio experienced a higher reduction in root
C-storage than N. betuloides (Table 1, Fig. 3). Following the
same rationale, however, there was no interspecific difference

in the stems’ C-storage mobilization in response to 100%
defoliation. This result, along with the similar root NSC con-
centrations between species under 100% defoliation, led to
partial support for our second expectation, that is, that N. bet-
uloides may run out of reserves under complete defoliation
and die. Third, we had also expected that under partial defoli-
ation (50%), no interspecific difference in C mobilization
should be observed. We found, however, that N. pumilio
maintained higher concentrations of starch and NSC than
N. betuloides in woody tissues (stems and roots) and leaves
when subjected to 50% defoliation (Table 1, Fig. 3). Finally,
for 100% defoliated N. betuloides individuals, leaves col-
lected in February 2010 had similar soluble sugars
(F1,12 = 0.29; P = 0.60), starch (F1,12 = 0.12; P = 0.73) and
NSC (F1,12 = 0.52; P = 0.52) concentrations as dead leaves
collected in mid-December 2010.
For controls, N. betuloides had significantly more biomass

invested in leaves than N. pumilio (F = 71.46, P < 0.0001,
Table 2), but stem and root biomass did not differ between
species (F = 1.32, P = 0.26; F = 1.66, P = 0.17, respec-
tively, Table 2). Defoliation had obvious major effects on leaf
biomass (F = 53.3, P < 0.0001), but not on wood biomass
(F = 1.71, P = 0.19; F = 0.37, P = 0.69, in stems and roots,
respectively). The reduction of leaf biomass caused by the
defoliation was more pronounced in N. betuloides than in
N. pumilio (F = 28.75, P < 0.0001) (Table 2). Total plant
biomass was similar between species (F = 2.66; P = 0.113)
and was equally reduced with the defoliation intensity in both
species (species: F = 4.13; P = 0.027, species*defoliation:
F = 1.38; P = 0.27). Total amounts of NSC, starch and solu-
ble sugars per tissue (i.e. pools, the carbohydrate concentra-
tions of a given tissue by the biomass of that tissue) followed
similar trends to those found for their respective concentra-
tions. In controls, juvenile leaves’ NSC pools were higher in
N. betuloides than in N. pumilio (Fig. 4).
Under control conditions, N. pumilio had significantly

higher N concentrations per mass unit than N. betuloides
across the different tissues (Table 1 and Fig. 5). For leaves,
N. pumilio also had higher N concentrations per area unit
than N. betuloides (F = 10.41; P = 0.004). A similar pattern
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Fig. 3. Soluble sugars (closed circles), starch (open circles) and
total non-structural carbohydrate (NSC = soluble sugars + starch)
(closed triangles) concentrations in leaves, stems and roots of juve-
nile trees of Nothofagus betuloides (evergreen) and Nothofagus
pumilio (deciduous) subjected to different defoliation levels (0%,
50% and 100%) in a mixed temperate forest in Patagonia, Chile.
Chemical concentrations were determined after three growing sea-
sons, except in 100% defoliated N. betuloides individuals, where
they were determined after one growing season (December 2010).
Detached right-sided symbols in the top-left figure show leaf con-
centrations of soluble sugars, starch and NSC of 100% defoliated
N. betuloides in early February 2010. Different upper case letters
indicate significant (P < 0.05) differences in concentrations between
species, and different lower case letters indicate significant differ-
ences among treatments within species.

Table 2. Mean values (�1 SE) for leaves, stems, roots and total biomass of juvenile trees of Nothofagus betuloides (evergreen) and Nothofagus
pumilio (deciduous) subjected to different defoliation intensities (0%, 50% and 100%) under field conditions in Patagonia, Chile. Biomasses were
determined after three growing seasons, except in 100% defoliated N. betuloides where they were determined after one growing season (Decem-
ber 2010)

Defoliation (%) Leaves Stems Roots Total

Nothofagus betuloides
0 42.0 (�1.2) a 115.0 (�12.2) a 55.6 (�2.2) a 213.1 (�5.6) a
50 66.0 (�12.7) b 78.9 (�25.0) a 42.1 (�10.6) a 187.1 (�34.2) ab
100 0.22 (�0.12) c 117.0 (�8.2) a 58.6 (�3.4) a 175.6 (�9.50) b

Nothofagus pumilio
0 14.5 (�2.0) a 110.7 (�13.7) a 57.0 (�8.5) a 194.62 (�21.7) a
50 8.9 (�2.2) b 98.0 (�21.6) a 81.0 (�18.5) a 186.30 (�31.5) ab
100 1.06 (�0.4) c 55.8 (�7.8) a 46.0 (�9.8) a 102.89 (�17.4) b

Values are given in grams of dry weight. Different lower case letters indicate significant differences among treatments at P < 0.05.
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was observed for N pools, with the exception of leaves where
N pools were higher in N. betuloides due to its higher leaf
biomass. Defoliation had no effect on the N concentrations of
N. betuloides leaves and stems, but it caused a significant
increase (proportional to defoliation intensity) in the roots’ N
concentrations (Fig. 5). In N. pumilio, defoliations provoked a
significant increase in leaves’ N concentrations per mass unit,
but not per leaf area unit (Table 1), and a significant decrease
in stems and roots’ N concentrations (Table 1 and Fig. 5).
With the exception of leaves, trends in N pools were gener-
ally similar to those in N concentrations.

Discussion

DECIDUOUSNESS AND TOLERANCE TO DEFOLIAT ION

The deciduous species N. pumilio had higher NSC and N
concentrations (and pools) for stem and root tissues than the
evergreen N. betuloides. The difference in terms of roots’
NSC reached approximately 40% and 50% for concentrations
and pools, respectively; higher differences were found for N
concentrations and pools. Nothofagus betuloides, in contrast,
had higher NSC and N pools in leaves due to its higher leaf

biomass. These results corroborate the pattern reported in
classical and more recent studies (Kozlowski 1992; Vanderk-
lein & Reich 1999; Hoch, Richter & K€orner 2003; Fajardo,
Piper & Hoch 2013; Richardson et al. 2013). Whereas most
previous studies only worked with one tissue (usually
branches or shoots), ours is the first to consider the whole-
plant’s C and N-storage.
One of our study’s key findings was that the deciduous tree

species, N. pumilio, was more tolerant to complete and recur-
rent defoliations than the evergreen species N. betuloides,
which, in contrast, died after two complete defoliations in
only one growing season. In total, N. pumilio was completely
defoliated five times during three growing seasons and kept
regrowing ultimately surviving until the end of the experi-
ment. To the best of our knowledge, this capability to regrow
and survive complete and successive defoliations has not been
previously documented for a tree species. As hypothesi-
zed, the regrowth and survival of N. pumilio in response to
complete defoliation were associated with a significant
decrease of C- and N-storage (concentrations and pools in
stems and roots). Complete defoliation also reduced the
amount of C stored in N. betuloides’ stems and roots (but not
N), although the decrease in absolute values of the roots’
NSC concentrations was smaller than in N. pumilio due to
lower initial NSC concentrations (Fig. 3). This suggests that
N. pumilio incurs a stronger mobilization of C- and N-storage
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gus betuloides (evergreen) and Nothofagus pumilio (deciduous) sub-
jected to three different defoliation levels (0%, 50% and 100%) in a
mixed temperate forest in Patagonia, Chile. Chemical concentrations
were determined after three growing seasons, except in 100% defoli-
ated N. betuloides where they were determined after one growing sea-
son (December 2010). Different upper case letters indicate significant
(P < 0.05) differences in concentrations between species, and different
lower case letters indicate significant differences among treatments
within species.
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than N. betuloides to promptly replace foliage tissue and
eventually survive. The mobilization of C and N stored in
woody tissues very likely allowed N. pumilio to achieve com-
pensatory photosynthesis, as suggested from the leaves’
increased N concentrations (Fig. 5) and the well-known posi-
tive relationship between leaf N and photosynthetic capacity
(Reich et al. 1999). It is important to note, however, that the
relative decrease in roots’ starch and NSC concentrations (i.e.
the proportional decrease relative to control concentrations)
was rather similar between species (62.89% for N. betuloides
and 60.27% for N. pumilio). Thus, absolute changes in C-
storage were better predictors of defoliation tolerance than rel-
ative ones. The storage of C and N in woody tissues is one
of the most conspicuous traits differentiating winter deciduous
from evergreen species in temperate forests (Grelet et al.
2001; Millard et al. 2001; Hoch, Richter & K€orner 2003;
Fajardo, Piper & Hoch 2013) and so far no satisfactory expla-
nation has accounted for this pattern. It has been proposed
that the differential C- and N-storage sites in evergreen and
deciduous temperate tree species indicate different tolerances
to defoliation (Millard et al. 2001; Hoch, Richter & K€orner
2003); our results support this proposal if defoliation is
complete and recurrent, but not if it is partial.
Our second expectation, that is, that N. betuloides would

run out of reserves under complete defoliation, and that this,
in turn, would lead to death, was partially supported. Nothofa-
gus betuloides did not overcome two complete defoliations
(in the first growing season) and died, but its final levels of
C- and N-storage were not significantly lower than those of
N. pumilio after 3 years of defoliation (Figs 3 and 5). Given
that completely defoliated N. betuloides trees had to be analy-
sed for C- and N-storage as dead individuals in late spring,
while their N. pumilio counterparts were analysed as planned
in late summer, and 2 years later, differences in harvest dates
and tissue conditions could have led to misestimates for the
amount of C stored in N. betuloides. Arguing against this
possibility, we found similar concentrations of soluble sugars,
starch and NSC in dead leaves and leaves harvested from the
same individuals at the previous defoliation (Fig. 3). Given
this result and knowing that the study site experiences snow
and low temperatures throughout most of the winter, we
assume that tissue decomposition of dead N. betuloides before
harvest was negligible. The question is then, how could
N. pumilio survive with such low C and N content, while
N. betuloides could not? We think that N. pumilio had a more
conservative strategy than N. betuloides, given that it never
refoliated more than approximately 20% of its original can-
opy. In contrast, N. betuloides refoliated approximately 42%
before it died (Fig. 2). Thus, the same level of C-storage was
achieved from a rationed regrowth (i.e. evenly distributed in
time) with leaves photosynthetically more efficient (i.e. higher
leaf N) in N. pumilio and from a larger regrowth with leaves
photosynthetically less efficient (i.e. lower leaf N) in N. betu-
loides. Nothofagus betuloides’ strategy could make C and
nutrients less available to tolerate subsequent stressful events
(e.g. defoliations, freezing). It may not be a coincidence that
N. betuloides died in the winter, when the demand for

osmotic agents – including sugars and derived compounds –

to tolerate freezing increases significantly in Nothofagus spe-
cies of southern South America (Reyes-D�ıaz et al. 2005).
This explanation predicts that N. pumilio had more C-storage
than N. betuloides after the first growing season and that it
might have been close to dying after three growing seasons
when its C-storage level was similar to the one reached by
the dead N. betuloides individuals. Another potential explana-
tion for N. betuloides’ complete mortality is that, as an ever-
green species, it is adapted to maintain active transpiration
throughout the winter, while N. pumilio, as a deciduous spe-
cies, experiences annual cycles of embolism and reactivation
of its xylem (Sperry et al. 1994). Thus, N. betuloides may
have died in the winter due to an irreversible damage (i.e.
loss of functionality) to its vascular system (xylem and
phloem) caused by the cessation of the water flux in low tem-
perature conditions. Given the interdependence of phloem and
xylem fluxes, impeded hydraulic conductance is expected to
impair the phloem transport (Sala, Piper & Hoch 2010; Sala,
Woodruff & Meinzer 2012), which in turn could limit the
mobilization and translocation of stored resources and the
hormonal production and signalization (Kulman 1971; Rich-
ards 1993). In fact, the apparent lack of N mobilization from
roots or stems in completely defoliated N. betuloides juveniles
is consistent with the previous idea. In contrast, the deciduous
habit (i.e. N. pumilio) might be associated with a vascular
system adapted to leaf loss, not only driven by phenology,
but also by disturbances (e.g. massive defoliations).
We also expected that partial defoliations should not induce

differential responses in the C- and N-storage or the survival
of deciduous and evergreen species. Our study’s results sup-
ported this expectation; both species were similarly able to
survive well (no mortality) and to regrow. These treatments,
however, caused greater reductions in stem and root C-storages
in N. betuloides than in N. pumilio. In fact, N. pumilio roots
did not reduce their NSC concentrations or pools and this
species experienced only a small NSC decrease (concentration
and pool) in its stem (Figs 3 and 4). We think that the
similar survival responses to partial defoliation for both spe-
cies reflect different mechanisms. In deciduous species, the
fast C-autonomy reached by new leaves and compensatory
photosynthesis promote a rapid refilling of storages used to
build up new leaves (Palacio et al. 2008; Keel & Sch€adel
2010; Landh€ausser 2011). In evergreen species, on the other
hand, remaining leaves provide the energy and resources
required to regrow (Vanderklein & Reich 1999; Millard et al.
2001; Li, Hoch & K€orner 2002), which explains why ever-
greens usually tolerate partial defoliations, but are extremely
sensitive to complete defoliation (Craighead 1940; Krause &
Raffa 1996; Mundim et al. 2012). We conclude that decidu-
ous species are more adapted than evergreens to complete and
repeated defoliations, but this advantage disappears in situa-
tions of partial defoliation.
The hypothesis of higher herbivory tolerance in deciduous

than in evergreen species has been proposed previously
(Bryant, Chapin & Klein 1983; Hoch, Richter & K€orner
2003; Millard & Grelet 2010), but our study adds a key
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empirical piece of evidence not yet considered: the intensity
and frequency of defoliation. The reformulated hypothesis,
that is, that higher C- and N-storage in woody tissues of
deciduous species promotes better tolerance to complete and
repeated defoliation compared to evergreen species, is consis-
tent with the view of herbivory tolerance as the selected
mechanism under frequent, intense and often unpredictable
defoliations (van der Meijden, Wijn & Verkaar 1988; Rosen-
thal & Kotanen 1994; Haukioja & Koricheva 2000). This
hypothesis is also consistent with the high intensity of defoli-
ation under which temperate deciduous species, with more
tender leaves than evergreens, might have evolved. Complete
defoliations driven by herbivores can occur repeatedly, during
consecutive years (Rose 1958; Kulman 1971), or even in the
same season (Wilkinson, Becker & Benjamin 1966; Freelich
2002), when they can also co-occur with severe abiotic defoli-
ation (Rose 1958; Veblen et al. 1996; Freelich 2002; Lorenz
& Becher 2012).
Our results could help to understand biogeographic patterns

of Nothofagus species in southern South America associated
with leaf habit. Climate, with a major focus on drought, low
temperatures and soil nutrition, has been the main factor link-
ing plant distribution and leaf lifespan (Chabot & Hicks
1982; Givnish 2002; McGlone et al. 2004). Yet, a satisfactory
explanation for the ample, large-scale dominance of decidu-
ous Nothofagus species in southern South America, across
different climates (Mediterranean, Temperate and Subantarc-
tic) and soil types (old in the Coastal Range, young volcanic
in the Andes Cordillera), is still lacking. The dominance of
N. pumilio as a deciduous tree line species for most of the
southern Andes of South America (35–55°S), across tempera-
ture and precipitation gradients (Fajardo, Piper & Cavieres
2011), as opposed to the dominance of evergreen conifers in
the northern hemisphere, is still not well understood. One
explanation has pointed to the lack of the ‘right taxon’ (e.g.
an evergreen conifer; K€orner & Paulsen 2004), but this idea
has not been supported by empirical studies (Fajardo, Piper &
Cavieres 2011; Fajardo & Piper 2014). Selection for the
deciduous leaf habit to face complete and periodic defolia-
tions could be an alternative explanation for the dominance of
N. pumilio at high elevations across all the southern Andes of
South America (Fajardo, Piper & Hoch 2013). Forests of
N. pumilio are frequently exposed to insect outbreaks – par-
ticularly O. amphimone (Lepidoptera: Saturniidae) – and it is
thought that they have evolved along with these outbreaks
(Paritsis 2009; Paritsis & Veblen 2010; Fig. 1). In addition,
temperate forests of southern South America, and Nothofagus
forests in particular, are thought to have evolved under
intense pressure of large-scale abiotic disturbances (Veblen &
Ashton 1978; Grubb et al. 2013), which can be expected to
more severely defoliate deciduous than evergreen species. It
is thus highly probable that N. pumilio is adapted to abiotic-
driven defoliations, in general. Consistent with this, it has
been reported that intense summer drought causes premature
leaf abscission in deciduous Nothofagus species which none-
theless are better able than evergreen Nothofagus to survive
such events (Veblen et al. 1996).

Conclusions

Our study suggests that the winter deciduous habit entails
advantages when defoliation is intense. These advantages are
linked, in part, to higher C- and N-storage in woody tissues,
but other mechanisms linked to deciduousness itself seem to
be involved as well. The absolute mortality observed in the
intensively defoliated evergreen Nothofagus, but not in the
deciduous Nothofagus, could be related to irreversible dam-
age to the vascular system (xylem and phloem) caused by the
cessation of the water flux in low temperature conditions (i.e.
winter time). We suggest that explanations of global distribu-
tion patterns of winter deciduous and evergreen tree species
should consider the possibility of massive outbreak episodes
and abiotic disturbances across different climates, latitudes or
soil types. Where leaf damage due to heavy herbivory, frost,
falling debris, avalanches and other disturbances is frequent,
the deciduous leaf habit can be expected to be more success-
ful than its evergreen counterpart. We believe our study is
important because it dealt with two sympatric, congeneric,
different foliar habit species which reduces any potential phy-
logenetic noise. Nonetheless, further studies are necessary to
determine whether the trends found in this study do indeed
represent an adaptive functional link.
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Figure S1. Schematic representation of partial defoliation and detailed
explanation of the formula used to calculated regrowth (R) in this
treatment.
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