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a b s t r a c t

We assessed leafing patterns (rate, timing, and duration of leafing) and leaf traits (leaf longevity, leaf mass
per area and leaf-chemistry) in four co-occurring evergreen shrubs of the genus Larrea and Chuquiraga
(each having two species) in the arid Patagonian Monte of Argentina. We asked whether species with
leaves well-defended against water shortage (high LMA, leaf longevity, and lignin concentration, and low
N concentration) have lower leaf production, duration of the leafing period, and inter-annual variation of
leafing than species with the opposite traits. We observed two distinctive leafing patterns each related to
one genus. Chuquiraga species produced new leaves concentrated in a massive short leafing event (5–48
days) while new leaves of Larrea species emerged gradually (128–258 days). Observed leafing patterns
were consistent with simultaneous and successive leafing types previously described for woody plants.
The peak of leaf production occurred earlier in Chuquiraga species (mid September) than in Larrea species
(mid October–late November). Moreover, Chuquiraga species displayed leaves with the longest leaf
lifespan, while leaves of Larrea species had the lowest LMA and the highest N and soluble phenolics
concentrations. We also observed that only the leaf production of Larrea species increased in humid years.
We concluded that co-occurring evergreen species in the Patagonian Monte displayed different leafing
patterns, which were associated with some relevant leaf traits acting as plant defenses against water stress
and herbivores. Differences in leafing patterns could provide evidence of ecological differentiation among
coexisting species of the same life form.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Resource pulsing in arid ecosystems could provide axes of
ecological differentiation among species facilitating their coexistence
in these harsh environments (Chesson et al., 2004). Important adap-
tations for plant coexistence in arid ecosystems are those promoting
the separation of water use in time (phenological asynchrony), the
relative differences in the utilization of water in the upper soil, and
differences in the readiness of plant responses to environmental
triggers, among others (Reynolds et al., 2004).

The leafing pattern could be considered an important indicator of
plant activity (Seghieri and Simier, 2002). The timing of leafing
in perennial plants mostly depends on rainfall pulses and the time,
length and intensity of the moist season (Chesson et al., 2004;
Reynolds et al., 2004). In spite of this, some desert perennial plants
could maintain vegetative activity throughout the year or during
drought due to the utilization of external water sources stored in
ampanella).

son SAS. All rights reserved.
different soil layers (Noy-Meir, 1973). This extended activity requires
the construction of drought resistant aboveground tissues, which in
turn may have high costs for plants (Crawley, 1998). However, in
most plants, the benefits of having drought resistant tissues could
outweigh the costs (Koricheva et al., 2004). In fact, drought resistant
leaves have low turnover and long lifespan (Westoby et al., 2002).
Leaf longevity is a plant trait of great ecological significance in arid
ecosystems since it is related not only to plant functional responses
to water shortage but also to a prolonged residence time of nutrients
in leaves, thus improving both water and nutrient use efficiency in
plants (Escudero et al.,1992; Aerts,1996; Eckstein et al.,1999; Casper
et al., 2001). In contrast, plant species with short-lived leaves, low
LMA and high N concentration have greater potential for fast growth
and eventually show higher plastic responses to variation in soil
resources than those with long-lived leaves (Westoby et al., 2002).

Several studies described the variation in leaf traits or leafing
patterns of a broad spectrum of species of different life forms
growing in a wide range of environments (Castro-Dı́ez et al., 1997;
Nitta and Ohsawa, 1997; Williams et al., 1997; Reich et al., 1999;
Broadhead et al., 2003; Wright et al., 2004; Bertiller et al., 2005;
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Fig. 1. Representation of the sigmoidal model used to estimate the cumulative number
of new leaves per shoot during an annual period. CNLðxÞ ¼ a0=ð1þ ðeð�ððx�a1ÞÞ=a2ÞÞÞ
where CNL is the cumulative number of new leaves per shoot at the month x, a0 is the
maximum cumulative number of new leaves per shoot, a1 is the date of the peak of leaf
production, and a2 is a constant that determines the curvature of CNL and it is directly
proportional to the duration of the leafing period (4.4 � a2 ¼ number of months
between the beginning and the end (10 and 90%, respectively) of leafing).
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Sekhwela and Yates, 2007). Only few studies analyzed simulta-
neously leafing patterns and leaf traits (Williams-Linera, 2000; Sun
et al., 2006) providing some evidence of relationships among leaf
longevity, leaf area and leafing patterns in tree species. However,
studies relating leafing patterns and leaf traits in desert species are
very scarce. Addressing this topic could be important in providing
possible evidence of ecological differentiation among coexisting
species in harsh arid environments (Chesson et al., 2004).

In the arid Patagonian Monte, evergreen shrubs show a wide
variation in leaf traits and phenological patterns (Bertiller et al.,
1991; Carrera et al., 2000; Campanella and Bertiller, 2008), offering
an interesting target plant group to test hypotheses about the
relationships between leafing patterns and leaf traits among
coexisting species of the same life form. In this paper, we assessed
simultaneously the leafing pattern (rate, timing, and duration of
leafing) in consecutive annual periods and leaf traits (leaf longevity,
leaf mass per area and leaf-chemistry) of four coexisting dominant
evergreen shrub species in the Patagonian Monte. We hypothesized
that species with leaves well-defended against water shortage
(high LMA, leaf longevity, and lignin concentration, and low N
concentration) have lower leaf production, duration of the leafing
period, and inter-annual variation of leafing than species with the
opposite traits.

2. Materials and methods

2.1. Study site and evergreen shrub species

The study was undertaken in Estancia San Luis (42� 380 5100 S, 65�

230 0300 W) located in the northeastern of the Chubut Province
(Argentina). The climate is arid with a mean annual precipitation
of 258.14 mm and a mean annual temperature of 13.9 �C (8-year
series). Precipitation events occur without a seasonal pattern or are
slightly concentrated in the cold period with a high intra- and inter-
annual variation (Barros and Rivero, 1982). We selected a floristic
homogeneous area dominated by the shrubland of Larrea divaricata
Cav. and Stipa spp. (Ares et al., 1990), characteristic of the Patagonian
Monte (Bisigato and Bertiller, 1997). Plant canopy covers between 20
and 40% of the soil and presents a random patchy structure formed
by clumps of shrubs and perennial grasses on a matrix of bare soil or
sparse vegetation. Shrub clumps (1–2 m height) concentrate 60–80%
of the total shrub cover and are dominated by L. divaricata, Larrea
nitida Cav., Chuquiraga avellanedae Lorentz, Chuquiraga erinacea
D. Don subsp. hystrix (Don) C. Ezcurra among other less abundant
species (Bisigato and Bertiller, 1997). For this study, we selected the
four dominant evergreen shrubs in the shrub clumps: C. avellanedae,
C. erinacea subsp. hystrix, L. divaricata, and L. nitida. Daily precipita-
tion events were registered at the study site with an automatic data
recorder during the study period (21X Micrologger, Campbell
Scientific). The study encompassed 3 consecutive yearly growth
cycles from June to June (year 1: 2004–2005, year 2: 2005–2006,
year 3: 2006–2007).

2.2. Leafing patterns

The appearance of new leaves on 1–2 terminal branches on 4–10
randomly selected individuals of each species was registered
monthly. Then, we calculated the monthly cumulative number of
new leaves per shoot of each plant at each year and fitted a sigmoid
function to these data as follows:

CNLðxÞ ¼ a0=
�
1þ

�
eð�ððx�a1ÞÞ=a2Þ��

where CNL is the cumulative number of new leaves per shoot at the
month x, a0 is the maximum cumulative number of new leaves per
shoot, a1 is the date of the peak of leaf production, and a2 is
a constant that determines the curvature of the curve of cumulative
number of new leaves per shoot and it is directly proportional to
the duration of the leafing period (Fig. 1). We further computed the
duration of the leafing period as the number of months between
the beginning and the end (10 and 90%, respectively) of the leafing
period as 4.4 � a2 (Tateno et al., 2005).

2.3. Leaf traits

Leaf longevity was assessed by monitoring 4–14 new emerged
leaves until senescence in 6–8 mature individuals of each species
monthly. The date of emergence of each leaf was estimated as the
mid-point time between the previous interval and the interval in
which the new leaf was first observed. Similarly, the date of death of
each leaf was estimated as the mid-point time between two succes-
sive observations of pre- and post leaf senescence. Leaf longevity was
calculated as the number of days elapsed between the dates of leaf
emergence and leaf death (Kikuzawa, 2003).

We collected fully expanded young to medium-aged green leaves
(Reich et al., 1991; Bertiller et al., 2006) from the external canopy
crown from 10 randomly selected plants in two consecutive years
(2005–2006) for chemical analysis. We assessed N concentration by
semi-micro Kjeldahl (Coombs et al., 1985), lignin concentration by the
Van Soest (1963) procedure and soluble phenolics concentration by
the Folin–Ciocalteu method using 50% methanol as extract solution
and tannic acid as standard (Waterman and Mole, 1994). All concen-
trations were expressed on a dry mass basis. Leaf mass per area (LMA)
of each species was obtained from Campanella and Bertiller (2008).

2.4. Statistical analysis

We used one-way ANOVA to evaluate (1) the significance of the
differences in parameters of sigmoid functions (a0, a1 and 4.4 � a2)
among species within each year, and among years within each
species, and (2) the significance of the differences in leaf longevity,
LMA, and N and lignin concentrations in green leaves among species.
To perform these analyses, we used mean values of leaf longevity per
individual as replicates. The significance of the differences in soluble
phenolics concentration among species was evaluated by Kruskal–
Wallis test. We used Tukey’s test for multiple comparisons. Principal
component analysis (PCA) was performed to explore associations
between mean values of leafing parameters and leaf traits. We
calculated the loading coefficients of each species with respect to the
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two first principal components of the correlation matrix of mean
values of leaf and leafing traits. All statistical analyses were
performed with the package SPSS 7.5 (Norusis, 1997).

3. Results

3.1. Precipitation

Precipitation differed among years (June–June) during the study
period. Year 1 showed the lowest and year 3 the highest value of
cumulated precipitation (Fig. 2). Monthly precipitation events were
slightly concentrated in the cold period but we registered large
precipitation events in July 2006 (winter), December 2005 (summer)
and March 2007 (autumn).

3.2. Leafing patterns

3.2.1. Maximum cumulative number of new leaves per shoot (a0)
Differences in the maximum cumulative number of new leaves per

shoot (a0) varied among species depending on the year. During the
first year C. erinacea subsp. hystrix and L. nitida showed the highest
and L. divaricata and C. avellanedae the smallest a0 (Figs. 3 and 4a). In
the second year Chuquiraga species showed the smallest and L. nitida
the highest a0 (L. nitida > L. divaricata > C. avellanedae ¼ C. erinacea
subsp. hystrix). In the third year, L. nitida presented the highest a0.
C. erinacea subsp. hystrix presented its highest values ofa0 across years
during the first year (the lowest cumulative precipitation) while in
Larrea species the smallest a0 occurred in the first year. In contrast,
a0 in C. avellanedae did not vary among years.

3.2.2. Date of the peak of leaf production (a1)
The date of maximum leaf production rate was earlier in Chu-

quiraga species (mid September) than in Larrea species (mid October–
late November) (Figs. 3 and 4b). The date of the peak of leaf production
varied among years in L. divaricata, occurring earlier in year 1 (the
lowest cumulative precipitation) than in the two others (Fig. 4b).

3.2.3. Duration of the leafing period (4.4 � a2)
Chuquiraga species showed the shortest duration of the leafing

period (5–48 days) indicating that leaves appeared simultaneously
in a massive single pulse. In contrast, new leaves of Larrea species
emerged gradually during a longer time period of 128–258 days
(Figs. 3 and 4c). In Chuquiraga species and L. divaricata, the duration
of leafing was larger in year 3 (the largest cumulative precipitation)
than in the other two years, while the duration of the leafing period
did not vary among years in L. nitida.
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Fig. 2. Cumulative monthly precipitation at the three years during the study period
(year 1: 2004–2005, year 2: 2005–2006, year 3: 2006–2007).
3.3. Leaf traits

Leaf longevity differed among species (F3,25¼ 26.46, p< 0.0001)
(Table 1). C. avellanedae and C. erinacea subsp. hystrix showed
the largest leaf longevity since their leaves persisted on the plant
during 16 and 18 months, respectively. On the other hand, leaves of
L. divaricata and L. nitida lasted 11 and 8.5 months, respectively.

Nitrogen, lignin and soluble phenolics concentrations and LMA
in green leaves differed among species (F3,76 ¼ 58.62, p < 0.0001;
F3,44 ¼ 78.97, p < 0.0001; H3 ¼ 67.30, p < 0.0001; F3,36 ¼ 393.55,
p < 0.0001; respectively) (Table 1). Chuquiraga spp. presented the
lowest N and soluble phenolics concentrations and the highest LMA
and lignin concentration in green leaves.

3.4. Relationship between leafing patterns and leaf traits

The PCA axis 1 grouped at positive values leaf traits of Larrea
species (high N and soluble phenolics concentration in green leaves)
with high values of maximum cumulative number of new leaves (a0),
date of the peak of leaf production (a1) and duration of the leafing
period (4.4� a2) (Fig. 5). In contrast, leaf traits of Chuquiraga species
(long leaf lifespan, high LMA and high lignin concentration in green
leaves) were grouped with low values of maximum, date, and
duration of the leafing period at negative values of PCA axis 1. The
PCA axis 2 further separated species of each genus, at negative values
those with the highest lignin concentration in green leaves and at
positive values species with the highest LMA.

4. Discussion

We observed two distinctive leafing patterns among coexisting
evergreen shrub species consistent with those described for tree
species by Kikuzawa (1983). Chuquiraga species produced new leaves
concentrated in a massive short leafing event while new leaves
of Larrea species emerged gradually during a longer period of time
(simultaneous and successive leafing type, respectively sensu Kiku-
zawa,1983). Both leafing patterns were associated with different leaf
traits. The simultaneous leafing pattern was found in species with the
longest leaf lifespan (Chuquiraga species), in accordance with results
reported by Hikosaka (2005). In contrast, the successive leafing type
was associated with low leaf lifespan and LMA and high N concen-
tration. Species with the successive leafing type probably have the
advantage of maintaining higher photosynthetic rates throughout
the year by recruiting new leaves during longer periods than species
with simultaneous leafing (Kikuzawa, 2003). Moreover, leaves with
high LMA emerged earlier than those with low LMA in accordance
with results reported by Sun et al. (2006). This seems to be advan-
tageous for species with high leaf construction costs in arid ecosys-
tems since the massive leafing early in the growing season could
increase carbon gain when water is still not limiting to maintain high
photosynthetic rates.

These results provide evidence of contrasting leafing patterns and
leaf traits among coexisting species at a local scale, which are
consistent with those occurring at regional scales (Castro-Dı́ez et al.,
1997; Nitta and Ohsawa,1997; Williams et al.,1997; Reich et al.,1999;
Broadhead et al., 2003; Wright et al., 2004; Bertiller et al., 2005;
Sekhwela and Yates, 2007). Further, our findings could indicate some
ecological differentiation among coexisting species of the same life
form in harsh arid environments. This ecological differentiation could
be associated with the ability of species to use soil water differentially
in space and time, the readiness of species responses to water inputs,
and species plasticity (Westoby et al., 2002; Chesson et al., 2004;
Reynolds et al., 2004).

Water is an important resource influencing the beginning of
sprouting and the duration of the growth period in many plant
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species (Seghieri et al., 1995; Abd El-Ghani, 1997; De Bie et al., 1998;
Ghazanfar, 1997; Haase et al., 1999; Shackleton, 1999; Pavón and
Briones, 2001; Peñuelas et al., 2004; Otieno et al., 2005). In our
study, the peak of leafing in all species (i.e. early spring in Chu-
quiraga species and late spring in Larrea species) occurred when
water is available at intermediate depths (Coronato and Bertiller,
1997). But both groups of species showed large differences in
leafing duration, which could also be sustained by differences in
the rooting depth and root topology between them. Larrea species
develop a very deep (more than 3 m) dimorphic root system with
active fine roots in the upper soil layer (Bertiller et al., 1991;
Rodrı́guez et al., 2007). This characteristic could, in turn, allow an
extended leafing period by the rapid utilization of small precipi-
tation events during summer in contrast to the non-dimorphic root
system of Chuquiraga species with a root penetration ranging from
1.5 to 1.7 m (Bertiller et al., 1991). Our results on Larrea species are
consistent with those reported for Larrea tridentata in the southern
Chihuahuan Desert. This species also possesses a bimodal active
root system allowing the use of different water sources at different
times (Ogle et al., 2004).

Also, we found different species responses to inter-annual varia-
tion of precipitation. Chuquiraga species with long lasting leaves
did not increase leaf production in humid years in contrast to Larrea
species. This result is consistent with others obtained under experi-
mental drought indicating lower leaf production in species with
drought resistant traits (Ogaya and Peñuelas, 2006). Accordingly, our
results reveal species/genus-specific responses in leafing patterns of
evergreen shrubs probably related to different ability of species with
different leaf traits and relative growth rates to respond to inter-
annual variation in precipitation. We did not assess relative growth
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rates but there is evidence of a positive correlation between this trait
and N concentration in green leaves (Poorter and Remkes,1990; Reich
et al.,1992,1998). Accordingly, species with higher N concentration in
green leaves and shorter leaf lifespan (Larrea species) probably have
higher relative growth rate and consequently are more responsive
to inter-annual variation in precipitation than species with low
N concentration and high leaf longevity and LMA in green leaves such
as Chuquiraga species (Aerts, 1995; Aerts and Chapin III, 2000).
Table 1
Mean (�1SE) leaf longevity and leaf attributes in green leaves of evergreen shrub species.
*LMA values were obtained from Campanella and Bertiller (2008).

Evergreen shrubs Leaf longevity

No. individuals (no. leaves) Mean leaf longevity (days

C. avellanedae 7 (68) 504.1 � 23.94 c
C. erinacea subsp. hystrix 8 (101) 558.6 � 31.38 c
L. nitida 8 (44) 260.4 � 30.86 a
L. divaricata 6 (29) 336.44 � 17.06 b
Moreover, Chuquiraga species due to shorter leafing periods could be
more affected by intra-annual changes in the precipitation regimen
than Larrea species, a fact that should be further explored. However,
both groups of species extended the duration of the leafing period
in the most humid year. In addition, other environmental factors
not explored in this study could influence the responses of species
to annual precipitation such as antecedent conditions of soil water
availability (Reynolds et al., 2004), non-gradual responses (Peñuelas
et al., 2004) and precipitation thresholds (Schwinning et al., 2003).

Ecological differentiation among species could also be associated
with the history of herbivory. There is some speculation on the large
history of herbivory in Patagonian ecosystems (Lauenroth, 1998). The
massive pattern of leaf production of Chuquiraga species in a very
short time period when leaves of other more preferred species such as
perennial grasses are still available (Bertiller et al., 1991; Campanella
and Bertiller, 2008) could result from an adaptation to reduce
herbivory on leaves of these species (Aide, 1988). In contrast, in Larrea
species the high concentration of soluble phenolics in green leaves
could be associated with an effective defense against herbivores
(Hättenschwiler and Vitousek, 2000; Hyder et al., 2002) allowing the
production of high amounts of new leaves during a long time period.

Studies on the ecology of canopy components such as those pre-
sented in our study are not only important in the context of species
ecology but also in relation to the structure and functioning of arid
ecosystems under climatic change. Our results suggest that coexisting
evergreen shrub species could be differently vulnerable to shifts in the
seasonality of precipitation induced by global change (Peñuelas and
Filella, 2001; Gao and Reynolds, 2003; Jolly and Running, 2004).
Accordingly, species-specific differences in responses to precipitation
variation could affect the competitive ability of these species and their
future distribution.
Different lowercase letters indicate significant (p < 0.05) differences among species.

N concentration
(%)

LMA* (g m�2) Lignin
concentration (%)

Soluble
phenolics (%)

)

1.27 � 0.06 a 216.27 � 4.66 c 10.45 � 0.35 c 2.11 � 0.06 b
1.17 � 0.04 a 411.50 � 7.36 d 7.47 � 0.48 b 1.17 � 0.04 a
2.21 � 0.10 c 148.2 � 3.90 a 4.71 � 0.23 a 15.93 � 0.35 c
1.87 � 0.07 b 181.25 � 4.26 b 4.20 � 0.15 a 14.93 � 0.42 c
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We concluded that co-occurring evergreen species in the Pata-
gonian Monte display different leafing patterns, which were asso-
ciated with some relevant leaf traits acting as plant defenses against
water stress and herbivores. The association between leafing
patterns and leaf traits found in our study a local scale is consistent
with that observed at a regional scale encompassing a wide range of
ecosystem variation. Further, our results could provide evidence of
ecological differentiation among coexisting species of the same life
form to cope with spatial and temporal variability of soil water but
also suggest that other environmental agents could be associated
with ecological differentiation among species.
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