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a b s t r a c t

It is still unknown if the variation of leaf energy content across altitudinal gradients is caused by varying
climatic factors or species replacement. We test whether there is an altitudinal increase in leaf energy
properties within a single species, which is mainly due to the decreasing air temperature with altitude.
We collected samples for Bergenia purpurascens Engl. (an evergreen herb) at every 10 m in altitude from
outside the timberline forest (4320 m) to the hilltop (4642 m) in the Sergyemla Mountains, southeastern
Tibet. We measured mass- and area-based leaf construction cost (CCm, CCa) and their components:
nitrogen concentration (Nmass), ash concentration (AC), the heat of combustion (HC), and specific leaf
area (SLA), as well as leaf lignin concentration (LC) and new leaf dry mass per plant (NLDM). As altitude
increased, CCm, CCa, HC, and LC increased, whereas Nmass, SLA, AC, and NLDM decreased. CCm and CCa

were positively correlated with HC and LC but negatively with Nmass, SLA, AC and NLDM. CCm, CCa and HC
were negatively correlated with mean air temperature. The data indicated that some high-HC constit-
uents like lignin rather than protein contributed to the observed pattern of leaf energy properties. For
high-altitude plants, having relatively high leaf CCm and HC can be regarded as a growth strategy for
sustaining carbon gain and maximizing nitrogen-use efficiency. Since CC tends to decrease with
increasing air temperature, evergreen herbs at high altitude are expected to construct relatively
“cheaper” leaves in response to global warming.

Crown Copyright � 2012 Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Leaf construction cost (CC), defined as a measure of the amount
of glucose required to produce a unit leaf mass or leaf area (i.e.
a glucose equivalent), is a quantitative measurement of the energy
invested by a plant to construct a leaf (Williams et al., 1987). The
heat of combustion (HC) is the most important determinant of CC
(Villar and Merino, 2001). Plants with high leaf CC and HC are
typically characterized by a slow-growth strategy since high CC and
HC are associated with high resource use efficiency and low growth
rate (Williams et al., 1987; Griffin, 1994; Poorter and Villar, 1997;
Baruch and Goldstein, 1999; Villar et al., 2006; Song et al., 2007).

As altitude increases, the carbon cost for nitrogen uptake by
roots may increase (Körner, 1999). Evergreen species at relatively
high altitudes have evolved adaptation for high mean residence
time of nitrogen in the plants through increased leaf lifespan, which
increases energy investment in leaves (Chabot and Hicks, 1982;
012 Published by Elsevier Masson
Eamus and Prichard, 1998; Eamus et al., 1999; Villar and Merino,
2001) and maximizes efficiency of nutrient use in dry matter
production (Escudero et al., 1992; Eckstein et al., 1999). Therefore,
leaf CC of evergreen plants typically increases toward higher alti-
tudes thereby lowering growth rate. Along an altitudinal gradient,
leaf energy content has been found to increase with altitude within
genera (Zachhuber and Larcher, 1978) or across life forms (Baruch,
1982). At regional scales, leaf energy content tends to increase from
tropical rainforest to arctic tundra (Golley,1961,1969; Jordan,1971).
These findings indicate that leaf energy content and CC are in some
way coupled with temperature and/or other climatic factors.
However, uncertainty still remains if the variation of leaf energy
content is caused by varying climatic factors (e.g., temperature) or
species replacement, because leaf energy content varies substan-
tially among species and sites (Golley, 1961; Bliss, 1962; Larcher,
1995; Villar and Merino, 2001). Significant difference in CC can be
detected even between species with a close phylogenetic rela-
tionship (Chang et al., 2011), suggesting that the leaf energy
properties may be mainly shaped by the environment (Poorter
et al., 2006). There are few data to examine the variation of leaf
energy content and CC within a single species along an altitudinal
SAS. All rights reserved.
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Fig. 1. Comparison of (A) daily mean air temperature and (B) average daily photo-
synthetically active radiation (PAR) between altitudes of 4190 m (at the bottom of the
valley) and 4390 m (above timberline) along the north-facing slope of a U-shaped
valley in the Sergyemla Mountains.
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transect (Baruch, 1982), especially where measurements of climatic
factors are available. Such knowledge is essential to understand
how plants respond to the future climate change because trans-
formations in leaf energy properties are important fundamental
measures of plant efficiency in resource utilization.

As an exclusive evergreen herb distributed widely under
Rhododendron shrubs, Bergenia purpurascens dominates above
4000 m a.s.l. along the north-facing slopes of U-shaped valleys in
the Sergyemla Mountains, southeast Tibet. Such a species distri-
bution pattern provides an ideal system to investigate if within-
species leaf energy properties vary with altitude where alpine
plants above timberline obviously suffer from low temperature
stress, and therefore are assumed to be sensitive to climate change
(Körner, 1999). In this study, using measured data of leaf CC, HC and
related leaf traits and climatic variables along an altitudinal
gradient at the timberline ecotone in the Sergyemla Mountains, we
aimed to test 1) whether there is an altitudinal increase in leaf
energy properties within B. purpurascens, and 2) whether the
variation of leaf energy content is consistent with the hypothesis
that it is due to declining air temperature. The second aimmay have
great implications under the scenarios of climate warming.

2. Materials and methods

2.1. Study sites and species

This study was conducted on the north-facing slope of a U-sha-
ped valley (29�360N, 94�360E) at the peak of the Sergyemla
Mountains in southeast Tibet, which is a part of the Southeast Tibet
Station for Alpine Environment Observation and Research, Chinese
Academy of Sciences. Along the north-facing slope (4170e4642 m),
vegetation types change from sub-alpine and timberline evergreen
needle-leaved forests of Abies georgei var. smithii (<4320 m) to
alpine Rhododendron shrublands (>4320 m). Sparse, low shrubs
(<1 m) dominate above 4500 m a.s.l.

According to our five-year (2005e2010) meteorological obser-
vations at 4390 m, mean January and July air temperatures were
�6.9 �C and 8.4 �C, respectively, andmean annual precipitationwas
926.6 mm. To further understand the altitudinal trends in air
temperature and photosynthetically active radiation (PAR), addi-
tional climatic data at the bottom of the U-shaped valley (4190 m)
were obtained from the experimental station of the School of Life
Sciences, Sun Yat-Sen University. Along the slope, air temperature
(Fig. 1A) tended to decrease with increasing altitude, and the lapse
rates of mean air temperatures for the year and Julywere calculated
as�0.33 �C/100m and�0.57 �C/100m, respectively. PAR for almost
every month was lower at the higher station than at the bottom
station (Fig. 1B). At daily scale, the main difference in PAR between
the two sites generally occurs within 12:00e17:00 (data not
shown), indicating a cloudier environment at the higher altitude
during the day, which was probably the reason why PAR was lower
at the high altitude. Based on the lapse rates of mean air temper-
atures with altitude, we analyzed the relationships between air
temperature and leaf energy properties of CCm, CCa and HC. Being
located at the bottom of the valley, the station at 4190 m may be
positioned within a cold air lake. However, the temperature
inversion mainly occurs in winter, because this site sits in the
incised valley of Yaluzanbu River in the southeast Tibetan Plateau
which provides natural passages for the southwestern summer
monsoon to transport moisture. Accordingly, the absolute value of
the lapse rate of mean July air temperature with altitude is larger
than that of the annual mean air temperature.

In this study, we further examined the hourly recorded data of
soil temperature and moisture (HOBO weather micro-station,
Onset Inc., U.S.A.) for two low shrublands at 4390 m and 4500 m
on the same slope. Given the similar leaf area index in both
shrubland sites (2e3 m2 m�2), the daily mean soil temperature at
�20 cm during the growing season (July and September) was>2 �C
lower at 4500 m than at 4390 m (Fig. 2A), suggesting a shortening
growth season length and a low-temperature limitation to plant
growth at high altitude. At both shrubland sites, the daily mean soil
moisture on mass basis (the measured soil volumetric moisture
divided by soil bulk density) was typically>20% (Fig. 2B), indicating
that the soil moisture is relatively abundant for plant growth
(Huzulák and Matejka, 1983). However, the lapse rate of soil
temperature or moisture cannot be simply calculated from two
altitudes because of strong heterogeneity between different
microenvironments induced by vegetation cover and micro-
topography (Liu and Luo, 2011).

B. purpurascens, belonging to Saxifragaceae, is a perennial
evergreen herb generally with 2e8 basal leaves. The height of the
mature herbs ranges between 4 and 30 cm. Several aboveground
stems may sprout from the same belowground stem. The flower
stage generally begins in early June and may last for 2e3 weeks.
Investigation on B. purpurascens populations along the north-facing
slope indicated that the density, cover and relative frequency were
7e24 plants m�2, 7%e26% and 63%e100%, respectively. Above-
ground stem height (an indicator of plant height) tended to
decrease with altitude (R2 ¼ 0.34, P < 0.001, Appendix).

2.2. Sampling method and leaf measurements

We set a transect along the north-facing slope from outside the
timberline forest (4320m) to the hilltop (4642m) during early June
of 2008 before new leaf growth. Along the transect, we set



Fig. 2. Comparison of (A) daily mean soil temperature and (B) soil moisture content on
mass basis at �20 cm (2005e2010) for two low shrublands at 4390 m and 4500 m on
the north-facing slope of the Sergyemla Mountains.
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sampling sites at about every 10 m in altitude. In total, 41 sites were
selected. At each site, we sampled all the aboveground parts
(distinct scars can be found between aboveground and below-
ground stem) of four to six B. purpurascens individuals at a distance
of 2 m along a horizontal line under Rhododendron shrubs. Samples
were immediately enclosed in plastic envelopes. A total of 185
individuals were sampled with altitudes ranging from 4320 m to
4642 m. Geographical locations of the sampling sites were deter-
mined with a global positioning system.

For each of the 185 individuals, all leaf laminas were separated
from the aboveground stem, and stem height (i.e. maximum length
of leaf petiole per individual) was measured with a ruler. One-sided
leaf area of each individual was measured by using a portable area
meter (CI-203, CID, Inc., USA). The dry mass of leaves was deter-
mined frommaterial dried at 70 �C for 48 h. Specific leaf area (SLA)
of each individual was calculated as the ratio of fresh leaf area to its
dry mass. Because the leaf dry mass of an individual (generally
0.5e3 g) was not enough for measurements of nitrogen concen-
tration (Nmass), the heat of combustion (HC), and ash and lignin
concentrations, the leaf samples of different individuals at the same
site were merged and then ground finely. Nmass was analyzed with
a micro-Kjeldahl assay. HC was measured with an oxygen bomb
calorimeter (SDCM-IIIa, SD Inc., Changsha, China). The relative
difference between the three replicates of each HC sample was
limited below 2%. Ash concentration (AC, %) was determined by
incinerating 1 g powder in a muffle furnace at 500 �C until a white-
gray residue remained (3e4 h).

According to Williams et al. (1987), mass-based leaf construc-
tion cost (CCm) was calculated using the data of Nmass, HC and AC:

CCm ¼ ½ð0:06968HC� 0:065Þð1� ACÞ
þ 7:5062ðkN=14:0067Þ�=EG (1)
where CCm ¼ construction cost (g glucose g�1), HC ¼ heat of
combustion (kJ g�1), AC ¼ total ash content (%), N ¼ total Kjeldahl
nitrogen (g g�1), k is the oxidation state of the N source (þ5 for
nitrate, or �3 for ammonium), and EG is the growth efficiency
(the fraction of the cost required to provide reductant that is not
incorporated into the biomass; see Williams et al., 1987; Poorter
and De Jong, 1999). The value of EG used in this study was 0.89
(Williams et al., 1987; Villar and Merino, 2001). Although the
principal source of N available to terrestrial plants under most field
conditions is nitrate (Villar and Merino, 2001), some plants in cold
ecosystems (e.g. tundra) may mainly utilize ammonium (Atkin
et al., 1993). More recently, Warren (2009) suggested that plants
in low temperature conditions generally favor uptake of amino
acids. Since B. purpurascens may utilize nitrate, ammonium, amino
acids or a combination of these N sources, we calculated minimum
and maximum CCm by using k ¼ - 3 and k ¼ þ 5, respectively, and
the average CCm was used. CC per unit leaf area (CCa, equivalent to
grams glucose per square meter) was the ratio of CCm to SLA.

Leaf lignin concentration (LC, %) was determined by the Klason
procedure (Hatfield and Fukushima, 2005). We refluxed the 0.2 g
dried and milled sample with 72% H2SO4 for 4 h, and then diluted
the mixture with distilled water within a conical flask. The insol-
uble lignin residue was achieved by simple filtration, which was
washed with hot distilled water (at least 4 times) until the pH was
>6. Then the residues were oven dried and weighted, and the
rough lignin concentrations were determined. This procedure
may not produce an exact measure of amount of leaf lignin because
the residues may contain a small amount of non-hydrolyzable
compounds like leaf wax (Hatfield and Fukushima, 2005).

In late August when new leaves were fully expanded, we further
measured new leaf dry mass per aboveground plant (NLDM, g
plant�1) and new leaf drymass per leaf area (NLDMA, g cm�2) along
the same transect and at the same sites. We additionally sampled
6e8 individuals for each site. According to our weekly phenological
observations, we found that the new leaves of B. purpurascens
generally extended between late June and late August, and with-
ered between July and October in the next year. Therefore, in most
cases new leaves which were fresher and tender could be distin-
guished from the old ones. The leaf and aboveground stem dry
mass of each individual was then determined from materials at
70 �C for 48 h. NLDMA was calculated as the ratio of NLDM to SLA
of the old leaves. The site-averaged NLDM and NLDMA data
were then correlated with the measurements of CC, HC, LC, AC,
Nmass, and SLA.

2.3. Statistical analysis

To examine the relationships between leaf properties and their
correlations with altitude and air temperature, the data were fitted
with a simple linear model (y ¼ a þ bx). The data were not trans-
formed because all the leaf trait measurements were normally
distributed. The statistical analysis was performed using SPSS 15.0
for Windows (SPSS Inc., Chicago, USA), and all significant differ-
ences were reported at P < 0.05.

3. Results

3.1. Altitudinal variations in leaf CC and related components

As altitude increased, HC (Fig. 3A, R2 ¼ 0.33, P < 0.001) and LC
(Fig. 3B, R2 ¼ 0.30, P < 0.001) increased, whereas AC (Fig. 3C,
R2 ¼ 0.31, P < 0.001), Nmass (Fig. 3D, R2 ¼ 0.65, P < 0.001) and SLA
(Fig. 3E, R2 ¼ 0.25, P < 0.001) declined. Increasing HC led to an
increasing pattern of CCm (Fig. 3F, R2 ¼ 0.35, P < 0.001), while
decreasing SLA and increasing CCm both resulted in an increasing



Fig. 3. Altitudinal variations in (A) heat of combustion, (B) lignin concentration, (C) ash concentration, (D) mass-based leaf nitrogen concentration (Nmass), (E) specific leaf area
(SLA), (F) mass-based leaf construction cost (CCm), and (G) area-based leaf construction cost (CCa) in leaves of Bergenia purpurascens above timberline on the north-facing slope of
a U-shaped valley in the Sergyemla Mountains.
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pattern of CCa (Fig. 3G, R2 ¼ 0.26, P < 0.001). CCm and CCa were
positively correlated with HC and LC but negatively with Nmass, SLA
and AC (Table 1).

3.2. Altitudinal variations in new leaf dry mass per plant and per
leaf area

Along the transect, both NLDM (Fig. 4A, R2¼ 0.54, P< 0.001) and
NLDMA (Fig. 4B, R2 ¼ 0.28, P < 0.01) significantly decreased with
increasing altitude. NLDM was positively correlated with SLA and
Nmass but negatively with CCm, CCa, LC, and HC (Table 1). Unlike
NLDM, NLDMA was only positively correlated with AC and NLDM
and poorly related to the other traits (Table 1).

3.3. Relationships between leaf CC and HC and air temperature

According to the lapse rate of July and annual mean air
temperature along the transect (�0.57 �C/100 m and �0.33 �C/
100 m, respectively), the relationships between leaf CC and HC and
air temperature were further examined. Leaf CCm (Fig. 5A,
R2 ¼ 0.35, P < 0.001), CCa (Fig. 5B, R2 ¼ 0.24, P < 0.001) and HC
(Fig. 5C, R2 ¼ 0.33, P < 0.001) all significantly decreased with



Table 1
Matrix of correlation coefficients for linear relationships between mass- and area-based leaf construction cost (CCm, CCa) and associated leaf traits: heat of combustion (HC),
concentration of ash (AC), nitrogen (Nmass) and lignin (LC), specific leaf area (SLA), new leaf dry mass per plant (NLDM) and per leaf area (NLDMA) of Bergenia purpurascens on
the north-facing slope of the Sergyemla Mountains (sample size, n ¼ 33 for LC, n ¼ 39e41 for the other traits).

Variables CCm CCa HC AC Nmass LC SLA NLDM

CCa(g glucose m�2) 0.47**

HC (kJ g�1) 0.98*** 0.38*

AC (%) �0.58*** �0.72*** �0.43**

Nmass (mg g�1) �0.55*** �0.66*** �0.53*** 0.60***

LC (%) 0.38* 0.44* 0.35* �0.50** �0.37*

SLA (cm2 g�1) �0.49** �0.97*** �0.42** 0.65*** 0.66*** �0.44**

NLDM (g plant�1) �0.39* �0.54*** �0.31* 0.65*** 0.57*** �0.50*** 0.50***

NLDMA (g cm�2) �0.26 �0.03 �0.23 0.33* 0.24 �0.30 �0.04 0.84***

***P < 0.001.
**P < 0.01.
*P < 0.05.
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increasing July mean air temperature. Similar patterns also existed
between these leaf energy properties and annual mean air
temperature (R2 ¼ 0.24-0.35, P < 0.01, data not shown).

4. Discussion

4.1. Altitudinal gradient in CC

Our study, for the first time, investigated and quantified the
altitudinal variations in within-species leaf energy content and CC.
Along the altitudinal transect, the increasing rate of leaf energy
content with altitude was 0.15 kJ g�1/100 m. Compared with
previous investigations of altitudinal variation in cross-species HC,
our data is consistent with the derived data for Saxifraga
(0.17 kJ g�1/100 m, 1200e2600 m) and Primula (0.19 kJ g�1/100 m,
960e2600 m) in the Alps by Zachhuber and Larcher (1978). Since
the species studied by Zachhuber and Larcher (1978) and us consist
of both evergreen (e.g. Saxifraga oppositifolia, S. paniculata, B. pur-
purascens) and deciduous (e.g. Primula glutinosa) plants, the leaf
energy contents of both evergreen and deciduous alpine herbs are
assumed to increase with rising altitude. Furthermore, the
decreasing rate of HC with annual mean air temperature can be
calculated as 0.47 kJ g�1/oC in our study. We therefore believe that
climatic factors play an important role in shaping the altitudinal
pattern of leaf energy content. Because HC explained 96% of vari-
ations in CCm (from Table 1), similar patterns in CCm were inferred
(Fig. 3F).

So far, few studies have quantified the relationship between CC
and temperature. Based on the derived data of leaf CC from 14
contrasting ecosystems by Villar and Merino (2001), we roughly
analyzed the relationship between CCm and annual mean temper-
ature (information of temperature were from the references or
Fig. 4. Altitudinal variations in (A) new leaf dry mass per plant (NLDM) and (B) per leaf area
Sergyemla Mountains.
deduced from latitude, �0.65 �C per latitude between 20oe50�,
Fang, 1992), and found that the decrease of CCm with temperature
was only 0.005 g glucose g�1/oC (R2 ¼ 0.51, P < 0.01). Compared
with the latitudinal study, the decrease in CCm with temperature
found in the current study is almost 8 times higher (0.039 g glucose
g�1/oC), indicating that alpine herbs above 4000 m are more
sensitive to climate warming than species at low altitudes.

4.2. Altitudinal increase in leaf energy properties as a growth
strategy for sustaining carbon gain and maximizing nitrogen-use
efficiency

Significant relationships between new leaf mass per plant and
leaf properties of SLA, Nmass, LC, HC and CC (Table 1) further indi-
cated that the variation of leaf properties were tightly coupled with
plant growth. Altitudinal decreases in new leaf growth (Fig. 4A, B),
SLA and Nmass (Fig. 3DeE) suggest a slow-growth rate at high
altitudes. For evergreen species above the alpine timberline, having
relatively high leaf CC and HC can be regarded as a growth strategy
for sustaining carbon gain and maximizing nitrogen-use efficiency
of dry matter production in response to high-altitude environ-
mental stress. At high-altitudes, soil nutrient and water absorption
by roots is fundamentally restricted by low temperature (Fig. 1A;
Körner and Paulsen, 2004; Luo et al., 2005; Wieser and Tausz,
2007). Evergreen plants are assumed to adapt to the cold envi-
ronment by prolonging mean residence time of nitrogen through
increased leaf lifespan (Escudero et al., 1992; Eckstein et al., 1999),
which is generally associated with decreased leaf Nmass and
photosynthetic capacity (Reich et al., 1997; Wright et al., 2004; Luo
et al., 2009). Global and regional studies indicate that evergreen
species tend to extend leaf lifespan toward a colder environment
(Wright et al., 2005; Zhang et al., 2010; van Ommen Kloeke et al.,
(NLDMA) of Bergenia purpurascens on the north-facing slope of a U-shaped valley in the
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2012). According to the cost-benefit theory, extension of leaf life-
span requires more carbon investments in leaves (Kikuzawa, 1991;
Mediavilla et al., 2008), and therefore is correlated with higher leaf
CCm (Mooney and Gulmon, 1979; Chabot and Hicks, 1982;
Diamantoglou et al., 1989; Eamus and Prichard, 1998; Eamus et al.,
1999; Villar and Merino, 2001), or higher ratio of leaf CCm to daily
carbon gain (Williams et al., 1989; Sobrado, 1991; Coste et al., 2011).
However, the increase in leaf CCm cannot fully explain the decrease
in NLDM in our study, though they reflected a negative relationship.
In comparison with relatively smaller changes in CCm along the
transect, changes in SLA and hence CCa are stronger, suggesting
SLA, an important determinant of plant relative growth rate
(Cornelissen et al., 1998; Osone et al., 2008), could be more
important in affecting the reduction in growth than CCm (Villar and
Merino, 2001).
Fig. 5. Relationships of (A) CCm, (B) CCa and (C) HC to July mean air temperature across
populations of Bergenia purpurascens.
Since environmental factors such as air temperature, UV-B
radiation and soil nutrients may covary with altitude (Körner,
2007; González et al., 2007; Soethe et al., 2008), knowledge of
how leaf CC varies with altitude is important to understand how
alpine plants respond to climate and environmental change in the
future under energetic aspects. Many studies indicate that leaf CCm
tends to increase with increasing light intensity (Williams et al.,
1989; Barthod and Epron, 2005; Poorter et al., 2006) and soil
nitrogen concentration (Griffin et al., 1993, 1996; Poorter and De
Jong, 1999). However, so far little research, according to our
knowledge, has investigated possible effects of low temperature on
leaf CC, especially for alpine ecosystems. Since PARwas lower at the
higher station than at the lower one (Fig. 1B) in this study, varia-
tions in light intensity are unlikely to result in the increasing
pattern of leaf CC. Although soil total nitrogen concentration in the
topsoil tended to increase with altitude, soil C:N ratio was posi-
tively correlated with altitude (data not shown), suggesting slow
decomposition of nutrients induced by low temperature at high
altitude and thus the variation of soil nitrogen concentration may
not be responsible for the altitudinal pattern of leaf CC. Because leaf
CC, HC and NLDM (inferred from Fig. 4A) all decreased with
increasing air temperature, evergreen herbs at high altitude are
expected to construct cheaper leaves (leaves with lower CC) and
increase productivity in response to global warming. Furthermore,
an investigation on altitudinal variation of reproductive allocation
for this species indicated that the relative reproductive allocation
was more related (negative) to plant size than altitude (Wang et al.,
2010), suggesting B. purpurascens may reduce its reproductive
allocation because of the increased plant productivity (i.e.
increased plant size, as inferred from Appendix).

4.3. Biochemical causes for altitudinal increases in leaf CC and HC

Higher CCm, from a biochemical aspect, generally results from
increased concentrations of some expensive compounds (Penning
de Vries et al., 1974; Griffin et al., 1996; Poorter and Villar, 1997).
Generally, there exist negative relationships between concentra-
tions of expensive components, e.g., proteins and phenolics
(Poorter and Villar, 1997; Poorter and De Jong, 1999). In this study,
CC and HC were positively correlated with LC but negatively with
Nmass (Table 1), indicating that some high-HC constituents like
lignin, lipids and phenolic compound rather than proteins (about
75% of the total leaf nitrogen is engaged in leaf proteins, Chapin
et al., 1987) might contribute to the observed pattern in leaf CCm.
In addition, the negative relationship between CCm and Nmass was
consistent with that detected from the equation in calculating CCm
(Williams et al., 1987) under conditions of k ¼�3, indicating that B.
purpurascens in the cold alpine environment might utilize ammo-
nium as its main N source consistent with results reported by Atkin
et al. (1993).

Altitudinal decrease in SLA and increase in LC suggest that the
concentrations of some structural materials might increase with
increasing altitude. There is evidence that low-SLA species may
have much higher concentrations of lignin and total structural
carbohydrates than high-SLA species (Poorter et al., 2009), and the
decreased SLA may result from increased amounts of lignified cell
wall and epidermis thickness (rich in lignin, Niinemets, 1999).
Because lignin has a relatively high energy content (Griffin et al.,
1996; Poorter and Villar, 1997), plants with higher lignin concen-
tration in leaves tend to have higher leaf CCm (Table 1; Osunkoya
et al., 2008). In addition, the Klason lignin assay may give an indi-
cation of leaf stiffness or modulus of elasticity (Baucher et al., 1998).
Evergreen herbs with high leaf lignin concentration can enhance
the mechanical support of leaves (leaf strength or elasticity) to
resist cold-induced damage at high altitudes (Lütz, 2010).
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As a result of decreased SLA, the cell size and intercellular spaces
within a leaf may decline (Cordell et al., 1998). Leaf water content of
B. purpurascens decreased with altitude (R2 ¼ 0.37, P < 0.001, data
not shown), suggesting another efficient way for plants to adapt to
cold environments. Under low temperatures, alpine plants may
protect photosynthesis and respiration through lowering the
freezing point of leaves, which is partially achieved by increasing
concentrations of anthocyanins, lipids and sucrose in cell saps
(Bliss, 1962; Steyn et al., 2009). Increased anthocyanin and lipid
concentrations may increase leaf CCm (Penning de Vries et al., 1974;
Poorter, 1994; Griffin et al., 1996; Villar andMerino, 2001). Our data
provide evidence that leaf energy properties (CC and HC) within
a single species increase with increasing altitude, suggesting an
efficient way for evergreen herbs to adapt to low-temperature
environments.
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Appendix A

Altitudinal variation in stem height of Bergenia purpurascens on
the north-facing slope of a U-shaped valley in the Sergyemla
Mountains.
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