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ABSTRACT

No single hypothesis or theory has been widely accepted for
explaining the functional mechanism of global alpine/arctic
treeline formation. The present study tested whether the
alpine treeline is determined by (1) the needle nitrogen
content associated with photosynthesis (carbon gain); (2) a
sufficient source-sink ratio of carbon; or (3) a sufficient
C-N ratio. Nitrogen does not limit the growth and develop-
ment of trees studied at the Himalayan treelines. Levels of
non-structural carbohydrates (NSC) in trees were species-
specific and site-dependent; therefore, the treeline cases
studied did not show consistent evidence of source/carbon
limitation or sink/growth limitation in treeline trees.
However, results of the combined three treelines showed
that the treeline trees may suffer from a winter carbon
shortage. The source capacity and the sink capacity of a tree
influence its tissue NSC concentrations and the carbon
balance; therefore, we suggest that the persistence and
development of treeline trees in a harsh alpine environment
may require a minimum level of the total NSC concentra-
tion, a sufficiently high sugar:starch ratio, and a balanced
carbon source-sink relationship.

Key-words: altitudinal limit; carbon limitation; C-balance;
C-N ratio; growth limitation; non-structural carbohydrates;
starch; sugars.

INTRODUCTION

The alpine treeline is the most studied of all distributional
boundaries of trees (Korner 2003a). In more than 100 years
of research on treeline phenomena worldwide, four envi-
ronmental hypotheses and two biological hypotheses have
been suggested for interpreting the alpine treeline forma-
tion (Tranquillini 1979; Grace & James 1993; Korner 1998;
Li & Kriuchi 2005). However, none of these hypotheses
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have been widely accepted (Korner 1998; Li & Krauchi
2005). The environmental hypotheses are related to local
site conditions and are limited to local treeline phenomena
and cannot be applied on a global scale (Li & Kréuchi 2005;
Li et al. 2008). Only the biological hypotheses, that is, the
carbon/source limitation hypothesis (Schulze, Mooney &
Dunn 1967; Stevens & Fox 1991; Wardle 1993) or the
growth/sink limitation hypothesis (Déniker 1923; Korner
2003a,b), may be used to explain the functional mechanism
of global alpine/arctic treeline formation (Korner 1998; Li
& Kriuchi 2005; Li et al. 2008).

The sharply reduced growth rate of trees at or close to the
alpine treeline (Tranquillini 1979; Li, Yang & Krauchi 2003;
Li & Yang 2004) has been regarded as caused by a shortage
of photoassimilates (Schulze et al. 1967; Stevens & Fox
1991; Wardle 1993). However, the photosynthetic capacity
of trees has been shown to decrease or increase with
increasing tree altitude depending upon the species
(Goldstein, Meinzer & Rada 1994; Cabrera, Rada &
Cavieres 1998; Cavieres et al. 2000). For example, Cavieres
et al. (2000) found that Podocarpus oleifolius grown at the
tropical alpine treeline did not show reductions in carbon
gain because it has the capacity to adjust its photosynthetic
machinery as altitude increases. In contrast, the CO, assimi-
lation rate of Espeletia neriifolia markedly decreased with
increasing altitude, and there may be a shortage of carbon
gain in the treeline individuals of this species (Cavieres
et al. 2000).

Photosynthesis is one aspect, but what is also important
is the carbon balance between carbon gain and loss in a
treeline tree. An indirect way to test the carbon balance is to
assess the size of the non-structural mobile carbon pool in
trees because non-structural carbohydrates (NSC) repre-
sent, among other reserves, a tree’s capital for growth after
dormancy and act as a buffer for insufficient source activity
(photosynthesis) (Li, Hoch & Korner 2001, 2002; Hoch &
Korner 2003; Korner 2003b). The size of this mobile carbon
pool in trees growing near the treeline may provide the
answer to the question of whether carbon is a limiting
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Table 1. Characteristics of the plots and the sampling trees (mean * 1 standard deviation; n = 6 trees) in the Mt. Gongga region,

Sichuan, SW China

Mean air

Species and Slope Soil humidity temperature Age

plots (ma.s.l.) exposure class (°C) (years)

Height Diameter
(m) (cm)

Community

Abies fabri in the Mo-Xi Valley (uppermost distribution at 3700 m a.s.l., lowest elevational distribution at 2700 m)

104 £32 235*63 A. fabri — Rhododendron spp.
183 44 281 *7.8 A. fabri — Bashania sp.

A. fabri in the Kang-Ding Valley (uppermost distribution at 3780 m a.s.l., lowest elevational distribution at 3200 m)

159 =64 27.6 x5.6 A. fabri — Quercus aquifolioides + Rh. spp.
203 =27 36.8=*=28 A.fabri - Q. aquifolioides + Rh. spp.

Picea balfouriana var. hirtella in the Kang-Ding Valley (uppermost distribution at 3820 m a.s.l., lowest elevational distribution at 3270 m)

3670 m NE Mesic 1.6 71 =8
2750 m NE Moist 6.2 67 =6
3750 m SW Dry 24 51 +15
3300 m SW Dry 4.7 44 + 7
3800 m SW Dry 2.1 37+5
3400 m SW Dry 4.2 36 + 10

8.6 =22 224 =*27 P balfouriana var. hirtella — Q.

aquifolioides

13427 26.0x5.0 P balfouriana var. hirtella — Q.

aquifolioides

NE, northeasterly; SW, southwesterly.

resource or not. An overabundance of carbon reserves
would indicate no limitation, whereas periodic depletions of
carbon reserves would suggest insufficient supplies (Li et al.
2002). Hoch & Korner (2003) found similar concentrations
of mobile carbohydrates in three Pinus species at their
alpine treelines (Pinus cembra in the Swiss Alps, Pinus
sylvestris in northern Sweden, and Pinus hartwegii in
Mexico) when compared with the same species at lower
elevations. However, Richardson (2004) recorded a signifi-
cant carbon limitation in Picea rubens Sarg. and Abies
balsamea (L.) Mill grown at the alpine treelines in the
northeastern USA.

Nitrogen (N) is a major component of ribulose 1-5-
bisphosphate carboxylase/oxygenase (Rubisco) and other
photosynthetic enzymes and structures, which regulates
photosynthetic responses to environmental factors such as
low temperature (Bond et al. 1999; Ripullone et al. 2003;
Lewis et al. 2004). Korner (1989) pointed out that leaf/
needle N content (% d.m.) increased with altitude in her-
baceous plants, but was remarkably stable in evergreen
woody plants (around 1%). However, other studies have
found that the needle N content (mass basis) in Picea
rubens and A. balsamea either decreased with increasing
elevation of trees in the alpine ecotone (Richardson 2004),
or did not vary in trees across a 1000-m-elevation range
(Richardson, Berlyn & Gregoire 2001). Based on a meta-
analysis covering 1280 plant species in 704 genera across
452 locations worldwide, Reich & Oleksyn (2004) proposed
two contrary hypotheses. The temperature—plant physi-
ological hypothesis states that leaf N declines with increas-
ing temperature because cold climates may favour high leaf
N to compensate for the low efficiency of physiological
processes at low temperature (Reich & Oleksyn 2004;
He et al. 2006). The biogeochemical hypothesis argues that
low temperatures not only reduce N availability through
suppressing decomposition and mineralization of organic
matter, but also suppress root nutrient uptake, resulting in
low leaf N in cold climates (Reich & Oleksyn 2004; He et al.
2006).

Such contradictory findings stimulated us to form and
test new hypotheses that the global alpine/arctic treeline is
functionally determined by (1) the needle nitrogen content
associated with photosynthesis (carbon gain); or/and (2) a
sufficient source—sink ratio of carbon; or/and (3) a sufficient
C-N ratio. We, therefore, investigated the mobile carbohy-
drates and nitrogen in two species, Abies fabri and Picea
balfouriana var. hirtella, which not only grow at low eleva-
tions, but also form the alpine treeline in the Gongga Moun-
tains (Table 1), southwestern China.

MATERIALS AND METHODS
Study sites and species

The study was conducted in two valleys, the Mo-Xi Valley,
which runs southeasterly, and the Kang-Ding Valley, which
runs northwesterly, located along the northwest face of Mt.
Gongga (7556 m a.s.l.,29°35’45”N and 101°52’45'E”), south-
western China. The mean precipitation is approximately
1000 mm year™ in the Mo-Xi Valley (data collected at
1600 m a.s.l. from 1960 to 1989), and around 800 mm in the
Kang-Ding Valley (data collected at 2616 m a.s.l. from 1952
to 1990). The soil for both valleys has developed from
granite, classified as a mountain gray-brown soil (He, Liao
& Zhang 2005). Other characteristics of the study sites/
forests are summarized in Table 1.

The study sites in the Mo-Xi Valley are located on a
northeast facing slope, where A. fabri (Mast.) Craib is dis-
tributed from 2700 (the lowest elevational limit on this
slope) to 3700 m a.s.l. (the alpine treeline) (Table 1). The
dense understorey is dominated by Bashania sp. and
Rhododendron spp. (Table 1).

The study sites in the Kang-Ding Valley are located on
a southwest facing slope, where A. fabri is distributed
between 3200 (the lowest elevational limit on this slope)
and 3780 m a.s.l. (the alpine treeline), and Picea balfouriana
var. hirtella Rehd. et Wils. between 3270 (the lowest eleva-
tional limit) and 3820 m a.s.l. (the treeline) (Table 1). The
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dense understorey is dominated by Quercus aquifolioides
Rehd. et Wils. (Table 1).

To maximize the influence of elevation, trees of the two
species studied were selected from those growing at their
upper elevational limits and at their lowest distribution
boundaries for comparison in this research project. The
forests surrounding the study sites had naturally regener-
ated, but were moderately disturbed by selection-cutting
and grazing during 1970s and 1980s (Li et al. 2008). Since
1986, the area has been protected, and no such disturbances
have occurred (Li et al. 2008). As the upper elevational
limits of the two species are mainly determined by the
physical environment (e.g. low temperature, etc.), their
lowest elevational limits may be mainly due to human
activities (e.g. agricultural use and logging). Hence, the
lowest elevational limit is probably not the naturally lowest
distribution boundary of the two species in the study area.

For clarity and brevity, we henceforth refer to the species
studied by their generic names, to trees at the alpine
treeline as ‘TT’, and trees at the lowest elevational limit as
‘TLL’. The ratio of mobile carbohydrate to total nitrogen
is abbreviated as ‘C-N ratio’, and the concentration ratios
of NSC and N in the source (needles) to NSC and N in the
sink, which consists here of the fine roots and stem
sapwood, as ‘SSR-NSC’ and ‘SSR-N’, respectively.

Sampling

We sampled tree tissues only twice because we were inter-
ested in differences in the mobile carbon pool size in trees
between their lowest distribution boundaries and their
upper elevational limits, and not in the seasonal variability
of this pool. The first set of tissue samples was taken directly
before bud break (April 17-21) to check the size of the
Avpril carbon pool, which should be relatively lower because
of the winter depletion (Fischer & Holl 1991; Gonzalez
1991), and to see whether trees at the alpine treeline com-
pletely deplete the mobile carbon pool during the winter.
The second set of tissue samples was taken during the peak
shoot growth (July 24-28). The size of the July carbon pool
allowed us to check whether there were enough carbohy-
drates for structural growth in treeline trees and how their
pool sizes compared with those in trees at lower elevations
(Li et al. 2008).

Six tree individuals were selected so as to be fairly similar
in age (to avoid possible age effects on the parameters
studied) and in the visible needle color of each tree species
either at their upper elevational limit or at their lowest
distribution boundary (Table 1). The selected trees were in
closed-canopy stands (i.e. not isolated), healthy and undam-
aged. Because the levels of mobile carbohydrates in needles
fluctuate daily in response to photosynthetic activity
(Graham et al.2003), the samples were always taken around
noon, to ensure the effects of sunshine and needle surface
temperature on carbohydrates were kept constant. One-
(previous year), two- and three-year-old needles of each
sample tree were separately collected from non-shaded
leading branches on the upslope canopy side. Two cores
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from each sample tree were taken on two opposite stem
sides (parallel to the slope) at the stem height of 40 cm
above the ground, using a 5-mm-diameter corer. The outer
3 cm of stem-wood (xylem tissue only, approximately 7-10
tree rings) of the two cores was cut down and mixed to
obtain the minimum of ground sample necessary for chemi-
cal analysis. Fine roots (<2 mm in diameter, with bark) were
collected from each sample tree. All samples were immedi-
ately stored in a cool box and were killed in a microwave
oven (40 s at 600 W), and were dried to a constant weight at
65-70 °C (Li et al. 2008).

Chemical analyses: total soluble sugars

Dried plant material was ground to pass through a 1 mm
sieve. The powdered material (0.1 g) was put into a 10 mL
centrifuge tube, where 5 mL of 80% ethanol was added. The
mixture was incubated at 80 °C in a water bath shaker for
30 min, and then centrifuged at 4000 rpm for 5 min. The
pellets were extracted two more times with 80% ethanol.
Supernatants were retained, combined and stored at —20 °C
for soluble sugar determinations. The soluble sugar fraction
was measured. Soluble sugars in the collected extracts were
determined using the anthrone method (Seifter et al. 1950).
An aliquot of the extract was hydrolysed in 5 mL of 0.4%
anthrone solution (4 g anthrone in 1000 mL 95% H,SO.)
in a boiling water bath for 15 min. After cooling, the sugar
concentration was determined spectrophotometrically
(ultraviolet-visible spectrophotometer 752S; Cany Preci-
sion Instruments Co., Ltd., Shanghai, China) at 620 nm.
Glucose was used as a standard. The sugar concentration
was calculated on a dry matter basis (% d.m.).

Chemical analyses: starch

The ethanol-insoluble pellet was used for starch extraction.
Ethanol was removed by evaporation. Starch in the residue
was released in 2 mL distilled water for 15 min in a boiling
water bath. After cooling to room temperature, 2 mL of
9.2 mol L' HCIO4 was added. Starch was hydrolysed for
15 min. Distilled water (4 mL) was added to the samples.
The samples were then centrifuged at 4000 rpm for 10 min.
The pellets were extracted one more time with 2 mL of
4.6 mol L' HCIO,. Supernatants were retained, combined
and filled to 20 mL. The starch concentration was measured
spectrophotometrically (ultraviolet-visible spectrophotom-
eter 752S) at 620 nm using anthrone reagent, and was cal-
culated by multiplying glucose concentrations by the
conversion factor of 0.9 (Osaki, Shinano & Tadano 1991).
Glucose was used as a standard. The starch concentration
was described on a dry matter basis (% d.m.).

Chemical analyses: total nitrogen

The total nitrogen content (% d.m.) was determined in
finely ground oven-dried samples by the micro Kjeldahl
procedure, using CuSO,, K;SO4 and H,SO, for digestion,
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Table 2. Total nitrogen content across tissues, N in source (needles) and sink (fine roots and stem wood), and source-sink ratio of N
(SSR-N =source N/sink N) in trees growing at the alpine treeline and their lowest distribution boundaries on Mt. Gongga, southwestern

China
Opverall N across tissues N in source N in sink Source-sink ratio
April July April April July April July
Picea balfouriana var. hirtella at 3800 m a.s.l. (treeline) and 3400 m in the Kang-Ding Valley
3800 m a.s.l. 0.86 0.80 1.16 1.13 0.41 0.32 2.8 35
3400 m a.s.l. 0.80 0.71 1.08 0.93 0.36 0.36 3.0 2.6
F(d.f) 1.95(1,29) 23.79(1,29) 1.12(1,17) 44.98(1,17) 1.35(1,11) 3.50(1,11)
Difference (P) 0.18 <0.001 0.31 <0.001 0.28 0.11
Abies fabri at 3750 m a.s.l. (treeline) and 3300 m in the Kang-Ding Valley
3750 m a.s.l. 0.95 0.83 1.28 1.12 0.46 0.41 2.8 2.7
3300 m a.s.l. 0.75 0.75 1.01 1.04 0.36 0.32 2.8 33
F(d.t) 18.68(1,29) 1.00(1,29) 12.37(1,17) 0.33(1,17) 49.61(1,11) 13.56(1,11)
Difference (P) <0.001 0.33 0.004 0.57 <0.001 0.006
Abies fabri at 3670 m a.s.l. (treeline) and 2750 m in the Mo-Xi Valley
3670 m a.s.l. 0.98 0.99 1.26 1.33 0.57 0.47 22 2.8
2750 m a.s.l. 0.90 0.89 1.19 1.16 0.46 0.47 2.6 2.5
F(d.f) 11.43(1,29) 19.80(1,29) 6.83(1,17) 29.90(1,17) 5.08(1,11) 0.002(1,11)
Difference (P) 0.003 <0.001 0.023 <0.001 0.054 0.97
The above three treeline cases combined
TT 0.93 0.88 1.23 1.19 0.48 0.40 2.6 3.0
TLL 0.82 0.78 1.10 1.04 0.40 0.39 2.8 2.7
F(d.f) 24.54(1,89) 10.07(1,89) 14.28(1,53) 9.28(1,53) 14.76(1,35) 0.85(1,35)
Difference (P) <0.001 0.002 <0.001 0.004 <0.001 0.37

Statistical significances were separately tested in April and July using two-way analyses of variance with elevation and tissue type as factors.

Significant differences (P < 0.05) are highlighted in bold.

TT, trees at the alpine treeline; TLL, trees at the lowest elevational limit.

and NH; was determined on an auto-analyser, using the
indophenol-blue colorimetric method (Allen 1989).

Data analysis

NSC is defined as the sum of the starch plus the total
soluble sugars for each tissue at each sampling date. Data
(NSC, starch, total soluble sugars and N content) were
confirmed for normality by Kolmogorov—Smirnov-Tests.
Two-way analyses of variance (aNovas) were repeatedly
performed with elevation and tissue type as factors to find
out elevational trends in the concentration of NSC, sugars,
starch and N for overall (three treeline cases combined)
and individual species at each sampling date. The concen-
trations of overall NSC and overall N across tissues, as
well as NSC in sink and N in sink, were gained from two-
way ANovas with tissue type and elevation as factors
(results shown in Tables2 & 3). At the species level,
t-paired comparisons were performed to detect statistical
differences in the parameters studied between TT and
TLL within each tissue category and date (results given in
Figs 1-3). The statistical test used is always mentioned in
the related text. Because we are interested mainly in the
altitudinal effects on the mobile carbohydrates and N in
TT and TLL, other effects, such as effects of sampling
time, tissue type, and the interaction between elevation
and tissue type/sampling time, are not systematically dis-
cussed in the present paper.

RESULTS
Picea trees in the Kang-Ding Valley

The nitrogen content in tree tissues increased with
increasing tree elevation (Table2). No other significant
differences in the source N or sink N between TT and
TLL could be detected according to two-way ANOVAS,
apart from a significantly higher N content in the TT
source in July (1.13% dm. in TT>093% in TLL,
P <0.001) (Table 2). For overall N content across tissues,
TT had a significantly higher N content than TLL in July
(P<0.001), but not in April (P=0.18) (Table2). The
source N content was about three times higher than the
sink N in both TT and TLL within each sampling date
(Table 2). While the SSR-N decreased with increasing tree
elevation in April, it increased with increasing elevation in
July (Table 2).

Results of two-way ANovas indicated a significantly
lower source NSC in TT than in TLL in both April
(15.00% d.m. in TT <18.40% in TLL, P <0.001) and July
(16.09% d.m. in TT <21.39% in TLL, P < 0.001) (Table 3).
For sink NSC, there was a slightly lower sink NSC in TT
(6.68% d.m.) than in TLL (7.74%) in April (P =0.072),
but no difference in July (P =0.841) (Table 3). Like NSC
in the source tissue, across tissues TT had significantly
lower overall NSC concentrations than TLL in both April
(11.67% d.m. in TT < 14.14% in TLL, P <0.001) and July
(12.46% d.m. in TT <15.74% in TLL, P < 0.001) (Table 3).
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Table 3. NSC across tissues, NSC in source (needles) and sink (carbon storage organs — fine roots and stem sapwood), and source-sink
ratio of NSC (SSR-NSC = source NSC/sink NSC) in trees growing at the alpine treeline and their lowest distribution boundaries on Mt.

Gongga, southwestern China

Overall NSC across tissues NSC in source NSC in sink SSR-NSC
April July April July April July April July
Picea balfouriana var. hirtella at 3800 m a.s.l. (treeline) and 3400 m in the Kang-Ding Valley
3800 m a.s.l. 11.67 12.46 15.00 16.09 6.68 7.01 22 23
3400 m a.s.l. 14.14 15.74 18.40 21.39 7.74 727 2.4 29
F(d.f) 30.85(1,29) 26.77(1,29) 26.87(1,17) 63.55(1,17) 4.29(1,11) 0.04(1,11)
Difference (P) <0.001 <0.001 <0.001 <0.001 0.07 0.84
Abies fabri at 3750 m a.s.l. (treeline) and 3300 m in the Kang-Ding Valley
3750 m a.s.l. 13.82 15.06 19.36 19.85 5.52 7.87 35 25
3300 m a.s.l. 12.63 13.79 17.58 18.37 5.21 6.93 34 2.7
F(d.f.) 4.02(1,29) 3.77(1,29) 4.19(1,17) 4.81(1,17) 0.19(1,11) 0.54(1,11)
Difference (P) 0.06 0.07 0.06 0.048 0.68 0.48
A. fabri at 3670 m a.s.l. (treeline) and 2750 m in the Mo-Xi Valley
3670 m a.s.l. 18.60 16.58 25.37 23.52 8.43 6.16 3.0 3.8
2750 m a.s.l. 19.52 15.21 26.65 22.68 8.81 532 3.0 4.3
F(d.f) 5.53(1,29) 3.51(1,29) 6.11(1,17) 0.55(1,17) 0.41(1,11) 421(1,11)
Difference (P) 0.029 0.08 0.029 0.47 0.54 0.07
The above three treeline cases combined
TT 14.70 14.70 19.91 19.82 6.88 7.02 29 2.8
TLL 15.43 14.91 20.88 20.81 7.25 6.06 29 34
F(d.f) 6.80(1,89) 0.31(1,89) 5.73(1,53) 4.11(1,53) 1.15(1,35) 2.22(1,35)
Difference (P) 0.011 0.58 0.018 0.049 0.29 0.15

Statistical significances were tested separately in April and July using two-way analyses of variance with elevation and tissue type as factors.

Significant difference (P < 0.05) are highlighted in bold.
NSC, non-structural carbohydrates.

Tissue NSC showed a decreased trend with increasing tree
elevation (Fig. 1). The NSC concentrations in tissues were
frequently significantly lower in TT than in TLL, except
for the stem sapwood (Fig. 1). These findings suggested
that TT may suffer from a carbon limitation compared
with  TLL (Table3, Fig.1). The SSR-NSC in trees
increased with decreasing tree elevation within each date.
The NSC in the source tissue (ranging from 15.00 to

21.39% d.m.) was two to three times higher than that in
the sink (~7-8%), resulting in an SSR-NSC of 2.2-2.9
(Table 3).

The C-N ratio in the source tissue decreased with in-
creasing tree altitude within each sampling date (Table 4).
In the carbon sink tissues, however, the C-N ratio decreased
with increasing tree elevation in April, but increased with
elevation in July (Table 4).

Figure 1. Mean non-structural
carbohydrates (NSC) concentrations
(mean * 1 standard deviation; % of dry
matter) in the tissues of trees (Picea
balfouriana var. hirtella) growing at the
alpine treeline (3800 m a.s.l.) and at
3400 m a.s.l. in the Kang-Ding Valley, Mt.
Gongga, southwestern China. T-paired
comparisons were used for testing
statistical differences in the means
between the two elevations within each
tissue category and date. Asterisks
indicate statistically significant differences
in tissue NSC concentrations (*P < 0.05,

25
* - O Trees at 3400m a.s.l.
=90 L " * m Treeline (3800 m) trees
£
o
X
§™r
s
E *
8 10
<
o
o
O
2 51t .
0 Ll L L L L L L L L 1
N1 N2 N3 N1 N2 N3 Roots Roots Wood Wood
April July April  July  April  July

Tissue and sampling time

© 2008 The Authors

**P <(.01; n =6 trees) between trees at
the two elevations within each tissue
category and date. N1, N2 and N3 refer
to 1-, 2- and 3-year-old needles,
respectively.
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Figure 2. Mean non-structural
carbohydrates (NSC) concentrations
(mean * 1 standard deviation; % of dry
matter) in the tissues of trees (Abies
fabri) growing at the alpine treeline
(3750 m a.s.l.) and at 3300 m a.s.l. in

the Kang-Ding Valley, Mt. Gongga,
southwestern China. T-paired
comparisons were used for testing
statistical differences in the means
between the two elevations within each
tissue category and date. Asterisks
indicate statistically significant differences
(**P < 0.01; n =6 trees) in the NSC
concentration between trees at the two
elevations within each tissue category
and date. N1, N2 and N3 refer to 1-, 2-
and 3-year-old needles, respectively.

Figure 3. Mean non-structural
carbohydrates (NSC) concentrations
(mean = 1 standard deviation; % of dry
matter) in the tissues of trees (Abies
fabri) growing at the alpine treeline
(3670 m a.s.l.) and at 2750 m a.s.l. in the
Mo-Xi Valley, Mt. Gongga, southwestern
China. T-paired comparisons were used
to test statistical differences in the means
between the two elevations within each
tissue category and date. Asterisks
indicate statistically significant differences
(*P <0.05; n =6 trees) in the NSC
concentration between trees at the two
elevations within each tissue category
and date. N1, N2 and N3 indicate 1-, 2-
and 3-year-old needles, respectively.

(Table 2). Two-way ANovas showed a significantly higher N

content in the source tissue in TT (1.28% d.m.) than in TLL
The total N content in the trees studied increased with (1.01%) in April (P=0.004), but no difference in July
increasing tree elevation within each sampling date (P=0.574) (Table 2). In the sink tissues, the difference in

Table 4. Ratio of mobile carbohydrate to total nitrogen (C-N ratio) in source (needles) and sink (fine roots and stem wood) in trees
growing at the alpine treeline and their lowest distribution boundaries on Mt. Gongga, southwestern China

Picea in the Kang-Ding Valley =~ Abies in the Kang-Ding Valley

Abies in the Mo-Xi Valley  Three treeline cases combined

3800 m 3400 m 3750 m 3300 m 3670 m 2750 m TT TLL
Source (needles)
April 129 17.0 15.1 17.4 20.1 22.39 16.2 19.0
July 14.2 23.0 17.7 17.7 17.7 19.6 16.7 20.0
Sink (fine roots and stem sapwood)
April 163 21.5 12.0 14.5 14.8 19.1 14.3 18.1
July 219 20.2 19.2 21.7 13.1 11.3 17.6 15.5

TT, trees at the alpine treeline; TLL, trees at the lowest elevational limit.
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the N content between TT and TLL was statistically sig-
nificant for both April (P <0.001) and July (P =0.006)
(Table 2). Across tissues, the difference in the N content
between TT and TLL was significant in April (P <0.001),
but not in July (P =0.33) (Table 2). The SSR-N did not
differ between TT and TLL in April (both 2.8), but
decreased with increasing tree elevation (3.3 in TLL vs. 2.7
in TT) in July (Table 2).

The results of two-way aNovas showed that TT had
slightly higher source NSC in April (19.36% d.m. in
TT >17.58% in TLL, P=0.063), and significantly higher
source NSC in July (19.85% d.m. in TT >18.37% in TLL,
P =0.049) compared with TLL (Table 3). No statistical dif-
ferences in the sink NSC between TT and TLL for each
sampling date were detected (P = 0.676 for April; P =0.482
for July) (Table 3). Very similar to the NSC in source, across
tissues TT had slightly higher overall NSC concentrations
than TLL in both April (13.82% d.m. in TT >12.63% in
TLL, P=0.059) and July (15.06% d.m. in TT >13.79% in
TLL, P =0.067) (Table 3). Tissue NSC showed an increased
trend with increasing elevation of trees, although the differ-
ence between TT and TLL was statistically significant only
in the 3-year-old needles in April (P =0.009) (Fig. 2). These
results, unlike the findings with Picea, imply that TT may
not be limited by a carbon shortage (Table 3, Figs 1 & 2).
The SSR-NSC did not markedly differ between TT and
TLL in either April or July (Table 3). The SSR-NSC was
higher in April than in July in both TT and TLL (Table 3).
The C-N ratios in both source and sink tissue tended to
decrease with increasing tree elevation (Table 4).

Abies trees in the Mo-Xi Valley

The total N content was higher in TT than in TLL overall
(Table 2). Differences were significant or even highly
significant in the source tissue in April (1.26% d.m. in
TT>1.19% in TLL, P =0.023) and in July (1.33% d.m. in
TT>1.16% in TLL, P <0.001), but not in the sink tissues
in either April (P=0.054) or July (P=0.97) (Table2).
Across tissues, TT showed a significantly higher N content
in April (0.98% d.m.in TT >0.90% in TLL, P = 0.003) and
in July (0.99% d.m. in TT > 0.89% in TLL, P <0.001) than
TLL (Table 2). The SSR-N decreased with increasing tree
elevation in April (2.2 in TT <2.6 in TLL), but increased
with elevation in July (2.8 in TT > 2.5 in TLL) (Table 2).
Analysis of two-way aNovas indicated that the source
NSC was significantly lower in TT (25.37% d.m.) than in
TLL (26.65%) in April (P=0.029), but similar in July
(23.52% d.m. in TT versus 22.68% in TLL, P=0.47)
(Table 3). There were no statistically significant differences
in sink NSC between TT and TLL in April (P =0.54), but a
slight difference in July (6.16% d.m.in TT > 5.32% in TLL,
P =0.07) was found (Table 3). Similarly to the NSC in the
source, across tissues the overall NSC concentration was
significantly lower in TT (18.60% d.m.) than in TLL
(19.52%) in April (P=0.029), but slightly higher in TT
(16.58% d.m.) than in TLL (15.21%) in July (P =0.08)
(Table 3). T-paired comparisons did not identify any other
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significant differences in tissue NSC between TT and TLL
within each tissue category and date apart from in the fine
roots in July (P = 0.038) (Fig. 3). Unlike the Abies grown at
the treeline in the Kang-Ding Valley (Table 3, Fig. 2), trees
of the same species growing at the treeline in the Mo-Xi
Valley seem to suffer from a winter carbon shortage com-
pared with lower-elevation Abies trees (Table 3, Fig. 3). The
TT and TLL had the same SSR-NSC in April (both 3.0),
but TT (3.8) had a lower SSR-NSC than TLL (4.3) in July
(Table 3). The C-N ratio decreased with increasing tree
altitude within each sampling date apart from in the July
sink (Table 4).

Overall elevational trends in N, NSC and
source—sink relationships

Combining the three treeline cases, the total N contents
were higher in TT than in TLL overall (Table 2). This result,
in combination with the results from the single species/
treeline level (Table 2) described previously, indicated that
nitrogen does not limit the growth and development of the
trees growing at the alpine treeline. The tissue N contents
were significantly lower in TLL than in TT, except in the
July sink tissues, where the difference was non-significant
(P=0.37) (Table 2), according to two-way ANovas with
elevation and tissue type as factors.

However, on the other hand, carbon seems to be more
equivocal in determining the treeline position. As described
previously, the Picea treeline in the Kang-Ding Valley may
be physiologically determined by a carbon limitation in
both winter and summer (Table 3, Fig. 1). In contrast, the
Abies treeline in the same valley does not support the
‘carbon limitation hypothesis’ (Table 3, Fig.2), whereas
the Abies trees at the alpine treeline in the Mo-Xi Valley
appear to suffer from a winter carbon shortage (Table 3,
Fig. 3). These contradictory results led us to combine the
three treeline cases to find an overall elevational trend in
tissue NSC.

The results of two-way ANovas showed that the overall
NSC concentrations were significantly lower in TT (14.70%
d.m.) than in TLL (15.43%) in April (P =0.011), but not in
July (14.70% d.m. in TT versus 14.91% in TLL, P =0.581)
(Table 3), suggesting a winter carbon shortage in treelines.
The source NSC was significantly lower in TT than in
TLL in both April (19.91% d.m. in TT <20.88% in TLL,
P =0.018) and July (19.82% d.m. in TT <20.81% in TLL,
P =0.049) (Table 3). No statistical differences in sink NSC
between TT and TLL in either April (P=0.29) or July
(P =0.15) were found (Table 3). Hence, the winter carbon
shortage may result from the limited source activities in
treeline trees (Table 3). Combining the treeline cases, TT
and TLL had the same SSR-NSC in April (both 2.9), but TT
(2.8) showed a lower SSR-NSC than TLL (3.4) in July
(Table 3).

The overall elevational trend in the C-N ratios showed
that they were much smaller in TT source than in TLL
source in both April (16.2 in TT source <19.0 in TLL
source) and July (16.7 in TT <20.0 in TLL), as well as in
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the April sink tissues (14.3 in TT sink < 18.1 in TLL sink)
(Table 4). The C-N ratio in the July sink tissues was,
however, higher in TT (17.6) than in TLL (15.5) (Table 4).

DISCUSSION
No nitrogen limitation in treeline trees

Microbial activity and plant metabolism are both tempera-
ture dependent, which is why cold temperatures are
thought to limit nutrient availability and plant uptake
(Reich & Oleksyn 2004). Thus, nutrient deficiencies may
directly contribute to the location of treeline (Richardson
2004). In line with these hypotheses, Richardson (2004) and
Shi, Korner & Hoch (2006) reported that needle/leaf N
content tended to decrease with increasing tree elevation
within the alpine ecotone, although the difference between
treeline trees and lower elevation trees was not statistically
significant. However, Hoch & Korner (2005) and our data
have shown that the tissue N content in treeline trees was
higher than in lower elevation trees. This indicates that N
does not seem to be limiting tree growth and development
for the alpine treelines studied. In a census of >150 plant
species from nine different mountain areas of all major
climatic zones, Korner (1989) found that needle/leaf N
content increased with increasing altitude worldwide.
Recently, a meta-analysis (covering 1280 plant species in
704 genera, across 452 locations worldwide) of leaf trait
data indicated that leaf N levels increased with decreasing
mean annual temperature (Reich & Oleksyn 2004). This N
pattern (i.e. N increases with decreasing temperature) could
be interpreted to mean that cold climates favour high leaf
N to compensate for the low efficiency of physiological
processes at low temperatures (Reich & Oleksyn 2004;
He et al. 2006).

Acclimation of photosynthesis to low temperatures
involves an increase in many enzymes such as Rubisco
(Badger, Bjorkman & Armond 1982; Hurry et al. 1995).
Rubisco comprises a large proportion of the nitrogen
invested in the photosynthetic apparatus. Higher N con-
tents in treeline trees (Table 2) have important implications
for resource use efficiency and photosynthesis of trees in a
harsh alpine environment. Experimental studies revealed
that leaf photosynthetic rates of various plants/trees are
positively correlated with leaf N content (Martindale &
Leegood 1997; Davey et al. 1999; Kitajima & Hogan 2003;
Diaz-Espejo, Nicolas & Fernandez 2007).

Carbon limitation in winter, but no carbon
shortage in summer

The overall elevational trend in tissue NSC (Table 3) indi-
cated that trees growing at the alpine treeline had sig-
nificantly lower tissue NSC concentrations than lower
elevation trees in April, but not in July. These results suggest
that the treeline trees may suffer from a ‘carbon limitation’
during and after dormancy in winter and early spring,
but not during the growing season. Such a winter carbon

limitation may lead to severe frost injuries in trees’ tissues
and result in high tree mortality, subsequently determining
the alpine treeline position (Tranquillini 1979). Many
studies have already shown that trees’ hardness and ability
to withstand cold are positively related to soluble carbohy-
drate concentrations in the tissues (Ogren 1997; Morin et al.
2007).

At a single species and treeline level, the three treeline
cases studied did not show consistent evidence for carbon
limitation for trees growing at treeline. The treeline trees of
Picea in the Kang-Ding Valley showed an overall carbon
shortage (Table 3, Fig. 1), whereas the treeline trees of
Abies showed no carbon limitation in the same valley
(Table 3, Fig. 2), but a winter carbon shortage in the Mo-Xi
Valley (Table 3, Fig. 3). These findings imply that the re-
sponses of NSC to altitude are (1) species specific and (2)
site dependent. Hoch & Korner (2003) did not find mobile
carbon depletions in three Pinus species growing at the
alpine treelines in either winter or summer. Shi et al. (2006)
and Shi, Korner & Hoch (2008) recorded no summer deple-
tion of NSC in different tree and shrub species at their
upper elevational limits in southwestern China, but they did
not investigate the NSC status in winter or after dormancy.
In contrast, Richardson (2004) found a carbon limitation
related to significant reductions in the lignin and cellulose
contents in Picea rubens Sarg. and A. balsamea (L.) Mill
grown at the alpine treelines in the northeastern USA.
Cavieres et al. (2000) also reported clear evidence of a
‘carbon limitation’ in Espeletia neriifolia, but not in
Podocarpus oleifolius growing at the tropical alpine treeline
in the Venezuelan Andes.

Within a species, levels of tissue NSC vary markedly
according to the site conditions under which trees grow,
suggesting site-dependent responses of NSC to altitude.
For example, tissue NSC concentrations were much higher
in Abies trees in the Mo-Xi Valley (Fig.3) than in the
Kang-Ding Valley (Fig.?2, Table 3). These differences in
tissue NSC concentrations may result from the differences
in the site conditions, as the Kang-Ding Valley is relatively
hot and dry, whereas the Mo-Xi Valley is moist and warm
(see Table 1). Hot and dry conditions may induce stomatal
closing, leading to a reduction in photoassimilates and
NSC levels. Many experimental studies have shown that
plants grown under environmental stress have lower tissue
NSC concentrations than those grown under normal con-
ditions (Liu & Tyree 1997; Correia et al. 1999; Runion et al.
1999; Gwynn-Jones 2001; Polle, McKee & Blaschke 2001).
However, Bacelar et al. (2006) found that plants grown in
a water-stressed environment had higher tissue NSC con-
centrations, because environmental stresses, such as water
stress, may restrict plant growth rather than reducing the
rate of photosynthesis, which leads to an accumulation
of NSC (Bryant, Chapin & Klein 1983; Runion et al.
1999).

In summary, the rather contradictory findings about the
carbon pool make it difficult to generalize the carbon limi-
tation question in treeline trees. Hence, not only more case
studies are needed, but also a meta-analysis, combining
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the results of all studies related to the ‘carbon limitation
hypotheses’, should be conducted.

Lack of evidence of adaptation of
source-sink relationships and C-N ratio
to a treeline environment

The tissue NSC concentration has been used to assess the
balance between carbon acquisition (sources) by photosyn-
thesis and carbon demand (sinks) for growth and respira-
tion processes (Hoch, Popp & Korner 2002; Li et al. 2002,
2008; Korner 2003b; Shi er al. 2008). We investigated the
SSR-NSC (defined as the concentration ratio of source
NSC to sink NSC) and the SSR-N (defined as the ratio of
source N to sink N) in a context of source-sink relation-
ships. The SSR-NSC in treeline trees did not differ from
those in lower elevation trees in April (Table 3), indicating
an adaptation of source-sink relationships to altitude in
winter or spring. However, the SSR-NSC in treeline trees
was much lower than those in lower elevation trees in July
(Table 3), probably because there was a limited source
activity compared with the strong carbon sink activity in
treeline trees in summer. A stronger sink imports and uti-
lizes the photosynthetic products from sources immediately
if source capacity is limited by the photosynthetic activity at
treeline. The values of SSR-N were, however, smaller in
trees growing at treeline than in lower elevation trees in
April, but not in July (Table 2). Moreover, the C-N ratios
in source tissue were always smaller in treeline trees than in
lower elevation trees of the same species within each sam-
pling date (Table4). In sink tissues, the C-N ratios in
treeline trees were consistently smaller than those in lower
elevation trees in April, but not in July (Table 4). These
results may also be regarded as additional evidence for
limited source capacity, leading to winter carbon shortage.
However, to what extent SSR-NSC, SSR-N or the C-N ratio
can actually determine the alpine treeline position is still
unclear as little research has been performed in this area.
The present case study proposed a least ratio of source-
NSC to sink-NSC of 2.2 for trees to exist at their upper
elevational limits (Table 3).

Both source capacity and sink capacity are influenced by
harsh environmental factors such as low temperatures at
the alpine treeline. Whether trees for the alpine treeline are
carbon limited depends on whether photoassimilate pro-
duction or the use of photoassimilates is limited. If the use
of photoassimilates is limited by the growth of a treeline
tree, that is, growth limitation (Korner 1998; Li & Kriuchi
2005), then photoassimilate production should be down-
regulated via feedback (Sharkey, Socias & Loreto 1994).
On the other hand, NSC seems to be actively regulated by
environmental stresses (Bryant et al. 1983; Runion et al.
1999). Moreover, trees growing at treeline may compensate
for a decrease in the concentration of tissue NSC by pro-
ducing greater amounts of that tissue when calculating
whole-tree carbon budgets (Li et al. 2002; Hoch & Korner
2003; Hoch, Richter & Korner 2003). For example, Li,
Krauchi & Dobbertin (2006) found that the needle biomass
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in old P. cembra trees at the alpine treeline was about three
times higher, because of the greater needle longevity, than
in the same species with the same age at lowland sites.

CONCLUSIONS

It has been hypothesized that nutrient deficiencies may
directly contribute to the location of the treeline (Richard-
son 2004). The present study found that nitrogen does not
seem likely to limit the growth and development of trees
studied at the Himalayan treelines because, contrary to the
biogeochemical hypothesis (Reich & Oleksyn 2004), we
found that the tissue N content increased with increasing
tree elevation.

Carbon limitation because of a shortage of photoassimi-
lates has long been regarded as the key to explain the upper
altitudinal or latitudinal treeline on a global scale (Schulze
et al. 1967; Stevens & Fox 1991). Despite the inconsistent
results gained at a single species/treeline level, the results of
the combined three treeline cases revealed that the treeline
trees may suffer from a winter carbon shortage. On the
other hand, previous studies (Li et al. 2002; Hoch & Korner
2003; Hoch et al. 2003; Korner 2003b; Richardson 2004;
Shi et al. 2006) and the present data revealed that levels of
mobile carbohydrates in trees are species specific and site
dependent, and that both the source capacity and the sink
capacity of a tree influence its tissue NSC concentrations
and the carbon balance. We therefore suggest that the per-
sistence and development of various treeline trees in a
harsh alpine environment may depend not only on a
minimum level of the total NSC concentration, but also on
a sufficiently high sugar:starch ratio to overwinter success-
fully (Li et al. 2008), and on a balanced source-sink rela-
tionship to maintain a positive carbon balance.
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