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Abstract

The sink-limitation hypothesis postulates that suppression of meristematic activity

can limit growth at low temperatures (direct-cold-limitation) in situations where

photosynthesis is not restricted. In accordance with this hypothesis, high

concentrations of non-structural carbohydrates (NSC) have been found, in several

studies, in plants at high altitudes or latitudes. However, high concentrations of NSC

could also be due to nutrient deficiency. This study aimed to differentiate between

nutrient- and direct-cold-limitation by comparing the growth and NSC concentra-

tions of Abies veitchii saplings at two altitudes (high/low) and with two fertilization

treatments (N-rich/N-poor).

N-rich saplings grew better at the low than the high site, but N-poor saplings

were suppressed to similar degrees at both altitudes. Among N-rich saplings, the leaf

nitrogen concentration was lower at the high site than the low site. Leaf NSC

concentrations were higher in N-poor than N-rich saplings. However, NSC

concentrations were higher at the high site than the low site in leaves with the

same nitrogen concentrations. These results indicate that direct-cold and nutrient-

limitation may occur simultaneously at high altitude, causing restricted growth and

NSC accumulation. Therefore, NSC concentration should be interpreted in terms of

both direct-cold and nutrient-limitation.

DOI: 10.1657/1938-4246-42.4.430

Introduction

Plant growth limitation at high altitudes is a well known

phenomenon. Several contributing factors have been suggested,

including mechanical damage or physiological stress associated

with deep snow, severe frost, winter desiccation, and strong winds

(c.f., Sveinbjörnsson, 2000; Holtmeier, 2003). To adapt to severe

environments, plants may alter their life history strategy, for

example reproducing at an earlier age (Sakai et al., 2003), or only

attaining a small size in order to ensure effective resource

acquisition (Stevens and Fox, 1991). Shortages of resources, such

as water (Bugmann, 2001; Takahashi et al., 2003) and nutrients

(Sveinbjörnsson et al., 1992; Hobbie et al., 2002), are also important

factors in relation to growth limitation. Suppression of mycorrhizal

infection due to low soil temperatures may cause nutrient limitation

(Germino et al., 2006; Smith et al., 2009). In addition, plants may be

unable to photosynthesize sufficiently in high-altitude areas due to

the short growing season and associated low temperatures (Hasler,

1982; Sveinbjörnsson, 2000; Peterson and Peterson, 2001; Richard-

son, 2004; Li et al., 2008b). These factors would be especially critical

for the growth and survival of the early life stages of tree species

(Smith et al., 2009). However, most of these factors are only

applicable at a local scale, and conclusive experimental evidence is

still lacking to explain the phenomenon in general across the non-

arid mountains of the world (Körner, 1998).

The Sink-Limitation hypothesis proposed by Körner (1998) is

a candidate explanation of general growth limitations at high

altitude/latitude globally. This hypothesis suggests that inactivity

of meristematic organs (i.e., resource sinks) caused by low

temperatures results in growth limitation, even though photosyn-

thesis is not limited under the prevailing conditions. According to

the hypothesis, photosynthates will be in excess, since limited sink

activity means that resources are not used to add to the physical

structure of the plant. As a result, the excess photosynthates are

accumulated as nonstructural carbohydrates (NSC); thus, the

amount of NSC is considered to be a good indicator of carbon

sink limitation (Hoch and Körner, 2003). There is some evidence

that plants at high elevations tend to have a higher concentration

of NSC in their organs than plants growing at low elevations

(Hoch et al., 2002, 2003; Li et al., 2002; Hoch and Körner, 2003;

Shi et al., 2006, 2008; Bansal and Germino, 2008). However,

several findings that conflict with the hypothesis have been

published (e.g., Susiluoto et al., 2007; Li et al., 2008a, 2008b).

Hence, the validity of the sink limitation hypothesis has not yet

been established fully.

A reduction in sink demands caused by low temperatures is

not the only cause of carbohydrate accumulation. Resource

accumulation is usually observed when source-sink relationships

are unbalanced (Bloom et al., 1985; Chapin et al., 1990). It is well

known that NSC accumulation is also observed when there is a

deficiency in other resources, such as nitrogen (Chapin et al., 1990;

Millard et al., 2007). In addition, high-altitude regions are

generally considered to experience limited nutrient availability

because of the low temperatures (Page-Dumroese et al., 1990; van

Miegroet et al., 1993; Morris, 1995; Michelsen et al., 1996, but see

Körner, 1989; He et al., 2006). Hence, high NSC accumulation in

plants in high-altitude areas may be caused by a limited nutrient

supply (see e.g., Shaver and Chapin, 1980). Therefore, when NSC

is used to assess sink-limitation by low temperature (direct-cold-

limitation) and its negative effect on growth at high altitudes, the

effect of nutrient-limitation should also be considered.
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This study aimed to evaluate the effects of both nutrient-

limitation and direct-cold-limitation on the growth and NSC

storage of plants growing at a high-altitude site. To differentiate

between the effects of nutrient-limitation and direct-cold-limita-

tion, Abies veitchii Lindley saplings were grown at two different

altitudes and with two levels of fertilization (resulting in a 2 3 2

factorial experimental design). The saplings’ growth and the

concentration of NSC within them were compared between the

treatments.

Materials and Methods

MATERIAL

The saplings of Abies veitchii Lindley used in this study were

all less than 10 years old at the start of the experiment. Saplings

were collected from the slopes of Mt. Asahi, Nagano prefecture

(35u529N, 138u399E, 2300 m a.s.l.) on 10 June 2004. They were

placed in a nursery field until shoot elongation had ceased. On 7

July, 60 saplings were selected at random and transplanted into 2 L

pots containing a mixture of vermiculite and river sand (1:1 in

volume). The potted saplings were watered daily until moved to

the study sites.

CULTIVATION

On 2 September 2004 the pots were divided into four groups

to use for testing the effects of altitude and nutrient availability on

growth and carbohydrate storage. Each group included 15 pots.

Two groups of pots were placed at a ‘‘high-site,’’ 2243 m a.s.l., on

the upper slope of Mt. Ontake, about 200 m below treeline in this

area, and the other two were placed at a ‘‘low-site’’ at 1591 m a.s.l.

on the lower slope of the mountain (Table 1). Once in place, each

pot was fertilized once with a commercial nutrient solution

containing 6%, 10% and 5% of N, PO4 and K, respectively

(HYPONeX, HYPONeX JAPAN corp., Japan) diluted to 0.1%

(v/v). Thereafter, one group of pots at each site was fertilized with

400 mL of HYPONeX solution (containing 24 mg nitrogen) once

every two weeks until 6 November (N-rich treatment). The other

group at each altitude received only water when the first group

was fertilized (N-poor treatment). The pots were kept outside over

the winter.

From 19 May 2005 (the start of the growing season in the

following year), every pot was watered once a week with nutrient

free water, except that each of the N-rich pots was supplied with

400 mL of 0.2% HYPONeX solution (containing 48 mg N) instead

of water once every two weeks and each of the N-poor pots

received 400 mL of 0.1% HYPONeX solution (containing 24 mg N)

instead of water once every four weeks. The watering and

fertilization regimes continued throughout the 2005 growing

season. Through the watering, in conjunction with the natural

precipitation (in total, 1620 mm during the growing season) and

the intermediate moisture retention of the growing medium meant

that the plants received sufficient water throughout the growing

period.

GROWTH MEASUREMENT

To determine the radial growth rate of the A. veitchii saplings

subjected to each treatment, the diameter at the stem base of each

individual was measured every week during the 2005 growing

season. The stem of every sapling was marked 1 cm above the soil

surface, and two diameters, at right angles to each other, were

measured using calipers. An average of the two diameters was used

in the analysis. For each sapling, attributes associated with radial

stem growth were determined by estimating the parameters in the

growth function:

D~
Dinitial{Dfinal

1zexp(
x{x50

m
)
zDfinal ð1Þ

where Dinitial (the diameter at the beginning of growth), Dfinal (the

diameter at the end of growth), x50 (the midpoint for steady-state

phase; when x becomes x50, D reaches 50% of the total increment,

and it is also the inflection point of the growth function), and m

(slope factor) are estimated parameters, while D and x are

variables (stem diameter and measurement days from 19 May

2005, respectively). The growth rate of each sapling was calculated

as the slope of the tangent of the growth function at x50, at which

the slope becomes maximum:

growth rate~
Dfinal{Dinitial

4m
ð2Þ

LEAF HARVESTING

To assess the amount of carbohydrate storage and the

nitrogen content in leaves, these were harvested sequentially. In

order to account for the effect of age on the content of

carbohydrates and nitrogen in leaves, two age classes (current

year leaves and one-year-old leaves) were collected. From 22 July

to 13 October 2005, two or three one-year-old leaves from

different branches were harvested every two weeks. Two or three

current year leaves were collected at the same time, except on 22

July when the current year leaves were insufficiently mature.

Leaves were collected in the morning and stored immediately in a

cool box; leaf area was measured in the laboratory using image

processing software (ImageJ, National Institutes of Health,

U.S.A.) after scanning with an image scanner (CanoScan FB

636U, Canon, Japan), then the samples were placed in a deep

freezer (275 uC) whilst awaiting lyophilization. The lyophilized

samples were weighed, crushed into small fragments, and

subsamples were used for the quantification of carbohydrates

and nitrogen in the leaves.

CARBOHYDRATE AND NITROGEN ANALYSIS

The carbohydrates in the leaves of A. veitchii were measured

according to the method of Kabeya and Sakai (2005). The water-

soluble fraction was extracted three times with 80% ethanol.

Ethanol solutions from each separate extraction were combined,

then the ethanol was evaporated off and the precipitate was

dissolved in pure water. All soluble sugars in the resulting solution

were quantified according to the phenol-sulfuric acid method. To

extract starch, the precipitate from the ethanol extraction was

boiled with 0.2N KOH for 30 minutes. After neutralization with

TABLE 1

Study site description.

Site

Elevation

(m a.s.l.)

Air temperature (uC)

during study period

(mean 6 SD)

Pot soil temperature (uC)

during study period

(mean 6 SD)

high 2243 12.5 6 3.5 13.3 6 3.8

low 1591 17.1 6 3.4 18.3 6 3.3
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1N CH3COOH, the starch in the solutions was hydrolyzed into

glucose using amyloglucosidase (from Rizophs mould, Sigma) for

30 minutes at 55 uC. The glucose was selectively quantified using a

glucose-peroxidase testing kit (glucose C-II test, Wako corp.,

Japan). For both measurements, a glucose solution was used as

the standard. The NSC concentration was calculated as the sum of

the concentrations of soluble sugars and of starch (glucose

equivalent).

The concentration of leaf nitrogen was determined by the

Indophenol-Blue method, after digestion of the subsamples with a

sulfuric acid–hydrogen peroxide solution (Matsunaga and Shio-

zaki, 1989). The weighed subsamples were placed in the mixture of

sulfuric acid and hydrogen peroxide, and maintained at a

temperature of 120 uC for 1.5 hours. After cooling, the volume

was adjusted to a standard volume by adding pure water, and

subsamples of the solution were used for the Indophenol-Blue

method. NH4 solution was used as the standard.

STATISTICAL ANALYSES

To estimate the parameters of the growth function, nonlinear

regression (using the nlm function) was performed in the R

software package (version 2.1.1).

The effects of altitude and fertilization on the growth

parameters of the saplings (Dinitial, Dfinal, growth rate, and growing

interval) were tested by a two way ANOVA after normality and

homoscedasticity had been confirmed. The Tukey-Kramer HSD

test was used for post-hoc testing. In the analysis of the leaf

nitrogen content, two main effects (altitude and fertilization) and

one random effect (individual effect) were considered to account

for the repeated measurements. In these cases, a mixed model was

applied after normality had been confirmed. In the analyses of

NSC (soluble sugar + starch) concentrations, two fixed effects

(altitude and leaf nitrogen concentration) and one random effect

(sampling date) were included the model. When the interaction

between the fixed effects was not significant, an ANCOVA model

including a random effect (sampling date) was applied. In all

mixed model analyses, an unstructured covariance structure was

adopted. All the statistical analyses were conducted using SAS/

STAT 9.2 (SAS Institute).

Results

STEM RADIAL GROWTH

At the time that observations commenced, the basal diameter

(Dinitial) was larger for the low-site saplings than the high-site ones

(Fig. 1). The dates that the diameter size reached 5% and 95% of

the maximum radial increment (Dfinal 2 Dinitial) were regarded as

the beginning and end of the growing period, respectively. The

dates of the start of the growing period for the high-rich, high-

poor, low-rich, and low-poor treatment combinations were 6/14

6 4, 6/8 6 5, 6/8 6 2, and 5/31 6 6, respectively (mean dates 6

SE in days). The dates when growth ceased in each treatment

were 10/6 6 2, 9/29 6 3, 9/27 6 2, and 9/13 6 2, respectively. The

growing interval was not affected significantly by location,

fertilization, or their interaction (Table 2). There was a significant

difference in the radial growth rate in the N-rich treatment: the

growth rate was higher for the low-rich saplings than for the

high-rich ones (Table 2). As a result, the diameter at the end of

the growing period (Dfinal) was significantly larger for the low-site

saplings than high-site ones subjected to the N-rich treatment

(Table 2).

CARBOHYDRATE CONCENTRATION IN LEAVES

The leaves of A. veitchii contained more soluble sugars than

starch in both the current year and the one-year-old leaves

(Fig. 2). The concentrations of the soluble sugars and the starch in

the leaves varied among the sampling occasions. At the time of

each harvest, the concentration of soluble sugars in the leaf was

higher in the N-poor saplings than in the N-rich ones in leaves of

both ages (Fig. 2). The effect of fertilization on the leaf

carbohydrate concentration was clear with respect to starch.

Regardless of altitude and leaf age, the saplings subjected to the

N-poor treatment contained more starch in their leaves than those

subjected to the N-rich treatment (Fig. 2).

FIGURE 1. Stem diameter change over time in Abies veitchii
saplings cultivated at two altitudes (high/low) 3 two fertilization
levels (rich/poor). Each point represents an individual stem diameter
measurement. Growth function curves, the parameters of which were
estimated from the average of the individuals in each treatment (see
Table 2), are also shown.

TABLE 2

Estimated parameters of the radial growth function for stems of A veitchii saplings initial size (Dinitial), final size (Dfinal), midpoint for steady-
state phase (x50), and slope factor (m) and growth parameters calculated from them (growth rate and growing interval). Means and SEs of each
parameter are shown. Different lower-case letters indicate significant differences between parameters (p , 0.05; Tukey-Kramer HSD-test).

Altitude Fertilization n

Dinitial (mm) Dfinal (mm) x50 (day) m Growth rate (mm*day21) Growing interval (days)

mean SE mean SE mean SE mean SE mean SE mean SE

high rich 14 5.5 0.3 a 9.8 0.4 b 83.4 1.3 19.5 1.0 5.6E–2 2.8E–3 b 114.6 5.6 a

high poor 15 5.7 0.3 a 7.8 0.3 c 76.9 1.6 19.1 1.2 2.8E–2 1.7E–3 c 112.4 7.1 a

low rich 13 6.3 0.2 a 12.9 0.4 a 76.1 1.2 18.8 0.7 8.8E–2 3.3E–3 a 110.8 4.2 a

low poor 14 6.2 0.3 a 8.5 0.3 bc 65.1 3.6 17.7 1.0 3.4E–2 2.0E–3 c 104.5 6.0 a
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NITROGEN CONCENTRATION IN LEAVES

Nitrogen concentration was higher in the N-rich saplings than

in the N-poor saplings at both sites (Fig. 3). In the current year

leaves, the effect of altitude on nitrogen concentration was not

significant (Table 3). However, the N concentration based on

structural leaf mass (total leaf mass – NSC pool in the leaf) of the

current year leaves was higher in the low-site saplings than the

high-site ones. Leaf nitrogen concentration was higher in the low-

site plants than the high-site plants in one-year-old leaves

(Table 3). A significant difference in nitrogen concentration with

respect to structural leaf mass was only found for the N-rich

treatment (Table 3, significant interaction).

THE EFFECT OF ALTITUDE AND FERTILIZATION LEVEL

ON THE NSC CONCENTRATION

Across the harvests, significant altitude effects on leaf NSC

concentrations were found (Table 4), and leaf nitrogen concen-

tration correlated negatively with leaf NSC concentration in leaves

of both ages (Fig. 4). In addition, a significant interaction between

altitude and fertilization was found in the current year leaves.

Within the range of the data collected, the leaf NSC concentration

was higher in the high-site saplings than the low-site ones for

leaves of both ages (Fig. 4). Least square (LS) means of the NSC

concentrations in current year leaves, which were adjusted for the

effect of the leaf nitrogen concentrations, were 21.6 6 0.3% and

18.6 6 0.4% in the high-site and the low-site saplings, respectively

(mean 6 SE). In one-year-old leaves, LS means of the NSC

concentrations were 24.4 6 0.3% and 23.1 6 0.4% in the high-site

and the low-site saplings, respectively.

Discussion

Although the high-site examined in this study was situated

about 200 m below the treeline altitude, radial growth of Abies

veitchii saplings was suppressed at this site. However, the saplings

stored higher levels of NSC at the high-site than at the low-site, after

adjusting for the fertilization effect. Therefore, carbon resource

limitation, at least, does not constrain the growth of A. veitchii

saplings at high altitudes. Furthermore, their radial growth was

suppressed at the high-site even under well-fertilized conditions, so

their growth was not limited by inadequate nutrient supply. In

addition, although low leaf nitrogen concentrations were observed

at the high-site, implying nutrient uptake limitation, the high NSC

accumulation at this site (after adjusting fertilization effects)

indicates that the direct-cold-limitation may affect A. veitchii

saplings at high altitude, even if nutrient acquisition is limited.

Low temperatures, such as those encountered at high

altitudes and latitudes, have severe effects on plant nutrition in

natural conditions (but see Körner, 1989), for several reasons.

FIGURE 2. The concentration of soluble sugars and starch in current year leaves (a, c) and one-year-old leaves (b, d) of Abies veitchii
saplings cultivated at two altitudes (high/low) 3 two fertilization levels (rich/poor). Means and SEs are shown.
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First, soil available nutrients are limited by the slow decomposi-

tion rate (Herrera, 1991; Radwan, 1992; Schulze et al., 1994;

Hobbie and Chapin, 1998; Hobbie et al., 2002; Crosti et al., 2006).

Nutrient absorption activity also depends on temperature

(Karlsson and Nordell, 1996; Weih and Karlsson, 2001).

Moreover, limited mycorrhizal symbiosis at high altitude (Ger-

mino et al., 2006) may suppress nutrient acquisition. In A. veitchii

saplings, leaf nitrogen concentration was lower at the high-altitude

site than at the lower site under the higher fertilization regime.

This could be due to suppressed nutrient absorption at the high-

altitude site.

A shortage of nitrogen is one of the major causes of

carbohydrate accumulation (Warren-Wilson, 1966; Bloom et al.,

1985; Chapin et al., 1990; Schulze et al., 1994; Stitt and Krapp,

1999; Lerdau and Coley, 2002; Millard et al., 2007). In this study,

A. veitchii saplings accumulated a large amount of non-structural

carbohydrates in their leaves when they were grown with limited

fertilization at both altitudes studied. This trend was particularly

clear when starch was considered; starch is the main storage

substance in many plants. This result suggests that nutrient-

limitation may explain the high levels of carbohydrates in plants

growing in high-altitude/latitude areas recorded in previous

studies (Hoch et al., 2002, 2003; Li et al., 2002; Hoch and Körner,

2003; Bansal and Germino, 2008). In fact, Shaver and Chapin

(1980) showed that fertilization caused a reduction in NSC

concentration in several plant species of tundra regions, thus

indicating the existence of NSC accumulation due to nutrient

limitation in natural environments.

Plants growing in high-altitude areas tend to contain higher

concentrations of nitrogen than those growing at low altitudes

(Körner, 1989; Kudo, 1995; Weih and Karlsson, 1999; Hikosaka

et al., 2002; Reich and Oleksyn, 2004, but see He et al., 2006). This

could result from ecotypic acclimatization to low temperature

environments (Weih and Karlsson, 1999). In the current study,

saplings originating from a single location were cultivated for one

and a half years at each study site. This may have been insufficient

time for acclimatization to have occurred. Moreover, optimal

nitrogen concentration in leaves increases with altitude. As

predicted by Stevens and Fox (1991), plants may restrict their

size and concentrate nitrogen in order to ensure optimal nitrogen

levels. As a result, plants at high altitudes would be able to

photosynthesize sufficiently, but photosynthates may not be used

to their optimum efficiency, because plant size is actually

determined by the amount of available nitrogen. This would

mean that a plant growing at high altitude would exhibit a higher

NSC concentration than a plant growing at low altitude, even

though the leaves of the former contained a higher concentration

of nitrogen. In addition, some fertilization studies have recorded

an increase in nitrogen content in plants, particularly at high

altitudes (Herrera, 1991; Sveinbjörnsson et al., 1992; van Miegroet

et al., 1993). Plants may experience nutrient-limitation at high

altitudes, even though their leaves have higher nitrogen concen-

trations than plants from lower altitudes.

The higher recorded concentration of NSC in A. veitchii

saplings growing at high altitudes compared to those at low

FIGURE 3. Nitrogen concentrations in current year and one-
year-old leaves of Abies veitchii saplings cultivated at two altitudes
(high/low) 3 two fertilization levels (rich/poor). Means and SEs
are shown.

TABLE 3

Type III test in the mixed model including leaf N concentration and leaf N as a proportion of structural mass in Abies veitchii saplings. The
growing sites (Altitude), the fertilization levels (Fertilization), and their interaction are considered as the fixed effects.

Independent variables Leaf age Fixed effect Numerator df Denominator df F value p

N concentration current Altitude 1 53.3 3.1 0.087

Fertilization 1 53.3 257.1 ,0.001

A*F 1 53.3 0.3 0.585

1-year Altitude 1 45.0 9.8 0.003

Fertilization 1 45.0 102.0 ,0.001

A*F 1 45.0 1.2 0.283

N proportion of structural mass current Altitude 1 51.3 5.2 0.028

Fertilization 1 51.3 119.4 ,0.001

A*F 1 51.3 0.4 0.534

1-year Altitude 1 43.3 3.0 0.091

Fertilization 1 43.3 135.0 ,0.001

A*F 1 43.3 5.2 0.028
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altitudes, irrespective of nutrient treatment, supports data from

other studies that have provided evidence for the direct-cold-

limitation (e.g., Hoch et al., 2002; Li et al., 2002; Hoch et al.,

2003). Therefore, direct-cold-limitation does seem to occur in

A. veitchii. However, a high level of NSC storage does not

conclusively confirm the sink-limitation hypothesis; source-sink

manipulations (such as the defoliation experiment described by

Li et al., 2002) will be required in order to provide

verification. Therefore, further investigation of the hypothesis

is necessary.

The leaves of A. veitchii saplings contained a higher

concentration of soluble sugars than of starch. High concentra-

tions of soluble sugars in plant leaves are thought to provide

osmotic control for cryoprotection (Repo et al., 2004; Reyes-Dı́az

et al., 2005; Morin et al., 2007; Bansal and Germino, 2009, 2010).

Therefore, it is possible that the high concentrations of sugars in

the leaves of A. veitchii at the high-altitude site are a result of

physiological adaptation to low temperature conditions. However,

the difference in starch concentration between altitudes was more

pronounced than the difference in the concentration of soluble

sugars. In addition, all the leaf samples were collected during the

growing season when the lowest daily temperatures were well

above freezing. Therefore, higher concentrations of soluble sugars

in A. veitchii leaves at the high-altitude site are unlikely to be only

associated with winter hardiness.

The high level of NSC storage in plants growing at high

altitude may have a different ecological significance (Sveinbjörns-

son, 2000). Resource storage is an important adaptation to

fluctuating environments, because plants can use stored resources

for the rapid growth of specially adapted organs when the

environment changes (Chapin et al., 1990). Therefore, a high

allocation of carbon resources to storage can be an adaptive

strategy for plants in high-altitude areas that are subjected to

greater environmental fluctuations than those in low-altitude areas

(Grace et al., 2002). Artificial experiments, such as controlling the

range of environmental fluctuation, would be needed to test this

hypothesis.

Unlike the growth rate, the length of the growing interval did

not differ between altitudes in this experiment, even though the

average temperature during the growing season was 3 uC lower at

the high-altitude site. The similar length of growing interval

between altitudes may result from phylogenetic constraints. Abies

veitchii has a determinant shoot growth pattern, with the shoot

elongating during spring and early summer. Hence, the length of

the summer may not directly affect the increase in leaf area during

the current season, and, therefore, may not be related to the radial

growth of the shoot.

Conclusion

The results of this study suggest that, in the high-altitude

area, both meristematic inactivity and nutrient-limitation occur as

a result of low temperatures during the growing season; these

responses result in growth limitation and NSC accumulation in the

leaves. The amount of NSC is a good indicator that growth

limitation was not the result of photosynthetic inactivity, although

it is difficult to differentiate between the possible reasons for NSC

accumulation in plants growing at high altitude. Therefore, care

should be taken when using NSC concentration to evaluate direct-

cold-limitation, because nutrient-limitation may provide an

alternative and equally valid interpretation.

FIGURE 4. Relationships between nitrogen concentration and
non-structural carbohydrate (NSC) concentration in current year
leaves and one-year-old leaves of Abies veitchii saplings cultivated at
two altitudes (high/low) 3 two fertilization levels (rich/poor). Each
point represents the average of multiple samplings for each
individual. Lines are the results of a mixed model (see Table 4).

TABLE 4

Type III test in the mixed model for leaf NSC concentration in Abies veitchii saplings. Two growing sites (categorical data), leaf N
concentration (continuous data), and their interaction were considered as the fixed effects in the model. In the one-year-old leaves, the

interaction between Altitude and N concentration was excluded from the model, because it was insignificant.

Leaf age Fixed effect Numerator df Denominator df F value p

current Altitude 1 90.7 18.0 ,0.001

N conc. 1 104 174.7 ,0.001

A*N 1 104 6.7 0.01

1 year Altitude 1 36.4 9.2 0.005

N conc. 1 90.9 90.1 ,0.001

D. KABEYA / 435

Downloaded From: https://complete.bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 09 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



Acknowledgments

I would like to thank Dr. Hisashi Sugita for his constructive
comments on the draft manuscript. SAS/STAT analysis was
performed at the Computer Center for Agriculture, Forestry and
Fisheries Research, MAFF, Japan. This research was supported
by a Grant-in-Aid for Scientific Research from the Japan Society
for the Promotion of Science.

References Cited

Bansal, S., and Germino, M. J., 2008: Carbon balance of conifer
seedlings at timberline: relative changes in uptake, storage, and
utilization. Oecologia, 158: 217–227.

Bansal, S., and Germino, M. J., 2009: Temporal variation of
nonstructural carbohydrates in montane conifers: similarities
and differences among developmental stages, species and
environmental conditions. Tree Physiology, 29: 559–568.

Bansal, S., and Germino, M. J., 2010: Variation in ecophysiolog-
ical properties among conifers at an ecotonal boundary:
comparison of establishing seedlings and established adults at
timberline. Journal of Vegetation Science, 21: 133–142.

Bloom, A. J., Chapin, F. S., III, and Mooney, H. A., 1985:
Resource limitation in plants—An economic analogy. Annual
Review of Ecology and Systematics, 16: 363–392.

Bugmann, H., 2001: A comparative analysis of forest dynamics in
the Swiss Alps and the Colorado Front Range. Forest Ecology
And Management, 145: 43–55.

Chapin, F. S., III, Schulze, E.-D., and Mooney, H. A., 1990: The
ecology and economics of storage in plants. Annual Review of
Ecology and Systematics, 21: 423–447.

Crosti, R., Ladd, P. G., Dixon, K. W., and Piotto, B., 2006: Post-
fire germination: the effect of smoke on seeds of selected species
from the central Mediterranean basin. Forest Ecology And
Management, 221: 306–312.

Germino, M. J., Hasselquist, N. J., McGonigle, T., Smith, W. K.,
and Sheridan, P. P., 2006: Landscape- and age-based factors
affecting fungal colonization of conifer seedling roots at the
alpine tree line. Canadian Journal of Forest Research, 36:
901–909.

Grace, J., Berninger, F., and Nagy, L., 2002: Impacts of climate
change on the tree line. Annals of Botany, 90: 537–544.

Hasler, R., 1982: Net photosynthesis and transpiration of Pinus
montana on east and north facing slopes at Alpine timberline.
Oecologia, 54: 14–22.

He, J. S., Fang, J. Y., Wang, Z. H., Guo, D. L., Flynn, D. F. B.,
and Geng, Z., 2006: Stoichiometry and large-scale patterns of
leaf carbon and nitrogen in the grassland biomes of China.
Oecologia, 149: 115–122.

Herrera, C. M., 1991: Dissecting factors responsible for individual
variation in plant fecundity. Ecology, 72: 1436–1448.

Hikosaka, K., Nagamatsu, D., Ishii, H. S., and Hirose, T., 2002:
Photosynthesis-nitrogen relationships in species at different
altitudes on Mount Kinabalu, Malaysia. Ecological Research,
17: 305–313.

Hobbie, S. E., and Chapin, F. S., III, 1998: Response of tundra
plant biomass, aboveground production, nitrogen, and CO2 flux
to experimental warming. Ecology, 79: 1526–1544.

Hobbie, S. E., Nadelhoffer, K. J., and Hogberg, P., 2002: A
synthesis: the role of nutrients as constraints on carbon balances
in boreal and arctic regions. Plant and Soil, 242: 163–170.

Hoch, G., and Körner, C., 2003: The carbon charging of pines at
the climatic treeline: a global comparison. Oecologia, 135:
10–21.

Hoch, G., Popp, M., and Körner, C., 2002: Altitudinal increase of
mobile carbon pools in Pinus cembra suggests sink limitation of
growth at the Swiss treeline. Oikos, 98: 361–374.

Hoch, G., Richter, A., and Körner, C., 2003: Non-structural
carbon compounds in temperate forest trees. Plant, Cell and
Environment, 26: 1067–1081.

Holtmeier, F.-K., 2003: Mountain Timberlines. First edition.
Dordrecht: Kluwer Academic Publishers, 369 pp.

Körner, C., 1989: The nutritional status of plants from high
altitudes: a worldwide comparison. Oecologia, 81: 379–391.

Körner, C., 1998: A re-assessment of high elevation treeline
positions and their explanation. Oecologia, 115: 445–459.

Kabeya, D., and Sakai, S., 2005: The relative importance of
carbohydrate and nitrogen for the resprouting ability of Quercus

crispula seedlings. Annals of Botany, 96: 479–488.

Karlsson, P. S., and Nordell, K. O., 1996: Effects of soil
temperature on the nitrogen economy and growth of mountain

birch seedlings near its presumed low temperature distribution
limit. Ecoscience, 3: 183–189.

Kudo, G., 1995: Leaf traits and shoot performance of an
evergreen shrub, Ledum palustre ssp. decumbens, in accordance
with latitudinal change. Canadian Journal of Botany, 73:

1451–1456.

Lerdau, M., and Coley, P. D., 2002: Benefits of the carbon-
nutrient balance hypothesis. Oikos, 98: 534–536.

Li, M., Xiao, W., Shi, P., Wang, S., Zhong, Y., Liu, X., Wang, X.,
Cai, X., and Shi, Z., 2008a: Nitrogen and carbon source-sink
relationships in trees at the Himalayan treelines compared with

lower elevations. Plant, Cell and Environment, 31: 1377–1387.

Li, M., Xiao, W., Wang, S., Cheng, G., Cherubini, P., Cai, X.,

Liu, X., Wang, X., and Zhu, W., 2008b: Mobile carbohydrates
in Himalayan treeline trees I. Evidence for carbon gain
limitation but not for growth limitation. Tree Physiology, 28:

1287–1296.

Li, M. H., Hoch, G., and Körner, C., 2002: Source/sink removal

affects mobile carbohydrates in Pinus cembra at the Swiss
treeline. Trees, 16: 331–337.

Matsunaga, T., and Shiozaki, T., 1989: Sulfuric acid–hydrogen
peroxide digestion for determination of total nitrogen in plant
material containing nitrate nitrogen. Journal of the Science of

Soil and Manure, Japan, 60: 458–460, (in Japanese)..

Michelsen, A., Jonasson, S., Sleep, D., Havstrom, M., and

Callaghan, T. V., 1996: Shoot biomass, d13C, nitrogen and
chlorophyll responses of two arctic dwarf shrubs to in situ
shading, nutrient application and warming simulating climatic

change. Oecologia, 105: 1–12.

Millard, P., Sommerkorn, M., and Grelet, G. A., 2007:

Environmental change and carbon limitation in trees: a
biochemical, ecophysiological and ecosystem appraisal. New

Phytologist, 175: 11–28.

Morin, X., Ameglio, T., Ahas, R., Kurz-Besson, C., Lanta, V.,
Lebourgeois, F., Miglietta, F., and Chuine, I., 2007: Variation

in cold hardiness and carbohydrate concentration from dor-
mancy induction to bud burst among provenances of three
European oak species. Tree Physiology, 27: 817–825.

Morris, A. R., 1995: Forest floor accumulation, nutrition and
productivity of Pinus patula in the Usutu Forest, Swaziland.

Plant and Soil, 169: 271–278.

Page-Dumroese, D. S., Loewenstein, H., Graham, R. T., and

Harvey, A. E., 1990: Soil source, seed source, and organic-
matter content effects on Douglas-fir seedling growth. Soil

Science Society of America Journal, 54: 229–233.

Peterson, D. W., and Peterson, D. L., 2001: Mountain hemlock
growth responds to climatic variability at annual and decadal

time scales. Ecology, 82: 3330–3345.

Radwan, M. A., 1992: Effect of forest floor on growth and
nutrition of Douglas-fir and western hemlock seedlings with and
without fertilizer. Canadian Journal of Forest Research, 22:
1222–1229.

Reich, P. B., and Oleksyn, J., 2004: Global patterns of plant leaf N

and P in relation to temperature and latitude. Proceedings of the

National Academy of Sciences of the United States of America,
101: 11001–11006.

Repo, T., Leinonen, I., Ryyppo, A., and Finer, L., 2004: The effect
of soil temperature on the bud phenology, chlorophyll

436 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Downloaded From: https://complete.bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 09 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use



fluorescence, carbohydrate content and cold hardiness of
Norway spruce seedlings. Physiologia Plantarum, 121: 93–100.

Reyes-Dı́az, M., Alberdi, M., Piper, F., Bravo, L. A., and
Corcuera, L. J., 2005: Low temperature responses of Nothofagus
dombeyi and Nothofagus nitida, two evergreen species from
south central Chile. Tree Physiology, 25: 1389–1398.

Richardson, A. D., 2004: Foliar chemistry of balsam fir and red
spruce in relation to elevation and the canopy light gradient in
the mountains of the northeastern United States. Plant and Soil,
260: 291–299.

Sakai, A., Matsui, K., Kabeya, D., and Sakai, S., 2003: Altitudinal
variation in lifetime growth trajectory and reproductive
schedule of a sub-alpine conifer, Abies mariesii. Evolutionary
Ecology Research, 5: 671–689.

Schulze, E. D., Chapin, F. S. I., and Gebauer, G., 1994: Nitrogen
nutrition and isotope differences among life forms at the
northern treeline of Alaska. Oecologia, 100: 406–412.

Shaver, G. R., and Chapin, F. S. I., 1980: Response to fertilization
by various plant growth forms in an Alaskan tundra: nutrient
accumulation and growth. Ecology, 61: 662–675.

Shi, P., Körner, C., and Hoch, G., 2008: A test of the growth-
limitation theory for alpine tree line formation in evergreen and
deciduous taxa of the eastern Himalayas. Functional Ecology,
22: 213–220.

Shi, P. L., Körner, C., and Hoch, G., 2006: End of season carbon
supply status of woody species near the treeline in western
China. Basic and Applied Ecology, 7: 370–377.

Smith, W. K., Germino, M. J., Johnson, D. M., and Reinhardt, K.,
2009: The altitude of alpine treeline: a bellwether of climate
change effects. Botanical Review, 75: 163–190.

Stevens, G. C., and Fox, J. F., 1991: The causes of treeline. Annual
Review of Ecology and Systematics, 22: 177–191.

Stitt, M., and Krapp, A., 1999: The interaction between elevated
carbon dioxide and nitrogen nutrition: the physiological and

molecular background. Plant Cell and Environment, 22:

583–621.

Susiluoto, S., Peramaki, M., Nikinmaa, E., and Berninger, F.,

2007: Effects of sink removal on transpiration at the treeline:

implications for the growth limitation hypothesis. Environmen-

tal and Experimental Botany, 60: 334–339.

Sveinbjörnsson, B., 2000: North American and European tree-

lines: external forces and internal processes controlling position.

Ambio, 29: 388–395.

Sveinbjörnsson, B., Nordell, O., and Kauhanen, H., 1992:

Nutrient relations of mountain birch growth at and below the

elevational tree-line in Swedish Lapland. Functional Ecology, 6:

213–220.

Takahashi, K., Azuma, H., and Yasue, K., 2003: Effects of climate

on the radial growth of tree species in the upper and lower

distribution limits of an altitudinal ecotone on Mount Norikura,

central Japan. Ecological Research, 18: 549–558.

van Miegroet, H., Johnson, D. W., and Todd, D. E., 1993: Foliar

response of red spruce saplings to fertilization with Ca and Mg

in the Great Smoky Mountains National Park. Canadian

Journal of Forest Research, 23: 89–95.

Warren-Wilson, J., 1966: An analysis of plant growth and its

control in arctic environments. Annals of Botany, 30: 383–402.

Weih, M., and Karlsson, P. S., 1999: Growth response of

altitudinal ecotypes of mountain birch to temperature and

fertilisation. Oecologia, 119: 16–23.

Weih, M., and Karlsson, P. S., 2001: Growth response of

mountain birch to air and soil temperature: is increasing leaf-

nitrogen content an acclimation to lower air temperature? New

Phytologist, 150: 147–155.

MS accepted May 2010

D. KABEYA / 437

Downloaded From: https://complete.bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 09 Jun 2025
Terms of Use: https://complete.bioone.org/terms-of-use


