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Abstract. Knowledge of altitudinal patterns in soil C, N and P distribution is important for understanding
biogeochemical processes in mountainous forests, yet the influence of slope aspects on soil stoichiometry
has been largely neglected in previous studies. In this paper, a total number of 150 topsoil samples at four
altitudes (3700, 3900, 4100, 4380 m a.s.l.) on sunny and shady slopes of Sygera mountains in the
Southeastern Tibet were collected. Soil C, N and P contents, and pH, were measured. Soil temperature,
moisture and richness of plant species were investigated at each sampling site. The results showed that: 1)
in sunny slope, soil C, N and P concentrations increased with the increase in altitude, whereas soil C:N,
C:P, and N:P decreased along the altitudinal gradient on s . Soil moisture was the main regulator of soil
nutrition and stoichiometric ratios. 2) In shady slope, soil C and N contents had no significant difference
along the altitudinal gradient except the higher values at low altitude, whereas soil P increased first and
then decreased. Soil C:N increased with the increase in altitude, whereas C:P and N:P decreased first and
then increased. Soil temperature and species richness were the main factors influencing soil nutrition and
stoichiometric ratios. 3) Decoupling of soil C:N:P stoichiometry was observed in shady slope owing to
changes in soil pH and temperature. 4) The rich contents of soil C and P were observed at two slopes
along the altitudinal gradient, and high capacity of N supply existed at the topsoil in shady slope. These
results suggested that slope aspect plays an important role in shaping the altitudinal pattern of soil C:N:P
stoichiometry in mountainous forests.
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1 Introduction
Stoichiometry of soil carbon (C), nitrogen (N) and
phosphorus (P) is important foundation for
understanding biogeochemical processes in terrestrial
ecosystems. Increased research attention has been paid to
spatial patterns of C, N and P distribution in
mountainous forests, and immense variability of their
altitudinal distribution has been recognized in various
regions [1-2]. There are reports that soil C and N
concentrations were higher at medium altitudes than that
at low or high altitudes, and P concentrations increased
significantly with the rising of altitude, suggesting an
increase in N limitation to forests at higher elevations [3-
4]. Other studies observed that soil C and N
concentrations were relatively stable along the altitudinal
gradients, but soil P concentration kept a decreasing
trend with the increase in elevation, suggesting an
increase in P limitation to forests at higher elevations [5].
With regard to the ratios of these elements, previous
studies showed that, with increase in altitude, soil C:N
and C:P initially decrease and then increase, whereas
N:P is opposite [6], whereas others showed a consistent
increase in soil C:N, C:P and N:P with increase in
altitude [7]. To date, the altitudinal pattern of C, N, P
and their ratios is still inconclusive.

An important characteristic of mountainous
environment is the slope aspects. However, the slope
aspects have been largely neglected in altitudinal
gradient studies of soil stoichiometry. Here we
hypothesize that slope aspects play a role in generating
difference in soil C, N, and P stoichiometry along
altitudinal gradient, because the sunshine and
precipitation processes differ with slope aspects resulting
in difference in soil temperature, moisture, and above
ground vegetation which all affect the soil contents of C,
N and P.

The Sygera mountains distribute typical primordial
dark coniferous forests growing at elevations ranging
from 3700 to 4380 m above sea level in both sunny and
shady slopes, making it an ideal area for comparing
altitudinal patterns of soil stoichiometry at different
slopes. Previous studies in Sygera mountains
demonstrated that tree growth, plant communities, and
soil bacterial communities change remarkably with the
altitude [8-11]. However, current knowledge of the role
of slope aspects on these changes as well as soil
stoichiometry is limited. The objectives of this study
were (1) to characterize soil C, N, and P contents and
stoichiometry along altitudinal gradient on sunny and
shady slopes in Sygera mountains, and (2) to identify the
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dominant factors regulating spatial difference in soil C,
N, P contents and their stoichiometry.

2 Materials and Methods

2.1 Site description

The research was conducted on the east side of Sygera
mountains, as high as 5,200 m a.s.l., in Nyingchi County,
Southeastern Tibet, China. Dominant tree species in the
mountainous forests are Sabina saltuaria Rehder in
sunny slope and Abies georgei var. smithii in shady
slope. According to meteorological records from 1985 to
2019 at the Linzhi Forest Ecosystem Observation Station
(29°39′1″N, 94°42′53″E, 3900 m a.s.l.), mean annual
temperature is −0.75°C with the maximum and
minimum monthly mean temperatures being 8.36°C
(July) and −3.92°C (January), respectively. Total annual
precipitation is 1245 mm, and approximately 80%
precipitation falls during June to September. The annual
mean sunshine is 1236 hours, and the evaporation
capacity is 596 mm. The soil was brown forest soil with
pH values of 4.0–6.0 [12].

2.2 Soil sample collection and element
determination

Plots of size 10 m × 10 m were established at four
altitudes, 3700 (Plot numbers: 1-5), 3900 (Plot numbers:
6-10), 4100 (Plot numbers: 11-15) and 4380 (Plot
numbers: 16-20) m a.s.l. in sunny (southeast) slope (Plot
code: о ) and shady (north) slope (Plot code: · ),
respectively, in the study area (Fig. 1). The uppermost
plots were in the treeline ecotones. Five plots, greater
than 100 m apart from each other, were established at
each altitude in each slope aspects, resulting in a total
number of 40 plots under study. Along a diagonal line of
each plots, three soil samples in layer 0–10 cm (with the
litterfalls in the surface removed) were collected with a
100 cm3 ring knife. A total number of 120 soil samples
was collected from August 5 to 25 in 2018.

Fig. 1. Location of study area and plot sites on east side of
Sygera mountains, Southeastern Tibet. Red boxes and the
associated numbers indicate plot sites and their elevations.

During the sampling, soil temperature, moisture and
pH of each soil sample were measured in situ using
WET-2 (Delta-T, UK) and IQ160 (Spectrum, USA). All
the samples were naturally air-dried, grounded, and
screened at 0.1 mm sieve to determine the nutrient
contents. Carbon content of samples were measured
through external heating of soil potassium dichromate
[13], and total N and total P contents of samples were
determined through Kjeldahl’s method and
molybdenum–antimony anticolorimetry, respectively
[14].

2.3 Plant species survey and diversity index
calculation

In each plot, the plant species were identified and their
height and coverage were measured. In addition, the
diameter at breast height (DBH, 1.3 m) of all individual
trees, basal diameter of shrub species and number of
clustered herbs were recorded in each plot. Species
richness (S) was calculated for each altitudinal zone [15].

2.4 Data analysis

Soil C, N and P contents and their stoichiometric ratios
were compared among different altitudes and between
the sunny and shady slopes. The significance (p < 0.05)
of their difference was determined using Fisher’s LSD
test. Pearson correlation was used to determine the
relationship between different nutrient contents in the
two slope aspects. Redundancy analysis (RDA) was a
direct gradient analysis technique, which is the fitting
value matrix of multiple linear regression between
response variable matrix and explanatory variable for
principal component analysis [16]. It was performed to
determine the environmental factors influencing the soil
stoichiometric characteristics. RDA was conducted using
CANOCO 5.0 for Windows [17].

3 Results

3.1 Soil environment along altitudinal gradients
of sunny and shady slopes

Soil temperature decreased with the increasing altitude,
and their values were significantly higher in sunny slope
than in shady slope at the same altitude (Fig. 2a). The
pattern of soil moisture was opposite to that of soil
temperature (Fig. 2b). The values of soil pH were
generally higher in sunny slope than in shady slope and
similar in two slopes at treeline ecotones (Fig. 2c). The
highest pH occurred at 4100 m a.s.l. on sunny slope and
at 3900 m a.s.l. on shady slope. Species richness
decreased with the increase in altitude at both slopes and
it was consistently higher in shady slope than sunny
slope (Fig. 2d).
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Fig. 2. Soil environments at four altitudes (3700, 3900, 4100,
4380 m a.s.l.) of two slope aspects (sunny, shade) at the east
side of Sygera mountains. Temperature, moisture, pH, and
species richness are expressed as Mean ± SE (n = 15). The
capital letters indicate significant differences between two
slope aspects, and the lowercase ones indicate significant
differences among different altitudes in the same slope aspect,
respectively (P < 0.05).

3.2 Soil stoichiometry along altitudinal
gradients of sunny and shady slopes

The concentrations of soil C, N and P increased with the
increase in altitude on sunny slope but their pattern in
shady slope was different (Fig. 3a-c). In the shady slope,
the soil carbon content was higher than that in sunny
slope, and the maximum value appeared at 3700 m a.s.l.;
soil N content dropped from 3700 m a.s.l. to 4100 m a.s.l.
and remained similar level to the treeline ecotone; soil P
content increased with the increasing altitude till 4100 m
a.s.l. and dropped remarkably to treeline ecotone.

Fig. 3. Soil carbon, nitrogen and phosphorus contents in 0-10
cm at four altitudes (3700, 3900, 4100, 4380 m a.s.l.) in the
sunny and shady slopes of Sygera mountains. Values are
expressed as Mean ± SE (n = 15). The capital letters indicate
significant difference between the two slopes, and the
lowercase ones indicate significant difference among different
altitudes in the same slope (P < 0.05).

There were significant correlations among soil C, N
and P in sunny slope (P＜ 0.05), whereas in shady slope,
significant correlations only existed between C and N
(Fig. 4). Further examination of the stoichiometric ratios
of soil C, N, and P showed that there was a very
significant correlation between C and N in both sunny
and shady slopes, as well as a significant correlation
between C and P, N and P in sunny slope (Fig. 4).

Stoichiometric ratios of soil C, N, and P varied with
the altitudes and slopes (Fig. 5). In sunny slope, C:N
values decreased first and then increased with the
increasing altitude, whereas N:P values showed a
decreasing trend. In shady slope, there was a significant
increase of C:N with the increasing altitude, whereas
N:P and C:P kept the same pattern of change, that is,
first decreasing and then increasing. Comparison of the
stoichiometric ratios at the same altitude between the
two slopes showed that C:N, N:P and C:P all exhibited
significant or extremely significant differences except
N:P at 3900 and 4100 m a.s.l.

Fig. 4. Relationships among soil C, N, and P contents in sunny
and shady slopes in the east side of Sygera mountains. The
points represent measured values for each soil sample (n = 60).

Fig. 5. Comparison of soil C:N, C:P, and N:P values at four
altitudes (3700, 3900, 4100, 4380 m a.s.l.) of the two slopes in
the east side of Sygera mountains. Values are expressed as
Mean ± SE (n = 15). Different letters above the bar indicate
significant difference (P < 0.05) among different altitudes in
the same slope. Difference of the same altitude between the
two slopes is represented by * (P < 0.05) and ** (P < 0.01),
respectively.

3.3 Factors influencing the stoichiometric
characteristics of soil C, N, and P

The results of the RDA analysis showed that the first two
sorting axes represented 96.27% and 98.85% of the
variance in stoichiometry of soil C, N, and P contents in
sunny and shady slopes, respectively (Fig. 6a, 6b). In
sunny slope, soil C, N, and P contents were positively
related to soil moisture in higher altitude, and their
stoichiometric ratios were positively related to soil
temperature and species richness in lower altitude. In
shady slope, soil C:P and N:P were positively related to
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soil temperature and species richness in lower altitude,
and soil C:N was positively related to soil moisture in
higher altitude. Partly, soil pH affected the soil P content
in shady slope.

Fig. 6. 2D sequence diagram of RDA analysis between soil
environmental and vegetation factors and C, N, P, and their
stoichiometric ratios at sunny slope (a) and shady slope (b) in
Sygera Mountains. The circles “о ” and dots “· ” represent
plots in sunny and shady slopes, respectively. The numbers
indicate plot No. The plots 1-5 are located at 3700 m a.s.l.;
Plots 6-10 are located at 3900 m a.s.l.; Plots 11-15 are located
at 4100 m a.s.l.; and Plots 16-20 are located at 4380 m a.s.l..

4 Results and Discussion

4.1 Altitudinal patterns in soil C, N, and P
contents at sunny and shady slope aspects

Our results showed that the soil C, N, and P contents
increases with the increase in altitude in sunny slope,
whereas they exhibit a non-uniform pattern in shady
slope. This observation suggested that environmental
factors associated with altitudinal change affect the
spatial distribution of soil nutrition contents differently
in the two slopes.

Factors causing the altitudinal pattern of soil
nutrients in sunny slope was soil moisture condition, as
demonstrated by the results of RDA analysis (Fig. 6a). In
sunny slope, soil moisture was relatively lower and no
significant fluctuation from 3700 to 4100 m a.s.l. (Fig.
2b), providing common habitats for soil C, N, and P
mineralization. Although the higher water content was
observed at 4380 m a.s.l., this did not significantly alter
altitudinal pattern of soil nutrients.

Non-uniform altitudinal pattern of soil nutrients in
shady slope was likely caused by multiple factors.
According to the RDA analysis, soil temperature, species
richness, and soil pH all affected soil nutrient contents
(Fig. 6b). Previous research showed that soil C and N is
mainly derived from litter returning to the soil after plant
death [18-20]. The lower soil temperature along the
altitudinal gradient reduced the rate of the litter
decomposition, inhibiting the C and N inputs. However,
the higher C and N contents in soil might be a result of
rich plant species [21-22]. The fluctuation of soil pH led
to non-uniform pattern of soil P content. Non-significant
correlations between C and P, N and P also indicated the
non-uniform pattern of soil nutrients in shady slope (Fig.
4e-f).

Soil nutrient content in shady slope was higher than
that in sunny slope except P at 4380 m a.s.l. in sunny
slope (Fig. 3 a-c). These were mainly associated with the

situation of species composition. The decreasing species
quantity in sunny slope lead to less litter (Fig. 2 d), and
limit the supply of C and N along altitudinal gradient.
However, the increase of soil pH was helpful to improve
microbial activity [23] and soil C, N accumulation. In
detail, soil acidity usually inhibits microbial activity and
bacterial growth [24], mainly owing to the higher H+
concentration disrupting the permeability and stability of
bacterial cell membranes [25]. P content is mainly
related to habitat conditions and soil lithology [26].
During the field sampling, we found no significant
difference in soil texture between the two slopes. Thus,
habitat differences should be the main reason for the
difference of soil P content in 4380 m a.s.l. between the
two slope aspects. In sunny slope, the long sunshine
hours and soil moisture promoted soil P mineralization
and led to the rich P content.

In sunny slope, the positive association between soil
C, N, P contents, ratio of C:P and soil temperature and
species richness implied that high temperature was
beneficial to microbial activity [27-28] and litter
decomposition rate [29-30], accelerating soil nutrient
enrichment. Simultaneously, the rich species
composition promoted the number of plant remains,
which was the main source of soil C in forest ecosystem
[18,31]. Therefore, soil C:P ratio was also rich.

4.2 Decoupling of soil C:N:P stoichiometry in
shady slope

The ratios of soil C, N and P contents were consistent
along altitudinal gradient in sunny slope, whereas, the
ratios of C:P and N:P decoupled in shady slope (Fig. 4),
suggesting that the mechanisms regulating soil C:N:P
stoichiometry in sunny slope is different from that of
shady slope. We propose that the combination of soil pH
and temperature caused the decoupling of soil
stoichiometry.

According to RDA analysis, soil pH and temperature
had significant correlation with P content, C:P and N:P
ratios. The reduction of soil P content appeared at high
altitudes (4380 m a.s.l.) in shady slope, where is
characterized by acidification and moist conditions in
soil. These habitats could reduce soil aeration and
microbial activity, which is not beneficial to the
mineralization of P in the soil [32-33]. Meanwhile, soil
temperature had positive correlation with C:P and N:P
(Fig. 6b). In shady slope at high altitudes, lower
temperature also has a similar effect leading to high
acidity in soil. Not only the rate of soil mineralization
slowed down, but also the decay of animal and plant
residues [5,34-35]. Both processes reduce the input of
organic and inorganic phosphorus as well as soil C and
N into soil. As a whole, the change of soil P content
resulted the change in pattern of soil C:N:P
stoichiometry.

4.3 Decoupling of soil C:N:P stoichiometry in
shady slope

The rich contents of soil C and P were one of the soil
characteristics in Sygera Mountain. According to soil
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stoichiometry, the ranges of soil C:N was 14.92-22.77
and 17.08-25.02 at sunny and shady slopes, respectively.
Previous researcher reported that soil C:N in Chinese
frigid highland was 11.7 [36-37], which was lower than
the values in our study. In addition, the values of C:P
ratio (49.69-82.18 at sunny slope; 71.73-156.87 at shady
slope) were greater than those in Chinese frigid highland
(24.0) [37-39]. These observations indicated that soil
carbon content was rich in our study area.

The soil had richer N supply capacity at shady slope
than that in sunny slope. Soil N:P ratio was an important
indicator of N nutrient availability, and it was usually
influenced by environmental factors and soil properties
in forest ecosystems [26,40-42]. In our research, soil N:P
ratios ranged from 2.79 to 4.61 in sunny slope and from
3.01 to 9.24 in shady slope, respectively. According to
the LFEOS records, there was more gustiness rainfall at
shady slopes, which caused atmosphere N subsidence
[43]. Meanwhile, N in topsoil layer would migrate to
lower elevations with rain. Therefore, the maximum of
N:P were observed in shady slope at the lowest altitude
(3700 m a.s.l.).

5 Conclusion
In summary, slope aspect significantly affected soil C, N,
and P contents and stoichiometric ratios along the
altitudinal gradients in primordial dark coniferous forests
of Southeast Tibetan Plateau. Uniform altitudinal pattern
of soil C, N, and P appeared in sunny slope, while
decoupling of soil C:N:P stoichiometry in shady slope
was observed. Comprehensive analysis showed that soil
C, N, and P stoichiometric ratios were mainly affected
by moisture in sunny slope, and by soil temperature and
species richness in shady slope, respectively. These
findings implied that slope aspect increases the
complexity and heterogeneity of soil nutrients along
altitudinal gradient in alpine region. Nevertheless,
further studies on response of soil microbial activity to
change of soil pH are required to clarify the
characteristics of soil nutrient cycling under global
change.
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