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Abstract

To investigate the spatial distribution differences of soil nutrients in the un-
derstory of Tianshan spruce forests and provide a foundation for forest health
assessment of Tianshan spruce (Picea schrenkiana var. tian schanica) forests,
experiments were conducted in four study areas selected across four different
longitude ranges from east to west on the northern slopes of the Tianshan
Mountains. Sample lines and plots were established along altitude gradients,
and soil nutrient distribution patterns and differences across regions and alti-
tudes were analyzed through sampling, with final evaluations performed. The
results showed that: (1) Altitude had a certain influence on the distribution
of organic matter, total nitrogen, and total phosphorus contents. (2) There
existed significant positive correlations among organic matter content, total ni-
trogen content, and total phosphorus content in soil nutrients. (3) The overall
performance of soil nutrient content at different altitudes, from high to low,
was as follows: mid-high altitude (96.3 points), high altitude (95.5 points), mid
altitude (95.0 points), mid-low altitude (88.5 points), and low altitude (79.4
points); the performance of soil nutrient ratings in different regions, from high
to low, was as follows: western Tianshan (93.4 points), mid-eastern Tianshan
(91.4 points), mid-western Tianshan (91.0 points), and central Tianshan (88.0
points). (4) The distribution of total potassium content was more stable across
all altitudes, being minimally affected by altitude factors. (5) Soil nutrients
in Tianshan spruce forests on the northern slopes of the Tianshan Mountains
were generally abundant, but still exhibited certain differences across different
altitudes and regions, with the highest nutrient content ratings observed in the
western Tianshan region and the mid-high altitude zone.
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Distribution patterns and evaluation of soil nutrients in Picea
schrenkiana var. tianschanica forests across different regions and
altitudes

XU Dong, CHEN Hao, Yeerjiang BAIKETUERHAN, WANG Qiang

(College of Forestry and Landscape Architecture, Xinjiang Agricultural Uni-
versity /Key Laboratory of Forestry Ecology and Industrial Technology in Arid
Areas of Xinjiang, Urumqi, Xinjiang)

Abstract

To investigate the spatial variability of soil nutrients under Picea schrenkiana
var. tianschanica forests and provide a scientific basis for forest health evalua-
tion, an experiment was conducted across four study areas located along differ-
ent longitude ranges from east to west on the northern slope of the Tianshan
Mountains. Sample lines and plots were established along elevation gradients,
and soil samples were collected to analyze nutrient distribution patterns and
differences across regions and elevations. The results indicated the following:
(1) Elevation had a certain influence on the distribution of soil organic matter,
total nitrogen, and total phosphorus content. (2) Soil organic matter, total ni-
trogen, and total phosphorus contents were significantly positively correlated.
(3) Based on a comprehensive evaluation, the ranking of soil nutrient content
across different elevations, from highest to lowest, was as follows: Mid-high el-
evation (96.3 points), high elevation (95.5 points), mid elevation (95.0 points),
mid-low elevation (88.5 points), and low elevation (79.4 points); across differ-
ent regions, the soil nutrient rankings were: Western Tianshan (93.4 points),
mid-eastern Tianshan (91.4 points), mid-western Tianshan (91.0 points), and
central Tianshan (88.0 points). (4) Total potassium content exhibited more
stable distribution across elevations, with minimal influence from elevation fac-
tors. (5) Overall, soil nutrient levels under Picea schrenkiana var. tianschanica
forests on the northern slope of the Tianshan Mountains were generally abun-
dant, although certain differences still existed across elevations and regions. The
highest nutrient content was observed in western Tianshan and the mid-high
elevation zone.

Keywords: northern slope of the Tianshan Mountains; Picea schrenkiana var.
tianschanica forests; soil nutrients; altitude; nutrient rating

Introduction

The importance of soil in forest ecosystems has long been widely recognized. As
a core component of forest ecological processes, soil serves as a critical source of
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nutrients required for tree growth and provides the foundation for forest devel-
opment by supporting and anchoring trees. All essential ecological elements for
tree growth—including water, nutrients, air, and heat—are provided through
soil, playing a pivotal role in the natural succession of forest ecosystems. Soil
organic matter content not only influences soil physical, chemical, and ecological
characteristics but also determines soil fertility and ecosystem stability. Nitro-
gen is the element most demanded by plants, and soil total nitrogen content
represents an important indicator of soil fertility. Phosphorus in soil partici-
pates not only in essential life processes such as photosynthesis and respiration
but also directly affects ecosystem nutrient cycling. Potassium ranks as the sev-
enth most abundant element in crustal mineral nutrients and is indispensable
for plant growth and development. Consequently, investigating soil nutrients
under Picea schrenkiana var. tianschanica forests is crucial.

Soil total phosphorus and total potassium exhibit strong spatial autocorrelation
and are similarly influenced by natural factors such as climate, topography,
and soil parent material, which may be related to vegetation heterogeneity or
elevation. Dang et al. studied spatial differentiation patterns of soil fertility at
different elevations on the southern slope of the Qinling Mountains, revealing
that soil organic matter accumulation and transformation processes changed
significantly with increasing altitude.

Picea schrenkiana var. tianschanica forests in the Tianshan Mountains occupy
an important ecological position, yet research on soil nutrient distribution char-
acteristics beneath these forests remains insufficient. Therefore, studying the
spatial distribution of soil nutrients under Tianshan spruce forests not only helps
reveal how soils support spruce growth but also provides scientific foundations
for health evaluation, soil management, and protection measures across different
regional forest ecosystems. The primary forest type in the Tianshan Mountains
is natural Tianshan spruce forests, which represent valuable forest ecosystems
with high biodiversity and unique ecological functions. Soil surveys can help
understand soil fertility conditions in these natural forests, providing a basis
for protection and management through the development of scientifically sound
forest management measures that promote ecosystem health and sustainability.

Previous research on Tianshan spruce forest soils has been limited, particularly
concerning soil nutrient variation patterns across elevation gradients. There-
fore, this study selected four typical regions along the northern slope of the
Tianshan Mountains following the principle of multi-regional and elevation gra-
dient approaches. Sample lines were established within these study areas, and
soil samples were collected along elevation gradients to investigate soil nutrient
distribution patterns using soil data from four different regions and five elevation
gradients. This research is essential for soil nutrient management and health
protection of Tianshan spruce forests.
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Methods
1.1 Data Acquisition

In 2023, four typical study regions were selected sequentially from east to west
along the northern slope of the Tianshan Mountains . All stands were pure Picea
schrenkiana var. tianschanica forests. The study encompassed the mid-eastern
Tianshan (Jimsar Division Forest Farm, Eastern Tianshan State-owned For-
est Administration), central Tianshan (Xinjiang Agricultural University Intern-
ship Forest Farm), mid-western Tianshan (Wusu Division Forest Farm, Eastern
Tianshan State-owned Forest Administration), and western Tianshan (Xishan
National Nature Reserve within Gongliu County).

Considering the natural growth limits of Tianshan spruce forests (1700-2700
m), sample lines were established in each of the four study regions [Figure 1:
see original paper|. The sampling design comprehensively accounted for natural
conditions, vegetation distribution, and topographic characteristics to ensure
representative sampling points. Within the spruce distribution range, one 30 m
x 30 m plot was established every 50 m along elevation gradients, with a total
of 75 plots across the four regions. Plots were categorized into five elevation
bands: low elevation (1700-1850 m, 15 plots), mid-low elevation (1900-2050 m,
15 plots), mid elevation (2100-2300 m, 15 plots), mid-high elevation (2350-2500
m, 15 plots), and high elevation (25502700 m, 15 plots).

Within each plot, soil samples were collected from five points at depths of 0—
20 cm and 20-40 cm. Samples were naturally air-dried, uniformly mixed, and
brought to the laboratory for processing and analysis. Soil organic matter, total
nitrogen, total phosphorus, and total potassium contents were determined using
the Walkley-Black dichromate titration method, Kjeldahl digestion method, and
nitric acid-perchloric acid digestion method, respectively.

1.2 Data Processing and Analysis

Based on the grading standards for nutrient content from the Second National
Soil Survey, soil nutrient contents were graded . Scores were assigned according
to grade normalization, with values of 5, 4, 3, 2, and 1 corresponding to grades
I, II, 111, IV, and V, respectively. The coefficient of variation is an indicator
of dispersion degree. When the coefficient of variation is <10%, 10%—100%,
and >100%, the variation degree corresponds to weak, moderate, and strong
levels, respectively. According to the calculated coefficients of variation for
soil nutrients, the weights of soil nutrient indicators were determined using the
following formula:

W. = L
' Zkzl Uk

where W; is the weight coeflicient for indicator ¢, U, is the coefficient of variation
value for indicator 4, U}, is the coefficient of variation value for indicator k, and
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k is the general loop variable for summation. The calculated weights for organic
matter, total nitrogen, total phosphorus, and total potassium were 0.29, 0.27,
0.23, and 0.21, respectively.

The soil nutrient content evaluation score for each plot was obtained through
weighting and normalized scores using the following formula:

SNCI = th: W, x X;
=1

1=

where SNCI is the Soil Nutrient Content Index and X, is the standardized score
for health indicator i.

Microsoft Excel 2023 was used to calculate the mean, standard deviation, and
coefficient of variation for soil organic matter, total nitrogen, total phosphorus,
and total potassium contents. SPSS 26 software was used for significance testing
and analysis of variance, while Origin 2024 was used to create various charts
and graphs.

Results
2.1 Basic Characteristics of Soil Nutrients Across Regions

The basic soil nutrient conditions across the four regions are presented in .
Potassium was the most abundant nutrient element. The highest average or-
ganic matter content was observed in mid-eastern Tianshan (111.40 g-kg™1!),
while the lowest was in central Tianshan (90.02 g-kg!). The highest aver-
age total nitrogen content was in mid-eastern Tianshan (6.14 g+ kg !), and the
lowest was in mid-western Tianshan (4.75 g+ kg™!). The highest average total
phosphorus content was in western Tianshan (0.97 g+ kg™!), and the lowest was
in mid-western Tianshan (0.71 g+ kg™!). The highest average total potassium
content was in mid-western Tianshan (28.50 g-kg™1), and the lowest was in
mid-eastern Tianshan (22.81 g« kg™1).

2.2 Distribution Patterns of Soil Nutrients Along Elevation Gradients

The variation of soil nutrient contents with elevation across the four regions is
illustrated in [Figure 2: see original paper|. Soil organic matter content showed
significant fluctuation trends with elevation, increasing notably within the 1700—
2300 m range and reaching maximum values around 2300 m, followed by a clear
decreasing trend. The highest content was 185.00 g - kg~ ! (western Tianshan,
2300 m), while the lowest was 27.20 g - kg~! (western Tianshan, 1700 m).

Soil total nitrogen content showed similar variation trends to organic matter,
suggesting strong coupling between these nutrients. The highest total nitrogen
content was 12.30 g+ kg™! at 2350 m (mid-eastern Tianshan), while the lowest
was 1.14 g+ kg~ ! at 1700 m (mid-western Tianshan). Total phosphorus content
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showed different fluctuation patterns, with a slow increasing trend and relatively
gentle fluctuations in mid-eastern and central Tianshan. In mid-western and
western Tianshan, an overall trend of initial increase followed by decrease was
observed, also with gentle fluctuations. The highest value was 1.41 g-kg™! at
2350 m (western Tianshan), and the lowest was 0.28 g+ kg™! at 1700 m (mid-
western Tianshan).

Total potassium content showed relatively stable fluctuations overall. In mid-
eastern and central Tianshan, an initial increase followed by decrease was ob-
served. In mid-western and western Tianshan, a slight increasing trend with
stable conditions was evident. The highest value was 31.60 g+kg™! (mid-western
Tianshan, 2400 m), and the lowest was 12.80 g+ kg ! (mid-eastern Tianshan,
1700 m).

2.3 Correlation Between Soil Nutrients and Elevation

Correlation analysis between soil nutrient contents and elevation is presented
in [Figure 3: see original paper]. Organic matter and total nitrogen contents
showed highly significant correlations across all four regions (P < 0.001). In mid-
eastern Tianshan, elevation showed highly significant correlation with organic
matter and total phosphorus contents and significant correlation with total nitro-
gen and total potassium contents. In central Tianshan, elevation showed highly
significant correlation with organic matter, total nitrogen, and total phospho-
rus contents, but no correlation with total potassium. In mid-western Tianshan,
elevation showed weak positive correlation with organic matter and total nitro-
gen contents, certain correlation with total phosphorus, and highly significant
correlation with total potassium. In western Tianshan, elevation showed highly
significant correlation with total nitrogen content, significant correlation with
organic matter and total phosphorus contents, and weak positive correlation
with total potassium.

Overall, elevation demonstrated positive correlation with organic matter, to-
tal nitrogen, and total phosphorus contents, particularly pronounced in mid-
eastern, central, and western Tianshan. In mid-eastern and mid-western Tian-
shan, correlations between elevation and total potassium content were highly
significant, while in central and western Tianshan these correlations were not
significant. All four regions showed highly significant correlations among or-
ganic matter, total nitrogen, total phosphorus, and total potassium contents (P
< 0.001), indicating strong commonality in their formation and fertility devel-
opment.

2.4 Variability and Differences in Soil Nutrient Content

Analysis of soil nutrient content variability is presented in [Figure 4: see origi-
nal paper|. In mid-eastern Tianshan, organic matter variability stabilized with
increasing elevation, while in central Tianshan, variability was greater in mid-
high and high elevation zones. In mid-western Tianshan, variability was greater
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in mid and mid-high elevation zones, and in western Tianshan, variability was
generally large except in mid-low elevation zones. Maximum total nitrogen vari-
ability occurred in mid-high elevation zones across all regions, with minimal
variability in mid-low, mid, and high elevation zones of mid-eastern Tianshan.
Variability was minimal in mid elevation zones of central Tianshan and mod-
erate in other elevations. In mid-western Tianshan, variability was greater in
mid-high elevation zones, while in western Tianshan variability was generally
moderate.

Total phosphorus content in mid-eastern Tianshan increased with elevation with
minimal variability. In central Tianshan, variability tended to be moderate
with increasing elevation. In mid-western Tianshan, an increasing trend was
observed from low to mid-high elevations, with variability decreasing as elevation
increased and increasing in high elevation zones. Western Tianshan showed
similar patterns to mid-western Tianshan but with greater overall variability.
Total potassium content in mid-eastern and central Tianshan showed a trend
of initial decrease followed by increase and then decrease again, while in mid-
western and western Tianshan, variability showed a pattern of initial decrease
followed by increase, reaching minimum values at mid elevation zones. All four
regions showed minimum variability at mid elevation zones.

Analysis of variance results for soil nutrient contents across elevations are pre-
sented in . Organic matter content was highest in mid elevation zones, with
no significant difference from mid-high elevation zones but significantly higher
than low, mid-low, and high elevation zones (P < 0.05). Total nitrogen content
was highest in mid-high elevation zones, significantly higher than in other zones
(P < 0.05). Total phosphorus content was highest in mid-high elevation zones,
with no significant difference from mid and high elevation zones but significantly
higher than low and mid-low elevation zones (P < 0.05). Total potassium con-
tent was highest in mid-high elevation zones, with no significant difference from
mid elevation zones but significantly higher than other zones (P < 0.05).

2.5 Evaluation of Soil Nutrient Content Under Spruce Forests

Soil nutrient evaluation scores for plot units are presented in . In mid-eastern
and central Tianshan, soil nutrient evaluation scores showed increasing trends
with elevation. In mid-western and western Tianshan, scores were highest in
mid-high elevation zones and lowest in low elevation zones. Across the four
regions, the highest soil nutrient scores occurred in mid-high elevation zones,
with no significant differences among regions (P > 0.05), but significantly higher
than low, mid-low, and high elevation zones (P < 0.05).

Based on average scores, within the same region, soil nutrient content rankings
from highest to lowest were: mid-high elevation (96.3 points), high elevation
(95.5 points), mid elevation (95.0 points), mid-low elevation (88.5 points), and
low elevation (79.4 points). Across different regions at the same elevation, soil
nutrient rankings from highest to lowest were: western Tianshan (93.4 points),
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mid-eastern Tianshan (91.4 points), mid-western Tianshan (91.0 points), and
central Tianshan (88.0 points).

Discussion

In mountain ecosystems, elevation is a crucial factor influencing differences in
soil nutrient content. Xi et al. found that soil nutrient distribution in Tianshan
spruce forests varied significantly across different elevation belts, consistent with
our research findings. Soil organic matter, total nitrogen, and total phospho-
rus contents across all four regions accumulated substantially at mid-high ele-
vations, particularly within the 2200-2400 m range, indicating that elevation
significantly affects soil nutrient distribution. With increasing elevation, soil or-
ganic matter and total nitrogen contents showed clear trends of initial increase
followed by decrease, likely related to temperature and moisture changes asso-
ciated with elevation. Increased soil water content reduces mineralization rates
of organic matter and total nitrogen, while low-temperature environments at
higher elevations affect soil water infiltration and microbial activity, leading to
decreased organic matter and total nitrogen contents.

Different regional climates, soil types, vegetation cover, and biogeochemical pro-
cesses play key roles in soil nutrient formation and distribution. Under the
multiple influences of topography, climate, and vegetation, Tianshan spruce
forests exhibit complex variability in soil nutrients, particularly in mid-eastern
and western Tianshan where soil organic matter content is high, with this trend
being more pronounced in mid-high elevation zones. In contrast, central and
mid-western Tianshan show relatively low soil nutrient content, especially in low
and mid-low elevation zones where soil nutrient variation shows greater fluctu-
ation. These differences may be related to regional precipitation, temperature,
disturbance, and forest management practices. Our findings align with Li et al.’s
research on changing trends of soil organic matter and total nitrogen contents
with elevation in the Taibai Mountains.

This study confirms that elevation has highly significant correlation with
changes in soil organic matter, total nitrogen, and total phosphorus contents,
with these nutrients gradually increasing with elevation until reaching peak
values followed by decline. This phenomenon indicates a nonlinear relationship
between soil nutrient accumulation and elevation, likely influenced by multiple
factors. Qin et al. found that although elevation affects soil nutrients, it is not
the sole determinant of soil nutrient distribution. In mid-western Tianshan,
despite high elevations, soil nutrient variation remained relatively stable,
particularly total potassium content, which was hardly affected by elevation
changes, indicating that other environmental factors also largely determine soil
nutrient distribution. Soil nutrient variability may be influenced by various
environmental factors such as seasonal precipitation fluctuations, soil pH, and
moisture content differences.

Significant positive correlations among soil nutrients indicate strong coupling re-
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lationships among organic matter, total nitrogen, and total phosphorus across
different elevations and regions. In mid-eastern and central Tianshan, extremely
significant correlations between soil organic matter and total nitrogen and phos-
phorus suggest that accumulation processes of these nutrients may be inter-
dependent. Soil organic matter, as an important indicator of soil fertility, is
closely related to nitrogen and phosphorus release during decomposition, while
nitrogen and phosphorus further affect plant growth and soil microbial activity.
Although total potassium content showed minimal fluctuation across elevation
zones, significant correlations between total potassium and other nutrients in
mid-eastern and mid-western Tianshan may be related to soil potassium ex-
changeability and mineral composition, reflecting relative stability of regional
potassium elements.

Our results show that western Tianshan had the highest overall soil nutrient
levels, particularly evident in mid-high elevation zones, followed by mid-eastern
and mid-western Tianshan, while central Tianshan was relatively nutrient-poor.
These differences reflect variations in natural conditions and ecological environ-
ments across regions, with higher nutrient accumulation likely associated with
superior climatic conditions, while relative nutrient deficiency in central regions
may result from climate, terrain, and human disturbance.

Conclusion

1) Elevation significantly affects soil organic matter, total nitrogen, and total
phosphorus contents beneath Tianshan spruce forests.

2) Soil organic matter, total nitrogen, and total phosphorus contents show
significant positive correlations across elevations, while total potassium
content exhibits the most stable distribution across elevations with min-
imal elevation influence. Overall, soil nutrient content under Tianshan
spruce forests on the northern slope of the Tianshan Mountains is rel-
atively abundant, although certain differences and patterns exist across
different regions and elevation gradients.

3) Regional soil nutrient content rankings from highest to lowest are: west-
ern Tianshan, mid-eastern Tianshan, mid-western Tianshan, and central
Tianshan.

4) Elevational soil nutrient content rankings from highest to lowest are: mid-
high elevation, high elevation, mid elevation, mid-low elevation, and low
elevation.
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