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Abstract: Qinghai spruce (Picea crassifolia) is a ecologically important species in the forest ecosystem of the
Qilian Mountains region in China. Natural regeneration of this species is critical to maintaining forest
ecosystem function. We here analyzed several biological indicators among naturally regenerating Qinghai
spruce across several elevations in the Pailugou watershed. Specifically, seedling density, basal diameter (BD),
and plant height were measured, as were soil physicochemical parameters, at 2700 m, 3000 m, and 3300 m
above sea level. Differences in the biological indicators and correlations between the indicators and soil
parameters were then assessed at each elevation. The results showed that soil stoichiometry was more sensitive
to changes in elevation than seedling indicators were. Furthermore, seedling density was positively correlated
with soil pH, whereas BD was positively correlated with the carbon to nitrogen ratio (C/N), the carbon to
phosphorus ratio, and soil organic carbon (SOC) contents. None of the analyzed soil parameters had a
significant impact on elevation-specific differences in seedling density. However, soil pH, SOC, and C/N
significantly affected variations in seedling diameter at each elevation. Finally, soil pH, SOC, C/N, and the
carbon to phosphorus ratio significantly affected variations in seedling height at each elevation. This study
provides a strong theoretical basis for further understanding of the mechanisms associated with Qinghai
spruce regeneration, ultimately contributing to rational protection and management strategies for this
important natural resource.

Keywords: Picea crassifolia; Natural regeneration; Soil stoichiometry; Regeneration characteristics;
Elevation gradient

1. Introduction

Forest ecosystems are the most structurally complex, widespread, and biologically diverse
ecosystems on land. They not only provide shelter and habitat for many species, but also play
important roles in climate mitigation and disaster resilience [1,2]. Soil is the most extensive organic
matter pool in the terrestrial biosphere and therefore acts as the prime agent for material cycling in
terrestrial ecosystems. It provides plants with essential nutrients for sustenance, growth, and
development [3,4]. Soil stoichiometry, which serves as an indicator of soil conditions, is influenced
by climate, moisture, litter inputs, and elevation [5]. Soil stoichiometry directly impacts plant growth
and distribution [6]. However, plant distribution is also based on elevation, habitat conditions,
moisture, and temperature. Harsh environmental conditions can impede plant growth and
development. Increases in altitude have previously been identified as associated with increases in
soil total nitrogen (TN), soil organic carbon (SOC), and the ratios of carbon to nitrogen (C/N), carbon
to phosphorus (C/P), and nitrogen to phosphorus (N/P), although the difference in TN was not
significant [7]. Altitude-associated differences in SOC have been found to significantly affect the
distribution of sweet chinkapin [8]. An earlier study also showed that the most important
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environmental factors influencing secondary forest regeneration are soil nutrient status and dead
wood thickness [9].

Qinghai spruce (Picea crassifolia) is predominantly found in pure forests in the Qi-lian Mountains.
This endemic species is unique to northwest China. It serves as a crucial protector against wind and
sand erosion and contributes to water conservation and local climate regulation [10,11]. However,
the site is located in an ecologically fragile area with delicate natural conditions, a variable climate,
and a monolithic forest structure. Structural integrity is extremely difficult to restore after it is
compromised [12]. Several studies have investigated the impacts of soil moisture and fertility on
Qinghai spruce growth and development. For example, increased temperature and humidity
facilitate earlier spruce growth, and a higher altitude postpones budding [13]. The carbon density in
the tree layer has been shown to decrease along with increasing altitude, whereas the carbon density
in the soil layer first decreases, then increases; furthermore, the percentage of soil carbon density out
of the total carbon density in-creases with altitude [14]. There are significant positive correlations of
elevation with soil organic carbon content and carbon density in the Qinghai spruce tree layer, and a
significant negative correlation between elevation and mean summer air temperature [15]. However,
links between the natural regeneration features of Qinghai spruce and soil stoichiometric properties
at varying elevations remain unexplored.

To address this gap in knowledge, we here examined the associations of three Qinghai spruce
seedling bioindicators (density, basal diameter (BD), and plant height) with elevation and soil
stoichiometric characteristics. The following hypotheses were addressed: (1) Qinghai spruce
regeneration and soil stoichiometry would differ based on elevation; (2) regeneration density, BD,
and plant height would show specific associations with soil stoichiometric parameters at each
elevation; and (3) variations in soil stoichiometry would affect regeneration density, BD, and plant
height across LAMs and various altitudinal gradients. This study was designed to provide new
insights into the relationships between altitude, soil characteristics, and Qinghai spruce regeneration,
providing valuable information for protection of this ecologically important species.

2. Materials and Methods

2.1. Study Area

The study area was located in the Pailugou watershed in the Qilian Mountains National Park
(100°17'0"-100°18'30"E, 38°32'0"-38°33'30""N). The mean annual temperature was 5.4 °C, ranging from
a high monthly average of 12.2 °C in July to a low monthly average of -12.9 °C in January of the study
year, 2022 [16]. The region has a continental alpine mountain climate. The average annual
precipitation is 416 mm, with an annual potential evaporation of 1011.3 mm and an annual sunshine
duration of 1562.6 h [17,18]. There is an intricate topography with significant variations in altitude.
The vegetation types are montane grassland, montane forest-steppe, subalpine scrub-meadow, and
alpine snow and ice vegetation. The soil types vary by elevation and comprise, from lowest to highest
altitude, mountain chestnut-calcium, mountain greyish-brown, alpine meadow, and alpine desert
soil [19]. The primary tree species dominating the area are Qinghai spruce and Sabina przewalskii; the
most abundant shrubs are Caragana jubata, Potentilla fruticosa, Salix gilashanica, and Potentilla glabra.
The predominant herbaceous plants in the area are Carex atrata, Achnatherum splendens, Potentilla
chinensis, and Polygonum viviparum [16,17].

2.2. Experimental Design

Based on the life history characteristics of Qinghai spruce, population size classification was
performed [20,21]. Seedlings with a height of <2 m and a diameter at breast height (DBH) of <50 mm
were categorized as seedlings. In 2022, experimental sample plots were selected at 2700 m, 3000 m,
and 3300 m above sea level (a.s.l.) (Figure 1). The soil type in each plot was a mountainous gray
cinnamon soil; the texture was considered loam, with a sand content of 34—58% [22]. The soil thickness
was 50-80 cm. Six 20 x 20 m sample plots were selected at each altitude and the soil depth, aspect,
and slope were recorded (Table 1). Each sample plot was partitioned into 16 small squares of 5 x 5 m,
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three of which were selected at random for measurements of Qinghai spruce seedling density, BD,
and plant height. Basic information concerning elevation, soil depth, aspect, and the slope of each
plot was also recorded during field work (Table 1).
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Figure 1. Digital elevation model (DEM) of the study area showing the locations of Qinghai spruce
plots. P1-P3 represent the locations of three plots at elevations of 2700 m, 3000 m, and 3300 m above
sea level, respectively.

Table 1. Basic characteristics of the three Qinghai spruce regeneration seedlings plots (mean value +
standard deviation).

Elevation  Soil Seedlings Average Aver.a g€
. . Aspect Slope . basal seedlings
Plots Coordinates (m above thickness density . .
) ©) diameter height
sealeve) (cm) (Trees-ha™)
(mm) (m)
E
P1 100 1;10'3 2700 70 NE30 27  7267+6436  19.39+5.50  0.81+0.31
38°33'19.9”
E
P2 100 11\814'8 3000 60 NE24 25 4133342505 12.91+3.89  0.52+0.26
38°32'31.8”
E
P3 100°1815.5” 3300 50 NE32 34  9044+7280  15.05+3.29  0.64+0.22

N 38°32'8.5”
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Soil was collected from the four corners and center of each plot at a depth of 0-10 cm and
uniformly mixed to form a single sample per plot. These served as representative samples of the
overall soil composition. Soil moisture content (SMC) was measured using the drying method; soil
pH was determined using the leaching electrode method; SOC was analyzed with the potassium
dichromate method; TN was quantified using a Kjeldahl nitrogen meter; and total phosphorus (TP)
was assessed using the acid solubilization-molybdenum antimony anti-stibnite colorimetric method
[23].

2.3. Data Processing

Normality was assessed for each indicator (density, BD, and height) with the Shapiro test.
Differences in density, BD, plant height, and soil stoichiometric attributes across elevations were
assessed with one-way analysis of variance (ANOVA). Multiple comparisons were conducted with
Dunn’s test followed by detrended correspondence analysis (DCA), which revealed a first axis result
of < 3. Redundancy analysis (RDA) was therefore selected to examine correlations between the three
seedling indicators and soil stoichiometric properties. Adonis multivariate ANOVA was utilized to
ex-amine differences in seedling indicators based on soil physicochemical characteristics at different
elevations. The distance matrix was generated using Bray-Curtis distance and the Monte-Carlo
permutation test was set to 999. Data were recorded and initially collated with Microsoft Excel 2019
software. Normality tests and ANOVA were con-ducted in Origin Pro 2022; RDA was performed
with Canoco5; and Adonis multivariate ANOVA was conducted in RStudio v4.1.3.

3. Results

3.1. Regeneration Characteristics of Qinghai Spruce at Varying Elevations

We first compared regenerated seedling density, BD, and plant height across elevations (Figure
2). Generally, seedling density was higher and more scattered at 2700 m, but lower and more
concentrated at 3000 m. There were significant differences in regenerated seedling density at 3000 m
compared to 3300 m (p <0.05). Furthermore, the regenerated seedling density was significantly higher
at a single 3300-m plot than at other plots at the same elevation. This was likely due to the relatively
gentle slope of this plot, which could have had a concentrating effect on Qinghai spruce seeds.
Overall, seedling BD was highest at 2700 m, with a more dispersed distribution than at the other
elevations. There were significant differences between altitudes; seedlings at 3000 m had a lower
average diameter than those at 3300 m. The latter exhibited diameters ranging from those found at
2700 m to those found at 3000 m, with a concentrated distribution. The difference in BD between
seedlings regenerated at 2700 m and those regenerated at 3000 m was highly significant (p < 0.01).
Seedlings at 2700 m exhibited a greater overall height with a more dispersed distribution; those at
3000 m had a lower overall height with a more centralized distribution. There were significant
differences in height between seedlings at 2700 m compared to 3000 m (p < 0.01). Seedlings at 2700 m
were taller but had a more dispersed height distribution, whereas seedlings at 3000 m were shorter
with a more distributed height (p < 0.01). Seedlings in one plot at 3000 m were significantly taller than
those from other plots at the same altitude. However, this finding was not distinctive and was
sustained. Overall, the three seedling indicators decreased among seedlings at 3000 m compared to
2700 m, then increased again at 3300 m.
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Figure 2. Distribution of seedlings indicator values across altitudes. Seedlings were measured to
assess (a) density (D), (b) basal diameter (BD), and (c) plant height (H). *p < 0.05, **p < 0.01 (one-way
analysis of variance)

3.2. Characteristics of Soil Stoichiometry at Each Elevation

We next examined variations in soil nutrients in the Qinghai spruce forest across the three
elevations (Figure 3). With the exceptions of soil pH and TN, all of the soil parameters first decreased,
then increased along with the altitude; SMC, TN, C/P, N/P, and SOC peaked at 2700 m and reached
minima at 3000 m. C/N also exhibited the maximum value at 2700 m but remained virtually
unchanged at 3000 m and 3300 m. The pH was highest at 3000 m and lowest at 2700 m. In contrast,
TN was lowest at 3300 m and highest at 3000 m. The differences in soil pH, TN, C/P, N/P, SOC, and
SMC were significant between 2700 m and 3000 m and between 3000 m and 3300 m (p < 0.01); in
contrast, the differences between 2700 m and 3300 m were not statistically significant. There were no
significant differences in C/N or TP between altitudes.
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3.3. Relationships Between Seedling Indicators and Soil Physicochemical Characteristics

RDAs were next conducted for seedling density, BD, and plant height with the analyzed soil
parameters (Figure 4). At 2700 m, the eight soil parameters accounted for 52.3% of soil variability; the
first two axes accounted for 33.4% and 11.9%, respectively. The angles indicated that seedling density
was positively correlated with pH and negatively correlated with C/N, C/P, and SMC; BD was
positively correlated with C/N, SOC, C/P, and SMC; and plant height was positively correlated with
C/N, SOC, C/P, and TN and negatively correlated with N/P. At 3000 m, the eight soil parameters ac-
counted for 64.9% of the soil variance, with the first two axes explaining 48.5% and 15.1% of the
variance, respectively. Seedling density was positively correlated with the pH and TN but negatively
correlated with the C/P and N/P ratios. Furthermore, BD was positively correlated with C/N, C/P,
and SOC and negatively correlated with TN, TP, and pH. Plant height was positively correlated with
C/N, C/P, N/P, and SOC, and negatively correlated with TN, TP, and pH. At 3300 m, seedling density
was positively correlated with pH and TN and negatively correlated with C/N. BD was positively
associated with C/N, C/P, N/P, TN, TP, SOC, and SMC. Plant height was positively correlated with
C/N, C/P, N/P, TN, TP, SOC, and SMC.

RDA was also used to rank the contribution rates of soil parameters to soil varia-bility at each
altitude (Figure 5). At 2700 m, C/N contributed 40.3% to the observed variations in soil stoichiometric
characteristics (p < 0.05), whereas the other indicators showed no significant contributions. At 3000
m, C/N also contributed 40% to variations in soil stoichiometric characteristics. At 3300 m, SOC was
responsible for 44.3% of the variation in soil stoichiometric characteristics (p < 0.05). Additionally,
N/P contributed 25.5% to variations in soil stoichiometric characteristics (p < 0.05), with a 40.6%
overall contribution rate (p < 0.05).
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Figure 4. Relationships between seedling regeneration indices. density(D), basal diameter (BD), and
plant height (H) and soil stoichiometry at three elevations. Samples were collected at (a) 2700 m, (b)
3000 m, and (c) 3300 m. TP, total phosphorus; TN, total nitrogen; N/P, nitrogen to phosphorus ratio;
SMC, soil moisture content; SOC, soil organic carbon; C/P, carbon to phosphorus ratio; C/N, carbon
to nitrogen ratio.
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Figure 5. Contribution rates of soil stoichiometry parameters at each elevation to renewal indices.
Samples were collected at (a) 2700 m, (b) 3000 m, and (c) 3300 m. Renewal indices were seedling
density, basal diameter, and height. TP, total phosphorus; TN, total nitrogen; N/P, ni-trogen to

phosphorus ratio; SMC, soil moisture content; SOC, soil organic carbon; C/P, carbon to phosphorus

ratio; C/N, carbon to nitrogen ratio.

None of the soil indicators had significant impacts on seedling density at each elevation (Table
2). However, pH, SOC, and C/N had significant effects on BD across elevations, with R? values of
0.161, 0.245, and 0.0690, respectively. Of these three variables, SOC had the greatest effect and C/N
had the smallest. There were also significant effects of pH, SOC, C/N, and C/P on plant height (R? =
0.117, 0.201, 0.134, and 0.08, respectively). Here again, SOC had the greatest effect, whereas C/P had
the smallest effect. Overall, the effects of SOC were strongest and the effects of C/N on regenerating

spruce indicators were the weakest.

Table 2. Effects of soil stoichiometry at each elevation on seedling regeneration indicators.

Density Basal diameter (BD) Hight
R2 F R2 F R2 F
pH 0.006 0.344 0.161** 14.972 0.117** 11.455
SOC 0.026 1.432 0.245** 22.766 0.201% 19.671
TN 0.054 2.954 0.014 1.315 0.006 0.571
TP 0.017 0.912 0.001 0.068 0.001 0.054
C/N 0.007 0.393 0.069* 6.360 0.134** 13.093
c/re 0.027 1.476 0.023 2.148 0.08* 7.810
N/P 0.005 0.279 0.001 0.087 0.002 0.213
SMC 0.037 2.047 0.001 0.083 0.001 0.081

*p < 0.05, **p < 0.01. SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; C/N, carbon to nitrogen
ratio; C/P, carbon to phosphorus ratio; N/P, nitrogen to phosphorus ratio; SMC, soil moisture content.
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4. Discussion

4.1. Soil Stoichiometry and Regeneration Indices Associated With Qinghai Spruce Across Elevations

Prior studies have demonstrated that altitude impacts the temperature, light, and moisture of a
forest environment. These factors in turn affect the stand structure, veg-etation distribution, and
species diversity. As a result, there is extensive spatial variation in the vegetation of a given
community, as indicated by various biological factors and the physicochemical properties of the
understory soil [24,25]. For example, altitude influences Tetracentron sinense Oliv. distribution by
affecting environmental factors including temperature and moisture. This reflects the plant’s
ecological characteristics and environmental responses [26]. Seedlings in Pinus tabulaeformis forests
show differing responses to the environment depending on the elevation; increases in altitude are
associated with gradual increases in density [27]. Elevation determines numerous eco-system
properties and processes in the mountains of subtropical China, with changes in altitude strongly
impacting soil stoichiometry [28]. The present study highlights variations in Qinghai spruce
regeneration indicators and in soil stoichiometry based on altitudinal shifts. Specifically, we
identified significant differences between seedling density at 3000 m and 3300 m during regeneration.
In addition, there were significant differences in both BD and plant height between 2700 m and 3000
m. However, soil stoichiometric properties were more sensitive than plant indicators were to altitude,
with increases in altitude showing positive effects on soil pH, SMC, TN, C/P, N/P, and SOC. There
were statistically significant differences in N/P and SOC between 2700 m and 3000 m and between
sites at 3000 m and at 3300 m.

Prior studies have shown that soil microorganism activities have direct impacts on plant
apoplastic material decomposition rates. Therefore, altitude-related temperature changes directly
affect soil stoichiometric characteristics. In contrast, plants possess self-regulatory capacities and can
therefore adjust their growth strategies to differences in temperature. As a result, differences in
altitude had relatively insignificant effects on seedlings compared to the effects on soil stoichiometric
characteristics [29]. The seedling density, BD, and plant height initially decreased, then increased
along with the altitude. These trends were consistent with those of TN, SMC, SOC, C/P, and N/P.
Better hydrothermal conditions at 2700 m appear to have resulted in higher forest stand biomass and
a relatively large amount of material transported to the soil by plants; these conditions are known to
enhance soil microbial activity and accelerate the rate of apo-plastic material decomposition by soil
microbes [30]. In contrast, worse hydrothermal conditions at 3000 m resulted in lower forest stand
biomass and increased intraspecies competition; this favored larger age classes of spruce, minimizing
the Qinghai spruce regeneration status. Soil stoichiometry was still worse at 3300 m due to inferior
hydrothermal conditions, which reduced soil microbial activity and the rate of apomictic
decomposition. However, a significant reduction in older spruce at this elevation resulted in
weakened intraspecific competition by these species, improving the Qinghai spruce regeneration
status and soil parameters [31].

4.2. Relationships Between Qinghai Spruce Regeneration and Soil Stoichiometry

Forest regeneration is impacted by various factors, including species specific biology, faunal
behavior, microhabitat characteristics, and the abundance of older plants. Soil stoichiometry slightly
influences regenerating seedling growth, development, and distribution patterns [32,33]. A prior
study of renewal characteristics and influencing factors in mixed forests of the Qinling Mountains
found that SMC is the primary factor influencing the distribution of oil pine seedlings, and that SOC
and quick-acting phosphorus have the most significant impacts on Hua shan pine seedlings [34].
Another study of soil nutrient impacts on spruce secondary forest regeneration discovered a
significant positive correlation between soil pH and the number of spruce seedlings [35]. These prior
results are comparable to the findings of the present study. We here found a positive correlation of
Qinghai spruce seedling density with pH and a negative correlation with C/N at all three elevations.
This suggested that indigenous Qinghai spruce regeneration favored either neutral or slightly
alkaline soils. This preference may have been influenced by microtopographical factors. For example,
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on gentle slopes where organic matter and plant seeds accumulate [36], soil with sufficient aeration
and microbial activity supports good soil structure in tandem with the biogenic root system. This
combination makes it harder for salty ions to be washed away by water flow and for a higher pH to
form [37].

Qinghai spruce regeneration may have varied between elevations due to environmental changes
[37]. Regenerated Qinghai spruce BD also varied with elevation, and there was a slight elevation-
based difference in the relationship between the number and degree of soil indicators [38]. There
were also positive relationships be-tween C/N, C/P, and SOC. At 2700 m and 3000 m, C/N appeared
to significantly affect seedlings, as did N/P at 3000 m. Furthermore, SOC had a significant effect on
seedlings at 3300 m. SOC serves as a source of nutrients for plant-associated microorganisms and
enhances soil physicochemical and biological properties by influencing soil bulk density, increasing
porosity, promoting soil aggregation structure, and enhancing soil water absorption, water holding,
and aeration [39,40]. SOC thus plays a crucial role in plant growth, particularly under adverse
environmental conditions, but also when conditions are generally conducive to plant growth.
Furthermore, the soil C/N and C/P statuses offer valuable insights into the behavior of soil
microorganisms; microbial decomposition of apoplastic matter improves plant nutrient absorption
and stimulates growth. Additionally, the processes of plant growth and decay contribute materials
and energy to the soil, highlighting the pivotal roles of soil microorganisms in promoting plant
succession [41,42].

Plant regeneration strategies and the factors that influence biological indicators can differ
between sites even at the same elevation due to variations in topography, hydrothermal conditions,
and other factors, which result in different nutrient inputs to the soil and cause variations in soil
stoichiometry [43]. Although pH was here correlated with regenerated Qinghai spruce seedling
density at various altitudes, we found no significant impacts of soil parameters on seedling density
at any elevation. However, soil pH, SOC, and C/N significantly influenced elevation-specific
differences in BD. Additionally, soil pH, SOC, C/N, and C/P all had significant impacts on differences
in plant height between elevations. Overall, Qinghai spruce seedling regeneration is impacted by a
range of factors beyond soil stoichiometric properties. Previously identified factors of this nature
include the distance from cohorts of older plants, surface temperature, light exposure, slope
orientation and inclination, anthropogenic activities, and competition with other plant types such as
shrubs [44-47]. Light conditions and the forest window environment are also known to strongly affect
regeneration density [48,49]. This explains the relatively small role of soil variations in affecting
regeneration density at each elevation. The correlations between seedling growth (BD and height)
and soil nutrients are predominantly linked to density [50]. Nutrient absorption directly from the soil
is essential for plant growth and development. Thus, differing levels of soil nutrients can have a
significant impact on seedling growth, affecting both BD and height to produce diverse growth
patterns. This consequently leads to differences in seedling BD and height between altitudes.

5. Conclusions

We here found initial decreases in Qinghai spruce seedling density, basal diameter (BD), and
height along with elevation, followed by increases in the same parameters at a higher altitude. These
trends mirrored patterns observed in soil total nitrogen(TN), soil moisture content(SMC), soil organic
carbon(SOC), carbon to nitrogen ratio(C/P), and nitrogen to phosphorus ratio(N/P). Varying
elevations showed notable discrepancies in regenerated seedling density, basal diameter (BD), and
height, in addition to differences in most of the measured soil parameters. Notably, soil stoichiometric
characteristics were much more susceptible to elevation-induced changes than seedling density, BD,
or plant height were.

The relationships of Qinghai spruce seedling density, basal diameter (BD), and plant height with
soil stoichiometric features differed slightly between elevations. However, some trends were
consistent, including positive correlations of seedling density with soil pH, spruce basal diameter
(BD) and plant height, and soil carbon to nitrogen ratio (C/N). At 2700 m, C/N significantly impacted
carbon to nitrogen ratio(C/P) and soil organic carbon(SOC). At 3000 m and 3300 m, both C/N and C/P
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affected SOC. Differences in soil chemistry resulting from changes in elevation influenced
regenerated seedling BD and height to varying degrees across elevations. None of the soil parameters
affected regenerated seedling density at any elevation. However, the soil pH, SOC, and C/N were
correlated with seedling BD at various elevations, whereas pH, SOC, C/N, and C/P were correlated
with differences in seedling height. Overall, these results shed new light on the factors influencing
new Qinghai spruce seedlings growth across altitudes in the Qilian Mountain region of China,
contributing valuable in-formation for conservation and management efforts.
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