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Abstract: Soil degradation has been reported worldwide. To better understand this degradation,
we selected Pinus armandii and Quercus aliena var. acuteserrata forests, and a mixed forest of Q. aliena
var. acuteserrata and P. armandii in the Qinling Mountains in China for our permanent plots and
conducted three investigations over a 20-year period. We determined the amounts of available
nitrogen (N) and phosphorus (P) in the soil to track the trajectory of soil quality and compared these
with stand characteristics, topographic and climatic attributes to analyze the strength of each factor
in influencing the available N and P in the soil. We found that the soil experienced a severe drop in
quality, and that degradation is continuing. Temperature is the most critical factor controlling the
soil available N, and species composition is the main factor regulating the soil available P. Given the
huge gap in content and the increasing rate of nutrients loss, this reduction in soil quality will likely
negatively affect ecosystem sustainability.

Keywords: soil degradation; soil available nitrogen; soil available phosphorus; temperature;
stand density

1. Introduction

Soil degradation is a global threat to land ecosystems [1]. The Qinling Mountains in China
are not immune to this global trend [2,3], with an average soil loss of about 42 Mg/ha/y for crop
lands and as high as 300 Mg/ha/y for individual fields [4]. The pressure from changing climate and
biota population, together with other abiotic, biotic, and political factors, have already resulted in
severe soil degradation, which appears to be worsening [5–7]. In a forest ecosystem, soil degradation
causes trees, shrubs, and herbs to be more vulnerable. Soil degradation may alter the stability of the
forest ecosystem due to the progression in vegetation cover, and changes in community diversity and
density [8]. Increasing knowledge of soil degradation in forest ecosystems is critical for maintaining
these ecosystems.

Soil degradation is defined as the decline in soil quality. Soil nitrogen (N) and phosphorus (P),
especially the amounts available for plant uptake, are essential indicators of soil nutrient status [9].
N and P are present in many forms, including inorganic, organic, and particulate forms. Atmospheric N
is the main reservoir for N and phosphate is the main reservoir for P, and the majority of these elements
are unavailable to most plants. N and P are available to plants as ammonium, nitrate, and phosphate
ions, but N and P also exist in complex organic forms and the residue requires several years in soil
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before N and P are available for plant use [10]. The abundance of soil available N and P can be the
determining limitation to plant growth and productivity.

Analyzing the abundance of soil available N and P in forest ecosystems is used to determine
plant N and P limitation. N limitation has been reported in many ecosystems, such as grasslands,
freshwater systems, and in forest systems [11–13]. P limitation and N–P coupled limitation have
been repeatedly reported [14,15]. A wide variety of ecosystems have demonstrated the importance
of N and P limitation to plants. In forest ecosystems without human interference, changing climate
and community population are the most important factors, which affect the soil available N and P.
Generally, an increase in temperature will accelerate the decay of soil organic matter, accumulating
more soil available nutrients [16]. However, in some regions, with global warming, the available
nutrients for plant uptake continue to decrease [17]. The aim of this work was to determine how the
soil available N and P are influenced by different factors.

The major objective of this work was to investigate the changes in soil available N and P over
time. The Qinling Mountains are a natural boundary between North and South China and support
a wide variety of plant and animal life, some of which is found nowhere else on earth. The selected
forest plots in the Qinling Mountains can be an ideal choice for study. The goals of this study were to
(i) investigate the abundance of soil available N and P in the Qinling Mountains forest system; (ii) to
determine the status of the former reported soil degradation in the Qinling Mountains forest system;
and (iii) to explore the factors influencing the abundance of soil available N and P.

2. Materials and Methods

2.1. Site Description

This was a long-term, local-scale study, and the experimental platform was based on the Qinling
National Forest Ecosystem Research Station and on the Huoditang Experimental Forest of Northwest
Agriculture and Forestry University, Shaanxi Province, China, with a total area of 2037 ha. The study
area is located at 33◦18′–33◦28′ N and 108◦21′–108◦39′ E. The altitude is 800–2500 m, with a mean
annual precipitation of 900–1200 mm, and a mean annual temperature of 8–10 ◦C. The frost-free period
is 170 days, and the climate is categorized as warm temperate. The topography mainly consists of
granite and gneiss, with a 35◦ mean slope. The soils of the region are acidic and the soil units are
Cambisols, Umbrisols and Podzols. Most forests are secondary natural forests with a mean age of
60 years comprising several age classes. The study forests underwent intensive selective logging in the
1960s and 1970s, but since then, no significant anthropogenic disturbances have occurred, except for
lacquer tree tapping and occasional illegal tree felling. Since a natural forest protection project was
initiated in 1998, anthropogenic disturbances of any kind have been absent in the region.

Pinus armandii and Quercus aliena var. acuteserrata are the most widely distributed and dominant
tree species in the study area. A total of 18 forest plots were chosen with characteristics shown in Table 1,
cited from Yuan [18]. Six were P. armandii and Q. aliena var. acutiserrata mixed species-dominated forest
sample plots, and six were pure single species-dominated forest sample plots of each of these two
species. In this study, the investigated forests were natural secondary forests, all 40 years old in 1996.
The P. armandii forest was dominated by P. armandii, with a forest canopy density of 65%. The mean
stand height and diameter at breast height (DBH) were 14 m and 21 cm, respectively. The Q. aliena var.
acuteserrata forest was dominated by Q. aliena var. acuteserrata, with a forest canopy density of 75%.
The mean stand height and DBH were 12 m and 18 cm, respectively. In the shrub layer, height varied
from 45 cm to 650 cm, and the percent cover was 25%. The mixed forest was dominated by Q. aliena
var. acuteserrata (40% of the trees) and P. armandii (50% of the trees), with a forest canopy density of
70%. The mean stand height was 14 m, and mean DBH was 20 cm.
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Table 1. Plot characteristics in the main types of forests at the Huoditang Experimental Forest Farm in
the Qinling Mountains, China.

Sample Plot Latitude and Longitude Altitude (m) Aspect Slope Stand Density (Trees/ha)

Q. aliena var. acuteserrata 1# 33◦20′55′ ′ N 108◦23′54′ ′ E 1597 318◦ 32◦ 1183
Q. aliena var. acuteserrata 2# 33◦19′20′ ′ N 108◦25′48′ ′ E 1641 14◦ 28◦ 1482
Q. aliena var. acuteserrata 3# 33◦20′49′ ′ N 108◦25′58′ ′ E 1620 277◦ 26◦ 1232
Q. aliena var. acuteserrata 4# 33◦19′10′ ′ N 108◦28′48′ ′ E 1640 260◦ 23◦ 1024
Q. aliena var. acuteserrata 5# 33◦20′08′ ′ N 108◦28′12′ ′ E 1671 240◦ 30◦ 1086
Q. aliena var. acuteserrata 6# 33◦20′42′ ′ N 108◦29′21′ ′ E 1534 218◦ 18◦ 1584

P. armandii 1# 33◦19′26′ ′ N 108◦27′10′ ′ E 1410 288◦ 34◦ 1628
P. armandii 2# 33◦19′30′ ′ N 108◦27′54′ ′ E 1460 198◦ 32◦ 1486
P. armandii 3# 33◦22′54′ ′ N 108◦28′02′ ′ E 1483 245◦ 27◦ 1712
P. armandii 4# 33◦23′10′ ′ N 108◦28′10′ ′ E 1532 194◦ 22◦ 1426
P. armandii 5# 33◦21′10′ ′ N 108◦32′39′ ′ E 1540 243◦ 29◦ 1267
P. armandii 6# 33◦22′01′ ′ N 108◦32′19′ ′ E 1983 245◦ 15◦ 1834

Mixed forest 1# 33◦22′24′ ′ N 108◦27′10′ ′ E 1580 257◦ 22◦ 1354
Mixed forest 2# 33◦19′01′ ′ N 108◦30′24′ ′ E 1481 204◦ 24◦ 1288
Mixed forest 3# 33◦20′10′ ′ N 108◦30′42′ ′ E 1424 255◦ 32◦ 1078
Mixed forest 4# 33◦21′05′ ′ N 108◦24′48′ ′ E 1582 73◦ 26◦ 1041
Mixed forest 5# 33◦21′20′ ′ N 108◦26′50′ ′ E 1798 182◦ 31◦ 1121
Mixed forest 6# 33◦23′18′ ′ N 108◦25′40′ ′ E 1627 202◦ 21◦ 1311

2.2. Sampling Work

In the summer of 1996, we selected P. armandii, Q. aliena var. acuteserrata forests, and a mixed
forest of Q. aliena var. acuteserrata and P. armandii for our permanent plots, and randomly established
six sample plots with an area of 60 m × 60 m in each of the forest types. To reduce disturbance,
these sample plots were protected by an enclosure. Each sample plot was located at least 50 m from the
forest edge and was separated from other plots by a buffer strip of at least 100 m. We assumed that the
annual average precipitation was the same in these sample plots. The annual average temperature and
precipitation were sourced from the unpublished Qinling long-term ecological monitoring database
and were measured using a HMP45C weather station (Vaisala, Helsinki, Finland) located 1612 m above
sea level in this region at 33◦20′16” N and 108◦26′45” E. The 2017 mean annual climate data were
calculated by combining those of 2016 and the existing record of 2017. We also assumed a standard
lapse rate of 0.7 ◦C in this forest area [18], and estimated the annual average temperatures in these
sample plots.

We dug soil pits and then sampled the soil with a soil corer (Φ50.46 × 50 mm). Five profiles were
sampled at fixed depths (0–10, 10–20, 20–40, and 40–60 cm) in each plot, and every sample was weighed
immediately on site to calculate the soil water content. Each subsample contained the same amount of
soil taken from these four fixed depths. We pooled the five subsamples to form one composite sample
per plot. The samples were crushed, after separating the stones and root fragments that had been
mistakenly collected. A 2-mm sieve was used for further sieving. Soil available N and P was analyzed
following the methods described by Liu [19]. Plot characteristics and soil nutrient measurements were
initially conducted in July of 1996. Two other soil nutrient measurements were conducted in July 2012,
and July 2017, providing a total of three measurements during this 20-year study.

2.3. Data Analysis

R Studio version 3.2.3 and Origin 9.0 were used to perform the data analysis and to construct the
figures. The significant differences over time were tested using one-way ANOVA with SAS 8.0 software
(SAS Inc., Cary, NC, USA). All soil nutrient variables, referring to the abundance of soil available N and P
at each site along the time scale, were displayed by box plot with standard errors. Stand density (SD);
stand types (ST, referring to tree species), mean annual temperature (MAT); mean annual total
precipitation (MAP); and topography status (TG), including aspect, slope, and elevation were considered
as factors influencing the abundance of soil available N and P. When analyzing the effect of each of
these factors on the abundance of soil available N and P, partial methods of redundancy analysis (RDA),
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relying on the R function “Vegan”, were used to remove the effect of conditioning or background
variables before completing RDA. We used an RDA model (X ~ Y + Z) to extract components of variance
and calculate the attributes of factor Y, cleansed of the effect of Z. By dividing the total inertia value by
the constrained inertia value of Y, we obtained the explanatory influence of Y expressed as a percentage.

3. Results

3.1. Change in Soil Available N and P over Time

In the Qinling Mountains forest ecosystem, the abundance of soil available N has significantly
decreased over time, especially in the Q. var. acuteserrata related forest (Figure 1). The soil available N
in the Q. var. acuteserrata and mixed forest, between Q. var. acuteserrata and P. armandii, ranged from
34 mg/kg to 58 mg/kg in 1996, from 16 mg/kg to 26 mg/kg in 2012, and finally from 11 mg/kg
to 17 mg/kg in 2017. The soil available N in the P. armandii forest ranged 18 mg/kg to 30 mg/kg,
15 mg/kg to 24 mg/kg, and 13 mg/kg to 20 mg/kg at the same sampling points in time, respectively.
The soil available N loss in the Q. var. acuteserrata related forest was high between 1996 and 2012.
An obvious decline in the concentration of soil available N can be seen in Figure 1. In the P. armandii
forest, the decline in soil available N concentration is also clear.
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Figure 1. The loss in soil available nitrogen (N) along a 20-year time scale in the Qinling Mountains
forest ecosystem. “AN” represents the soil available N at a given time, “Pinus” represents the P. armandii
forest, “Mingled” represents the mixed Q. var. acuteserrata and P. armandii forest, and “Quercus”
represents the Q. var. acuteserrata forest.

When examining the amount of P available in the soil in the Qinling Mountains forest ecosystem
(Figure 2), the Q. var. acuteserrata and the mixed Q. var. acuteserrata and P. armandii forest ranged from
5.8 mg/kg to 8.0 mg/kg in 1996, from 5.0 mg/kg to 7.2 mg/kg in 2012, and finally from 0.8 mg/kg
to 3 mg/kg in 2017. The soil available P in the P. armandii forest ranged 8.5 mg/kg to 9.4 mg/kg,
6.5 mg/kg to 7.1 mg/kg, and 1.5 mg/kg to 2.8 mg/kg along this same time scale, respectively. Overall,
a trend in soil nutrient degradation in the soil available P was also demonstrated. Numerically,
the abundance loss is not that significant, but the decreasing scale is large. Notably, in the 5-year period
from 2012 to 2017, more available P in the soil was lost than in the prior 15-year period, from 1996
to 2012.
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Figure 2. The loss of soil available phosphorus (P) along a 20-year time scale in the Qinling Mountains
forest ecosystem. “AP” represents the soil available P, “Pinus” represents the P. armandii forest,
“Mingled: represents the mixed Q. var. acuteserrata and P. armandii forest, and “Quercus” represents the
Q. var. acuteserrata forest.

The loss of soil available N and P over time is obvious. We can see large differences between the
different sampling dates (Table 2). The one-way ANOVA results showed that time had a significant
effect on the decline of soil available N and P in all the plots except the decline of soil available P over
the first period from 1996 to 2012 in the mixed forest (capital letters in Table 2). In the next period,
from 2012 to 2017, the abundance of soil available P in the mixed forest also experienced a significant
decline and a huge loss of soil available P.

Table 2. The one-way ANOVA results of soil available N and P loss over time.

Nutrient Elements Forest Types
Year

1996 2012 2017

N
Q. aliena var. acuteserrata 39.50 (5.68) A 18.36 (1.54) B 14.21 (1.02) C

Mixed forest 51.75 (6.82) A 20.87 (5.34) B 13.54 (1.34) C
P. armandii 24.67 (4.44) A 19.14 (1.78) B 16.15 (1.23) C

P
Q. aliena var. acuteserrata 6.62 (0.64) A 5.65 (0.58) B 1.59 (0.95) C

Mixed forest 6.95 (0.59) A 6.57 (0.49) A 1.46 (0.22) B
P. armandii 8.94 (0.27) A 6.81 (0.20) B 2.20 (0.49) C

Standard errors are shown in parentheses, and different capital letters within the same row indicate significant
differences among means (p < 0.05).

3.2. Factors Influencing the Abundance of Soil Available N and P

Good climate data records and topography information were available for all forest plots used in
this study. We analyzed the strength of the TG, including plot elevation, slope, and aspect; climate factors,
including MAP and MAT, together with the ST and SD, influencing the abundance of soil available
N and P.

MAT has an influential role in soil available N loss (Figure 3). MAT explained 2% of the loss in
soil available N in 1996, 5% in 2012, and 15% of the loss in 2017. The SD had a slightly increasing role
in explaining the amount of soil available N, from 14% to 17%, over the study period. The TG, MAP,
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and ST did not show a uniform trend in affecting soil available N. The influence of all the unconstrained
factors decreased gradually from 30% to 27%, and finally to 16% in 2017. We conclude that MAT was
the main driver of the decline in soil available N concentrations, whereas the SD contributed minimally.
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In explaining the concentrations of soil available P, the SD was the dominant factor (Figure 4).
The effect of SD on soil available P was 3% in 1996, 5% in 2012 and 14% in 2017. All other factors,
including the TG, MAP, ST and Other, did not show a uniform trend in affecting the soil available
P content. The influential strength of all the unconstrained factors increased from 18% to 24% and then
decreased to 20%. Although not strong, the influence of SD became more important with time, so we
conclude that the changing SD is the main driver of soil available P loss.
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“MAP” denotes mean annual precipitation, “MAT” represents mean annual temperature, and “TG”
represents topography indicators including aspect, slope, and elevation. “ST” represents stand type,
“SD” represents the stand density, and “Other” represents all the unconstrained factors.

4. Discussion

This study has two main advantages in understanding the change in concentrations of soil
available N and P in forests of the Qinling Mountains. This work quantitatively demonstrated the
change in abundance of soil available N and P during the 20-year period and demonstrated that
the trend in soil degradation with respect to available N and P is continuing in the forests of the
Qinling Mountains. We also calculated the strength of various factors influencing the abundance of
soil available N and P. A longer study period would be more persuasive in describing the trajectory
of the change in soil available N and P contents. The interactions of unknown factors, classified as
“Other”, was ignored and might affect the veracity of the results when calculating the specific strength
of the factors.

In our study, the mixed forests had more soil available N than the oak-dominated forest
and had much higher amounts than in the pine-dominated forests. In terms of soil available P,
the pine-dominated forests had the highest concentrations, while the mixed forests and oak-dominated
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forests had slightly lower amounts. Climate will have a profound effect on the decline of soil available
N and P [20]. Temperature may enhance the soil microbial process and soil biochemical processes,
such as denitrification, which are positively related to temperature [21]. Tree species can have a strong
influence on soil properties [22]. Different vegetation types can have varying influence on the rate of
soil N and P input, and these can affect the soil nutrient accumulation and loss [23,24].

Soil N and P use efficiency can vary among plant species, and the abundance of soil available
N and P in this study was influenced by exploitation of soil nutrients by different species. This is
consistent with our findings that the concentrations of soil available N and P were species-dependent.
Discussions about the pros and cons of tree species richness for soil nutrients and other ecosystem
aspects date back to the early 19th century [25,26], when higher levels of soil N were found in forests
with more tree species [27]. The decomposition rate of soil N has been found to be directly affected by
tree species [28], which may result in the difference in the abundance of soil available N in different
areas. Our findings for the soil available N content are consistent with these findings. The soil available
N content was positively correlated with the species richness.

Over the studied time period, the forest soil experienced a degradation in available nutrient
concentrations. The decreasing amount of soil available N and P will limit the forest’s productivity,
threatening the stability of the ecosystem. Global climate change has complicated effects on global
N and P cycles [29]. Soil N can be lost through emissions of ammonia, nitrous oxide, and nitric
oxide. Increases in soil enzyme activity, related to soil microbial metabolism, can leads to soil N loss.
N-binding agents (especially tannins) have been reported as enzyme inhibitors, so we speculated that
the influence of tannins from leaf litter of some species could inhibit mineralization of organic N [30].
Other factors like nitrification and subsequent leaching can be also responsible for soil available N
loss [31]. Soil P loss is predominately caused by surface runoff. Overland flow and leaching contribute
to the loss of soil P [32]. As a consequence of soil available P consumption (such as plant uptake),
declines in sources of organic P and loss of soil available P are inevitable in these forests.

The losses of soil available N and P, which govern the N and P cycling patterns in forest systems,
have a wide range of controlling factors, including climate factors, soil homeostasis, stand traits, and
vegetation type [33,34]. The abundance of soil available N and P is probably dependent on all of
these mentioned factors. In 1996, MAT was found to explain only 2% of the variation in soil available
N. The influence increased over the 20-year period. When examining the trend in global warming,
declines in soil available N and P may exhibit similar trends. Aspect and slope also regulate overland
runoff, light availability and radiation. Temperature and precipitation are also related to elevation,
which is why topographic factors have an important influence on the concentrations of available N
and P. The decreasing influential effect of topographic factors over the study period implies they may
continue to decline in the future. The advantages of higher N and P input and higher organic matter
decomposition rate, caused by increasing temperature, may be offset by increasing uptake by the forest
biomass. As a result, the increasing influence of stand density on available P concentration over time
is understandable.

5. Conclusions

In the forests of the Qinling Mountains, the concentrations of soil available N and P are
species-related and are positively related to species richness. The reduction in soil quality is concerning,
especially given the large decrease in available N and P contents and the continuing decline over the
study period. Mean annual temperature will be a critical factor regulating soil available N, and stand
density will be the critical factor affecting soil available P in the Qinling Mountains forest system.
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