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Abstract

Soil stoichiometric characteristics serve as key indicators for assessing soil nutrient status
and quality. Previous studies have predominantly focused on surface soil (0–40 cm), with
limited understanding of deep soil (>40 cm) stoichiometric traits and their underlying
drivers. In this study, we provide a case study of three typical restoration stands from
China’s Loess Plateau, which compared differences between surface and deep soil layers in
stoichiometric traits and influencing factors. Soil samples were systematically collected at
20 cm intervals down to bedrock to analyze the reserves and stoichiometric differences in
C, N, and P between surface and deep soil layers, and to identify relevant environmental
influencing factors. The results showed that: (1) Within this Loess Plateau case study, deep
soil accounted for 33%–47% of the total profile storage of C, N, and P, representing a critical
nutrient reservoir. (2) The differences from China’s average in C:N and C:P were markedly
greater in deep soil (15.55 and 68.62, respectively) than in surface soil (11.63 and 8.31,
respectively), indicating more pronounced nitrogen and phosphorus limitations in deep
soil. (3) The factors influencing surface soil stoichiometry were mainly climate-related and
biological interaction (altitude, soil water content and pH), while those for deep soil layers
were factors related to nutrient storage and transport (soil thickness, soil bulk density
and altitude). These results highlight that neglecting deep soil can lead to substantial
underestimation of ecosystem nutrient reserves and misinterpretation of soil stoichiometry
and its drivers. Therefore, we advocate incorporating deep soil into sampling designs in
stoichiometric studies and attach more research attention to deep soil’s stoichiometry and
its role in biogeochemical cycling.
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1. Introduction
As a crucial component of ecosystems, soil directly shapes the structure and produc-

tivity of plant communities by supplying essential nutrients for growth. Its stoichiometric
characteristics serve as key indicators for assessing soil nutrient status and quality [1–3].
For instance, the soil C:N ratio is an important predictor of nitrogen mineralization, and the
decomposition rate of organic carbon reflects the quality of soil organic matter, with soil C:N
generally being inversely related to decomposition rate [4,5]. Soil C:N can also be used to
estimate dissolved organic carbon concentration [6] and the degree of nitrate leaching [7–9],
and shows a significant negative correlation with N2O emissions [10]. When combined
with other indicators, it can better characterize the nitrogen status of an ecosystem. The soil
C:P ratio reflects the release of phosphorus through microbial mineralization of organic
matter as well as phosphorus immobilization from the environment [11]. Meanwhile, the
soil N:P ratio is an effective predictor of nutrient limitation types [12,13]; an N:P ratio below
10 typically indicates nitrogen limitation for plant growth [5,14]. Therefore, studying the
ecological stoichiometry of soil organic carbon, nitrogen, and phosphorus is essential for
evaluating soil quality, reflecting net accumulation vs. mineralization of nutrient elements,
and revealing ecosystem nutrient limitations.

Surface soil is the most biologically active and nutrient-rich zone, with high spatial
heterogeneity [15–18], and hence has drawn much research attention. Nevertheless, deep
soil also plays a vital role in biogeochemical cycling. It plays a key role in nutrient cycling,
acting as both a primary store of nutrients and a fundamental source of plant nutrition.
(1) It serves as a significant storage zone for soil nutrients [19,20]. Due to its large mass
and volume, more than 30% of carbon [21,22], 64% of nitrogen [20], and 25%–70% of phos-
phorus [23,24] are stored in deep soil layers. The retention of organic matter in subsoil is
attributed to the spatial separation of organic matter, particle fractions, microorganisms,
and extracellular enzymes associated with heterogeneous carbon inputs [25,26]. Phos-
phorus accumulation in deep soil is largely due to the presence of parent materials or
phosphorus-rich compounds [27]. (2) Subsoil is an important nutrient source for plants,
which actively acquire nutrients from deeper layers [28–30]. Tree roots often extend be-
yond one meter in depth [31], and in arid regions, deep soil becomes an especially critical
nutrient source [32]. Plants can increase phosphorus uptake from subsoil (below 20–30 cm),
including sapropelic layers [33] and weathered bedrock [23]. Trees may obtain 10%–80% of
their phosphorus requirement from subsoil, depending on root extent [23,34], while spring
wheat can absorb 37%–85% of phosphorus from deep soil, and winter wheat may acquire
up to 75% of its nitrogen from deeper layers [35]. (3) Deep soil plays a central role in
biogeochemical cycling and vertical nutrient redistribution within soil profiles [23]. For
instance, deep soil nitrogen can drive the redistribution of soil organic carbon and facilitate
its translocation to deeper layers [36], while phosphorus in deep soil can be transferred to
surface soil through root turnover and litterfall [37].

However, current research often focuses only on surface soil stoichiometry, with
insufficient attention given to deep soil. We incompletely reviewed 76 papers (detailed
in Supplementary Materials, Table S1) on soil stoichiometry published during the past
5 years globally, and the soil sampling depth in 49 studies was ≤40 cm, with only 11 and
16 studies reaching 40–60 cm and exceeding 60 cm, respectively (Figure 1). Likewise, in
carbon-related ecological studies, the median sampling depth is only 15 cm, with over 90%
of research confined to the surface soil [36]. Obviously, the inadequate research on deep
soil stoichiometry is a concession made due to the difficulty and cost of sampling deep soil
layers [38,39]. Focusing solely on surface soil not only leads to underestimation of nutrient
pools [40] but may also result in misinterpretation of key controlling factors, as drivers
of nutrient stoichiometry differ between surface and deep soil [41]. As most natural soil
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profiles extend well beyond 15–20 cm [39], sampling to at least 1 m depth or to the top of
the C horizon is recommended to ensure representativeness [42].

 

Figure 1. Global soil stoichiometry study sampling depth distribution. (These 76 studies were
searched on Google Scholar and the keywords were soil stoichiometry and ecological restoration.
Paper information is detailed in-Supplementary Materials Table S1).

Given our limited understanding of deep soil stoichiometric traits, this paper aims to
compare nutrient reservoirs, stoichiometric characteristics and their drivers between deep
and surface soil layers using three typical restoration stands on the Chinese Loess Plateau.
Conceptually, nutrient inputs and stabilization mechanisms differ with depth: surface
soils are dominated by litter inputs and intense biological cycling, whereas deep soils rely
more on downward transport (e.g., DOC leaching), fine-root turnover, and parent-material
contributions (especially for P), together with stronger mineral protection. These depth-
dependent processes are expected to generate distinct C–N–P coupling patterns and to shift
dominant controls from microclimate factors near the surface toward storage properties in
deeper layers. The specific objectives are: (1) to compare soil organic carbon (SOC), total
nitrogen (TN), and total phosphorus (TP) stocks between surface soil layer (0–40 cm) and
deep soil layer (from 40 cm to bedrock); (2) to examine differences in stoichiometric ratios
between these two layers; and (3) to identify factors influencing SOC, TN, TP stocks and
their stoichiometry in surface vs. deep soil layers.

2. Methodology
2.1. Study Area Overview

We chose three typical restoration stands on China’s Loess Plateau, which is one of the
most severely eroded areas in the world due to climatic drought and prolonged human
disturbance [43,44]. In recent decades, large-scale ecological restoration projects such as the
Grain-for-Green Program and the Three-North Shelterbelt Project have been implemented.
The study area is located in Shuozhou City, Shanxi Province, China (Figure 2). Shuozhou
is situated north of Yanmenguan in Northern Shanxi. Characterized by a loess-covered
mountainous plateau with an average elevation exceeding 1000 m, the region experiences a
distinct four-season temperate continental monsoon climate. Its river systems belong to the
Haihe and Yellow River basins. Shuozhou is rich in mineral resources, notably possessing
the largest coal reserves in Shanxi Province—accounting for one-sixth of the provincial
total—which are known for their high quality and ease of mining. Key coal-producing
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counties (districts) under its jurisdiction include Youyu County, Huairen City, Shanyin
County, Pinglu District, and Shuocheng District.

Figure 2. (a) Geographical location of the study area; (b) soil profiles of three ecological restoration types.

2.2. Field Investigation and Sampling

During the 2023 growing season, three distinct local ecological restoration types were
selected for investigation: two sites on the Heituo Mountain (at the junction of Shuocheng
and Pinglu Districts) and one on the Langbei Mountain in Shanyin County. The types
comprised natural secondary shrubland (Ostryopsis davidiana and Cotoneaster multiflorus
(OD-CM), Betula platyphylla (BP), and Larix principis-rupprechtii (LP) (Figure 2; Table 1).

Table 1. Information on study sites.

Restoration Types Alt (m) Slope (◦) Average Thickness (cm)

OD-CM 1626.13 24.80 51
BP 1871.67 12.00 88
LP 1864.00 24.00 55

For each restoration type, three 25 m × 25 m plots were randomly positioned. To
minimize edge effects, sample plots were established at least 10 m from any forest edge.
Soil samples were collected using a stratified “five-point sampling” method within each
quadrat to better represent overall plot conditions [45]. Surface litter and stones were
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removed prior to sampling. Soil cores were extracted at 20 cm depth intervals using a soil
auger at each sampling point. Additionally, a soil profile was excavated at the center of
each plot, and soil bulk density was measured for each layer using four ring-knife samples.

Soil layer thickness varied across sampling points due to natural heterogeneity, gen-
erally being less than 100 cm, though exceeding 100 cm at some locations. To thoroughly
assess soil nutrient profiles, samples were collected as completely as possible from all points.
For locations where the soil layer exceeded 100 cm, additional drilling was performed to
determine the full depth. In total, 181 valid soil samples were obtained.

Samples were air-dried upon return to the laboratory and then sieved through
2.000 mm and 0.149 mm mesh sieves to ensure uniformity. The air-dried soil was homog-
enized by coning and quartering. One-half of each sample was reserved for subsequent
analysis, while the other half was archived. Site parameters, including altitude (Alt), slope
(Slope), and soil thickness (Thickness), were recorded for each plot.

2.3. Determination of Soil Physicochemical Properties

Soil bulk density (SBD) and soil water content (SWC) were determined by oven-
drying undisturbed soil samples at 105 ◦C for 24 h. For chemical analyses, samples were
air-dried, ground, and sieved through a 2 mm mesh to remove visible roots, rocks, and
plant debris. A subset of the sieved soil was further passed through a 0.149 mm sieve.
Soil organic carbon (SOC) content was quantified using the H2SO4-K2Cr2O7 oxidation
method [46]. Total nitrogen (TN) was determined by the micro-Kjeldahl method [47], and
total phosphorus (TP) was determined by the molybdenum blue colorimetric method, as
described by Murphy and Riley [48]. Soil pH was measured in a 1:2.5 soil-water suspension.

2.4. Data Processing and Analysis

One-way analysis of variance (ANOVA) was employed to test for significant differ-
ences in SOCstock, TNstock, TPstock, and their stoichiometric ratios across different vegetation
types and soil depths. Relationships between environmental factors and these soil vari-
ables were examined using Pearson correlation analysis. Redundancy analysis (RDA) was
conducted with SOCstock, TNstock, TPstock, and stoichiometric ratios as response variables
and environmental factors (pH, SBD, SWC, Alt, Slope, Thickness) as explanatory variables
to identify dominant controlling factors. Significance testing and correlation analyses were
performed using SPSS 22.0. Figures were generated using Origin 2024. Soil stoichiomet-
ric ratios were calculated on a molar basis. Plots were treated as experimental units in
statistical analyses.

3. Results
3.1. SOCstock, TNstock and TPstock in Surface and Deep Soil

Significant differences in soil nutrient reserves were observed between the surface
and deep layers across all vegetation types (Figure 3a–c). (1) SOCstock was significantly
higher in surface soil than in deep soil for OD-CM, BP, and LP (p < 0.05). The greatest
difference occurred in LP, with surface SOCstock (9.22 kg m−2) being 1.92 times that of deep
soil (4.81 kg m−2). In contrast, the difference was smallest in BP, where surface SOCstock

(9.52 kg m−2) was 1.39 times the deep soil value (6.87 kg m−2). (2) Similarly, TNstock was
significantly higher in surface soil than in deep soil for OD-CM, BP, and LP (p < 0.05). The
largest discrepancy was found in LP, with surface TNstock (0.47 kg m−2) exceeding deep
soil TNstock (0.23 kg m−2) by a factor of 2.04. The smallest difference occurred in BP, where
surface TNstock (0.45 kg m−2) was 1.36 times that of deep soil (0.33 kg m−2). (3) For TPstock,
surface soil values in OD-CM and LP were significantly higher than those in deep soil
(p < 0.05). The largest contrast was observed in LP, with surface TPstock (0.19 kg m−2) being
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1.90 times the deep soil value (0.10 kg m−2). In BP, however, no significant difference was
detected between surface (0.20 kg m−2) and deep soil TPstock (0.18 kg m−2) (p > 0.05).

Figure 3. Differences in surface soil and deep soil storage and stoichiometric characteristics under
different restoration types: (a–c) are the differences in SOCstock, TNstock and TPstock, respectively;
(d–f) were the differences in soil C:N, C:P and N:P, respectively. Note: Different capital letters indicate
significant differences between repair types at the same depth (p < 0.05). Different lowercase letters
indicated that there was a significant difference between the surface and deep soil under the same
restoration type (p < 0.05).

Variability in nutrient stocks across different vegetation types was more pronounced
in surface soils than in deep soils (Figure 3a–c). (1) In surface soil, SOCstock and TNstock

in BP and LP were significantly higher than those in OD-CM (p < 0.05), with the BP:LP
ratio remaining close to 1:1 across these measures. Overall, surface soil nutrient stocks
followed the order: BP ≈ LP > OD-CM for SOCstock, TNstock, and TPstock. (2) In deep soil, no
significant differences were detected in SOCstock, TNstock, or TPstock among OD-CM, BP, and
LP (p > 0.05). Nevertheless, the values consistently exhibited the trend: BP > LP > OD-CM.

The variability in SOC, TN, and TP stocks was greater in the surface soil than in the
deep soil under OD-CM treatment, whereas the opposite trend was observed for BP and LP,
where surface soil exhibited lower variability in SOC and TN stocks compared to the deep

https://doi.org/10.3390/f17020259

https://doi.org/10.3390/f17020259


Forests 2026, 17, 259 7 of 18

soil. As shown in Figure 3a–c, the deep soil layer under OD-CM contained 34%–39% of
the total profile stocks of C, N, and P. In contrast, deep soil contributions under BP and LP
accounted for 42%–47% and 33%–35% of the total profile stocks, respectively.

3.2. Stoichiometric Ratios in Surface and Deep Soil

Soil stoichiometry differed significantly between surface and deep layers across all
vegetation types (Figure 3d,e). Specifically: (1) The C:N ratio did not differ significantly
between OD-CM, BP, and LP in either surface or deep soil (p > 0.05). The difference in C:N
between surface and deep soil was smallest under OD-CM, with a surface C:N of 27.13,
approximately 0.88 times that of the deep layer (30.84). (2) The C:P ratio in BP surface
soil was significantly higher than in deep soil (p < 0.05), with a value of 122.22, about
1.25 times that of the deep layer (97.4). (3) The N:P ratio was significantly higher in surface
soil than in deep soil for both BP and LP (p < 0.05). In BP, surface soil N:P was 5.03, roughly
1.28 times that of deep soil (3.93); in LP, surface N:P reached 5.23, about 1.16 times that of
deep soil (4.50).

Across vegetation types, C:N followed the order OD-CM > BP ≈ LP, whereas both C:P
and N:P exhibited the pattern BP ≈ LP > OD-CM (Figure 3d,e). In surface soil, the C:N ratio
of OD-CM (27.13) was significantly higher than that of LP (23.01) (p < 0.05). Conversely,
the C:P (BP: 122.22; LP: 119.18) and N:P (BP: 5.03; LP: 5.23) values of BP and LP were
significantly greater than those of OD-CM (C:P: 98.52; N:P: 3.68) (p < 0.05). In deep soil, C:N
and C:P maintained the trend OD-CM > BP ≈ LP, while N:P followed LP > OD-CM ≈ BP
(Figure 3d,e). The C:N of OD-CM (30.84) was significantly higher than that of BP (25.47)
and LP (24.40) (p < 0.05), whereas no significant differences were observed in C:P or N:P
among the three vegetation types in deep soil. Overall, C:P values ranged between 98.52
and 122.22, and N:P values varied from 3.68 to 5.23.

3.3. Correlations of SOCstock, TNstock and TPstock and Stoichiometric Ratios with Environmental
Factors in Surface and Deep Soils

The correlations of SOCstock, TNstock, and TPstock with environmental factors differed
markedly between surface and deep soil layers (Figure 4). (1) In surface soil, SOCstock

showed a significant positive correlation with Alt and Thickness (p < 0.01) and a strong
negative correlation with SWC (p < 0.001). In deep soil, however, it was positively correlated
with Thickness (p < 0.01) and negatively correlated with SBD (p < 0.05). (2) For TNstock

in surface soil, significant positive correlations were observed with Alt and Thickness
(p < 0.01), while a significant negative correlation was found with SWC (p < 0.001). In deep
soil, TNstock correlated positively with Thickness (p < 0.01) and negatively with Slope and
SBD (p < 0.05). (3) TPstock in surface soil was significantly negatively correlated with SWC
(p < 0.01). In deep soil, it exhibited a positive correlation with Thickness (p < 0.01) and a
negative correlation with SBD (p < 0.05).

The correlations of soil C:N, C:P, and N:P with environmental factors differed sig-
nificantly between surface and deep soil layers (Figure 4). In surface soil, C:N showed a
significant positive correlation with pH, SBD, and SWC (p < 0.05), but a significant negative
correlation with Alt (p < 0.05). In contrast, in deep soil, C:N was significantly negatively
correlated with Alt (p < 0.001). For C:P in surface soil, a significant positive correlation was
observed with Alt (p < 0.01), while significant negative correlations were found with pH
and Slope (p < 0.01). In deep soil, however, C:P exhibited no significant correlations with
any environmental factors.

Regarding N:P in topsoil, it correlated positively with Alt (p < 0.001) and negatively
with pH, SBD, and Slope (p < 0.05). In deep soil, N:P was also positively correlated with
Alt (p < 0.01), but negatively correlated with Slope (p < 0.05).
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Figure 4. The correlation between surface soil and deep soil reserves and stoichiometric characteristics
and environmental factors: (a) surface soil; (b) deep soil.

3.4. Factors Affecting SOCstock, TNstock and TPstock and Stoichiometric Ratios in Surface and
Deep Soils

The results of redundancy analysis (RDA) for SOCstock, TNstock, TPstock, stoichiometric
ratios, and environmental factors in surface and deep soil layers are presented in Figure 5.
In the RDA ordination, SOCstock, TNstock, TPstock, and stoichiometric ratios were treated
as response variables (black), while soil environmental factors served as explanatory
variables (red). For surface soil (Figure 5a), RDA1 and RDA2 together accounted for
94.63% of the total variation. In deep soil (Figure 5b), these two axes explained 97.04% of
the variation. The dominant environmental factors influencing SOCstock, TNstock, TPstock,
and stoichiometric ratios differed between the two soil layers (Figure 5). In surface soil,
the three primary influencing factors were Alt, SWC, and pH (Figure 5a). In deep soil, the
main factors were Thickness, SBD, and Alt (Figure 5b). Notably, Alt was the only factor
that significantly affected these variables in both soil layers (Figure 5).

 

Figure 5. Redundancy analysis of surface soil and deep soil storage, stoichiometric characteristics
and environmental factors. (a) RDA results of surface soil; (b) RDA results of deep soil.

The cosine of the arrow angle serves as a proxy for the correlation between variables:
an angle approaching 90◦ indicates a weaker correlation, whereas an angle substantially
deviating from 90◦—toward either 0◦ (strong positive correlation) or 180◦ (strong negative
correlation)—reflects a stronger relationship. The results revealed distinct correlation
patterns between soil nutrient stocks and environmental factors in surface versus deep soil
layers. (1) In surface soil, SOCstock, TNstock, and TPstock showed negative correlations with
SWC but positive correlations with Alt and Thickness (Figure 5a). In contrast, in deep soil,
SOCstock, TNstock, and TPstock were positively correlated with SWC and Thickness, and
negatively correlated with SBD, pH, and Slope (Figure 5b). (2) For surface soil, the soil C:N
ratio was positively correlated with SBD, SWC, pH, and Slope, and negatively correlated

https://doi.org/10.3390/f17020259

https://doi.org/10.3390/f17020259


Forests 2026, 17, 259 9 of 18

with Alt and Thickness. In comparison, soil C:P and N:P ratios were negatively correlated
with SBD, pH, and Slope, and positively correlated with Alt and Thickness (Figure 5a).
In deep soil, C:N and C:P ratios exhibited positive correlations with SBD, pH, and Slope,
and negative correlations with SWC, Alt, and Thickness. Meanwhile, the N:P ratio was
positively correlated with SWC, Alt, and Thickness, and negatively correlated with SBD,
pH, and Slope (Figure 5b).

4. Discussion
4.1. Difference Between Surface and Deep Soil in Nutrient Stock

In this study, the surface SOCstock, TNstock, and TPstock under the OD-CM, BP, and LP
stands were higher than those in the deep soil (Figure 3a–c). This pattern can be attributed
to the direct input of substantial plant litter into the surface layer, along with concentrated
root biomass and abundant root exudates [49,50]. Furthermore, the surface soil provides
more favorable temperatures [51], improved aeration, and higher microbial activity [52],
collectively enhancing the input and accumulation efficiency of organic carbon, nitrogen,
and phosphorus. In contrast, deep soil exhibits significantly reduced root biomass and
litter input [52,53], with nutrients primarily reliant on downward leaching and biotur-
bation from overlying layers [26,54]. Environmental conditions in deep soil—such as
lower temperatures, hypoxia [55], weaker microbial activity [56], and reduced substrate
accessibility—promote organic matter stability but result in overall nutrient inputs far
lower than those in the surface layer. Additionally, phosphorus originates mainly from the
weathering of geological parent material, exhibits poor mobility, and has limited replenish-
ment in deep layers [57]. Consequently, the reserves of all three elements were significantly
higher in the surface soil. Surface nutrient enrichment may also stem from root uptake of
subsoil nutrients and their subsequent recycling to the topsoil via litterfall [31].

Despite the lower nutrient stock in the deep soil than the surface soil, deep SOCstock,
TNstock, and TPstock under the three restoration types accounted for approximately
33%–47% of the total soil profile reserves (Figure 6b). This result aligns with findings
from existing studies [39,58,59]. This one-third of total soil nutrients underscores the critical
role of deep soil as nutrient pools and demonstrates that insufficient soil sampling depth
would substantially underestimate total soil nutrient reserves [39]. Moreover, when com-
paring nutrient reserves between different restoration types, focusing solely on surface soil
may lead to false ranking. For example, BP had lower TNstock than LP in the surface soil;
however, its total TNstock exceeded LP (Figure 6a). A similar phenomenon was observed
in TPstock.

Figure 6. Surface and deep soil stock and proportion ((a): the surface and deep soil stock, (b): the
surface and deep soil stock as a percentage of the total stock).
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4.2. Stoichiometric Ratio Differences Between Surface and Deep Soil and the Indications
4.2.1. Vertical Variation in Stoichiometric Ratios

The surface soil C:N ratio (24.98) in the study area was lower than that in deep soil
(26.90) (Figure 3d). This result is consistent with findings from the transitional zone of
desert and steppe in Inner Mongolia [18], but diverges from results found in the forest
ecosystem from South China [60,61]. There are three possible causes: (1) The soil N source
is mainly from litter decomposition and nitrogen fixation, which mainly concentrate in the
surface soil [62]. And as the study area is nitrogen-limited, the limited surface soil N is
difficult to reach the deep soil layer due to rapid absorption and utilization by plants and
microorganisms [63]. (2) The study area is located on the Loess Plateau, characterized by
low precipitation and high evaporation, leading to predominant upward migration of soil
moisture. Inorganic nitrogen (particularly nitrate) dissolved in soil water moves upward
with evaporative flux and crystallizes upon water evaporation, enriching nitrogen in the
surface soil [64]. This results in relative nitrogen enrichment and a lower surface soil C:N.
(3) The sources of organic matter in deep soil are mainly infiltration of dissolved organic
carbon from the upper layer, and a small amount of root exudates, fine root litter, which is
characterized by high C:N [65,66].

Surface soil C:P (113.31) and N:P (4.65) were higher than deep soil values (106.12, 4.03)
(Figure 3d,e), aligning with existing studies [60,67,68] and China’s national patterns (surface:
C:P (105), N:P (7.7); deep: C:P (37.5), N:P (3.45)) [69]. This was mainly due to the stronger
“surface aggregation” effect of C and N than that of P. Specifically, SOC originates mainly
from litter decomposition, and the main source of N is litter decomposition and nitrogen
fixation—both of which occur primarily in the surface soil layer (Figure 7a,b). In contrast,
soil P ultimately derives from phosphate-containing minerals in soil parent materials or the
bedrock [4], which means that the deep soil layer contains a considerable amount of P in spite
of the “surface aggregation” effect (Figure 7c). And hence, soil C and N decrease more rapidly
with soil depth compared with P, resulting in decreased C:P and N:P with depth.

 

Figure 7. Vertical variation in SOC, TN and TP stocks under different restoration types: (a–c) are the
vertical changes in SOC, TN and TP stocks, respectively.
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4.2.2. Differences in Nutrient Balance Between Surface and Deep Soil

Our results indicate that the deep soil had more pronounced N and P limitations than
the surface soil. Specifically, the mean surface soil C:N and C:P ratios in the study area
were 24.98 and 113.31, respectively (Figure 3d,e). Taking China’s national averages as a
coarse benchmark, these values are 11.63 and 8.31 higher than China’s national averages
for 0–50 cm soil layer, respectively (Table 2), indicating N and P limitations in the surface
soil. In deep soil, the differences from China’s average increased substantially to 15.55 and
68.62, respectively (Table 2), suggesting strong potential nitrogen and P limitations. It is
worth noting that the phosphorus content of loess parent material in the Loess Plateau is
lower than that in other regions of the country, which will lead to the carbon-phosphorus
ratio in the deep layer of this study being much higher than the national level. And similar
situations are still observed in other studies on the Loess Plateau [70,71].

Table 2. Comparison of soil stoichiometric ratios between the study area and China’s average.

C:N C:P N:P

Surface soil
The study area 24.98 113.31 4.65

China’s average (0–50 cm) [69] 13.35 105 7.7
Difference between the study area and China’s average 11.63 8.31 −3.05

Deep soil
The study area 26.9 106.12 4.03

China’s average (>50 cm) [69] 11.35 37.5 3.45
Difference between the study area and China’s average 15.55 68.62 0.58

4.3. Factors Influencing SOCstock, TNstock, TPstock, and Stoichiometric Ratios in Surface and Deep
Soil Layers

The high RDA explained variance (94.63%–97.04%) should be interpreted cautiously,
as it may be inflated by limited sample size and by mathematical dependence between
elemental variables (C, N, P) and derived stoichiometric ratios, which reduces effective
dimensionality in linear ordination. Here, we treat it mainly as a visualization of multi-
variate associations rather than causal inference. Surface SOCstock, TNstock, TPstock, and
their stoichiometric ratios were primarily regulated by Alt, SWC, and pH (Figure 5a). In
contrast, deep soil C, N, and P stocks and stoichiometry depended more on Thickness,
SBD, and Alt (Figure 5b). As the common influencing factor for both surface and deep
soil, altitude was positively correlated with both surface and deep soil C, N, and P stocks
(Figures 4 and 5). This may be attributed to higher elevations that are typically associated
with lower temperatures, reduced microbial activity, slower organic carbon decomposition,
weakened nitrogen mineralization and nitrification, and enhanced rock weathering, leading
to increased phosphorus release into the soil [68,71]. Alt was negatively correlated with soil
C:N but positively correlated with N:P in both surface and deep layers (Figures 4 and 5).
This likely occurred because soil C did not increase as much as N with rising altitude,
while P remained relatively stable. A significant positive correlation was observed between
Alt and surface soil C:P (p < 0.01), whereas a negative correlation was found in deep soil
(Figure 4). This pattern may be explained as follows: with increasing altitude, temperature
decreases, and P accumulates more slowly than C. In the surface soil, higher altitude in
our study region is linked to cooler conditions that suppress microbial decomposition and
thereby promote SOC accumulation [72]. In contrast, total soil P is largely governed by
parent material inputs and soil mineral interactions, and thus tends to vary less than SOC
along the same gradient [73–75]. Consequently, SOC increases faster than TP in the surface
layer, resulting in higher C:P at higher altitude.

Besides Alt, other influencing factors differed between surface and deep soil stoichiom-
etry. In surface soil, SWC and pH were key regulators. Specifically, SWC was significantly
negatively correlated with SOCstock, TNstock, and TPstock (p < 0.01) (Figure 4a). This was
likely due to the nutrient stocks increasing with vegetation growth, while dense vegetation
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exhausts soil water [27,76]. In contrast, SWC was positively correlated with C:N (p < 0.01)
(Figure 4a), which may be attributed to the SOC transformation and nitrogen-fixing pro-
cess. When the vegetation biomass is high, diazotroph has sufficient carbon source for
nitrogen-fixing [77,78], and hence the N limitation is released and C:N decreases. Mean-
while, however, the SWC is rapidly consumed by the dense vegetation [76]. This ultimately
leads to a positive relationship between soil C:N and SWC.

As the third influencing factor of surface soil stoichiometry, pH was significantly
negatively correlated with surface soil TNstock (p < 0.01) (Figure 4a), which may be due to:
(1) Both are regulated by plant biomass. With the increase in plant biomass, the increase
in organic carbon and microbial activity in the input soil will reduce the pH [79]. At the
same time, the increase in organic carbon source enhanced the activity of nitrogen-fixing
microorganisms, thus increasing the amount of nitrogen fixation. Therefore, with the
increase in plant biomass, pH decreased and TNstock increased, and the two were nega-
tively correlated. (2) An alkaline environment will inhibit the activity of nitrogen-fixing
microorganisms (such as rhizobium), reduce the efficiency of biological nitrogen fixation,
and lead to a decrease in soil total nitrogen input [80,81]. Therefore, pH is negatively
correlated with TNstock. Our results showed that surface soil C:P and N:P were significantly
negatively correlated with pH (p < 0.001) (Figure 4a), which may be because the increase
in litter resulted in an increase in soil carbon and nitrogen storage, while phosphorus
storage remained basically unchanged. C:N was significantly positively correlated with
pH (p < 0.05) (Figure 4a), which may be because the alkaline environment inhibits microor-
ganisms involved in organic matter decomposition and nitrogen mineralization. When
the decomposition rate slows down, the accumulation of carbon may increase relatively,
while the mineralization and utilization efficiency of nitrogen may decrease, resulting in an
increase in C:N [82].

In deep soil, Thickness was the dominant factor and showed significant positive corre-
lations with SOCstock, TNstock, and TPstock (p < 0.01) (Figure 4b). Importantly, Thickness
should be interpreted primarily as a proxy for the size of the subsoil reservoir (i.e., soil
mass/volume per unit area) and the degree of profile development, rather than a direct
indicator of favorable rooting conditions. In loess landscapes, thicker profiles generally
represent less eroded soils with greater capacity to retain mineral-associated organic matter
and nutrients, and they can buffer topsoil nutrient losses caused by erosion [40,83]. In
addition, deeper and thicker profiles provide more exploitable rooting volume and sub-
soil resources; thus, plant access to subsoil nutrients and the delivery of plant nutrients
belowground can increase where rooting depth is not strongly constrained [23,26].

Nevertheless, the realization of this storage potential is strongly conditioned by soil
physical accessibility. SBD integrates key constraints on subsoil accessibility, including
reduced hydraulic conductivity and increased mechanical impedance (penetration resis-
tance). High SBD can restrict fine-root elongation and penetration—particularly in deeper
layers—thereby reducing rhizodeposition and fine-root turnover that constitute major
sources of subsoil organic matter [23,26]. Because direct litter-derived inputs into deep
mineral soil are generally limited compared with root-derived inputs [26,50], such root
constraints can translate into lower SOCstock and associated TNstock, consistent with the
negative correlations observed between SBD and SOCstock, TNstock and TPstock in our deep
layers (Figure 4b) and in other studies [68,84,85].

In summary, as the interface between soil and the external environment, sur-
face soil is more susceptible to disturbances from environmental factors and biological
activities [15,86], and is hence influenced by micro-climate and biological-related factors
(Alt, SWC, and pH). The major difference is that the deep soil stoichiometry was strongly
governed by factors related to nutrient storage and transport (Thickness, SBD and Alt).
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4.4. Implications, Limitations and Future Research
4.4.1. Implications for Soil Stoichiometric Studies

Our study underscores the importance of deep soil in three aspects. First, the deep
soil accounted for 33%–47% of the total nutrient storage within the profile (Figure 6), repre-
senting a critical nutrient reservoir. Second, the differences in C:N and C:P from China’s
average were markedly greater in deep soil (15.55 and 68.62, respectively) than in surface
soil (11.63 and 8.31, respectively) (Table 2), indicating more pronounced N and P limita-
tions in the deep soil. Third, the factors influencing soil stoichiometry differed between
layers: the deep soil stoichiometry was primarily governed by properties related to nutrient
storage and transport (thickness, SBD, and Alt), whereas the surface soil stoichiometry
was mainly influenced by microclimate and biological-related factors (Alt, SWC and pH)
(Figure 5; detailed in Section 4.3).

These findings provide strong evidence that soil stoichiometric studies should adopt
greater sampling depths. First, because the deep soil layer acts as a major nutrient reservoir,
relying solely on surface data would substantially underestimate actual nutrient stocks.
Second, the complex migration and transformation of nutrients create stoichiometric hetero-
geneity with depth; surface ratios alone cannot accurately reflect overall nutrient balance or
limitation status. Third, since different factors control surface and deep soil stoichiometry,
drivers identified from surface samples are not representative of the entire profile. This
aligns with soil carbon research, which shows that shallow sampling underestimates carbon
pools and can even alter conclusions regarding carbon accumulation versus loss [39,42,87].

More importantly, our study also has important implications for biogeochemical and
ecosystem modeling. Recent Earth system and regional land-model studies increasingly
argue for extending soil observations beyond the surface layer—often to 1 m depth—to
better constrain vertically structured biogeochemical processes and improve model bench-
marking and parameterization, and our study advocates this viewpoint. Earlier model
applications commonly relied on topsoil datasets for calibration and evaluation, and subse-
quent model–data assessments highlighted uncertainties in simulated soil carbon stocks
and turnover behavior, motivating a shift toward depth-explicit representations and the use
of soil-profile constraints (e.g., vertically resolved soil biogeochemistry in CLM; observation-
based benchmarks and topsoil–subsoil datasets distinguishing 0–0.3 m vs. 0.3–1 m; and
profile-data assimilation efforts that improve parameter constraints) [88–92]. In parallel,
nutrient-enabled land models further emphasize that predictive skill depends on how N
and P availability are parameterized, reinforcing the need for depth-resolved constraints
on sub-surface nutrient conditions [93,94]. Our case study aligns with and supports this
recent direction: by providing depth-resolved C:N:P measurements to 1 m, we offer evi-
dence that deep layers can represent a substantial component of the total profile pool and
exhibit depth-specific stoichiometric patterns, which can be used to benchmark and inform
nutrient-cycling simulations in restoration landscapes on the Loess Plateau.

4.4.2. Limitations and Future Research

This case study highlights the role of deep soil as a vital nutrient reservoir and reveals
its differing stoichiometric characteristics and drivers compared to surface soil. However,
to avoid overgeneralization and to ensure the rigor of our conclusions, several limitations
should be acknowledged. First, due to practical challenges in excavating deep soil profiles
in rural forested landscapes, we examined only three representative restoration types in
the study region. And the number of plots per restoration type (n = 3) may limit statistical
power, especially in deep soil where heterogeneity is high; therefore, non-significant
differences among restoration types at depth should not be interpreted as evidence of
complete ecological homogeneity, but rather as patterns requiring validation with larger
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spatial replication. Second, in this study, we treated soils below 40 cm as a single “deep-
soil” layer, whereas depth-dependent biogeochemical processes may produce different
stoichiometric patterns and controls across subsoil intervals (e.g., 40–80 cm vs. deeper
horizons). Future work should employ more uniform and deeper coring across all plots
and explicitly compare multiple subsoil intervals to clarify how stoichiometric traits and
their drivers vary with depth and to better understand the functional roles of different
layers in biogeochemical cycling. Third, the influencing factors identified here are based on
statistical associations with measured environmental variables rather than process-based
mechanistic investigations; therefore, causal pathways cannot be fully resolved. Given the
pronounced differences in stoichiometry and its controls between deep and surface soils
observed in this study, we encourage increased research attention on subsurface layers to
advance a comprehensive understanding of biogeochemical cycling and to better inform
ecosystem management and ecological restoration practices [38,41].

5. Conclusions
This study underscores the often-overlooked role of deep soil in shaping ecosystem

nutrient profiles and stoichiometric balances. By systematically comparing surface and deep
layers in the Loess Hilly Region, we reveal fundamental disparities in nutrient storage,
elemental stoichiometry, and the dominant drivers regulating these properties. These
findings challenge the prevailing surface-centric research paradigm and demonstrate that
excluding deep soil can lead to incomplete or biased interpretations of nutrient limitation
and regulatory mechanisms. We therefore advocate for the explicit integration of deep soil
layers into standard monitoring protocols and sampling designs, which is essential for
advancing the accuracy and comprehensiveness of terrestrial biogeochemical assessments.

Supplementary Materials: The following supporting information can be downloaded at: https:
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depth distribution.
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