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ARTICLE INFO ABSTRACT

Handling Editor: Dr. C Mueller Natural isotope ratios (§'3C, 8'°N, and §%*S) are effective indicators of soil element cycling, yet the role of
phosphorus (P) in regulating their variation under long-term fertilization remains unclear. Therefore, we
compared an unfertilized Control, non-P fertilized plots: receiving Ca (as lime), CaN and P-fertilized plots: CaNP,
CaNPKCl, and CaNPK3SO4 in a meadow grassland (Rengen, Germany). Topsoil (0-10 cm) C:N:P:S range varied in
line with fertilization, i.e., 109:8:1:1 (Control) to 45:4:2:1 (CaNPK3SO4). In the topsoil, P-fertilized plots
exhibited notably lower C:nutrient ratios than the Control. In contrast, all nutrient-addition treatments signifi-
cantly enriched soil 5'3C and §!°N compared to the Ca treatment, indicating accelerated organic matter C and N
turnover. Whereas isotopic responses in the subsoil were weaker. By contrast, §>%S changed little across treat-
ments except under CaNPK2SO4, suggesting a direct fertilizer effect. Across both depths, strong correlations (p <
0.01) between 8'3C and 5'°N indicated tightly coupled G and N cycling, whereas 5**S was unrelated to either
isotope. Redundancy analysis explained 55.4% of isotopic variation in topsoil and 61.2% in subsoil. Marginal
tests identified TP and TS as significant explanatory variables in both soil layers, whereas TN was additionally
significant only in topsoil. These results indicate that isotopic variation was better explained by coupled nutrient
interactions, particularly involving P and S, and in topsoil additionally N. In conclusion, nutrient management in
this P-limited grassland should adopt a balanced strategy rather than focusing on phosphorus alone.
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et al., 2023), especially in low-latitude regions subjected to long-term
weathering and pedogenesis, as well as in temperate grasslands
impacted by N deposition (Vitousek et al., 2010; Deng et al., 2017; Fan
et al., 2018).

1. Introduction

Phosphorus (P) is essential for microbial RNA synthesis and cell
membrane structure (Elser et al., 2000). Changes in phosphorus avail-

ability profoundly influence the biogeochemical cycles of carbon (C),
nitrogen (N), and sulfur (S) by regulating microbial metabolic strategies,
functional gene expression, and elemental stoichiometry (Kirkby et al.,
2013; Zechmeister-Boltenstern et al., 2015; Spohn et al., 2016; Li et al.,
2022b). Despite its key role, P limitation is widespread, affecting
approximately 43% of global terrestrial ecosystems (Du et al., 2020;
Wieder et al., 2015). Moreover, this proportion is increasing under
intensified N deposition (Elser et al., 2007; Penuelas et al., 2020; Wang

Phosphorus limitation exhibits a dual regulatory role on C cycling.
On the one hand, it reduces organic C decomposition and benefits soil C
accumulation by suppressing microbial activity (Cleveland et al., 2002;
Vitousek et al., 2010) and decreasing microbial carbon use efficiency
(CUE) (Li et al., 2022b). On the other hand, microbial acquisition of
phosphorus via phosphatase secretion is accompanied by the release of
excess C (Dijkstra et al., 2013; Finn et al., 2016). The effect of P avail-
ability on the N cycle is equally complex. Phosphorus addition in P-
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limited soil enhances net N mineralization rates by reducing soil N:P and
C:P ratios (Reed et al., 2007; Sardans et al., 2021; Cui et al., 2022; Hu
et al., 2025), but simultaneously increases the abundance of denitrifi-
cation genes, thereby increasing potential gaseous nitrogen loss
(Godwin and Cotner, 2015; Tang et al., 2016; Xiao et al., 2025). Phos-
phorus availability also indirectly affects S transformation through
competitive adsorption and enzymatic activity regulation. P addition
can desorb soil sulfate because phsophate has a higher affinity for soil
minerals than sulfate ions (Kaiser et al., 1996). Meanwhile, phosphate
competitively inhibits arylsulfatase activity (Tabatabai and Bremner,
1970; Al-Khafaji and Tabatabai, 1979), reducing organic sulfur hydro-
lysis and exacerbating sulfur deficiency.

Natural isotope of 3'3C, 3'°N and §*S are effective in identifying the
element source and soil organic matter turnover across ecosystems (Bol
et al., 2000; Frank et al., 2004; Hobbie and Hobbie, 2008; Gunina and
Kuzyakov, 2014; Dou et al., 2016). For instance, variations in natural
5'3C abundance can help to indicate the relative contributions of new
and old soil organic carbon (SOC) (Bol et al., 2000; Gunina and
Kuzyakov, 2014; Dou et al., 2016). 5!°N enrichment infers greater N
cycling rates and N losses (Reis et al., 2017; Wang et al., 2021), and 5%4s
values help indicate whether the excess S comes from desorbed sulfate or
organically-cycled S (Novak et al., 2003). Given that P status is the key
factor of soil C, N and S cycling, elucidating changes in natural isotopes
under different P-related nutrient conditions is critical for predicting
changes in terrestrial ecosystem functions (Sun et al., 2022; Feng et al.,
2023). However, the effect of P status on soil natural isotopes was rarely
reported. Whether P status is the primary factor influencing isotopic
variation also remains unclear.

To address this gap, we investigated an 82-year fertilized grassland
experiment with documented P limitation in Rengen, Germany
(Hejcman et al., 2010a; Hejecman et al., 2010c; Smarda et al., 2013),
where soils were treated with varying combinations of lime and mineral
fertilizers: Ca (lime), CaN, CaNP, CaNPKCI, and CaNPK,SOg4. All treat-
ments without P fertilizer exhibit a negative P balance (Hejcman et al.,
2010a). Using **C and >°S approaches, we previously found that soil P
(indicated by soil total P content) deficits decrease microbial CUE and S
bioavailability, particularly in N-fertilized plots without P (CaN),
whereas P fertilization can alleviate microbial P limitation and enhance
soil S mineralization rates (Wang et al., 2024). Based on these findings,
we, therefore, hypothesized that P status (indicated by soil total P
content or stoichiometry) is a primary driver of soil natural isotope ra-
tios (813C, 5'°N, 5°4S). Specifically, higher P availability enhances mi-
crobial decomposition and organic matter turnover (Mehnaz et al.,
2019; Xu et al., 2020; Wang et al., 2024), leading to an enrichment of
natural isotopes in P-fertilized soils compared to P-deficient treatments.

2. Material and methods
2.1. Experiment site

The fertilizer experiment was established at the Rengen Grassland
Research Station of the University of Bonn in the Eifel Mountains
(Germany, 50°14'22"N, 6°49'34"E). The site is 475 m above sea level, the
annual average temperature and total precipitation of 6.9 °C and 811
mm (mean value, 1934-1991, Rengen meteorological station), respec-
tively. The soil type is Stagnic Cambisol (IUSS working group WRB,
2022).

In 1941, two blocks were set up in the trial site and each block has 25
plots (3 m x 5 m). Five different fertilizer treatments (Ca, CaN, CaNP,
CaNPKCl, and CaNPK,SO4) with five replicates each were randomly
dispersed in each block (Fig. S1 for field photography and design). The
nutrients are applied as the following fertilizers: quick lime, limestone
ammonium nitrate (KAS 27), potassium chloride, basic slag and potas-
sium sulfate (Smarda et al., 2013). The annual application amount of
nutrients for each treatment are as follows (average inputs in kg ha™!
yr~1): Ca (715 Ca), CaN (752 Ca, 100 N), CaNP (936 Ca, 100 N, 35P),
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CaNPKCl (936 Ca, 100 N, 35P, 133 K), CaNPK3SO4 (936 Ca, 100 N, 35P,
133 K). These fertilizers were applied in a single annual dressing except
for N (two dressings). Since the original field experiment did not contain
non-fertilized controls, an unfertilized control treatment was introduced
on a strip next to the existing block in 1988. The experimental plots were
mown once a year in late summer from 1942 to 1944 and 1950-1961 for
hay production, the experiment was not managed (fertilized or cut)
during 1945-1950. Since 1962, all plots have been mowed twice a year,
in late June/early July and mid-October. From 1989 until 1995, forage
biomass was measured by cutting the sward in each plot to ca. 2 cm
(Schellberg et al., 2001). More information on aboveground plant spe-
cies and trial details have been published previously (Hejcman et al.,
2007; Hejeman et al., 2010c).

2.2. Soil sampling

In November 2022, soil samples were collected from five fertilization
treatments in block 1 and the control (Fig. S1). Specifically, after
removing plant residues, 6 auger cores (g 3 cm) were taken with a
thickness of 0-10 cm and 10-20 cm in each plot, then soil samples were
combined and mixed thoroughly to form a single composite sample for
each depth (i.e. topsoil and subsoil) in each plot, with a total of 60
samples collected (6 treatments, 5 replicates and 2 depths). Soil samples
were transported to the laboratory immediately and stored at — 4 °C
before further analysis. After removing all stones and roots, soil samples
were air-dried and sieved to a size of 2 mm and 0.15 mm for the
determination of soil properties.

2.3. Soil abiotic properties and natural isotope determination

Soil pH was measured using a soil-to-water ratio of 1:2.5. Soil total
calcium (Ca), magnesium (Mg), aluminium (Al), iron (Fe), potassium
(K), manganese (Mn), total sulfur (TS) and total phosphorus (TP) were
measured by inductively coupled plasma optical emission spectroscopy
(Thermo Scientific ICP-OES, Waltham MA, USA) after acid digestion
(approximately 50 mg per sample) was performed in closed vessels in a
Microwave system using a mixture of 2 mL concentrated HCl and 0.7 mL
concentrated HNOs3.

To remove the inorganic carbon, the SOC and total nitrogen (TN)
contents, the 13C/*2C ratios and '°N/*N isotope ratios were determined
by dry combustion on an isotope ratios mass spectrometer (Thermo-
Finnigan, Bremen, Germany) after decalcification with hydrochloric
acid (5% HCI). Briefly, samples were decalcified by wet chemical
treatment. About 150 mg of each sample was weighed in centrifuge
tubes, treated with 25 mL of hydrochloric acid (HCl, 5%) and kept in a
50 °C water bath for 4 h. Samples were washed and centrifuged
repeatedly with 45 mL of deionized water, to remove the remnants of the
hydrochloric acid and then dried and homogenized for isotope analysis
(Potter et al., 2020). The isotope ratios were represented as 5'3C (%o) and
515N (%) relative to the Vienna Pee Dee Belemnite (VPDB) international
standard (13CVPDB) and atmospheric air (*>N,ir). The 34s/%28 isotope
ratios in soil samples were measured by isotope ratio mass spectrometry
(vision, Elementar Analysensysteme GmbH, Langenselbold, Germany)
using samples without HCI treatment and expressed as §°*S relative to
the Vienna Canyon Diablo meteorite (VCDT) standard. Measurements
were calibrated using the international reference substances silver sul-
fide (IAEA-S1 and IAEA-S2) and barium sulfate (IAEA-SO-6).

2.4. Statistical analysis

One-way ANOVA was conducted to evaluate the effect of fertilization
on soil properties and natural isotope values using SPSS Statistics
version 26.0 (IBM Corp., Armonk, NY, USA). Significant differences
among treatments were determined using Duncan test at the p < 0.05
level. Data were tested for homogeneity of variance using Levene’s test
(p > 0.05) prior to ANOVA. When the data did not meet the assumptions
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of normality or homogeneity of variances, the Kruskal-Wallis H test (p <
0.05) was used to assess treatment differences. Independent Samples t-
test was used for the comparison between topsoil and subsoil within
each fertilization treatment (p < 0.05). Pearson correlations and
redundancy analysis (RDA) were performed in R 4.2.1 using the ggplot2
and vegan packages, respectively. RDA was applied to examine the re-
lationships between isotopic composition (5'3C, 5'°N, and 5*4S) and soil
properties (SOC, TN, TP, TS, K, Cal, Mg, Fe, Al, Mn, and pH). Nutrient
stoichiometric ratios were excluded to avoid deterministic redundancy.
All variables were centered and scaled prior to analysis. Model signifi-
cance was assessed using 999 permutations, and marginal tests were
used to evaluate the significance of each explanatory variable after ac-
counting for the others. Statistical significance was set at p < 0.05.

3. Results
3.1. Soil element content

Fertilization had a strong effect on belowground soil nutrient stocks
in this grassland. In topsoil, soil pH values in limed soils (7-7.6) were
significantly increased relative to the control (5.4 + 0.18). Moreover,
82-year lime application significantly decreased SOC content (Table 1).
Specifically, the SOC decreased by 16% on average under Ca and CaN,
and remarkably decreased by 34% on average under treatments with P
fertilizers (CaNP, CaNPKCl, CaNPK5SO,4). Soil TP content was higher
under treatments with P fertilizers (CaNP, CaNPKCI, CaNPK3SOy4, 1.40 g
kg~! on average) compared to treatments without P fertilizers (Control,
Ca, CaN, 0.41 g kg™! on average). Soil TS content increased by 38% on
average under Ca (0.53 + 0.02 g kg™1) and CaN (0.52 + 0.02 g kg™1),
and increased by 65% on average under treatments with P fertilizers
relative to control (0.38 + 0.02 g kg~1). Moreover, fertilization signifi-
cantly increased soil total Mg content relative to control, total Fe content
was significantly higher under treatments with P fertilizers than in
treatments without P fertilizers (Table 2).

In the subsoil, soil pH in limed subsoil also significantly increased
(Table 1). Fertilization had no significant effect on SOC and TN. Soil TP

Table 1
Soil pH and nutrient content under different treatments.
Depths Treatments Soil pH SOC (g TN (g TP (g TS (g
(cm) kg™ kg™H kg™ kg™h
0-10 Control 5.36 + 42 + 3.07 + 0.43 + 0.38 +
0.18¢ 3.85a 0.22 a 0.03c 0.02d
Ca 7.30 £ 34 + 292 + 0.43 + 0.53 +
0.15a 1.4 be 0.09 a 0.03c 0.02¢
CaN 7.32 £ 36 £ 2.85 + 0.36 + 0.52 +
0.09 a 2.7 ab 0.08 a 0.01c 0.02c
CaNP 7.60 £ 24 + 2.74 £ 1.58 + 0.65 +
0.14 a 2.3d 0.27 a 0.14 a 0.05 ab
CaNPKCl 7.03 £ 28 + 2.67 £ 1.25 + 0.56 +
0.25b 1.5cd 0.14a 0.10b 0.04 be
CaNPK,S04 7.49 + 30 + 295 + 1.36 + 0.67 +
0.04 a 1.8 bed 0.08 a 0.09 ab 0.05 a
10-20 Control 5.46 + 18 + 1.50 + 0.39 + 0.23 +
0.19b 1.45a 0.15a 0.03b 0.03b
Ca 7.26 + 20 + 1.61 + 0.35 + 0.32 +
0.08 a 28a 0.19a 0.03b 0.03 ab
CaN 7.20 + 20 + 1.92 + 0.31 + 0.35 +
0.04 a 2.7 a 0.19a 0.01b 0.03 a
CaNP 7.56 £ 20 + 1.94 + 0.83 + 0.42 +
0.04 a 20a 0.27 a 0.11a 0.08 a
CaNPKCl 7.20 + 22 + 1.86 + 0.86 + 0.36 +
0.23 a 24a 0.21 a 0.11a 0.36 a
CaNPK,SO4 7.35 £ 21 + 1.91 + 0.78 + 0.37 £
0.10 a 0.7 a 0.15a 0.04 a 0.02 a

SOC: soil organic carbon, TN: soil total nitrogen, TP: soil total phosphorus, TS:
soil total sulphur. The different lower cases indicate significant differences
among treatments in topsoil (0-10 cm) or subsoil (10-20 cm) (p < 0.05). Data
are represented as means + SEM.
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Table 2
Soil total metal content under different treatments.
Depths  Treatments Cal Mg Al Fe K Mn
(cm) (g g (g (g g €
ke )  kgh o kghH  kgH  kgH  kghH
0-10 Control 1.38 1.10 16 + 20 + 1.98 1.41
+ + 0.38 0.44b + +
0.27b 0.02d ab 0.07 a 0.10b
Ca 3.81 1.74 15 + 19 + 1.78 1.33
+ + 0.22b 1.33b + +
0.24 0.04 0.10a 0.10b
ab be
CaN 3.75 1.78 16 + 20 + 1.80 1.39
+ + 0.39 1.08b + +
0.22 0.07b ab 0.10a 0.13b
ab
CaNP 6.45 1.99 16 + 25 + 1.92 1.94
+ + 0.41 a 1.11a + +
0.75 a 0.09 a 0.08 a 0.05 a
CaNPKCl 3.63 1.58 16 + 24 + 2.33 1.99
+ + 0.61 1.05a + +
0.33 0.05¢ ab 0.26 a 0.10 a
ab
CaNPK,SO4 4.85 1.79 17 £ 23 + 2.26 1.86
+ + 0.28 0.58 a + +
0.32a 0.05b ab 0.18a 0.07a
10-20 Control 0.86 1.02 17 + 26 + 2.34 1.80
+ + 0.22 a 1.33a + +
0.19b 0.02 a 0.05a 0.14 a
Ca 2.19 1.37 15 + 22 + 2.38 1.62
+ + 0.21 1.52a + +
0.34 0.06 a ab 0.22a 0.03 a
ab
CaN 1.68 1.02 11 + 16 + 2.13 1.06
+ + 0.57b 0.60 a + +
0.21 0.06 a 0.19a 0.07 a
ab
CaNP 3.04 1.31 14 £ 20 £ 2.40 1.33
+ + 0.96 1.81a + +
0.49 a 0.11a ab 0.12a 0.13a
CaNPKCl 2.56 1.46 15+ 25 + 2.82 1.75
+ + 0.79 251a + +
0.47 0.13a ab 0.28 a 0.14 a
ab
CaNPK,SO4 1.93 0.86 9+ 14 + 1.94 1.12
+ + 2.79 5.05a + +
0.69 0.30 a ab 0.29a 0.33 a
ab

Cal: total calcium, Mg: total magnesium, Al: total aluminium, Fe: total iron, K:
total potassium, Mn: total manganese. The lower cases indicate significant dif-
ferences among treatments in topsoil (0-10 c¢cm) or subsoil (10-20 cm) (p <
0.05), data are represented as means + SEM.

content with P addition increased from 0.34 to 0.82 g kg ! (on average)
relative to treatments without P fertilizer (Table 1). Relative to the
control (0.23 + 0.03 g kg_l), all fertilization increased soil TS signifi-
cantly except for the treatment Ca. Fertilization had no significant effect
on total metal content in the subsoil (Table 2).

3.2. Soil nutrient stoichiometry

In the topsoil, treatments Control and CaN had significantly higher C:
N ratios than treatments with P fertilizer addition (CaNP, CaNPKCI,
CaNPK5SOy). The soil C:N:P:S ratios (Table 3) under fertilization were
109:8:1:1 (Control), 63:5:0.8:1 (Ca), 70:6:0.7:1 (CaN), 37:4:2:1 (CaNP),
51:5:2:1 (CaNPKCl), 45:4:2:1 (CaNPK3SO,4). Fertilization had no sig-
nificant effect on C:N in the subsoil. The C:N:P:S stoichiometry ratios in
subsoil were 77:7:2:1 (Control), 61:5:1:1 (Ca), 58:5:0.9:1 (CaN),
47:5:2:1 (CaNP), 62:5:2:1 (CaNPKCl), 56:5:2:1 (CaNPK3SO4). Notably, P
fertilizer addition (CaNP, CaNPKCI, CaNPK,SO,) significantly decreased
C:P, C:S, N:S and N:P ratios and increased P:S compared to treatments
without P fertilizer in two depths (Table 3).
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Table 3
Stoichiometric ratios of soil elements under different treatments.
Depths (cm) Treatments C:N C:P C:S N:S N:P P:S C:N:P:S
0-10 Control 135+ 043 a 98 £ 11 ab 110 £ 8a 8.1+0.46a 7.3+ 0.69a 1.1 + 0.05b 109:8:1:1
Ca 11.5 + 0.49 be 79 + 4b 63 + 1b 5.6 + 0.25b 7.0+ 043 a 0.81 £ 0.05¢ 63:5:0.8:1
CaN 12.7 £ 0.82 ab 101 +6a 70 + 3b 5.5+ 0.14b 8.0+ 0.29a 0.69 £ 0.02c 70:6:0.7:1
CaNP 8.8 +£0.39d 15+1d 33+1d 3.8+0.27d 1.7 £ 0.13c 22+011a 37:4:2:
CaNPKCl 10.6 + 0.44c 23 + 2¢ 51 + 4c 4.9 + 0.39 be 2.2 +0.14b 23+0.13a
CaNPK,SO4 10.1 £ 0.45 cd 22 + 1c 45 + 3¢ 4.5 + 0.36 cd 2.2 +£0.16 be 2.0+ 0.04a
10-20 Control 119+ 0.42a 45+ 3a 79+t 6a 6.58 £ 0.35a 3.84 + 0.32 abc 1.75 £+ 0.16b
Ca 12.0 £ 0.56 a 60+1a 63 + 8 ab 5.16 + 0.44 bc 4.73 4+ 0.69 ab 1.13 + 0.11c
CaN 10.6 + 0.64 a 54+7a 67 + 7 ab 6.38 4 0.58 ab 6.26 + 0.66 a 1.06 + 0.16¢
CaNP 10.5 £ 0.69 a 21 +2bc 43 + 6¢ 4.08 £ 0.44c 1.94 + 0.16 bc 2.10 +£ 0.12 ab
CaNPKCl 12.0 £ 0.66 a 25+ 1 ab 55+ 7 be 4.51 £ 0.41c 1.87 £ 0.15¢ 242 +0.13a
CaNPK,SO4 11.0 £ 0.49 a 27 +1ab 57 + 2 be 5.23 4+ 0.32 be 2.45 4+ 0.15 abc 2.14 4+ 0.08 ab

C:N: soil organic carbon to total nitrogen ratio, C:P: soil organic carbon to total phosphorus ratio, C:S: soil organic carbon to total sulphur ratio, N:S: total nitrogen to
total sulphur ratio, N:P: total nitrogen to total phosphorus ratio, P:S: soil total phosphorus to total sulphur ratio. The different lower cases indicate significant dif-
ferences among treatments in topsoil (0-10 cm) or subsoil (10-20 cm) (p < 0.05). Data are represented as means + SEM.

3.3. Soil natural isotopes values

The range of natural 5'3C was from —28.72 %o to —28.29 % in topsoil
(Fig. 1). The combination of lime (Ca) with N, P or S fertilizers had
significantly higher 8'3C value than sole lime application (Ca). Soil 5!°N
value under fertilization was between 1.66 %o to 2.48 %o (Fig. 1).
Compared with the control, treatments CaN, CaNP and CaNPKCl
significantly increased 5'°N. As for the 53*S (Fig. 1), only CaNPK»SO,
(6.58 %o + 0.33) significantly increased 5>*S compared with the control
(4.16 %o & 0.21).

Overall, in the subsoil, fertilization had no significant effect on the
§'3C and 8'°N values. Treatment CaNPK5SO4 (6.53 %o + 0.11) had
significantly higher 534S than the Ca (4.57 %o + 0.33), CaN (4.98 %o +
0.20) and CaNP (5.07 %o + 0.35). Except for the CaNPKCI, §'3C and '°N
values in the subsoil were significantly higher than in the topsoil.

3.4. Relationships between soil nutrient contents, stoichiometry and stable
isotope values

In topsoil and subsoil, natural §'3C values were positively correlated
with 8'°N values with a higher r value (0.59, 0.64 respectively, p <
0.001), while soil natural 84S value had no significant relationship with
5'3C or 8'°N values (Fig. 2).

In topsoil, there was a negative correlation between 5'°N values and
SOC (r = —0.53,p = 0.003), TN (r = —0.47, p = 0.009), C:N (r = —0.39,
p =0.035) and C:P (r = —0.37, p = 0.048), C:S (r = —0.38, p = 0.042)
ratio (Fig. 3). Soil natural 5>*S values were positively correlated with

s0il TS (r = 0.38, p = 0.04), total Calcium (r = 0.37, p = 0.047) and soil
pH (r = 0.38, p = 0.042, Fig. S2), negatively correlated with C:P ratio
and C:S ratio (Fig. 3). In the subsoil (Fig. 4), soil 513C values were
negatively correlated with SOC (r = —0.45, p = 0.015) and TN content
(r=—0.5, p = 0.006). Soil 5'°N values were positively correlated with C:
S (r = 0.43, p = 0.019) and N:S ratio (r = 0.51, p = 0.005), and nega-
tively correlated with soil SOC, TN, TP and TS content (Fig. 4).

The RDA model explained 55.4% of the isotopic variation in topsoil
(adjusted R? = 0.266, p = 0.024) and 61.2% in subsoil (adjusted R? =
0.360, p = 0.005), indicating a stronger multivariate structure in subsoil
(Fig. 5). Marginal tests (Table 4) identified TP and TS as significant
explanatory variables in both soil layers, whereas TN was significant
only in topsoil. Specifically, TP (p = 0.019), TS (p = 0.010), and TN (p =
0.034) significantly explained isotopic variation in topsoil, while in
subsoil only TP (p = 0.037) and TS (p = 0.005) remained significant. The
RDA biplots further suggested that isotopic variation in both soil layers
was structured mainly along a nutrient-related gradient, with P repre-
senting an important explanatory factor together with S, and addition-
ally N in topsoil.

4. Discussion
4.1. Soil element content and stoichiometry under different fertilization
Long-term fertilization strongly altered soil nutrient status and

stoichiometry, especially in topsoil. The markedly higher C:P ratios
under treatments without P addition support previous evidence that this
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Fig. 1. Natural §'3C, 8!°N and §*S abundance in soil samples under different treatments. The lower and upper cases above the bars indicate significant differences
among these treatments in topsoil and subsoil (p < 0.05), respectively. * represents significance between topsoil and subsoil at p < 0.05. Data are represented as

Means + SEM (n = 5).
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grassland is P-limited (Chytry et al.,, 2009; Hejcman et al., 2010b;
Smarda et al., 2013). By contrast, P fertilization substantially increased
TP and shifted soil C:N:P:S stoichiometry toward lower C:P, N:P, C:S and
N:S ratios and higher P:S ratios, indicating pronounced nutrient reor-
ganization under long-term fertilization (Sun et al., 2022). Similar ef-
fects of fertilization on soil nutrient pools and stoichiometry have been
widely reported (Luo et al., 2020; Rocci et al., 2022; Wang et al., 2022a).
Different from the topsoil, fertilization had no significant effect on the C:
N ratios in the subsoil. This is likely because the effects of liming or
fertilization on soil properties and microbial properties are often
restricted to the topsoil (Kriszan et al., 2009; Vieira Fontoura et al.,

2019; Ferrari Neto et al., 2021).
In our study, P fertilizer addition significantly reduced soil SOC,

which has been reported by Sochorova et al. (2016), this is consistent
with previous finding that alleviation of microbial P limitation can
enhance C loss due to the higher microbial mineralization of high-
quality organic inputs after P fertilization (Freschet et al., 2013; Li
et al., 2022a). Moreover, soil S pool significantly increased in treatments
combining lime and P fertilizer (Table 1). This suggestes that fertiliza-
tion modified not only P status but also the coupling between P and S
pools. This agrees with previous work at this site indicating enhanced P
availability, grass biomass production and S turnover rates under P
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fertilizer addition (Hejcman et al., 2010a; Hejecman et al., 2010c; Wang
et al., 2024).

4.2. Soil natural isotope ratios (5*°C, 5'°N, 5°*S) after different
fertilization

Lime (Ca) alone caused little change in 513C and 8'°N values relative
to the control, indicating that the variation in §'3C and 8'°N under
nutrient-added treatments was driven mainly by nutrient inputs (N, P or
S), instead of the elevated soil pH. Fertilization type and amount both
significantly affected the enrichment of soil §!°N (Watzka et al., 2006;
Kriszan et al., 2014). Because 5!°N in mineral N fertilizer or calcium

ammonium nitrate were near 0 %o or —1 %o (Kriszan et al., 2009; Choi
et al., 2017), the direct contribution of mineral fertilizers to soil §'°N
was negligible, therefore, the observed higher §'°N values were likely
attributed to enhanced organic matter turnover than to direct fertilizer
isotopic signatures (Bol et al., 2005; Senbayram et al., 2008; Liu et al.,
2016; Liu et al., 2018). By contrast, 5%S values showed minimal vari-
ation across treatments and depths except in CaNPK2SO4, which showed
increased 5%*S values presumably derived from the fertilizer input, in
agreement with Bol et al. (2005), who found that microbial fractionation
of S isotopes is often relatively small.

Globally, a general trend of decreasing C:N and increasing 5!3C and
5'°N values with depth has been observed in various ecosystems (Werth
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Table 4
Marginal effects of soil properties on isotopic composition (6*3C, '°N, and §34S)
in topsoil and subsoil based on redundancy analysis (RDA).

Soil depth Variables Margin Variance Margin F Margin P

Topsoil SoC 0.12 1.47 0.224
TN 0.24 3.06 0.034
TP 0.31 4.00 0.019
TS 0.39 4.99 0.010
K 0.21 2.63 0.058
Cal 0.11 1.36 0.276
Mg 0.08 0.97 0.414
Fe 0.06 0.74 0.504
Al 0.16 2.01 0.134
Mn 0.10 1.24 0.328
pH 0.07 0.91 0.421

Subsoil sSoC 0.10 1.44 0.227
TN 0.05 0.72 0.538
TP 0.24 3.46 0.037
TS 0.38 5.50 0.005
K 0.20 2.88 0.057
Cal 0.06 0.83 0.508
Mg 0.07 0.96 0.388
Fe 0.13 1.93 0.150
Al 0.14 1.98 0.132
Mn 0.17 2.44 0.097
pH 0.01 0.09 0.961

and Kuzyakov, 2010; Liu et al., 2016; Han et al., 2020). The 513C and
5'°N enrichment with soil depths were linked to isotope fractionation
during microbial decomposition of organic matter (Hobbie and Ouim-
ette, 2009; Han et al., 2020; Gurmesa et al., 2022). The finding in the
subsoil that both 13C and '°N were negatively correlated with SOC and
TN content supported the assumption.

4.3. Is phosphorus status the primary driver of soil §'°C, §'°N, and 5°*s
values under long-term fertilization?

Although previous work at this site showed that soil TP content was a
key factor regulating soil microbial growth and S cycling (Wang et al.,
2024), our results indicate that P status was an important but not
exclusive driver of isotopic variation. After accounting for other soil
properties, P contributed independently to the joint variation of 5'3C,
5'°N, and 6%*S in both topsoil and subsoil (Fig. 5; Table 4). However, TS
was also significant in both layers, and TN was additionally significant in
the topsoil. This suggests that the isotopic response is structured along a
nutrient related gradient rather than being controlled by TP alone. The
strong correlation between 8!°N and 8'3C confirms their coupling,
which is consistent with the view that soil C and N coupling is inde-
pendent of ecosystem type and soil depth (Yang et al., 2010; Han et al.,
2020; Park et al., 2023). This further suggests that organic matter is the
dominating reservoir of C and N in this grassland. In contrast, the natural
534S values showed no significant relationships with §'C and 8N,
rather, they were positively correlated with TS, total Calcium, suggest-
ing that the turnover of S in the soil is less associated with organic matter
turnover and is governed by different factors.

Our findings support the hypothesis that P-fertilized and unfertilized
soils induce isotopic shifts primarily through coupled nutrient cycling.
This interpretation is consistent with the view that 5'°N integrates N
transformation and loss pathways across soils and ecosystems
(Bachmann et al., 2026). Previous work has shown that P supply can
increase soil nitrogen transformation rates and N retention (Wang et al.,
2022b), while long-term fertilization can modify P lability through
changes in soil C:N:P stoichiometry (Qaswar et al., 2019). In our study,
the concurrent significance of TP and TS, further suggests that P did not
act in isolation, but rather within a coupled P and S nutrient framework,
which agrees with our previous work that soil S cycling can respond to P
availability (Wang et al., 2024). The crucial role of S wheel in driving
multi-element cycling has been highlighted recently (Cheng et al.,
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2025). We conclude that P acts as a key explanatory factor within a
nutrient regulated system, particularly in concert with S and with N in
the topsoil, but does not serve as the dominant control over isotopic
variation.

4.4. Study limitations

In our study, the isotope data of fertilizers were not available, which
limited our ability to separate direct fertilizer signals from post-input
biogeochemical fractionation. In addition, phosphorus status was indi-
cated by total P content and P related stoichiometry rather than directly
measured available P or P fractions, so our interpretation reflects P-
related nutrient status rather than individual P pools (Qaswar et al.,
2019; Wang et al., 2024). Finally, RDA models explained part of the
isotopic variation, suggesting that isotopic variation was likely influ-
enced not only by the measured soil properties but also by other envi-
ronmental controls, including climate, atmospheric deposition, and
microbial processes (Seal, 2006; Peri et al., 2012; Nehlich, 2015; Shan
et al., 2019).

5. Conclusion

Long-term fertilization significantly altered soil nutrient status,
stoichiometry, and natural isotope composition in this grassland, with
stronger effects in topsoil than in the subsoil. Phosphorus fertilization
increased soil TP and shifted C:N:P:S stoichiometry, but the variations of
soil 613C, 615N, and 84S values were not explained by P status alone.
Instead, RDA showed that isotopic variation was structured by nutrient
interactions, particularly involving TP and TS in both soil layers, and
additionally TN in topsoil. These results indicate that P status is an
important, but not primary, driver of soil isotope patterns in this 82-year
fertilized grassland. From a management perspective, although this
grassland was indicated as a P-limited system, a balanced nutrient
strategy should be considered rather than focusing on P alone. Stoi-
chiometric ratios may serve as useful indicators of nutrient imbalance
and long-term soil functional change in grasslands. Additionally, vari-
ables related to soil S should be included for long-term monitoring in
addition to N and P, with particular attention to topsoil organic carbon
conservation.
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