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Soil extracellular enzymes play an important role in microbial functions and soil nutrient
cycling in the context of increasing N deposition globally. This is particularly important for
Chinese fir (Cunninghamia lanceolata) forests because of the decline in soil fertility induced
by successive rotation. In this study, we aimed to determine the effects of simulated N
deposition (N30: 30kgha=2 year~'; N60: 60kgha=2 year~") and phosphorus addition (P20:
20mgkg"; P40: 40mgkg") on the activity and stoichiometry of soil extracellular enzymes
related to soil C, N, and P cycling in Chinese fir. The results showed that N addition alone
increased the activity of soil -1,4 glucosidase (BG) but decreased the activity of N-acetyl-
B-d-glucosidase (NAG) and leucine aminopeptidase (LAP). N addition increased the ratios
of soil enzymes, C:N and C:P, alleviated microbial N-limitation, and aggravated microbial
C-limitation. P addition alone increased enzyme activity, and P40 addition increased the
ratio of BG to soil microbial biomass carbon (MBC), and (NAG + LAP):MBC activity ratio,
thereby aggravating C restriction. N and P co-addition significantly affected soil extracellular
enzyme activity and stoichiometry. For instance, BG activity and BG:MBC activity ratio
increased significantly under the N30 + P40 treatment, which intensified C-limitation. Sail
pH was the main factor influencing enzyme activity, and these variables were positively
correlated. The stoichiometric relationships of enzyme reactions were coupled with soil
pH, total nitrogen (TN), and available phosphorus (AP). Our results indicate that changes
in soil characteristics induced by N and P inputs influence the activities of soil microorganisms
and result in changes in microbial resource acquisition strategies. This study provides
useful insights into the development of management strategies to improve the productivity
of Chinese fir forests under scenarios of increasing N deposition.
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INTRODUCTION

In recent decades, nitrogen (N) deposition in the atmosphere
has increased dramatically owing to the burning of fossil fuels
and the extensive use of N-based fertilizers. Global atmospheric
N deposition has been predicted to increase to 200 TgNyear™
by 2050 (Galloway et al., 2008; Moorhead et al., 2013). Excessive
N deposition negatively affects the N cycle and balance (Vitousek
et al, 2010), influencing soil nutrient status, soil microbial
diversity, and vegetation productivity (Ullah et al., 2019; Song
et al., 2020). In addition, phosphorus (P) is one of the most
important elements in nature and is involved in the synthesis
of biological cell membranes and the activation of enzymes
(Vance et al, 2003). Soil P is easily chemically bound to
aluminum (Al) and iron (Fe) oxides and hydroxides present
in soil, which strongly inhibits its release from soils, resulting
in low P utilization (Lin et al., 2020). Dramatically increased
N deposition may aggravate (Vitousek et al., 2010; Dong et al.,
2019) or alleviate (Li et al, 2021a) soil P limitation, which
can further influence plant growth and ecosystem carbon (C)
uptake (Liang et al, 2020; Song et al., 2020).

Soil extracellular enzymes play a key role in microbial
functions and soil nutrient cycling (Sinsabaugh et al.,, 2005;
Xu et al, 2017) and are important indicators of microbial
nutrient demand and organic matter decomposition (Caldwell,
2005). These enzymes are directly involved in the transformation
of soil substances as well as nutrient release (Kelley et al,
2011; Burns et al., 2013). For example, soil extracellular enzymes
are involved in the degradation of nucleic acids, proteins, and
phospholipids (Sinsabaugh et al., 2008). The soil enzymes p-1,4
glucosidase (BG), p-d-cellobiohydrolase (CBH), and p-1,4
xylosidase (PX) are involved in the C cycle, and leucine
aminopeptidase (LAP) and N-acetyl-p-d glucosamine (NAG)
contribute to the N cycle, whereas alkaline phosphatase (AKP)
and acid phosphatase (ACP) are responsible for the P cycle
(Caldwell, 2005; Sinsabaugh et al., 2008). Notably, numerous
studies have shown that soil nutrient availability is significantly
correlated with enzyme activity (Zheng et al., 2015; Guan et al,,
2020; Bai et al., 2021). For example, N fertilizers can promote
soil respiration and hydrolytic enzyme activity but inhibit soil
oxidase activity (Li et al, 2018) and reduce the activity of
phenoloxidase and peroxidase (Jian et al., 2016). Increasing P
fertilizer application can significantly reduce soil phosphatase
activity (Zheng et al., 2015) and affects B-glucosidase, N-acetyl-
glucosaminidase, and acid and alkaline phosphomonoesterase
activity (Wang et al., 2020). Therefore, soil extracellular enzyme
activity (EEA) depends on the physicochemical properties of
the soil (Burns et al., 2013). A more detailed characterization
of soil enzymes and their responses to N deposition is needed
to understand the mechanisms of forest-soil feedbacks to increase
N deposition globally.

Many studies of EEA (Aragon et al,, 2014; Hill et al.,, 2018;
Hu et al., 2021) have examined the ecological stoichiometric
relationships between soil enzymes (Sinsabaugh et al., 2008;
Xu et al.,, 2021). Notably, EEA is related to microbial nutrient
utilization and the availability of soil nutrients (Hill et al,
2012), which can be used to explore key ecological processes

for nutrient dynamics. The activities of different enzymes, such
as BG, NAG, LAP, and ACP, are often used as indicators of
C, N, and P acquisition (Sinsabaugh et al, 2008; Peng and
Wang, 2016; Chen et al, 2018a). Furthermore, extracellular
enzyme stoichiometry (EES) reflects the equilibrium between
the microbial biomass and organic matter elemental composition
of the soil (Sinsabaugh et al., 2009; Sinsabaugh and Follstad,
2012) and can indicate the nutrient utilization strategy of
microorganisms (Hill et al.,, 2012). For example, the BG:ACP
activity ratio is related to soil P content and is negatively
correlated with P availability (Allison and Vitousek, 2005),
while the ratio of BG:(NAG +LAP) activity increases with soil
available N (Guan et al, 2020). Therefore, soil enzymes can
mediate nutrient cycling between soils and plants and reflect
environmental nutrient availability. Furthermore, studies of soil
EES can contribute to a better understanding of how N deposition
and P addition influence soil microbial demand for C, N, and
P resources, providing insights into the influence of microbial
mechanisms on nutrient cycling (Zhou et al,, 2017).

Chinese fir (Cunninghamia lanceolata) is a subtropical, fast-
growing timber species with the largest plantation area of
artificial forests in China. However, due to successive rotation,
these forests face a number of management problems including
declines in productivity, soil fertility (Miao et al, 2019), and
biodiversity (Xu et al., 2020). Previous studies have shown
that these declines might be related to the low soil nutrient
availability (Ma et al., 2007; Wu et al., 2012). Most of the
soils in the distribution area of the Chinese fir forest are
P-deficient due to successive rotations (20-25years for each
Chinese fir rotation period; Wu et al., 2011). Concurrently,
the average N deposition in subtropical China has increased
in recent decades. Increasing soil P deficiency and N excess
have become the dominating factors that limit the high
productivity in Chinese fir. As soil enzymes play a vital role
in the decomposition of soil substances and nutrient cycling,
the mechanism by which soil enzyme activity responds to soil
nutrient limitation under scenarios of N deposition needs to
be further explored. In this study, we focused on the stoichiometry
of soil enzyme activity in Chinese fir forests under simulated
N deposition and P addition. In addition to detecting patterns
in soil enzyme activity, stoichiometry, and soil physicochemical
properties, we evaluated (1) the effects of N and P additions
on the EEA ratios of various soil enzymes involved in C, N,
and P cycling, and (2) the effects of N and P additions on
the relative nutrient limitation of the soil. We sought to provide
useful insights into the potential improvement of plantation
productivity and management of Chinese fir forests under
scenarios of increasing N deposition.

MATERIALS AND METHODS

Field Experiment

The experimental sites were established in Gaokan Village, Linan
District, Hangzhou City (119°67’E, 30°21'N),
Zhejiang Province, China, with an annual average precipitation
of 1,420mm and annual average temperature of 15.6°C
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(Li et al., 2019). The local N deposition rate is 30.9kgha™* year™
(Song et al, 2015). A Chinese fir plantation was established
here in 2007. The field experiments were conducted in January
2017, as the average tree height was approximately 3m and
the average diameter at breast height (measured at 1.3m above
ground level) was 12-14cm. Twenty-seven plots (3x3m each)
were selected with a distance of at least 6m between each
plot, and there was one C. lanceolata tree at the center of each
plot. Each treatment was performed in three individual plots
as three independent replicates as previously described (Liu
et al., 2019, 2021). Briefly, the plots were subject to a control
treatment (no added N, NO, and no added P, PO, or NO+P0)
or eight different nutrient levels, as follows: no added N (NO),
low N addition of 30kgNha™ year™' (N30), and high N addition
of 60kgNha™' year™ (N60); no P addition (P0), low P addition
of 20mgPkg™" (P20), and high P addition of 40mgPkg™" (P40);
N30 with low or high P treatment (N30+P20 and N30+ P40);
and N60 treated with low or high P (N60+P20 and N60 + P40).

In January 2017, after 30-cm deep plowing in each plot,
calcium and magnesium phosphate fertilizers were sprayed
uniformly to ensure that the soil available phosphorus (AP)
concentration in the upper layer of the soil reached the required
level (20 or 40mgPkg™). Between April 2017 and April 2020,
to achieve the required N deposition level (30 or
60kgNha™ year™), N fertilizers were evenly sprayed with
dissolved NH,NO; from the top of the trees in each plot at
the beginning of each month, for a total of 36 equal applications.
The trees in the control treatment were sprayed with the same
volume of nitrogen-free water. All the plots were subject to
the same environmental factors.

Field Sampling

Soil samples were collected in April 2020. In each plot, nine
soil cores measuring 3cm in diameter and at a depth of 25cm
were collected randomly from around the roots of a selected
tree and were manually homogenized as the soil sample of the
selected tree. Fresh soil samples were transported to the laboratory
and sieved through a 2-mm mesh to remove coarse material
before further analysis. Some of the soil samples were frozen
at —20°C to analyze soil water content (SWC) and soil microbial
biomass carbon (MBC). The other soil samples were air-dried
at room temperature (22-28°C) for a week for the analysis of
BG, NAG, LAP, and ACP enzyme activity and soil physicochemical
properties, such as soil pH, soil available nitrogen (AN), soil
AP, soil total nitrogen (TN), and total phosphorus (TP) content.

Soil Physiochemical Properties

Soil moisture content (SMC) was determined as the mass loss
after drying the isolates at 105°C for 24h (de Knegt and van
den Brink, 1998). Soil pH was determined in a 1:2.5 (w/v)
soil-to-water extract using a digital pH meter (FE20, Mettler
Toledo, Switzerland). Soil AP was extracted using the diacid
method and quantified using the molybdenum-antimony
colorimetric method (Murphy and Riley, 1962). The concentration
of AN was analyzed using the NaOH hydrolysis diffusion
method (Xiao et al, 2018). AP was analyzed using the

molybdenum blue method (Watanabe and Olsen, 1965). Soil
organic carbon (SOC), TP, and TN were determined using an
elemental analyzer (ElementarVario EL III, Germany).

Microbial Biomass Carbon and Soil
Enzyme Activity Analysis

Microbial biomass carbon was determined using the chloroform
(CHCl;) fumigation extraction method (Brookes et al.,, 1985;
Vance et al., 1987). Soluble organic C was extracted with 0.5M
K,SO, with a soil:solution ratio of 1:3 (w/v) before and after
24h of CHCI, fumigation. After filtration with medium-speed
quantitative filter paper, the extractable organic C in the soil
extracts was analyzed using a TOC analyzer (Elementar Vario
EL III, Germany). MBC was calculated as the difference in
organic C concentrations between non-fumigated and fumigated
soils, and an efficiency factor of 0.45 was used to correct for
incomplete extraction.

Soil extracellular enzyme activity (BG, NAG, LAP, and
ACP) was assayed using a colorimetric 96-well microtiter
plate assay based on the increase or decrease in the substrate
concentration (Tabatabai and Bremner, 1969; Cui et al., 2015).
Briefly, a soil suspension was prepared by homogenizing
0.02g of naturally air-dried soil with 10pl of toluene.
Subsequently, 130pl of 0.05mM  p-nitrophenyl-p-d-
glucopyranoside (for measuring BG) or 4-nitrophenol-fB-N-
acetylglucosamine (for measuring NAG) was added to the
soil suspension, and the same amount of distilled water was
added to the control group. Thereafter, citrate phosphate
buffer (pH=6.0) was added and mixed with the solution.
After soaking at 37°C for 1h and water bathing at 90°C
for 5min, the solution was centrifuged for 10 min at 25°C.
Subsequently, 130l of 0.1 mM Na,CO; solution was added
to the supernatant for 2min. Fluorescence was measured
using a microplate fluorometer (Spectramax 190, United States)
at 400nm. For LAP measurements, 0.05g of air-dried soil
was weighed into 2-ml centrifuge tubes and mixed with a
pH 7.2 modified universal buffer (Tris-HCI). The indicator
substrate, 0.05mM leucyl p-nitroanilide, was then added to
the reaction system, followed by 1h incubation at 37°C. The
homogenate was centrifuged at 8,000xg for 10min at 4°C,
and the absorbance of the supernatant was measured at 405 nm.

ACP activity was determined by measuring the release of
p-nitrophenol from p-nitrophenyl phosphate (PNPP) as described
by Tabatabai and Bremner (1969). Briefly, 0.1g of air-dried
soil was weighed into 50pl toluene and 0.4ml of 0.05mM
PNPP followed by 24 h incubation at 37°C. Then, a 1 ml mixture
of 0.01mM CaCl, and 0.04mM NaOH was added to stop the
reaction. The homogenate was centrifuged at 8,000 ¢ for 10 min
at 25°C, and the PNP in the supernatant was measured using
spectrophotometry at 405nm.

Soil Microbial Element Limitation

We tested common stoichiometric indicators to estimate the
soil microbial element limitation. The nutrient distribution
status of each enzyme synthesized by microorganisms was
expressed as the ratio of enzyme activity to MBC. According
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to Allison et al. (2010), this ratio reflects the status of soil
nutrients and changes in the nutrient acquisition strategy of
microorganisms. Sinsabaugh et al. (2009) showed that the
activity of C, N, and P acquisition enzymes in all habitats is
close to 1:1:1. When the nutrients that microorganisms can
directly use in the soil are limited, corresponding enzymes
are secreted to obtain nutrients (Allison and Vitousek, 2005),
which changes the stoichiometry of the soil enzymes. The
enzyme C:N, C:P, and N:P ratios were calculated as follows
(Dong et al., 2019):

Ecx =In(BG): In(NAG +LAP)
Ecp =In(BG):In(ACP)
Ex.p =In(NAG+LAP):In(ACP)

Vector analysis of enzyme activity (vector length and vector
angle) was used to test the relative nutrient limits, where a
relatively long vector length indicates a larger C limit, and a
vector angle of <45° or >45° indicates the relative nutrient
limits of N or P, respectively. The calculation formulas of vector
length (VL, dimensionless) and vector angle (VA, degrees) are
as follows (Dong et al., 2019):

VL= [(ln(BG) :In(NAG +LAP))” +(In(BG): ln(ACP))ZT/Z

(In(BG):In(ACP)),

VA=D ATAN2
earees (In(BG):In(NAG +LAP))

Statistical Analysis

Data analysis was performed using SPSS (version 20.0; SPSS
Inc. Chicago, IL, United States). One-way analysis of variance
(ANOVA) and least significant difference (LSD) tests were
used to compare pH, SWC, SOC, TN, TP, AN, AP, BG,
NAG +LAP, ACP enzyme activity, and stoichiometry under
the different treatments. A two-factor ANOVA was used to
evaluate the combined influence N and P addition on the
experimental variables. The Pearson correlation coefficient
was used to analyze the correlation between soil physical
and chemical properties, enzyme activity, and enzyme
stoichiometry. Redundancy analysis (RDA) was carried out
using Canoco5 software (Braak and Smilauer, 2012) to
evaluate the impact of environmental factors (soil physical
and chemical properties) on the activity of the various soil
enzymes, VA, VL, and enzyme extracellular activity ratios.
All figures were drawn using Origin Pro 2018 (Origin
Lab Corporation).

RESULTS

Changes in Soil Physicochemical
Properties

The interaction of N addition, P addition, and N +P addition
significantly affected soil pH, SOC, AN, and AP (Table 1).
Compared with the control, N application significantly reduced
soil pH (Table 2). N30 addition significantly reduced soil SOC
content by 37.79% (p<0.05) and N60 addition significantly
increased AN and AP content by 14.99 and 28.09% (p<0.05),
respectively. P20 addition significantly reduced soil SOC content
by 23.05% (p<0.05), and P40 addition significantly reduced
TN content but significantly increased soil pH, TP, and AP

TABLE 1 | Two-way ANOVA of the effects of simulated nitrogen (N) deposition and phosphorus (P) addition on soil nutrient concentration, soil enzyme activity, and soil

enzyme stoichiometry of Chinese fir.

N addition P addition N+ P addition

Variables/factors

F-value p value F-value p value F-value p value
Soil pH 486.96 0.0007%s#* 10.88 0.0071#:* 11.69 0.0007%s#*
Soil SWC 3.72 0.044* 1.54 0.242 1.28 0.314
Soil SOC 5.36 0.015* 11.24 0.007 % 15.27 0.0007%s#*
Soil TN 25.71 0.000%:#* 0.36 0.702 6.73 0.002:%:*
Soil AN 80.34 0.000%s#* 39.45 0.000%s#* 18.91 0.000%s#*
Soil TP 4.93 0.020%* 57.57 0.000%:#* 2.60 0.071
Soil AP 7.69 0.004:#:* 285.39 0.000%s#* 37.61 0.000%s#*
BG 76.30 0.0007%s#* 16.75 0.0007%s#* 24.51 0.0007%s#*
NAG +LAP 54.86 0.000%:#* 15.76 0.000%s# 9.06 0.000%:#
ACP 9.88 0.007 % 15.23 0.0007%s#* 2.93 0.050
Ecn 5.25 0.016* 3.65 0.047* 18.08 0.000%:#*
Ecp 7.58 0.004:#:* 16.38 0.000%s#* 0.70 0.603
Enp 2.54 0.107 10.06 0.007 % 4.54 0.010%*
VL 10.04 0.007 % 19.17 0.000%s# 1.95 0.146
VA 2.65 0.098 10.15 0.007 % 4.36 0.012*

SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TR, total phosphorus; AR, available phosphorus; BG, -glucosidase; NAG +LAR the
sum of soil N-acetyl-p-d-glucosidase and leucine aminopeptidase; ACR, acidic phosphomonoesterase; Ec., INn(BG):IN(NAG +LAP); Ec.5 In(BG):In(ACP); and Ey.5
In(NAG + LAP):In(ACP). Repeatable two-way ANOVA was used to statistically test. *p <0.05; **¥p<0.01; ***¥p<0.001.
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content. Under the N30 treatment, P addition significantly
increased pH, SOC, and AN content. In comparison, under
the N60 treatment, P addition significantly increased AP content
(p<0.05). Under the P20 treatment, N addition significantly
increased soil SOC and AN content, while under the condition
of P40 treatment, N application significantly reduced pH, AP,
and TP content and significantly increased AN content (p <0.05).

Changes in Soil MBC and EEA

N addition, P addition, and the interaction of N+P addition
affected soil MBC, BG activity, NAG+LAP activity, and ACP
activity (Figure 1). Compared with the control, the P20 treatment

significantly increased NAG+LAP and ACP activities (p<0.05),
while P40 treatment significantly increased BG activity (p<0.05;
Figure 1). Under the N30 treatment, P20 addition significantly
increased BG, NAG+LAP, and ACP activities (p<0.05), and
P40 application significantly increased BG activity (p<0.05).
Under the N60 treatment (p<0.05), P20 significantly increased
MBC, P application significantly reduced BG activity (p<0.05),
and the P40 treatment significantly reduced ACP activity (p <0.05).

Compared with the control, under the P40 treatment, the
BG:MBC ratio increased significantly (p<0.05; Figure 2). A
combined treatment of N30 and P20 significantly increased
the ACP:MBC ratio (p<0.05), and the combined addition of
N30 and P40 significantly increased the BG:MBC ratio (p <0.05).
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112.98 + 5.30b
101.51 + 2.44c¢

1.58 + 0.05b

1.57 £ 0.04b
1.41 £ 0.05bc

38.84 + 1.89bc

30.95 + 1.02ab
27.67 £ 0.75b

4.37 £ 0.02e
4.39 + 0.05e
4.31 +0.03e

N60

29.42 + 0.47ab
31.05 £ 0.11ab

19.88 + 0.36d
22.38 + 0.40c

46.18 + 1.07ab

N60 + P20
N60 + P40

114.96 + 13.66d

43.78 + 1.42ab

30.09 + 0.96ab

NO, OkgNha= year~'; N3O, 30kgNha=? year-'; N60, 60kgNha=? year~'; PO, 0mgPkg~"; P20, 20mgPkg~"; P40, 40mgPkg~"; SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TR, total

phosphorus; AR, available phosphorus; Soil C:N, the ratio of soil SOC to TN; Soil C:R, the soil of SOC to TP; and Soil N:R, the soil of TN to TP, The value is the mean + standard error (n

that there are significant differences between different treatments based on one-way ANOVA followed by LSD test (p <0.05).

27). Different letters in the same column indicate

Under the N60 treatment, P application significantly reduced
the BG:MBC ratio (p<0.05), while P40 addition significantly
reduced the ACP:MBC ratio (p<0.05).

Soil Enzyme Stoichiometric Ratio and
Relative Nutrient Limitation

We analyzed the stoichiometry of BG, NAG+LAP, and ACP
activity (Figure 3). The In(BG):In(NAG+LAP) ratio, an
indicator of potential C:N acquisition activity, was less than
1 under the N0, P20, N30, N30 + P20, and N60 + P40 treatments.
The corresponding C:P ratio, represented by the ratio of
In(BG):In(ACP) activity under all treatments, was greater than
1. The N:P ratio, In(NAG+LAP):In(ACP), activity under all
treatments was also greater than 1 (Figure 3). In general,
compared with the control, Ecx decreased under the P20
treatment (p <0.05), and Ec; increased under the P40 treatment
(p<0.05). The N60 treatment increased the Ecy ratio (p <0.05).
Under the N30 treatment, P40 treatment significantly increased
the Ec ratio (p <0.05). Under the N60 treatment, P40 treatment
reduced Ecy and increased Ecp and Eyp (p <0.05). The vector
analysis showed that compared with the control, P20 addition
significantly reduced VL values, while P40 addition significantly
increased VL values (p<0.05; Figure 4). The VA values were
less than 45° under all treatments, indicating that the
microorganisms were N-restricted.

Effect of N and P Addition on Soil Enzyme
Performance

The RDA results show (Figure 5) that the first axis explains
61.46% of the variables, and the second axis explains 18.20%
of the variables. Soil pH (47.8%; F=22.9, p=0.002), TN (10%;
F=5.7, p=0.004), and AP (8.5%; F=5.8, p=0.004) were
significant factors affecting soil enzyme activity and the enzyme
stoichiometric ratio (p<0.01). There was a significant positive
correlation between pH and BG, NAG + LAP, and ACP activities
(p<0.01; Table 3). Moreover, there was a significant positive
correlation between TN and BG activity (p<0.05). TP was
significantly positively correlated with Ecp Exp and VL
(p<0.05) and significantly negatively correlated with VA
(p<0.05).

DISCUSSION

Effect of Nitrogen Addition on Soil Enzyme
Activity

We examined the effect of N and P addition on the soil
enzymes involved in C, N, and P cycling using a 3-year
simulation of N deposition and P addition in a Chinese fir
forest. The results suggested that N addition had a significant
effect on soil EEA in the studied Chinese fir forest. We observed
that N addition increased BG activity, which is involved in
C-cycling, and decreased NAG + LAP activity, which is involved
in soil N cycling. Our results were in agreement with previous
reports that the addition of exogenous nutrients changes the
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FIGURE 2 | The effect of simulated nitrogen (N) deposition and phosphorus (P) addition on the nutrient distribution of enzymes. (A) The ratio of BG activity to MBC.
(B) The ratio of NAG and LAP activity to MBC. (C) The ratio of ACP activity to MBC. NO, OkgNha=2 year~'; N30, 30kgNha=2 year~'; N60, 60kgNha2 year~'; PO,
0mgPkg"; P20, 20mgPkg™"; P40, 40mgPkg"; BG, Soil p-glucosidase; NAG +LAP, the sum of soil N-acetyl-B-d-glucosidase and soil leucine aminopeptidase;
ACP, soil acid phosphatase; and MBC, soil microbial biomass carbon. Different lowercase letters indicate significant differences between P addition rates at identical
N addition rates. Different capital letters indicate significant differences between N addition rates at identical P addition rates (p <0.05).

activity of extracellular enzymes (Li et al., 2021b; Shi et al.,
2021; Xiao et al., 2021). These results can be explained by
the resource allocation theory of enzyme production that N
addition inhibits the activity of N-cycling enzymes and increases
the activity of other enzymes (Sinsabaugh and Moorhead, 1994;
Allison and Vitousek, 2005). However, N addition had no
significant effect on soil ACP enzyme activity, which is
inconsistent with other studies showing that N addition enhances
soil phosphatase activity (Saiya-Cork et al., 2002; Wang et al.,
2011; Fan et al.,, 2020).

Our results also showed that the activity of soil BG, NAG+LAP,
and ACP was positively correlated with soil pH, which is consistent
with previous reports (Sinsabaugh et al., 2008; Dong et al, 2015;

Xiao et al., 2020), and shows that N application affected soil enzyme
activity by reducing soil pH. Many studies have found significant
responses of soil and microbial activity to N addition and suggest
that the negative effects of N on soil microorganisms are mainly
driven by soil acidification (Treseder, 2008; Liu and Greaver, 2010;
Chen et al, 2016). For instance, Li et al. (2021b) reported that
N fertilization increased soil NH,", and activity of BG and ACP.
Wu et al. (2019) observed that N addition changed soil pH and
the content of NH,"-N and AP, which elicited a negative effect
on microbial activity. Changes in soil pH and soil C:P are likely
to affect the ACP activity and its response to N addition (Zhang
et al, 2018; Li et al, 2021c), although ACP activity was not
significantly affected by N addition in our study. The increased
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FIGURE 3 | The effect of simulated nitrogen (N) deposition and phosphorus (P) addition on the stoichiometric ratio of soil enzymes. (A) The enzyme C:N
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soil AP content with nitrogen addition suggests that N addition
affects the soil AP and less P is obtained from microorganisms,
which results in the no obvious change in ACP activity. Another
possible explanation for the different effects of N addition on soil
enzyme activity is that the trees in our plots were in the young,
fast-growing stage with a large demand for N (Wu et al,, 2020),
and the soil had not yet reached the N-saturation state.

In addition, the soil enzyme C:N and C:P ratios were
generally altered by N addition. N addition increased the
ratios of soil enzymes Ecyn and Ecp (Figure 3), and VL
(Figure 4A), which implies that C will become limiting
relative to N, and that microorganisms will produce more
C-cycling enzymes to satisfy metabolic requirements (Chen

et al., 2018b). N fertilization-induced soil acidification may
also lead to reinforced microbial C-limitation (Ning et al.,
2021). As microorganisms change the way they allocate
resources to adapt to environmental changes (Schimel et al.,
2007), N addition alters the microbial nutrient acquisition
strategy and promotes the secretion of C-cycle enzymes.
Taken together, N addition mitigated microbial N-limitation
and enhanced microbial C-limitation.

Effect of P Addition on Soil Enzyme Activity
Phosphorus (P) is an important limiting factor in subtropical
ecosystems and plays an important role in regulating the C
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and N cycles (Vance et al, 2003). Given that P showed
maximum limitation in most subtropical ecosystems (Hou
et al, 2020; Du et al., 2021), we expected that P addition
would enhance the soil enzyme activity. Indeed, soil enzyme
activity related to C, N, and P cycling all responded to P
addition. Furthermore, we found a positive correlation between
the effect of P addition on enzyme activity and soil pH

(Table 3). These results are consistent with previous studies
showing that P addition increases soil microbial activity and
the secretion of various enzymes by altering the characteristics
of the soil. For instance, Lin et al. (2019) found that P
addition enhanced soil enzymes (BG and NAG) in a natural
subtropical evergreen broad-leaved forest, and Yuan et al
(2020) found that P addition increased BG enzyme activity
in tropical coastal forests.

We observed the ratio of the natural logarithm of C-,
N-, and P-acquiring enzymes is approximately 1.3:1.3:1 in
this study, which diverged from the ratio of 1:1:1 on a
global scale (Sinsabaugh et al, 2009). Cui et al. (2021)
revealed the relationships of C:N:P-acquiring enzyme activities
far from the widely recognized mean ratio of 1:1:1 in different
ecosystems. Low-concentration P fertilizers addition resulted
in the drift of the ratio to 1.2:1.3:1, indicating that
microorganisms are still co-limited by C and N (Yang et al,,
2020). Moreover, the RDA results also showed that the VL
values were reduced and the VA values were lower than
45° after P20 addition. This indicates that the application
of low amounts of P alleviated the limiting influence of
microbial-available C but had no significant effect on
N-limitation. These results indicate that the soil was still
relatively deficient in C and N after the addition of low
concentrations of P, which may be partly explained by the
associated increase in microbial activity, which reduced soil
C retention (Chen et al., 2021). Increased Ecp ratios show
that soil microbial activity related to C-cycling enzymes
was inhibited after the addition of high concentrations of
P. Increased VL values also show that P40 addition intensified
soil C restriction. This indicates that the addition of high
concentrations of P lead to insufficient soil C availability
and increase the microbial demand for C. Therefore, our
results indicate that the soil microorganisms changed their
nutrient acquisition strategy and increased BG production
to alleviate C restriction.

Furthermore, the input of a large amount of exogenous
P reduces the microbial demand for P, thereby reducing
the secretion of phosphatase (Olander and Vitousek, 2000;
Allison and Vitousek, 2005; Marklein and Houlton, 2012;
Shi et al, 2021). However, we did not find a significant
effect of P40 on ACP activity or the ratio of ACP:MBC.
Although the mechanisms underlying the responses of soil
ACP to P addition are unclear, soil pH and C:P are likely
to affect the activity of ACP and its response to P addition.
The ratios of Ecp increase with the addition of high
concentrations of P, providing additional evidence of no
significant microbial production of phosphatase to acquire
P in Chinese fir forests. In addition, the sources of ACP
may be soil microorganisms, mycorrhiza, and roots, but
we still have limited knowledge to determine the main source
(McGill and Cole, 1981). Piotrowska and Wilczewski (2012)
and Stursova et al. (2006) found that the activity of various
soil enzymes was largely affected by tree species after the
application of various nutrients, suggesting that ACP enzymes
may have been derived from plants under high P concentration
treatments, which needs to be further studied.
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Interaction of N and P Additions on Soil
Enzyme Activity
In this study, N+P addition significantly affected the activity
of BG, NAG+LAP, and ACP, indicating that these enzymes are
easily stimulated by substrates (Dong et al., 2015). We found
that the interactive effect of N and P addition on soil characteristics
(soil pH, SOC, TN, and AP) was significant, most likely due
to the significant response of soil enzyme activity (Kuypers et al.,
2018; Dai et al., 2020) to N and P addition. Our results are
consistent with those of Dong et al. (2015) who reported that
N and P co-addition had significant effects on soil extracellular
enzymes involved in C, N, and P cycling in subtropical forests,
indicating that soil microorganisms show differential demand
for N and P at different concentrations of N and P addition.
The observed changes in soil properties may be a major
explanatory factor for the significant responses of soil enzymes
to N and P addition. Indeed, soil nutrient availability affects
the utilization efficiency of nutrients by microorganisms and
stimulates changes in enzyme stoichiometry (Zheng et al., 2015;
Zhang et al., 2018). In our study, high N and various P treatments

reduced the soil TN content and increased the TP and AP
content, and the changes in the ratio of enzyme activity to
MBC were consistent with the changes in enzyme activity. This
indicates a negative feedback effect between soil enzyme activity
and high nutrient concentrations (McGill and Cole, 1981). The
vector analysis shows that the application of low amounts of P
under the condition of high N alleviated N-limitation, while
the application of high P increased the N restriction. The increased
SOC content and the BG:MBC ratio under the N30+P40
treatment indicates that the low N and high P concentration
treatments stimulated BG enzyme production by microorganisms
related to C acquisition (Allison et al., 2010). Ullah et al. (2019)
found that soil enzyme activity related to C cycling is affected
by soil organic matter content. In addition, the redundancy
analysis provides strong evidence that the low N and high P
concentration treatments aggravated soil C-limitation. This
indicates that N and P addition changed the soil nutrient content,
which stimulated a change in the microbial nutrient acquisition
strategy, whereby soil enzyme activity was altered to adapt to
nutrient limitation (Schimel et al., 2007).
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0.215

0.209
0.256
-0.192
-0.214

0.524%: 0.450%*

0.495%*

SWC
SOC
™
AN

0.256
-0.141
-0.185

0.650%

0.620%*

0.7571%*

0.893*

TP

AP

BG, Soil B-glucosidase; NAG +LAR the sum of soil N-acetyl-p-d-glucosidase and soil leucine aminopeptidase; and ACF, soil acid phosphatase. Ecy, In(BG):In(NAG +LAP); Ec.p In(BG):IN(ACP); En.n IN(NAG +LAP):In(ACP); VL, vector

length; VA, vector angle; SWC, soil water content; SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TR, total phosphorus; and AR, available phosphorus. *p<0.05; **p<0.01.

Soil pH is an important factor that influences soil enzyme
activity (Burns et al., 2013; Wang et al., 2014; Li et al,
2021b), with soil enzymes showing a clearly defined optimal
pH range (Frankenberger and Tabatabai, 1980). Although
we did not find any significant negative relationships between
soil pH and the Ecy, Ecp and Ey,p ratios, soil enzyme activity
(BG, NAG+LAP, and ACP) and soil pH were positively
correlated, which is consistent with the results of Li et al.
(2021b). Specifically, the higher N and P inputs caused changes
in soil pH, which affected the migration of P and ultimately
led to changes in soil P content and Ecp and Eyp ratios.
These effects of soil pH on soil enzyme activity reflect the
influence of nutrient addition on soil properties and microbial
communities (Chen et al., 2019).

N and P addition likely provided more exogenous resources
to the soil microorganisms, causing changes in the C:N:P ratio
that likely affected soil N and P availability (Tu et al., 2014)
and resulting in the shift to N-limitation and C-limitation. These
changes of microorganisms are linked to the soil characteristics
(soil pH, TN, and AP, which explained most of the variation
in soil EES), influencing the metabolism of microorganisms
(Yang et al, 2020). Under projected global change scenarios,
the expected EEA changes could have the important impacts
on the nutrient cycling in the soil. Indeed, our study provides
evidence that soil EES can be used to interpret the changes in
microbial nutrient limitation resulting from inputs of exogenous
resources. More broadly, the response of microbes under N
deposition and P addition responsible for soil C acquisition will
help predict ecosystem resilience to future global changes. Overall,
our study should help develop management strategies by controlling
soil C and nutrient cycling for the improvement of plantation
productivity of Chinese fir forests under scenarios of increasing
N deposition. In addition, seasonal variation and biological
interactions should have potential impact on the soil enzyme
activity. Therefore, future studies are needed to investigate the
responses of soil enzyme activity to N deposition in the site-
specific seasonal changes, plants, soil, and microbial
characteristics.

CONCLUSION

Our results show that N addition alone increased BG activity
and BG:MBC, decreased NAG+LAP activity, and increased
the Ecy and Ecp ratios, thereby alleviating microbial
N-limitation and aggravating microbial C-limitation. P addition
alone increased enzyme activityy N and P co-addition
significantly affected EEA and EES. Soil pH was the main
factor influencing enzyme activity overall, and the
stoichiometric relationships of enzymes were coupled with
soil pH, TN, and AP. These results indicate that changes in
soil characteristics induced by N and P inputs influence the
activities of soil microorganisms and result in changes in
microbial resource acquisition strategies. Our results provide
useful insights into the improvement of C. lanceolata plantation
productivity by controlling soil C and nutrient cycling in
forests subject to increasing N deposition.

Frontiers in Plant Science | www.frontiersin.org

11

March 2022 | Volume 13 | Article 834184


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Liuetal.

N/P Addition Affected Ecoenzymatic Stoichiometry

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article
will be made available by the authors, without undue
reservation.

AUTHOR CONTRIBUTIONS

XS designed the experiments and had the overall responsibility
for the study. BG and QL performed the experiments and analyzed

REFERENCES

Allison, S. D., and Vitousek, P. M. (2005). Responses of extracellular enzymes
to simple and complex nutrient inputs. Soil Boil. Biochem. 37, 937-944.
doi: 10.1016/j.s0ilbio.2004.09.014

Allison, S. D., Weintraub, M. N., Gartner, T. B.,, and Waldrop, M. P. (2010).
“Evolutionary-economic principles as regulators of soil enzyme production
and ecosystem function,” in Soil Enzymology. eds. G. Shukla and A. Varma
(Berlin Heidelberg: Springer), 229-243.

Aragén, R., Sardans, J., and Pefuelas, J. (2014). Soil enzymes associated with
carbon and nitrogen cycling in invaded and native secondary forests of
northwestern Argentina. Plant Soil 384, 169-183. doi: 10.1007/s11104-
014-2192-8

Bai, X,, Dippold, M. A., An, S, Wang, B., Zhang, H., and Loeppmann, S.
(2021). Extracellular enzyme activity and stoichiometry: the effect of soil
microbial element limitation during leaf litter decomposition. Ecol. Indic.
121:107200. doi: 10.1016/j.ecolind.2020.107200

Braak, C. J. F, and Smilauer, P. (2012). Canoco reference manual and user’s
guide: software for ordination, version 5.0.

Brookes, P. C., Landman, A., Pruden, G., and Jenkinson, D. S. (1985). Chloroform
fumigation and the release of soil nitrogen: a rapid direct extraction method
to measure microbial biomass nitrogen in soil. Soil Boil. Biochem. 17, 837-842.
doi: 10.1016/0038-0717(85)90144-0

Burns, R. G., DeForest, J. L., Marxsen, J., Sinsabaugh, R. L., Stromberger, M. E.,
Wallenstein, M. D., et al. (2013). Soil enzymes in a changing environment:
current knowledge and future directions. Soil Boil. Biochem. 58, 216-234.
doi: 10.1016/j.s0ilbi0.2012.11.009

Caldwell, B. A. (2005). Enzyme activities as a component of soil biodiversity:
a review. Pedobiologia 49, 637-644. doi: 10.1016/j.pedobi.2005.06.003

Chen, X., Hao, B. H, Jing, X, He, J. S, Ma, W. H,, and Zhu, B. (2019).
Minor responses of soil microbial biomass, community structure and enzyme
activities to nitrogen and phosphorus addition in three grassland ecosystems.
Plant Soil 444, 21-37. doi: 10.1007/s11104-019-04250-3

Chen, X., Hu, Y., Xia, Y., Zheng, S., Ma, C., Rui, Y., et al. (2021). Contrasting
pathways of carbon sequestration in paddy and upland soils. Glob. Chang.
Biol. 27, 2478-2490. doi: 10.1111/gcb.15595

Chen, D., Li, J, Lan, Z., Hu, S., and Bai, Y. (2016). Soil acidification exerts
a greater control on soil respiration than soil nitrogen availability in grasslands
subjected to long-term nitrogen enrichment. Funct. Ecol. 30, 658-669. doi:
10.1111/1365-2435.12525

Chen, H., Li, D., Xiao, K., and Wang, K. (2018a). Soil microbial processes
and resource limitation in karst and non-karst forests. Funct. Ecol. 32,
1400-1409. doi: 10.1111/1365-2435.13069

Chen, H,, Li, D., Zhao, J., Zhang, W,, Xiao, K., and Wang, K. (2018b). Nitrogen
addition aggravates microbial carbon limitation: evidence from ecoenzymatic
stoichiometry. Geoderma 329, 61-64. doi: 10.1016/j.geoderma.2018.05.019

Cui, Y., Moorhead, D. L., Guo, X., Peng, S., Wang, Y., Zhang, X, et al. (2021).
Stoichiometric models of microbial metabolic limitation in soil systems.
Glob. Ecol. Biogeogr. 30, 2297-2311. doi: 10.1111/geb.13378

Cui, H., Zhou, Y., Gu, Z., Zhu, H., Fu, S., and Yao, Q. (2015). The combined
effects of cover crops and symbiotic microbes on phosphatase gene and
organic phosphorus hydrolysis in subtropical orchard soils. Soil Boil. Biochem.
82, 119-126. doi: 10.1016/j.s0ilbio.2015.01.003

the data. ML, BG, WX, and XS wrote the draft. All authors
contributed to the article and approved the submitted version.

FUNDING

The study was funded by the National Natural Science Foundation
of China (NSFC; grant no. 31971623), the National Key Research
and Development Program of China (grant no.
2016YFD0600201), and the Ten Thousand People Program of
Zhejiang Province (grant no. 2018R52027).

Dai, Z., Liu, G., Chen, H., Chen, C., Wang, ], Ai, S., et al. (2020). Long-term
nutrient inputs shift soil microbial functional profiles of phosphorus cycling
in diverse agroecosystems. ISME J. 14, 757-770. doi: 10.1038/s41396-019-
0567-9

de Knegt, R. ], and van den Brink, H. (1998). Improvement of the drying
oven method for the determination of the moisture content of milk powder.
Int. Dairy J. 8, 733-738. doi: 10.1016/S0958-6946(97)00110-6

Dong, C., Wang, W, Liu, H., Xu, X., and Zeng, H. (2019). Temperate grassland
shifted from nitrogen to phosphorus limitation induced by degradation and
nitrogen deposition: evidence from soil extracellular enzyme stoichiometry.
Ecol. Indic. 101, 453-464. doi: 10.1016/j.ecolind.2019.01.046

Dong, W. Y,, Zhang, X. Y, Liu, X. Y,, Fu, X. L, Chen, E S, Wang, H. M,,
et al. (2015). Responses of soil microbial communities and enzyme activities
to nitrogen and phosphorus additions in Chinese fir plantations of subtropical
China. Biogeosciences 12, 5537-5546. doi: 10.5194/bg-12-5537-2015

Du, Z., Wang, J., Zhou, G., Bai, S. H., Zhou, L., Fu, Y,, et al. (2021). Differential
effects of nitrogen vs. phosphorus limitation on terrestrial carbon storage
in two subtropical forests: a Bayesian approach. Sci. Total Environ. 795:148485.
doi: 10.1016/j.scitotenv.2021.148485

Fan, Y, Yang, L., Zhong, X., Yang, Z., Lin, Y., Guo, J., et al. (2020). N addition
increased microbial residual carbon by altering soil P availability and microbial
composition in a subtropical Castanopsis forest. Geoderma 375:114470. doi:
10.1016/j.geoderma.2020.114470

Frankenberger, W. T. Jr, and Tabatabai, M. A. (1980). Amidase activity in
soils: I. method of assay. Soil Sci. Soc. Am. J. 44, 282-287. doi: 10.2136/ss
$aj1980.03615995004400020016x

Galloway, J. N., Townsend, A. R. Erisman, J. W, Bekunda, M., Cai, Z,
Freney, J. R, et al. (2008). Transformation of the nitrogen cycle: recent
trends, questions, and potential solutions. Science 320, 889-892. doi: 10.1126/
science.1136674

Guan, P, Yang, J, Yang, Y., Wang, W,, Zhang, P, and Wu, D. (2020). Land
conversion from cropland to grassland alleviates climate warming effects
on nutrient limitation: evidence from soil enzymatic activity and stoichiometry.
Glob. Ecol. Conserv. 24:e01328. doi: 10.1016/j.gecco.2020.e01328

Hill, B. H., Elonen, C. M., Herlihy, A. T, Jicha, T. M., and Serenbetz, G.
(2018). Microbial ecoenzyme stoichiometry, nutrient limitation, and organic
matter decomposition in wetlands of the conterminous United States. Wetl.
Ecol. Manag. 26, 425-439. doi: 10.1007/s11273-017-9584-5

Hill, B. H., Elonen, C. M., Seifert, L. R, May, A. A., and Tarquinio, E.
(2012). Microbial enzyme stoichiometry and nutrient limitation in US
streams and rivers. Ecol. Indic. 18, 540-551. doi: 10.1016/j.
ecolind.2012.01.007

Hou, E., Luo, Y., Kuang, Y., Chen, C,, Lu, X, Jiang, L., et al. (2020). Global
meta-analysis shows pervasive phosphorus limitation of aboveground plant
production in natural terrestrial ecosystems. Nat. Commun. 11:637. doi:
10.1038/541467-020-14492-w

Hu, Z., Li, ], Shi, K., Ren, G., Dai, Z., Sun, J., et al. (2021). Effects of Canada
goldenrod invasion on soil extracellular enzyme activities and ecoenzymatic
stoichiometry. Sustainability 13:3768. doi: 10.3390/sul3073768

Jian, S., Li, J., Chen, J., Wang, G., Mayes, M. A., Dzantor, K. E,, et al. (2016).
Soil extracellular enzyme activities, soil carbon and nitrogen storage under
nitrogen fertilization: a meta-analysis. Soil Biol. Biochem. 101, 32-43. doi:
10.1016/j.50ilbi0.2016.07.003

Frontiers in Plant Science | www.frontiersin.org

12

March 2022 | Volume 13 | Article 834184


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.soilbio.2004.09.014
https://doi.org/10.1007/s11104-014-2192-8
https://doi.org/10.1007/s11104-014-2192-8
https://doi.org/10.1016/j.ecolind.2020.107200
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.1016/j.pedobi.2005.06.003
https://doi.org/10.1007/s11104-019-04250-3
https://doi.org/10.1111/gcb.15595
https://doi.org/10.1111/1365-2435.12525
https://doi.org/10.1111/1365-2435.13069
https://doi.org/10.1016/j.geoderma.2018.05.019
https://doi.org/10.1111/geb.13378
https://doi.org/10.1016/j.soilbio.2015.01.003
https://doi.org/10.1038/s41396-019-0567-9
https://doi.org/10.1038/s41396-019-0567-9
https://doi.org/10.1016/S0958-6946(97)00110-6
https://doi.org/10.1016/j.ecolind.2019.01.046
https://doi.org/10.5194/bg-12-5537-2015
https://doi.org/10.1016/j.scitotenv.2021.148485
https://doi.org/10.1016/j.geoderma.2020.114470
https://doi.org/10.2136/sssaj1980.03615995004400020016x
https://doi.org/10.2136/sssaj1980.03615995004400020016x
https://doi.org/10.1126/science.1136674
https://doi.org/10.1126/science.1136674
https://doi.org/10.1016/j.gecco.2020.e01328
https://doi.org/10.1007/s11273-017-9584-5
https://doi.org/10.1016/j.ecolind.2012.01.007
https://doi.org/10.1016/j.ecolind.2012.01.007
https://doi.org/10.1038/s41467-020-14492-w
https://doi.org/10.3390/su13073768
https://doi.org/10.1016/j.soilbio.2016.07.003

Liuetal.

N/P Addition Affected Ecoenzymatic Stoichiometry

Kelley, A. M., Fay, P. A,, Polley, H. W,, Gill, R. A,, and Jackson, R. B. (2011).
Atmospheric CO, and soil extracellular enzyme activity: a meta-analysis
and CO, gradient experiment. Ecosphere 2, 1-20. doi: 10.1890/es11-00117.1

Kuypers, M. M. M., Marchant, H. K., and Kartal, B. (2018). The microbial

nitrogen-cycling network. Nat. Rev. Microbiol. 16, 263-276. doi: 10.1038/
nrmicro.2018.9

, J., Jian, S., de Koff, J. P, Lane, C. S., Wang, G., Mayes, M. A,, et al. (2018).

Differential effects of warming and nitrogen fertilization on soil respiration
and microbial dynamics in switchgrass croplands. GCB Bioenergy 10, 565-576.
doi: 10.1111/gcbb.12515

Li, Q, Ly, J., Peng, C., Xiang, W,, Xiao, W,, and Song, X. (2021a). Nitrogen-
addition accelerates phosphorus cycling and changes phosphorus use strategy
in a subtropical Moso bamboo forest. Environ. Res. Lett. 16:024023. doi:
10.1088/1748-9326/abd5el

Li, Z., Qiu, X,, Sun, Y, Liu, S., Hu, H,, Xie, ], et al. (2021c). C:N:P stoichiometry
responses to 10 years of nitrogen addition differ across soil components
and plant organs in a subtropical Pleioblastus amarus forest. Sci. Total
Environ. 796:148925. doi: 10.1016/j.scitotenv.2021.148925

Li, Q, Song, X., Chang, S. X., Peng, C., Xiao, W,, Zhang, J., et al. (2019).
Nitrogen depositions increase soil respiration and decrease temperature
sensitivity in a Moso bamboo forest. Agric. For. Meteorol. 268, 48-54. doi:
10.1016/j.agrformet.2019.01.012

Li, Y, Wang, C,, Gao, S., Wang, P, Qiu, J., and Shang, S. (2021b). Impacts
of simulated nitrogen deposition on soil enzyme activity in a northern
temperate forest ecosystem depend on the form and level of added nitrogen.
Eur. ]. Soil Biol. 103:103287. doi: 10.1016/j.ejsobi.2021.103287

Liang, X., Zhang, T., Lu, X., Ellsworth, D. S., BassiriRad, H., You, C,, et al.
(2020). Global response patterns of plant photosynthesis to nitrogen
addition: a meta-analysis. Glob. Chang. Biol. 26, 3585-3600. doi: 10.1111/
gcb.15071

Lin, Y., Gross, A., O’Connell, C. S., and Silver, W. L. (2020). Anoxic conditions
maintained high phosphorus sorption in humid tropical forest soils.
Biogeosciences 17, 89-101. doi: 10.5194/bg-17-89-2020

Lin, C,, Lin, W,, Chen, S., Peng, J., Guo, J., and Yang, Y. (2019). Phosphorus
addition accelerates fine root decomposition by stimulating extracellular
enzyme activity in a subtropical natural evergreen broad-leaved forest. Eur.
J. For. Res. 138, 917-928. doi: 10.1007/s10342-019-01211-4

Liu, L., and Greaver, T. L. (2010). A global perspective on belowground carbon
dynamics under nitrogen enrichment. Ecol. Lett. 13, 819-828. doi: 10.1111/j.
1461-0248.2010.01482.x

Liu, M., Shen, Y., Li, Q., Xiao, W,, and Song, X. (2021). Arbuscular mycorrhizal
fungal colonization and soil pH induced by nitrogen and phosphorus additions
affects leaf C:N:P stoichiometry in Chinese fir (Cunninghamia lanceolata)
forests. Plant Soil 461, 421-440. doi: 10.1007/s11104-021-04831-1

Liu, M., Wang, Y., Li, Q, Xiao, W, and Song, X. (2019). Photosynthesis,
ecological stoichiometry, and non-structural carbohydrate response to simulated
nitrogen deposition and phosphorus addition in Chinese fir forests. Forests
10:1068. doi: 10.3390/f10121068

Ma, X., Heal, K. V, Liu, A, and Jarvis, P. G. (2007). Nutrient cycling and
distribution in different-aged plantations of Chinese fir in southern China.
For. Ecol. Manag. 243, 61-74. doi: 10.1016/j.foreco.2007.02.018

Marklein, A. R., and Houlton, B. Z. (2012). Nitrogen inputs accelerate phosphorus
cycling rates across a wide variety of terrestrial ecosystems. New Phytol.
193, 696-704. doi: 10.1111/j.1469-8137.2011.03967.x

McGill, W. B., and Cole, C. V. (1981). Comparative aspects of cycling of
organic C, N, S and P through soil organic matter. Geoderma 26, 267-286.
doi: 10.1016/0016-7061(81)90024-0

Miao, Q., Yu, W, Kang, H., and Wang, J. (2019). Prolonging rotation of Chinese
fir to over 25 years could maintain a better soil status in subtropical China.
Forests 10:629. doi: 10.3390/f10080629

Moorhead, D. L., Rinkes, Z. L., Sinsabaugh, R. L., and Weintraub, M. N.
(2013). Dynamic relationships between microbial biomass, respiration, inorganic
nutrients and enzyme activities: informing enzyme-based decomposition
models. Front. Microbiol. 4:223. doi: 10.3389/fmicb.2013.00223

Murphy, J., and Riley, J. P. (1962). A modified single solution method for the
determination of phosphate in natural waters. Anal. Chim. Acta 27, 31-36.
doi: 10.1016/S0003-2670(00)88444-5

Ning, Q., Hattenschwiler, S., Lii, X., Kardol, P, Zhang, Y., Wei, C,, et al. (2021).
Carbon limitation overrides acidification in mediating soil microbial activity

Li

1

to nitrogen enrichment in a temperate grassland. Glob. Chang. Biol. 27,
5976-5988. doi: 10.1111/gcb.15819

Olander, L. P, and Vitousek, P. M. (2000). Regulation of soil phosphatase and
chitinase activity by N and P availability. Biogeochemistry 49, 175-191. doi:
10.1023/A:1006316117817

Peng, X., and Wang, W. (2016). Stoichiometry of soil extracellular enzyme
activity along a climatic transect in temperate grasslands of northern China.
Soil Biol. Biochem. 98, 74-84. doi: 10.1016/j.s0ilbio.2016.04.008

Piotrowska, A., and Wilczewski, E. (2012). Effects of catch crops cultivated
for green manure and mineral nitrogen fertilization on soil enzyme activities
and chemical properties. Geoderma 189-190, 72-80. doi: 10.1016/j.
geoderma.2012.04.018

Saiya-Cork, K. R., Sinsabaugh, R. L., and Zak, D. R. (2002). The effects of
long term nitrogen deposition on extracellular enzyme activity in an Acer
saccharum forest soil. Soil Biol. Biochem. 34, 1309-1315. doi: 10.1016/
$0038-0717(02)00074-3

Schimel, J., Balser, T. C., and Wallenstein, M. (2007). Microbial stress-response
physiology and its implications for ecosystem function. Ecology 88, 1386-1394.
doi: 10.1890/06-0219

Shi, J., Gong, J., Baoyin, T., Luo, Q.,, Zhai, Z., Zhu, C,, et al. (2021). Short-
term phosphorus addition increases soil respiration by promoting gross
ecosystem production and litter decomposition in a typical temperate grassland
in northern China. Catena 197:104952. doi: 10.1016/j.catena.2020.104952

Sinsabaugh, R, L., and Follstad, S. J. J. (2012). Ecoenzymatic stoichiometry
and ecological theory. Annu. Rev. Ecol. Evol. Syst. 43, 313-343. doi: 10.1146/
annurev-ecolsys-071112-124414

Sinsabaugh, R. L., Gallo, M. E., Lauber, C., Waldrop, M. P, and Zak, D. R.
(2005). Extracellular enzyme activities and soil organic matter dynamics
for northern hardwood forests receiving simulated nitrogen deposition.
Biogeochemistry 75, 201-215. doi: 10.1007/s10533-004-7112-1

Sinsabaugh, R. L., Hill, B. H., and Shabh, J. J. E. (2009). Ecoenzymatic stoichiometry
of microbial organic nutrient acquisition in soil and sediment. Nature 462,
795-798. doi: 10.1038/nature08632

Sinsabaugh, R. L., Lauber, C. L., Weintraub, M. N., Ahmed, B., Allison, S. D,,
Crenshaw, C., et al. (2008). Stoichiometry of soil enzyme activity at global
scale. Ecol. Lett. 11, 1252-1264. doi: 10.1111/j.1461-0248.2008.01245.x

Sinsabaugh, R. L., and Moorhead, D. L. (1994). Resource allocation to extracellular
enzyme production: a model for nitrogen and phosphorus control of litter
decomposition. Soil  Biol. Biochem. 26, 1305-1311. doi:
10.1016/0038-0717(94)90211-9

Song, X., Peng, C., Ciais, P, Li, Q., Xiang, W,, Xiao, W,, et al. (2020). Nitrogen
addition increased CO, uptake more than non-CO, greenhouse gases
emissions in a Moso bamboo forest. Sci. Adv. 6:eaaw5790. doi: 10.1126/
sciadv.aaw5790

Song, X., Zhou, G., Gu, H,, and Qi, L. (2015). Management practices amplify
the effects of N deposition on leaf litter decomposition of the Moso bamboo
forest. Plant Soil 395, 391-400. doi: 10.1007/s11104-015-2578-2

Stursova, M., Crenshaw, C. L., and Sinsabaugh, R. L. (2006). Microbial responses
to long-term N deposition in a semiarid grassland. Microb. Ecol. 51, 90-98.
doi: 10.1007/500248-005-5156-y

Tabatabai, M. A., and Bremner, J. M. (1969). Use of p-nitrophenyl phosphate
for assay of soil phosphatase activity. Soil Boil. Biochem. 1, 301-307. doi:
10.1016/0038-0717(69)90012-1

Treseder, K. K. (2008). Nitrogen additions and microbial biomass: a meta-
analysis of ecosystem studies. Ecol. Lett. 11, 1111-1120. doi:
10.1111/j.1461-0248.2008.01230.x

Tu, L., Chen, G., Peng, Y., Hu, H., Hu, T, Zhang, J., et al. (2014). Soil biochemical
responses to nitrogen addition in a bamboo forest. PLoS One 9:¢102315.
doi: 10.1371/journal.pone.0102315

Ullah, S., Ai, C,, Huang, S., Zhang, ], Jia, L., Ma, J,, et al. (2019). The responses
of extracellular enzyme activities and microbial community composition
under nitrogen addition in an upland soil. PLoS One 14:€0223026. doi:
10.1371/journal.pone.0223026

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An extraction method
for measuring soil microbial biomass C. Soil Boil. Biochem. 19, 703-707.
doi: 10.1016/0038-0717(87)90052-6

Vance, C. P, Uhde-Stone, C., and Allan, D. L. (2003). Phosphorus acquisition
and use: critical adaptations by plants for securing a nonrenewable resource.
New Phytol. 157, 423-447. doi: 10.1046/j.1469-8137.2003.00695.x

Frontiers in Plant Science | www.frontiersin.org

March 2022 | Volume 13 | Article 834184


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1890/es11-00117.1
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1111/gcbb.12515
https://doi.org/10.1088/1748-9326/abd5e1
https://doi.org/10.1016/j.scitotenv.2021.148925
https://doi.org/10.1016/j.agrformet.2019.01.012
https://doi.org/10.1016/j.ejsobi.2021.103287
https://doi.org/10.1111/gcb.15071
https://doi.org/10.1111/gcb.15071
https://doi.org/10.5194/bg-17-89-2020
https://doi.org/10.1007/s10342-019-01211-4
https://doi.org/10.1111/j.1461-0248.2010.01482.x
https://doi.org/10.1111/j.1461-0248.2010.01482.x
https://doi.org/10.1007/s11104-021-04831-1
https://doi.org/10.3390/f10121068
https://doi.org/10.1016/j.foreco.2007.02.018
https://doi.org/10.1111/j.1469-8137.2011.03967.x
https://doi.org/10.1016/0016-7061(81)90024-0
https://doi.org/10.3390/f10080629
https://doi.org/10.3389/fmicb.2013.00223
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1111/gcb.15819
https://doi.org/10.1023/A:1006316117817
https://doi.org/10.1016/j.soilbio.2016.04.008
https://doi.org/10.1016/j.geoderma.2012.04.018
https://doi.org/10.1016/j.geoderma.2012.04.018
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1890/06-0219
https://doi.org/10.1016/j.catena.2020.104952
https://doi.org/10.1146/annurev-ecolsys-071112-124414
https://doi.org/10.1146/annurev-ecolsys-071112-124414
https://doi.org/10.1007/s10533-004-7112-1
https://doi.org/10.1038/nature08632
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1016/0038-0717(94)90211-9
https://doi.org/10.1126/sciadv.aaw5790
https://doi.org/10.1126/sciadv.aaw5790
https://doi.org/10.1007/s11104-015-2578-2
https://doi.org/10.1007/s00248-005-5156-y
https://doi.org/10.1016/0038-0717(69)90012-1
https://doi.org/10.1111/j.1461-0248.2008.01230.x
https://doi.org/10.1371/journal.pone.0102315
https://doi.org/10.1371/journal.pone.0223026
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1046/j.1469-8137.2003.00695.x

Liuetal.

N/P Addition Affected Ecoenzymatic Stoichiometry

Vitousek, P. M., Porder, S., Houlton, B. Z., and Chadwick, O. A. (2010).
Terrestrial phosphorus limitation: mechanisms, implications, and nitrogen—
phosphorus interactions. Ecol. Appl. 20, 5-15. doi: 10.1890/08-0127.1

Wang, R. Z., Cao, Y. Z., Wang, H. Y,, Dijkstra, E A, Jiang, J. L., Zhao, R. N,,
et al. (2020). Exogenous P compounds differentially interacted with N
availability to regulate enzymatic activities in a meadow steppe. Eur. J. Soil
Sci. 71, 667-680. doi: 10.1111/ejss.12906

Wang, R., Filley, T. R., Xu, Z., Wang, X, Li, M. H., Zhang, Y,, et al. (2014).
Coupled response of soil carbon and nitrogen pools and enzyme activities
to nitrogen and water addition in a semi-arid grassland of Inner Mongolia.
Plant Soil 381, 323-336. doi: 10.1007/s11104-014-2129-2

Wang, C., Han, G, Jia, Y., Feng, X., Guo, P, and Tian, X. (2011). Response
of litter decomposition and related soil enzyme activities to different forms
of nitrogen fertilization in a subtropical forest. Ecol. Res. 26, 505-513. doi:
10.1007/s11284-011-0805-8

Watanabe, E S., and Olsen, S. R. (1965). Test of an ascorbic acid method for
determining phosphorus in water and NaHCO; extracts from soil. Soil Sci.
Soc. Am. J. 29, 677-678. doi: 10.2136/ss5aj1965.03615995002900060025x

Wu, Y. T, Gutknecht, J., Nadrowski, K., Geifiler, C., Kiihn, P, Scholten, T.,
et al. (2012). Relationships between soil microorganisms, plant communities,
and soil characteristics in Chinese subtropical forests. Ecosystems 15, 624-636.
doi: 10.1007/s10021-012-9533-3

Wu, ], Liu, W,, Zhang, W, Shao, Y., Duan, H., Chen, B., et al. (2019). Long-
term nitrogen addition changes soil microbial community and litter
decomposition rate in a subtropical forest. Appl. Soil Ecol. 142, 43-51. doi:
10.1016/j.aps0il.2019.05.014

Wu, P, Ma, X, Tigabu, M., Wang, C., Liu, A,, and Oden, P. (2011). Root
morphological plasticity and biomass production of two Chinese fir clones
with high phosphorus efficiency under low phosphorus stress. Can. J. For.
Res. 41, 228-234. doi: 10.1139/X10-198

Wu, H., Xiang, W, Ouyang, S., Xiao, W,, Li, S., Chen, L., et al. (2020). Tree
growth rate and soil nutrient status determine the shift in nutrient-use
strategy of Chinese fir plantations along a chronosequence. For. Ecol. Manag.
460:117896. doi: 10.1016/j.foreco.2020.117896

Xiao, L., Liu, G., Li, P, Li, Q., and Xue, S. (2020). Ecoenzymatic stoichiometry
and microbial nutrient limitation during secondary succession of natural
grassland on the loess plateau, China. Soil Tillage Res. 200:104605. doi:
10.1016/j.still.2020.104605

Xiao, Y., Peng, Y., Peng, E, Zhang, Y., Yu, W,, Sun, M., et al. (2018). Effects
of concentrated application of soil conditioners on soil-air permeability and
absorption of nitrogen by young peach trees. Soil Sci. Plant Nutr. 64, 423-432.
doi: 10.1080/00380768.2018.1439697

Xiao, H., Yang, H., Zhao, M., Monaco, T. A., Rong, Y., Huang, D, et al
(2021). Soil extracellular enzyme activities and the abundance of nitrogen-
cycling functional genes responded more to N addition than P addition in
an inner Mongolian meadow steppe. Sci. Total Environ. 759:143541. doi:
10.1016/j.scitotenv.2020.143541

Xu, M., Cui, Y, Beiyuan, ], Wang, X., Duan, C, and Fang, L. (2021). Heavy
metal pollution increases soil microbial carbon limitation: evidence from ecological
enzyme stoichiometry. Soil Ecol. Lett. 3, 230-241. doi: 10.1007/s42832-021-0094-2

Xu, S. T, Silveira, M. L., Inglett, K. S., Sollenberger, L. E., and Gerber, S.
(2017). Soil microbial community responses to long-term land use
intensification in subtropical grazing lands. Geoderma 293, 73-81. doi:
10.1016/j.geoderma.2017.01.019

Xu, X., Wang, X., Hu, Y., Wang, P, Saeed, S., and Sun, Y. (2020). Short-term
effects of thinning on the development and communities of understory
vegetation of Chinese fir plantations in southeastern China. Peer]. 8:¢8536.
doi: 10.7717/peer;j.8536

Yang, Y., Liang, C., Wang, Y., Cheng, H., An, S, and Chang, S. X. (2020).
Soil extracellular enzyme stoichiometry reflects the shift from P- to N-limitation
of microorganisms with grassland restoration. Soil Biol. Biochem. 149:107928.
doi: 10.1016/j.s0ilbio.2020.107928

Yuan, Y., Li, Y., Mou, Z., Kuang, L., Wu, W,, Zhang, J., et al. (2020). Phosphorus
addition decreases microbial residual contribution to soil organic carbon
pool in a tropical coastal forest. Glob. Chang. Biol. 27, 454-466. doi: 10.1111/
gcb.15407

Zhang, X., Yang, Y., Zhang, C., Niu, S., Yang, H., Yu, G., et al. (2018).
Contrasting responses of phosphatase kinetic parameters to nitrogen and
phosphorus additions in forest soils. Funct. Ecol. 32, 106-116. doi:
10.1111/1365-2435.12936

Zheng, M., Huang, J., Chen, H., Wang, H., and Mo, J. (2015). Responses of
soil acid phosphatase and beta-glucosidase to nitrogen and phosphorus
addition in two subtropical forests in southern China. Eur. J. Soil Biol. 68,
77-84. doi: 10.1016/j.jsobi.2015.03.010

Zhou, Z., Wang, C., and Jin, Y. (2017). Stoichiometric responses of soil microflora
to nutrient additions for two temperate forest soils. Biol. Fertil. Soils 53,
397-406. doi: 10.1007/s00374-017-1188-y

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Gan, Li, Xiao and Song. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

14

March 2022 | Volume 13 | Article 834184


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1890/08-0127.1
https://doi.org/10.1111/ejss.12906
https://doi.org/10.1007/s11104-014-2129-2
https://doi.org/10.1007/s11284-011-0805-8
https://doi.org/10.2136/sssaj1965.03615995002900060025x
https://doi.org/10.1007/s10021-012-9533-3
https://doi.org/10.1016/j.apsoil.2019.05.014
https://doi.org/10.1139/X10-198
https://doi.org/10.1016/j.foreco.2020.117896
https://doi.org/10.1016/j.still.2020.104605
https://doi.org/10.1080/00380768.2018.1439697
https://doi.org/10.1016/j.scitotenv.2020.143541
https://doi.org/10.1007/s42832-021-0094-2
https://doi.org/10.1016/j.geoderma.2017.01.019
https://doi.org/10.7717/peerj.8536
https://doi.org/10.1016/j.soilbio.2020.107928
https://doi.org/10.1111/gcb.15407
https://doi.org/10.1111/gcb.15407
https://doi.org/10.1111/1365-2435.12936
https://doi.org/10.1016/j.ejsobi.2015.03.010
https://doi.org/10.1007/s00374-017-1188-y
http://creativecommons.org/licenses/by/4.0/

	Effects of Nitrogen and Phosphorus Addition on Soil Extracellular Enzyme Activity and Stoichiometry in Chinese Fir (Cunninghamia lanceolata) Forests
	Introduction
	Materials and Methods
	Field Experiment
	Field Sampling
	Soil Physiochemical Properties
	Microbial Biomass Carbon and Soil Enzyme Activity Analysis
	Soil Microbial Element Limitation
	Statistical Analysis

	Results
	Changes in Soil Physicochemical Properties
	Changes in Soil MBC and EEA
	Soil Enzyme Stoichiometric Ratio and Relative Nutrient Limitation
	Effect of N and P Addition on Soil Enzyme Performance

	Discussion
	Effect of Nitrogen Addition on Soil Enzyme Activity
	Effect of P Addition on Soil Enzyme Activity
	Interaction of N and P Additions on Soil Enzyme Activity

	Conclusion
	Data Availability Statement
	Author Contributions

	References

