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Atmospheric nitrogen (N) deposition is among the main manifestations of global

change and has profoundly a�ected forest biogeochemical cycles. However, the

threshold of N deposition to soil nutrient contents and enzyme activities has rarely

been studied in a forest. In this study, we explored the e�ects of N deposition on

soil nutrients and enzyme activities in a Larix principis-rupprechtii plantation on the

northern Yanshan Mountain through multigradient N addition experiments (0, 5,

10, 20, 40, 80, and 160 kg N ha−1 year−1) after fertilization for 2 years. Compared

with the controls, N addition first led to a decrease in soil NH+

4
-N and NO−

3
-N,

which then increased significantly. N addition had no significant e�ects on other

soil nutrients. N addition overall elevated soil β-glucosidase activity. N application

of>40 kg N ha−1 year−1 significantly reduced soil leucine aminopeptidase activity

but had no significant e�ects on soil acid phosphatase, N-acetyl-β-D-glucosidase,

and urease activities. N addition increased the overall stoichiometry ratio of EEA

C:N and EEA C:P, but EEA N:P started decreasing after N application of 40 kg N

ha−1 year−1. The ratios of C, N, and P acquisition activities changed from 1:1.2:1

under the control conditions to 1:1.1:1 under the N application of 160 kg N ha−1

year−1. N addition increased the overall vector length and had no significant

e�ects on the vector angle. Correlation and redundancy analyses revealed that

N addition-induced change in available soil N was the main factor a�ecting

soil enzyme activity and stoichiometry. In general, di�erent enzyme activities

had di�erent sensitivities to N addition. Moderate N addition or atmospheric N

deposition (e.g., <40 kg N ha−1 year−1) had beneficial e�ects on soil nutrient

cycling and microorganisms in a Larix principis-rupprechtii plantation.

KEYWORDS

nitrogen addition, Larix principis-rupprechtii, soil nutrients, soil enzyme activity,

North China

1. Introduction

With industrial development, increases in population, and excessive use of fossil fuels,

atmospheric nitrogen (N) deposition is increasing year by year. Some studies have predicted

that the global nitrogen deposition rate will increase by 2.5 times in the twenty-first century

(Davidson, 2009). By the end of the twentieth century, China had become among the three

major N deposition regions globally. Although recent studies have shown that N deposition
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in China has exhibited a stabilizing or even decreasing trend (Yu

et al., 2019; Wen et al., 2020), it remains at a high level. Increased

N deposition affects the growth and diversity of ecosystem plants

and alters the species and structure of soil microorganisms, thereby

affecting soil enzyme activity and nutrient cycling (Isbell et al.,

2013). Carbon, nitrogen, and phosphorus acquisition enzymes are

widely present in soil and have a crucial role in organic matter

decomposition and nutrient cycling in soil (Burns et al., 2013),

which reflect the microbial requirement for C, N, P, and other

nutrient elements and changes in the soil environment (Gutknecht

et al., 2010; Guo et al., 2022; Wang et al., 2022). Therefore, they

are often used to indicate the response of soil microorganisms to

global changes (Kelley et al., 2011) and have a profound terrestrial

ecosystem biogeochemical cycle (Sinsabaugh et al., 2009; López-

Aizpún et al., 2017). Investigating the effect of N addition on soil

nutrients and enzyme activity is crucial for a deeper understanding

of soil nutrient cycling in the background of increasing atmospheric

N deposition.

The results of studies on the effect of N addition on soil

nutrients are generally consistent. Most of them have reported

that N addition increases the content of forest soil organic carbon,

soluble organic carbon, total nitrogen (TN), and available nitrogen

(AN) (Liu and Greaver, 2010), whereas excessive nitrogen input

leads to phosphorus limitation (Elser et al., 2009; Deng et al., 2017)

and loss of calcium, magnesium, and other nutrients (Huang et al.,

2015; Lu et al., 2018). However, the results of studies investigating

the effect of N addition on the activity of soil carbon, nitrogen,

and phosphorus acquisition enzymes differed considerably. For

example, with N addition, the activity of carbon acquisition-related

β-1,4-glucosidase (BG) showed an increasing trend in one study

(Sinsabaugh et al., 2005), no significant change in another study

(Zeglin et al., 2007), and a decreasing trend in other studies

(Ramirez et al., 2012; Zhang et al., 2017). Moreover, different

enzyme species responded differently to the same N addition

treatment. For example, Fan et al. (2018) found that N addition

(40 and 80 kg N ha−1 year−1) increased acid phosphatase (ACP)

activity but decreased N-acetyl-β-D-glucosidase (NAG) activity in a

subtropical Castanopsiscarlesii forest soil. The differential effects of

N addition on the activities of different soil enzymes may be closely

related to N application rates. However, most current experimental

gradients of forest N addition are few (generally 3–4) (Sinsabaugh

et al., 2005; Zhang et al., 2017), and the starting fertilizer application

is high (generally >40 kg N ha−1 year−1) (Fan et al., 2018), which

limits us to determine the sensitivity of soil enzyme activity to

nitrogen addition. Finding the threshold at which nitrogen addition

starts to influence a certain enzyme activity is difficult.

Larix principis-rupprechtii is among the major silvicultural

species on the northern Yanshan Mountain and is widely

distributed in warm temperate areas in China. Simultaneously,

North China has gradually become one of the new high deposition

areas in China (Yu et al., 2019), and studying the effect of N

deposition on Larix principis-rupprechtii plantations is important.

In this study, we conducted a multigradient N addition experiment

in a typical Larix principis-rupprechtii plantation and measured

soil nutrients, microbial biomass, and activities of soil carbon

and phosphorus acquisition enzymes after 2 years of fertilizer

application. We hypothesized that different soil nutrients and

enzyme activities have different sensitivities and threshold values

to N addition. Available nutrients, such as NH+

4 or NO−

3 ,

and nitrogen acquisition enzymes have high sensitivity and low

threshold values to N addition. This study clarified the response

and threshold values of soil nutrients and enzyme activities to

N addition and thus provided a scientific basis for long-term

management of Larix principis-rupprechtii plantations under the N

deposition background.

2. Methods

2.1. Study sites

The study area is located in Mulanweichang National

Forestry Administration of Hebei Province (41◦35
′

N−42◦40
′

N,

116◦32
′

E−118◦14
′

E). This area is in the transition zone between

the Inner Mongolia Plateau and the northern mountains of Hebei

Province and has a flat terrain and altitude of 1,200–2,000m. The

area has a typical temperate continental plateau monsoon climate.

This climate is characterized by cold and dry winters and cool and

heat-free summers, with an average annual temperature of∼3.3◦C.

The average annual precipitation is 445mm, mostly concentrated

in July and August.

In this study, one side of a hill with consistent stand conditions

was selected as the experimental sample site for N addition. The

stand type was a Larix principis-rupprechtii plantation on the

northern slope of the hill, a shady slope of ∼15◦. This 30-year-old

stand has an average tree diameter at a breast height of 13.2 cm, an

average tree height of 10.5m, and a density of ∼1,575 trees hm−2.

The understory shrubs mainly include Rosa dahurica, Lespedeza

bicolor, Armeniacasibirica, and Spiraea pubescens Turcz. The main

herbs are Carex siderosticta, Campanula punctata, Moehringia

trinervia, Artemisia mongolicau, etc.

2.2. Experimental design

In July 2018, 28 sample plots (area of each plot: 20m ×

20m) were set up in a row along the slope’s contour. The

plots were separated by a 10-m separation zone to avoid the

interaction between different N application treatments. All

plots were fenced to exclude human and animal interference.

Before fertilization, 0–10 cm of surface soil was collected

from each site by using a five-point sampling method,

and soil indices such as pH, soil organic carbon (SOC),

TN, total phosphorus (TP), available phosphorus (AP),

ammonium nitrogen (NH+

4 -N), nitrate nitrogen (NO−

3 -N),

and available nitrogen (AN) were measured (Table 1). No

significant differences were observed in the soil background

of each site and were moderate for the nutrient addition

control experiments.

The N addition gradient fertilization experiments were

conducted in August 2019. N addition was divided into seven

levels with four replications for each treatment in a randomized

block design. Using the rain gauge method, we found that the

annual atmospheric wet N deposition flux in this area is 5.03 kg
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TABLE 1 Background data of soil nutrients in nitrogen addition plots.

Treatment N0 N5 N10 N20 N40 N80 N160

SOC (g kg−1) 69.45± 3.40a 67.19± 4.89a 63.98± 2.31a 66.06± 5.60a 69.46± 3.75a 64.38± 2.08a 67.07± 7.39a

TN (g kg−1) 5.62± 0.73a 5.79± 0.12a 5.52± 1.07a 5.59± 0.13a 5.40± 0.57a 5.25± 0.35a 5.45± 0.49a

TP (g kg−1) 1.02± 0.23a 0.96± 0.19a 0.92± 0.27a 0.92± 0.07a 0.92± 0.07a 0.92± 0.19a 0.92± 0.09a

AP (mg kg−1) 10.98± 2.00a 10.95± 0.22a 13.92± 6.13a 10.43± 1.55a 11.52± 1.29a 12.62± 2.91a 12.18± 1.65a

NH+

4 -N (mg kg−1) 7.55± 2.66a 11.04± 2.66a 15.69± 9.06a 13.94± 7.60a 11.62± 2.01a 10.45± 3.49a 8.72± 1.74a

NO−

3 -N (mg kg−1) 25.56± 10.51a 18.01± 8.77a 26.73± 9.91a 22.66± 3.49a 23.24± 1.01a 23.24± 1.01a 25.56± 2.66a

pH 6.11± 0.19a 6.01± 0.07a 5.94± 0.14a 6.12± 0.05a 6.06± 0.12a 6.02± 0.11a 5.99± 0.10a

The letters “a” in the same row indicate that there is no significant differences between different nitrogen addition gradients (p > 0.05).

N ha−1 year−1, and 88% of it is deposited in the growing season

from May to September. Thus, N concentrations for addition

to the seven levels were 0 (N0), 5 (N5), 10 (N10), 20 (N20),

40 (N40), 80 (N80), and 160 (N160) kg N ha−1 yr−1 from low

to high, and the fertilizer type was urea (CH4N2O). Urea was

dissolved in 40 L of water in each sample plot and sprayed in

each plot evenly. Equal amounts of water were sprayed in the

control sample plot. The soil was fertilized every month in the

growing season.

2.3. Field sampling

Soil surface (0–10 cm) sampling was conducted in September

2020, 2 years after fertilization was completed in the sample plots.

Soil from five points on each plot was sampled and mixed into one

sample. The soil were passed through a 2-mm soil sieve to remove

debris such as animal residues and stones. A part of the sieved soil

sample was stored in a refrigerator at 4◦C to determine soil enzyme

activity and microbial carbon. Another part of the soil was stored

at room temperature and dried naturally to determine basic soil

nutrient indices.

2.4. Measurement methods

2.4.1. Soil chemical properties
Soil organic carbon was determined using the potassium

dichromate-external heating method; recalcitrant organic carbon

(ROC) was determined through acid hydrolysis; soil easily

oxidized organic carbon (EOC) was determined using the

potassium permanganate colorimetric method; and microbial

quantity carbon (MBC) was determined using the chloroform

fumigation-potassium sulfate leaching method. Soil TN was

determined through potassium dichromate-sulfuric acid digestion;

ammonium nitrogen (NH+

4 -N) and nitrate nitrogen (NO−

3 -N)

were extracted with 2mol L−1 KCI and determined using a

continuous flow analyzer (Skalar san++, Skalar, Netherlands);

AN was a sum of NH+

4 -N and NO−

3 -N. Soil TP and AP

were detected using the continuous flow analyzer (Hedley et al.,

1982). Soil pH was determined using an acidity meter with

the soil–water ratio (1:2.5). These methods can be seen in Bao

(2000).

2.4.2. Determination of enzyme activity and
calculation of enzyme stoichiometric ratio

Soil urease (UE), soil leucine aminopeptidase (LAP), soil

ACP, soil NAG, and soil β-glucosidase (BG) were determined

using the microplate fluorometric method (Chen et al., 2018).

According to the requirements of the test kit, soil samples were

placed in 96-well cell culture plates with the corresponding

reagents and detected using a microplate reader (Thermo

ScientificTM, USA). The substrates of BG, NAG, UE, LAP,

and ACP are 4-MUB-β-D-glucopyranoside, 4-MUB-N-acetyl-β-D-

glucosaminide, urea, L-leucine-7-amino-4-methylcoumarin, and

4-MUB-phosphate, respectively.

The equations for determining the stoichiometry of soil

extracellular enzymes (Keeler et al., 2009) are as follows:

EEAC :N =
ln(BG)

ln(LAP+NAG)
(1)

EEAC :P =
ln(BG)

ln (ACP)
(2)

EEAN :P =
ln(LAP+ NAG)

ln(ACP)
(3)

where EEA represents the soil extracellular enzyme activity,

BG represents soil β-glucosidase, NAG represents soil N-acetyl-β-

D-glucosidase, LAP represents leucine aminopeptidase, and ACP

represents acid phosphatase.

2.4.3. Vector characteristics of enzyme activity
To quantify the limitation of microbial metabolism of C, N,

and P, vector analysis was performed on the relative proportion of

enzyme activity. Vector length represents the C limitation, and the

vector angle represents relative P and N limitations. Microbial C

limitation increases with the vector length. A vector angle of >45◦

represents microbial P limitation, and that of <45◦ represents N

limitation (Fanin et al., 2016; Moorhead et al., 2016).

Length =

√

(EEAC :N)
2
+ (EEAC : P)

2

Angle(◦) = Degrees [Atant2 (EEAC : P) , (EEAC :N) ] .

2.5. Data analysis

Data statistics and analysis were performed using Microsoft

Excel 2019 and SPSS 22.0. One-way ANOVA and Duncan multiple
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comparisons of enzyme activities for N addition treatments

were performed at a significance level of p < 0.05 and plotted

using SigmaPlot 14.0 software. The Pearson correlation analysis

analyzed the correlation between soil enzyme activities and their

stoichiometric ratios with soil physicochemical properties and

other indicators. Redundancy analysis (RDA) was performed using

Canoco 5.0 software to determine the inter-relationships between

soil enzyme activities and their environmental conditions. In

the forward selection step, the variable was excluded due to its

collinearity with the currently selected variable. The constrained

step based on a Monte Carlo permutation moved unimportant

explanatory variables, and significant variables (p< 0.05) were used

in the final analyses.

3. Results and analysis

3.1. E�ects of N addition on soil chemical
properties

Table 2 and Figure 1 present the effects of N addition on total

soil nutrients, effective nutrients, and pH. SOC, TN, and TP with

their ratios, pH, AP, and MBC exhibited no significant difference

among the different levels of N added (p > 0.05). Soil EOC

content tended to increase with increasing N addition, but it did

not reach a significant level (p > 0.05). Soil NH+

4 -N and NO−

3 -N

displayed a decreasing trend with low N applications and tended

to increase after the N20 or N40 treatment (Figure 1), and soil AN

also exhibited the same trend as soil NO−

3 -N.

3.2. E�ects of N addition on soil enzyme
activity and enzyme stoichiometry

Figure 2 presents the effects of N addition on the activity of each

soil enzyme. Among them, N addition influenced BG activity, with

an overall trend of increase and then decrease, with the highest

activity observed after the N5 treatment (Figure 2A). NAG, LAP,

andUE presented different responses to N addition. NAG displayed

large variations in activity among N treatments and showed no

obvious regularity with an increase in N addition. LAP activity

first increased and then decreased with the increase in N addition,

reaching its peak after theN40 treatment. No significant change was

observed in UE activity after the N treatments. ACP activity also did

not exhibit significant changes (Figure 2D).

Figure 3 presents the influences of N addition on the

stoichiometric ratio of soil enzymes. With an increase in N

addition, EEA C:N and EEA C:P presented a trend of first

increasing and then decreasing. At the same time, EEA N:P

exhibited an overall trend of decreasing and reached its highest

value after the N10 treatment (Figure 3C).

3.3. E�ect of N addition on vector
characteristics of soil enzyme activity

Overall, the vector length increased with N addition (p <

0.05), except after the N80 treatment (Figure 4A). The vector length

was the longest after the N5 treatment, thereby indicating that

microorganisms experience the largest carbon limitation at the N5

level. Compared with the controls, N addition had no significant

effects on the vector angle (Figure 4B). Vector angles under

different gradient N addition enzymes were all<45◦. This indicates

that microbial communities experience nitrogen limitation to some

extent, and short-term N addition did not significantly change

this status.

3.4. Analysis of soil enzyme activities and
stoichiometric ratios with soil
environmental factors

3.4.1. Correlation analysis
The results of correlation analysis between soil enzyme

activities, stoichiometric ratios, and soil environmental factors in a

Larix principis-rupprechtii plantation after N addition are presented

in Table 3. Soil BG activity significantly and negatively correlated

with pH and EOC and significantly and positively correlated with

MBC (p < 0.05). Soil LAP activity was significantly and negatively

correlated with NO−

3 -N and AN. Soil ACP activity was extremely

and positively correlated with TP (p < 0.01) and significantly and

negatively correlated with MBC. Soil UE activity was significantly

and positively correlated with NH+

4 -N. Soil NAG activity was not

significantly correlated with any of the environmental factors (p

> 0.05).

EEA C:N was significantly and positively correlated with soil

MBC. EEA C:P was significantly and negatively correlated with

AN and significantly and positively correlated with MBC. EEA N:P

significantly and positively correlated with soil NH+

4 -N and ROC

(p < 0.05).

3.4.2. Redundancy analysis
As shown in Figure 5, the total interpretation rate of

environmental variables on soil enzyme activities was 65.66%. The

total interpretation rates on the first and second axes were 57.65%

and 8.01%, respectively. NH+

4 -N and ROC were the first two

factors for explaining the variation in soil enzyme activities and

enzyme stoichiometry, and their interpretation rates were 20.6%

and 18.6%, respectively.

4. Discussion

4.1. E�ects of N addition on soil chemical
properties

In this study, short-term fertilizer application exhibited no

significant effect on soil SOC, TN, TP, TK, ROC, and pH but had

significant effects on AN, NH+

4 -N, NO
−

3 -N, and MBC (Figure 1;

Table 2). Most studies have reported an increase in soil AN, NH+

4 -

N, and NO−

3 -N contents with high N addition (Fang et al., 2009;

Hu et al., 2009; Xu et al., 2009). In the present study, these factors

also increased with high N addition, but they first decreased with

low N application. This phenomenon has rarely been reported in

forest ecosystems because the starting fertilizer application rate
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TABLE 2 E�ects of nitrogen addition on soil chemical properties.

Treatment N0 N5 N10 N20 N40 N80 N160

SOC (g kg−1) 77.98± 4.53a 67.90± 6.12bc 70.87± 3.04abc 64.41± 3.12abc 69.97± 5.04c 72.55± 5.74abc 75.56± 5.21abc

TN (g kg−1) 6.00± 0.23a 5.34± 0.42a 5.38± 0.10a 5.27± 0.41a 5.16± 0.43a 5.41± 0.48a 5.98± 0.76a

TP (g kg−1) 0.62± 0.02c 0.62± 0.46c 0.73± 0.00a 0.65± 0.34bc 0.72± 0.07ab 0.62± 0.04c 0.68± 0.03abc

SOC:TN 12.99± 0.38a 12.82± 2.20a 13.15± 0.73a 12.25± 1.26a 13.66± 2.02a 13.40± 0.17a 12.81± 2.21a

TN:TP 9.60± 0.70a 8.63± 1.25ab 7.32± 0.09b 8.07± 0.94ab 7.11± 0.80b 8.64± 0.55ab 8.70± 0.92ab

SOC:TP 124.64± 10.19a 108.91± 2.95bc 96.22± 4.39c 98.10± 2.07c 96.80± 15.37c 115.83± 7.06ab 110.10± 7.28abc

AN (mg kg−1) 25.75± 0.76b 22.19± 1.02c 21.38± 0.16c 20.46± 0.76c 25.62± 1.43b 25.44± 0.24b 28.38± 0.33a

AP (mg kg−1) 7.01± 0.48a 6.70± 0.76a 7.11± 0.15a 6.84± 0.62a 6.70± 0.15a 6.25± 1.50a 6.88± 0.58a

ROC (g kg−1) 3.43± 0.03b 3.45± 0.05ab 3.47± 0.07ab 3.53± 0.03a 3.53± 0.04a 3.52± 0.02a 3.49± 0.01ab

EOC (g kg−1) 4.00± 0.48a 4.01± 0.26a 4.00± 0.67a 4.96± 0.72a 4.52± 0.62a 4.64± 0.13a 5.05± 0.61a

MBC (mg

kg−1)

752.30± 2.00b 857.63± 22.97a 704.15± 54.09b 724.30± 63.23b 695.26± 16.91b 765.04± 22.87ab 718.37± 43.76b

pH 6.25± 0.04a 6.23± 0.16a 6.13± 0.06a 6.28± 0.09a 6.26± 0.05a 6.23± 0.01a 6.16± 0.51a

Different letters in the same row indicate significant differences between different nitrogen addition gradients (p < 0.05).

FIGURE 1

E�ects of nitrogen addition on soil ammonium nitrogen (A) and nitrate nitrogen (B) in a Larix principis-rupprechtii plantation in North China.

was usually high in previous studies (Fan et al., 2018). Boreal

forests are typically nitrogen-deficient ecosystems (Du et al., 2020).

A study also found that nitrogen addition increased plant N

uptake and plant biomass in North China (Du et al., 2014). N

addition stimulated Larix principis-rupprechtii growth, but this

effect was greater at a low N addition level (<40 kg N ha−1

year−1) and lower with high N addition (unpublished data).

Therefore, high N uptake by trees with low N addition is possibly

the main reason for the decreased available N. Simultaneously,

N addition promotes the mineralization of soil organic N, and

decomposition of soil organic N after exogenous N addition

directly increases the soil NH+

4 -N content (Aber, 2002) and the

nitrification reaction (Bejarano et al., 2014). Therefore, when the

content of available soil N exceeds the range that plants could

absorb, soil NH+

4 -N and NO−

3 -N accumulate and increase with

high N addition.

Soil microorganisms are the most active part of soil organic

matter, and MBC is a sensitive index that reflects small changes

in the soil environment. Most studies have indicated that N

addition causes a reduction in soil MBC content (Treseder, 2008;

Janssens et al., 2010; Liu and Greaver, 2010; Zhang et al., 2017),

whereas N addition did not reduce soil MBC content in this

study (Table 2). In a meta-analysis, Treseder (2008) concluded

that two main reasons lead to a decrease in MBC content with

N addition. The first is “aluminum toxicity” in soil due to the

decrease in soil pH with N addition, and the second is the

microbial “carbon starvation” caused by the decrease in lignose

activity, increase in melanin content, or decrease in plant carbon

allocation to the subsurface with N addition. Soil MBC did not

decrease in the present study because, on the one hand, short-

term fertilizer application had not led to soil acidification, and on

the other hand, the herbaceous plant community under the larch
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FIGURE 2

E�ects of nitrogen addition on soil enzyme activity of a Larix principis-rupprechtii plantation in North China. (A–E) BG, NAG, LAP, ACP, and UE,

respectively.

forest in North China was growing vigorously, and N addition

significantly increased its biomass (unpublished data). The rapid

turnover of herbaceous plants might have increased the soil EOC

(Table 2), thereby alleviating the microbial “carbon starvation”

possibly after N addition. Therefore, the role of understory plants in

connection to the effect of N addition on soil nutrients needs to be

further explored.

4.2. E�ect of N addition on soil enzyme
activities and stoichiometric ratios

Atmospheric N deposition can affect the balance of energy

flow and nutrient cycle within forest ecosystems (Liu et al., 2017).

Soil enzymes are more sensitive to environmental changes, so

they act as an indicator of the soil response to N deposition
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FIGURE 3

E�ects of nitrogen addition on soil enzyme stoichiometry in a Larix principis-rupprechtii plantation in North China. (A–C) BG: (LAP+NAG), BG:ACP,

and (LAP+NAG):ACP, respectively.

FIGURE 4

E�ect of nitrogen addition on the length (A) and angle (B) of enzyme activity vector.

(Sinsabaugh et al., 2005). We here focused on the activities of five

soil carbon, nitrogen, and phosphorus acquisition enzymes. A

total of 2 years after N addition, BG and LAP activities exhibited

regular changes, whereas NAG, UE, and ACP activities exhibited

no significant regular changes. LAP activity was significantly lower

after high N treatment (>80 kg N ha−1 year−1) than in the control
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TABLE 3 Pearson correlation between soil enzymes, stoichiometric ratios, and soil physicochemical properties.

BG NAG LAP UE ACP EEA C:N EEA C:P EEA N:P

pH −0.450∗ −0.197 0.126 0.163 −0.187 −0.283 −0.263 −0.043

SOC 0.130 0.379 −0.223 −0.077 0.388 −0.137 −0.080 0.138

TN −0.265 0.430 −0.297 −0.015 0.194 −0.145 −0.428 0.304

TP 0.162 0.055 0.090 0.323 0.557∗∗ 0.295 0.118 −0.241

AP 0.114 0.402 −0.025 −0.052 0.079 0.090 −0.109 0.349

AN −0.427 −0.096 −0.490∗ 0.379 −0.052 −0.251 −0.497∗ −0.355

NH+

4 -N −0.278 −0.395 −0.047 0.460∗ 0.101 −0.252 −0.028 −0.438∗

NO−

3 -N −0.349 0.000 −0.464∗ −0.159 0.344 −0.311 −0.237 −0.241

MBC 0.557∗ −0.219 0.111 −0.258 −0.480∗ 0.448∗ 0.548∗ 0.053

SOC:TN 0.364 −0.104 0.084 −0.045 0.031 0.042 0.352 −0.193

SOC:TP −0.041 0.231 −0.228 −0.110 −0.328 −0.320 −0.155 0.262

TN:TP −0.286 0.261 −0.258 −0.230 −0.225 −0.274 −0.367 0.367

EOC −0.481∗ −0.257 −0.336 −0.087 −0.228 −0.372 −0.251 −0.240

ROC −0.013 −0.428 −0.124 0.157 0.116 0.038 0.213 −0.529∗

∗Significant correlation between two different variables (p < 0.05); ∗∗An extremely significant correlation (p < 0.01).

FIGURE 5

Redundant analysis diagram of the influence of soil nutrients on soil

enzyme activity and stoichiometric ratios. Soil enzyme activity and

the ecological enzyme stoichiometric ratio were used as response

variables, and soil environmental factors were used as explanatory

variables for redundancy analysis (RDA). The arrows connecting soil

microbial enzyme activities and enzyme stoichiometric ratios are in

blue, and the arrows connecting the soil environmental factors are

in red.

and low N groups. High N addition reduced N acquisition enzyme

activity, which is consistent with the results of most studies (Dong

et al., 2019). According to the resource allocation model (Allison

and Vitousek, 2005), N addition can alter soil enzyme activity

by affecting the effectiveness of soil nutrients (Wallenius et al.,

2011), and enzyme activity associated with N acquisition decreases

because of an increase in the effective soil N content under N

addition conditions (Berg and Matzner, 2011). The correlation

analysis results revealed that the increase in soil AN and NO−

3 -

N after N addition was the primary cause of the decreased LAP

activity (Table 3).

The resource allocation model also suggested that the activities

of carbon acquisition enzymes increase after N addition. The

increase in BG activity after N addition, in this study, is consistent

with the results obtained from the USA (Sinsabaugh et al.,

2005). N application generally stimulates microbial activity, thereby

increasing the demand for carbon and the activity of carbon-

associated soil enzymes (Keeler et al., 2009). In the present study,

pH was negatively correlated with BG activity, which agrees with

the results of a meta-analysis (Sinsabaugh et al., 2008). The

decreased pH and the high H+ concentration could inhibit the

biomass of soil microorganisms, which in turn had an inhibitory

effect on enzyme activity. In addition, the change in pH induces

a change in the binding state of soil particles, thus leading to a

consequent change in soil enzyme activity. In this study, EOC

was negatively correlated with BG activity. This may be because

when the content of EOC, as a more active part of organic carbon,

increases, the organic carbon-decomposing extracellular enzymes

would have negative feedback. Soil microorganisms reduce the

energy required to synthesize enzymes to a certain extent. This

would allow the effective promotion of microbial growth by

nutrients, thereby limiting the release of nutrients and inhibiting

carbon hydrolase activity in the soil (Enrique et al., 2008).

At the global scale, the ratio of specific C, N, and P acquisition

activities is 1:1:1 (Sinsabaugh et al., 2008). In this study, this ratio

changed from 1:1.2:1 under the control condition to 1:1.1:1 after

treatment with 160 kg N ha−1 year−1, thereby indicating that N

limitation occurred in this area. The vector angle also exhibited this
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phenomenon (Figure 4B). Short-term N addition alleviated this N

limitation to some extent but led to no change in this situation. In

the present study, the overall increase in BG activity, enzyme EEA

C:N, and enzyme vector length with N addition also indicated that

N addition exacerbated carbon limitation, which accorded to the

“optimal allocation” principle of ecological economics (Sinsabaugh

and Moorhead, 1994). Therefore, soil microorganisms in this area

were simultaneously under C and N limitation, and N addition

aggravated the C limitation. These results were obtained due to

short-termN addition, and we believe that it can be alleviated when

plant litter increases after long-term N addition.

4.3. Implication for forest ecosystem
management

Notably, in this study, the sensitivities of enzyme activities

related to carbon, nitrogen, and phosphorus differed in response

to N addition in Larix principis-rupprechtii plantation soils. The

activities of carbon acquisition enzymes (e.g., BG) were altered

with low N addition, and those of nitrogen acquisition enzymes

(e.g., LAP) responded significantly with medium N addition

(∼40 kg N ha−1 yr−1). By contrast, the activities of phosphorus

acquisition enzymes (e.g., ACP) did not change significantly. The

different sensitivities of these soil enzymes to the N addition rate

had important implications for ecosystem management. Unlike

plants, which are typically limited from accessing nitrogen in

terrestrial ecosystems (LeBauer and Treseder, 2008), heterotrophic

microorganisms are more susceptible to carbon limitation. In

this study, soil microorganisms were simultaneously under C

and N limitations. Moreover, with high N addition (>40 kg

N ha−1 year−1), the soil enzyme N:P ratio decreased, and

the vector angle increased slightly, thereby indicating a risk

of phosphorus limitation. A healthy forest needs a nutritive

element balance between C, N, and P. Therefore, in this

study, moderate N addition or atmospheric N deposition had

beneficial effects on soil microbial growth and nutrient cycling

and promoted forest growth with positive ecological effects on

the ecosystem.

5. Conclusion

In this study, the effects of 2 years of N addition on

soil nutrients, enzyme activities, and stoichiometric ratios were

investigated in a Larix principis-rupprechtii plantation on the

northern Yanshan Mountain in China. Our results revealed that

short-term N addition had no significant effects on total nutrients,

AP, soil pH, or MBC in larch plantations. Soil AN, NH+

4 -N, and

NO−

3 -N contents decreased with low N addition and significantly

increased with high N addition. The sensitivities of different

enzyme activities in response to N addition varied. BG activity

increased with low N treatment, and LAP activity started to

decrease significantly with medium N application (40 kg N ha−1

year−1) treatment. The other three enzymes exhibited no sensitivity

to short-term N addition. Soil NH+

4 -N and NO−

3 -N contents were

the main environmental factors influencing soil enzyme activity

and altered enzyme stoichiometric ratios under N addition. In

general, moderate N addition or atmospheric N deposition was

beneficial for soil nutrient cycling and microorganisms in Larix

principis-rupprechtii plantations.
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