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Abstract Elevated atmospheric nitrogen (N) deposition

has been detected in many regions of China, but its effects

on soil N transformation in temperate forest ecosystems are

not well known. We therefore simulated N deposition with

four levels of N addition rate (N0, N30, N60, and N120) for

6 years in an old-growth temperate forest in Xiaoxing’an

Mountains in Northeastern China. We measured gross N

transformation rates in the laboratory using 15N tracing

technology to explore the effects of N deposition on soil

gross N transformations taking advantage of N deposition

soils. No significant differences in gross soil N

transformation rates were observed after 6 years of N

deposition with various levels of N addition rate. For all N

deposition soils, the gross NH4
? immobilization rates were

consistently lower than the gross N mineralization rates,

leading to net N mineralization. Nitrate (NO3
-) was pri-

marily produced via oxidation of NH4
? (i.e., autotrophic

nitrification), whereas oxidation of organic N (i.e., het-

erotrophic nitrification) was negligible. Differences

between the quantity of ammonia-oxidizing bacteria and

ammonia-oxidizing archaea were not significant for any

treatment, which likely explains the lack of a significant

effect on gross nitrification rates. Gross nitrification rates

were much higher than the total NO3
- consumption rates,

resulting in a build-up of NO3
-, which highlights the high

risk of N losses via NO3
- leaching or gaseous N emissions

from soils. This response is opposite that of typical

N-limited temperate forests suffering from N deposition,

suggesting that the investigated old-growth temperate for-

est ecosystem is likely to approach N saturation.
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Introduction

In most temperate forest ecosystems, nitrogen (N) avail-

ability is the main factor limiting forest productivity

(Matson et al. 2002; Chen et al. 2004; Zhao et al. 2007).

However, due to increasing human activity, including

chemical nitrogenous fertilizer production via the Haber–

Bosch process and the combustion of fossil fuels (Gal-

loway et al. 2004), the amount of reactive N has rapidly

increased worldwide. Atmospheric N deposition is ele-

vated in industrial regions throughout the world and has
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been accelerating in many developing countries over the

last several decades (Fang et al. 2004). Further increases in

the deposition of ammonia (NHx) and reactive N oxides

(NOX) are projected, which could affect internal soil N

cycling and sequestration and subsequent biomass accu-

mulation in forest ecosystems in temperate and boreal

zones of Europe and North America (Fan et al. 2007;

Brumme and Khanna 2008). For instance, elevated N input

decreased gross N mineralization but increased gross

nitrification rates in temperate beech and spruce forest soils

that experienced considerable N losses (Corre et al. 2003).

Results from the NITREX and EXMAN projects indicate

that NO3
- leaching from temperate and boreal forests

increases when N deposition levels exceed approximately

25 kg ha-1 year-1 and the C/N ratio of the forest floor is

less than approximately 25 (Gundersen et al. 1998a, b;

MacDonald et al. 2002). In China, elevated NH4
?–N and

NO3
-–N concentrations in precipitation have been

observed in many cities since the 1980s (Galloway et al.

1987; Li 1984). As a result, temperate forest ecosystems

are gradually becoming N-saturated and are switching

from a closed to an open N-cycling system, with increasing

nitrate leaching and NOx emissions (Aber et al. 1998).

Thus, excess Nr is accumulating at the local, regional, and

global levels, perhaps leading to negative environmental

effects such as deteriorating air quality due to particulate

matter as well as increased tropospheric ozone, adverse

health effects (Townsend et al. 2003), disrupted forest

ecosystem processes (Aber et al. 2003), and the eutrophi-

cation and acidification of lakes and streams (Driscoll et al.

2001).

In contrast to studies in temperate zones in industri-

alized countries, such as European NITREX projects and

in Harford Forest (Hofstra and Bouwman 2005), studies

quantifying the effects of N deposition on soil N trans-

formations rates and N availability in developing coun-

tries have begun later. Thus, the impacts of N deposition

on soil N transformations in temperate forest ecosystems

in China are not well known (Pu et al. 2001, 2002; Fang

et al. 2004). Moreover, field experiments in an old-growth

temperate forest site have showed that net primary pro-

duction (Mao et al. unpublished data) and soil respiration

(Gao et al. 2016) were not affected by 6 years of N fer-

tilization, which is different from the general response of

temperate forests (Du et al. 2014). Thus, studies are

needed to clarify the effects of 6 years of simulated N

deposition on gross soil N transformation rates in the old-

growth temperate forest in northeastern China, whether

the soil is N-limited, and the underlying mechanism of N

cycling.

Soil gross N transformation rates measured using 15N

tracing techniques could provide a more mechanistic

understanding of soil N dynamics than net N transformation

rates (Müller et al. 2007; Rütting and Müller 2007; Huygens

et al. 2008; Rütting et al. 2008). Thus, the objectives of this

study were (1) to measure the gross N transformation rates in

a simulated N deposition experiment and (2) to explore the

responses of the dynamics of soil gross N transformations to

6 years of simulated atmospheric N deposition in an old-

growth temperate forest in northeastern China. The results of

this study provide a theoretical basis for appropriately

assessing the environmental impacts of N deposition on

temperate forest ecosystems in northeastern China.

Materials and methods

Site description

The study site is located in the Liangshui National

Reserve of the Xiaoxing’an Mountains in northeastern

China (47�1005000N, 128�5302000E). The reserve has a

typical hilly landscape. The reserve, which had not been

harvested or disturbed in any other way since 1952, was

established in 1980 and has been part of the China’s Man

and the Biosphere Reserve Network since 1997. This

reserve was promoted to national nature reserve status

with the approval of the Chinese State Council in

December 1997 to protect the old-growth mixed broad-

leaf–Korean pine (Pinus koraiensis) forest ecosystem.

This approximately 12,133 ha area is characterized by a

rolling mountainous terrain, with elevations ranging from

300 to 707 m a.s.l. with a typical slope of 10�–15� (Qi

et al. 2014). The atmospheric N deposition is

12.93 kg N ha-1 year-1 (Song et al. 2017). The soil is

classified as dark-brown forest soil according to the

Chinese soil classification, which is equivalent to

Humaquepts or Cryoboralfs based on American soil tax-

onomy (Soil Survey Staff 1999). The soil cation exchange

capacity is 30.1 cmol kg-1, base saturation is 59%, and

the clay (\ 10 lm) content is 52%. The mean annual

precipitation is 676 mm, with summer precipitation

accounting for more than 60% of the total. The relative

humidity is 78%, with an annual evaporation of 805 mm.

The mean annual temperature is - 0.3 �C, with minimum

and maximum monthly average temperatures of

- 19.4 �C in January and 20.9 �C in July, respectively.

The daily maximum temperature during July and August

frequently exceeds 30 �C. The site is covered by snow for

130–150 days, and the frost-free period is 100–120 days

per year. The main canopy species include Pinus

koraiensis, Picea koraiensis, Abies nephrolepis, Tilia

amurensis, T. mandshurica, Acer mono, Fraxinus mand-

shurica, Ulmus laciniata, Betula costata, B. platyphylla,
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Quercus mongolica, Larix gmelinii, Juglans mandshurica,

Acer ukurunduense, and A. tegmentosum.

To determine the effects of increased N deposition on N

transformations in the mixed broadleaf–Korean pine forest,

a simulated N deposition field experiment was initiated in

2008. Twelve plots (20 9 20 m) were established at 10-m

intervals to prevent disturbance among plots. The site

factors were considered in site selection to minimize any

confounding effects on the responses of forest ecosystems

to chronic N deposition (Lovett and Rueth 1999; Goodale

and Aber 2001). All woody stems [ 2 cm diameter at

breast height in the plot were mapped, measured, identified

to species, and tagged in 2008. Four levels of N addition

treatment were established in triplicate (N0, N30, N60, and

N120) by applying CO(NH2)2 solution at a rate of 0, 30,

60, and 120 kg N ha-1 a-1, respectively, with the N0

treatment receiving an equal amount of water. The solution

was applied at the beginning of June, July, and August each

year (since June 2008) using an equal split application.

In November 2014, three soil subsamples were taken

from the A horizon (0–20 cm) of each plot, pooled toge-

ther, passed through a 2 mm sieve, homogenized, and split

into two subsamples. One subsample was stored at 4 �C for

\ 1 month before the experiment, and the other was air-

dried for soil property analysis.

15N tracing experiment

Two 15N-labelled treatments (three replicates each) were

established. Nitrogen was applied as 15NH4NO3 or NH4
15

NO3 at 10.22 and 10.19 atom % 15N excess, respectively.

For each soil sample, 30 Erlenmeyer flasks (250 mL) were

prepared with 20 g (oven-dry basis) fresh soil. The soils (in

sealed flasks) were pre-incubated in the dark at 25 �C
for 24 h. After pre-incubation, 2.2 mL of 15NH4NO3

solution was added to 15 Erlenmeyer flasks and 2.2 mL of

NH4
15–NO3 solution was added to the other 15 Erlenmeyer

flasks at a rate of 20 mg NH4
?–N g-1 soil and 20 mg

NO3
-–N g-1 soil, respectively. The 15N-labelled solutions

were pipetted evenly over the soil surface, and the final soil

moisture content was adjusted to 60% water-holding

capacity with deionized water. The flasks were then sealed

with plastic film containing small holes to permit gas

exchange and incubated in the dark at 25 �C for 96 h.

The 15NH4NO3- and NH4
15NO3-labelled flasks were

extracted with 2 M KCl solution (at a soil to KCl solution

ratio of 1:5 m/v) at 0.5, 48, and 96 h of incubation. After

the samples were shaken at 250 rpm on a mechanical

shaker in the dark at 25 �C for 1 h, they were filtered

through Whatman No. 42 filter papers. The extraction was

used to determine the concentrations and isotopic compo-

sitions of NH4
? and NO3

-.

15N-tracing model

The 15N-tracing data were analyzed using the Ntrace model

(Müller et al. 2007), a process-based 15N-tracing model

(Fig. 1). Ten gross N transformation rates were quantified

with this model: MNrec, mineralization of recalcitrant

organic N to NH4
?; MNlab, mineralization of labile organic-

N to NH4
?; INH4_Nlab, immobilization of NH4

? to labile

organic N; INH4_Nrec, immobilization of NH4
? to recalci-

trant organic N; RNH4ads, release of adsorbed NH4
?; ANH4,

adsorption of NH4
? on cation exchange sites; ONH4, oxi-

dation of NH4
? to NO3

- (autotrophic nitrification); ONrec,

oxidation of recalcitrant organic N to NO3
- (heterotrophic

nitrification); INO3, immobilization of NO3
- to recalcitrant

organic N; and DNO3, dissimilatory NO3
- reduction to

NH4
? (DNRA; Müller et al. 2007). The main N transfor-

mations considered in the model included the following:

mineralization (M = MNrec ? MNlab), nitrification

(N = ONH4_? ONrec), and immobilization of NH4
? (INH4)

and NO3
- (INO3).

The transformation rates were calculated using zero-

order, first-order, or Michaelis–Menten kinetics. To iden-

tify the most appropriate model that best described the

measured N dynamics, we tested several model modifica-

tions, varying in the number of N transformations, kinetic

settings, and N pools (Rütting et al. 2008). The final model

was selected according to Akaike’s information criterion

(AIC; Cox et al. 2006). Parameter optimization was carried

out with the Metropolis algorithm (MCMC-MA). The steps

used in model development and the optimization algorithm

were described in detail by Müller et al. (2007). The misfit

function between the simulation output and observations,

f(m) (see Eq. 3 of Müller et al. (2007)), takes into account

the variance of the individual observations. Analyses using

this parameter optimization concept in previous studies

have shown that the mineralization of two conceptual

organic N pools produce realistic NH4
? dynamics (Huy-

gens et al. 2007; Müller et al. 2009). The MCMC-MA

routine was set up in the MATLAB software package

(Version 7.2, MathWorks, Natick, MA, USA), which calls

models that are separately set up in Simulink (Version 6.4).

Initial concentrations of the mineral N pools (14N and 15N

pool size) were determined according to Müller et al.

(2004). Briefly, NH4
? and NO3

- concentrations were

estimated for time zero by back-extrapolation of data at

t = 0.5 h and t = 48 h. The difference between NH4
?

applied and NH4
? determined was considered to represent

NH4
? that was immediately adsorbed on NH4

? exchange

sites (NH4ads) (Zhang et al. 2011).

Data supplied to the model were the concentrations and
15N excess values (mean ± SD) of NH4

? and NO3
- from

the two 15N treatments.
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Analyses

Soil properties were determined following the Soil Agro-

Chemical Analysis procedures of Lu (2000). Soil pH was

measured in a 1:2.5 (v/v) soil to water ratio using a DMP-

2 mV/pH detector (Quark, Nanjing, China). Soil organic

carbon (SOC) was analyzed by wet digestion using H2SO4–

K2Cr2O7, and total N (TN) was determined by semi-micro

Kjeldahl digestion using Se, CuSO4, and K2SO4 as cata-

lysts (Lu 2000). NH4
? and NO3

- were extracted using 2 M

KCl at a soil to solution ratio of 1:5 (m/v) on a mechanical

shaker for 60 min at 250 rpm at 25 �C. The extract was

filtered through qualitative filter paper, and the NH4
? and

NO3
- concentrations were determined using a continuous-

flow analyzer (Skalar, Breda, Netherlands). Isotopic com-

positions of NH4
? and NO3

- were determined using an

isotope ratio mass spectrometer (SerCon 20–22; Europa

Scientific Integra, Crewe, UK). The abundances of AOA

and AOB communities were determined by reverse-tran-

scription quantitative polymerase chain reaction (RT-

qPCR).

Calculation

Two net transformation rates used in this literature can be

determined using the following equations:

Mnet ¼ M � INH4 � INO3 ð1Þ
Nnet ¼ N�INO3�DNO3; ð2Þ

where Mnet and Nnet are the net N mineralization rate and

the net NO3
- nitrification rate, respectively; M, N, INH4,

INO3, and DNO3 are the gross NH4
? mineralization rate, the

gross NO3
- nitrification rate, the gross NH4

? immobi-

lization rate, the gross NO3
- immobilization rate, and the

rate of dissimilatory NO3
- reduction to NH4

?, respec-

tively. The mean residence time (MRT) of the NH4
? pool

was calculated using the following equation:

MRT ¼ NHþ
4 pool=M; ð3Þ

where NH4
?

pool is the NH4
? pool size and M is the gross

mineralization rate. The MRT indicates the mean length of

time in which an N atom resides in a given pool. A lower

MRT indicates a faster turnover rate and hence a more

dynamic pool (Hart et al. 1994).

Statistical analyses and model setup

The optimization procedure resulted in a probability den-

sity function for each parameter, from which parameter

means and standard deviations were calculated (Müller

et al. 2007). Each run of the analysis was carried out with

three parallel sequences to identify adequate iteration

numbers. Based on the kinetic settings and the final

Nlab

NH4
+

I NH4_Nlab

A NH4

NH4
+
ads

R NH4a

DNO3

ONH4

M Nrec

Nrec

I NH4_Nrec

O Nrec

NO3
−

I NO3M Nlab

Fig. 1 15N-tracing model used for data analysis. MNrec, mineraliza-

tion of recalcitrant organic N to NH4
?; MNlab, mineralization of labile

organic-N to NH4
?; INH4_Nlab, immobilization of NH4

? to labile

organic N; INH4_Nrec, immobilization of NH4
? to recalcitrant organic

N; RNH4ads, release of adsorbed NH4
?; ANH4, adsorption of NH4

? on

cation exchange sites; ONH4, oxidation of NH4
? to NO3

- (autotrophic

nitrification); ONrec, oxidation of recalcitrant organic N to NO3
-

(heterotrophic nitrification); INO3, immobilization of NO3
- to recal-

citrant organic N; and DNO3, dissimilatory NO3
- reduction to NH4

?

(DNRA)
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parameters, average N transformation rates were calculated

over the entire period, which were expressed in units of

mg N kg-1 soil day-1.

Differences in soil properties and gross N transforma-

tion rates among different soil treatments were assessed

with one-way ANOVA and compared with a LSD test at

P = 0.05. Pearson’s correlation analysis was applied to

correlate edaphic variables with gross N transformation

rates using SPSS software version 18.0 for Windows (IBM,

Armonk, NY, USA). Multiple stepwise regression analyses

were applied to determine whether the soil variables (i.e.,

soil organic C, total N, C/N ratio, pH, initial NH4
?–N, and

NO3
-–N concentrations) were significantly related to the

gross N transformation rates.

Results

Soil properties after 6 years of N deposition

Six years of elevated N addition did not have a significant

effect on any of the measured soil properties (i.e., pH, TN,

SOC, and NO3
– concentrations) except NH4

? concentra-

tion, which was significantly higher under N120 treatment

than under N30 treatment. All soils were weakly acidic,

with pH values ranging from 5.5 to 5.7 (Table 1). The soil

organic C contents were extreme high, ranging from 113.2

to 87.7 g C kg-1. Total N contents varied from 10.5 to

7.9 g N kg-1. The C/N ratios were relatively low, ranging

from 10.8 to 12.0 in the four treatment groups. The inor-

ganic N was dominated by NO3
-, which was one order of

magnitude higher than NH4
? concentrations for all treat-

ments. The NH4
? and NO3

- concentrations ranged from

1.6 to 1.1 mg N kg-1 and 33.0 to 13.7 mg N kg-1,

respectively.

NH4
1 and NO3

2 concentrations and 15 N

enrichment during incubation

The increased concentrations and isotopic enrichments

were generally within the range of the observed

mean ± SD. In all soils, ammonium concentrations gen-

erally decreased with incubation time, whereas nitrate

concentrations increased, indicating that net nitrification

had occurred.

The 15N abundance of the NH4
? pool declined in all

soils when the pool was labelled, indicating a dilution of

NH4
? under natural or low 15N enrichment conditions. By

contrast, the 15N abundance of the NO3
- pool increased

when NH4
? was labelled, indicating a transfer of NH4

?

into the NO3
- pool. Similarly, the decline in 15N abun-

dance of the NO3
- pool in the 15NO3

--labelled treatment

indicated that NO3
- entered this pool under natural or low

15N enrichment conditions. The 15N abundance of the

NH4
? pool remained more or less unchanged, indicating

that remineralization of immobilized NO3
- or DNRA was

negligible.

Gross N transformation

No significant differences in gross soil N transformation

rates were observed among any treatment after 6 years of

simulated N deposition in the field (Figs. 2, 3). For all

treatments, the gross NH4
? immobilization rates were

consistently lower than the gross N mineralization rates,

resulting in net N mineralization, which was also not sig-

nificantly different among treatments (Fig. 2). In addition,

the mean residence time (MRT) of the NH4
? pool did not

significantly differ among the four treatments, ranging

from 0.21 to 0.28 d. The gross N mineralization rates were

strongly positively correlated with the gross NH4
? immo-

bilization rates (P\ 0.01; Fig. 4a). However, neither gross

N mineralization rates nor gross NH4
? immobilization

rates were significantly correlated with soil organic C

(SOC), total N (TN), or C/N ratio.

NO3
- was primarily produced via oxidation of NH4

?

(i.e., autotrophic nitrification), whereas oxidation of

organic N (i.e., heterotrophic nitrification) was negligible.

There were some changes in gross nitrification rates among

different treatments, but they were not statistically signif-

icant, mainly due to large spatial variability. In all treat-

ments, the rates of NO3
- immobilization and dissimilatory

NO3
- reduction to NH4

? (DNRA) were near zero.

The gross nitrification rates were much higher than the

NO3
- immobilization rates, DNRA, or total NO3

- con-

sumption (the sum of NO3
- immobilization and DNRA) in

Table 1 Soil properties before the experiment (mean ± SD)

Treatment pH (1:2.5H2O) TN (g kg-1) SOC (g kg-1) NH4
? (mg kg-1) NO3

- (mg kg-1) C/N ratio

N0 5.7 ± 0.1a 7.9 ± 3.2a 87.7 ± 35.0a 1.5 ± 0.4ab 13.7 ± 6.6a 11.1 ± 0.5a

N30 5.6 ± 0.2a 10.5 ± 0.9a 113.2 ± 9.4a 1.1 ± 0.1b 32.2 ± 18.2a 10.8 ± 0.7a

N60 5.5 ± 0.3a 8.9 ± 2.2a 105.3 ± 23.1a 1.5 ± 0.1ab 28.5 ± 6.1a 12.0 ± 0.8a

N120 5.5 ± 0.2a 9.0 ± 3.8a 98.8 ± 42.5a 1.6 ± 0.3a 33.0 ± 19.6a 11.1 ± 0.9a

The same letter after values within a column indicates no significant differences among treatments
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all treatments, resulting in substantial net NO3
- produc-

tion. Thus, the risk of NO3
- loss was high in all of the

studied soils (Fig. 3). The gross nitrification rates were

strongly negatively correlated with gross NH4
? immobi-

lization rates (P\ 0.01; Fig. 4b). Meanwhile, there was no

significant relationship between gross NO3
- immobiliza-

tion rate and C/N ratio.

Soil AOB and AOA abundance

The differences in ammonia-oxidizing bacteria (AOB) and

ammonia-oxidizing archaea (AOA) abundances were not

significant among N deposition treatments (Fig. 5). More-

over, there was no difference in the ratios of archaeal to

bacterial amoA gene copy numbers among treatments,

which ranged from 1.16 to 1.13.

Discussion

Soil N transformations occur simultaneously and interact

with each other; thus, the response of transformations to N

deposition and fertilization is complex (Gao et al. 2015). In

addition to the amounts and forms of N deposition and

fertilization, soil N transformations are also affected by

many factors, such as pH, SOC, TN, and OXC (oxidation

capacity), as well as AOA and AOB abundances (Corre

et al. 2007; Xu et al. 2013; Zhang et al. 2009). This

complexity makes it difficult to identify the main charac-

teristics, controls, and mechanisms regulating changes in

transformations induced by N deposition or fertilization,

which explains why we have an incomplete understanding

of the relationships between N enrichment, N loss, and soil

acidification in response to N deposition and fertilization

(Templer et al. 2008; Zhao et al. 2007).

Gross N mineralization and NH4
1 immobilization

rates

In general, N addition to N-limited ecosystems can stim-

ulate N mineralization by removing microbial N limitation,

mainly by reducing C/N ratios. However, in the present

study, N addition had no significant effect on gross N

mineralization after 6 years of N deposition in the field,

which is in line with the results obtained in a boreal forest

at the southern edge of the AOSR, Alberta (Cheng et al.

2011) and in the Catskill Mountains (Christenson et al.

2009). The plots in the Catskill Mountains (Christenson

et al. 2009) and in southern Canada (Cheng et al. 2011) had

been fertilized for 3.5 and 4 years, respectively, and had

received cumulative amounts of N addition equivalent to

187.5 and 120 kg N ha-1, respectively. By contrast, both

the duration (6 years) and cumulative amounts of N (180,

360, and 720 kg N ha-1, for N30, N60, N120 treatment,

respectively) applied to our sites in the current study nearly

exceeded those used in the previous studies. The expla-

nations for the lack of a response to N fertilization in a

N-limited ecosystem proposed in the previous studies were

that either the amount of N added was insufficient to cause

a significant response or that there was a lag between the

time of N application and the onset of changes to soil N

transformation rates (Cheng et al. 2011).

In the present study, the gross NH4
? immobilization

rates (INH4) were consistently lower than the gross N

mineralization rates, resulting in the flow of large amounts

of mineral N to the nitrification process (Fig. 2), which is

in contrast to the typical response in temperate forests
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(Corre et al. 2003), as NH4
? immobilization rates are

comparable to gross N mineralization rates. Multiple lines

of evidence indicate that the main fate for deposited and

added N in forest soils is microbial N immobilization,

especially under N limited conditions (Bengtsson and

Bergwall 2000; Templer et al. 2005; Zogg et al. 2000).

Hodge et al. (2000) and Schimel and Bennett (2004) sug-

gested that added N added in soils only promotes the net

release of NH4
? and autotrophic nitrification if the

microbial N limitation is removed. Taken together, our

results of soil gross N transformations suggest that the old-

growth temperate forest ecosystem in northeastern China is

not N-limited but is likely approaching N saturation.

Gross nitrification and NO3
2 immobilization rates

The gross nitrification rates were much higher than the total

NO3
- consumption rates in all treatments, resulting in a net

production of nitrate. This result is in line with the obser-

vation that inorganic N was dominated by NO3
- in the

studied soils, which led to a high risk of NO3
- loss.

According to the nutrient retention hypothesis proposed by

Vitousek and Reiners (1975), mineral N production in

native ecosystems is generally low to curtail excessive N

loss. A low rate of nitrification can minimize NO3
- losses

(Vitousek et al. 1979). Stark and Hart (1997) reported that

the coupling between high nitrification rates and high

NO3
- immobilization rates represents another N conser-

vation mechanism in undisturbed coniferous forest soils in

New Mexico and Oregon. Our results, which were obtained

from an old-growth temperate forest ecosystem, are not

consistent with the findings of Vitousek and Reiners (1975)

and Stark and Hart (1997).

Soil pH is an important factor that may affect auto-

trophic nitrification. Microbiological oxidation of NH4
? to

NO3
– does not occur in soils with pH\ 4.5 (Weber and

Gainey 1962), despite recent investigations suggesting that

ammonia-oxidizing archaea could drive the oxidation of

NH4
? to NO3

– (Lu et al. 2012; Zhang et al. 2012). In

general, the autotrophic nitrification rate increases with

increasing soil pH (Cheng et al., 2013; Zhang et al. 2013).

Since the soil pH values in the current study were [ 5.5,

autotrophic nitrification would not have been impeded by

pH. Soil C/N ratios are another factor affecting soil N

conservation. Results from the NITREX and EXMAN

projects indicate that NO3
- leaching from temperate and

boreal forests can increase if the C/N ratio falls below 25

(Dise et al. 1998; Gundersen et al. 1998b; MacDonald et al.

2002). The C/N ratio of the temperate forest soils investi-

gated in the current study was much \ 25 (ranging from

10.8 to 12.0), also supporting the notion that the risk of

NO3
- leaching was high. However, the mechanisms gov-

erning microbial processes are currently unclear. Further

studies are needed to explore the underlying mechanism of
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gross N transformations in the climax forest ecosystem in

northeastern China.

Many previous studies have found that N addition

increases gross nitrification rates and subsequently increa-

ses NO3
- leaching in temperate forest soils (Tietema 1998;

Venterea et al. 2003). However, the rates of nitrification

(net and gross nitrification) and NO3
- consumption (gross

NO3
- immobilization ? DNRA) in the forest soils inves-

tigated in the current study showed no significant responses

to N fertilization, in agreement with the findings of Aber

et al. (1998), Corre et al. (2007), and Cheng et al. (2011).

Some studies have suggested that N deposition and fertil-

ization could affect soil NO3
- production pathways. For

example, Jordan et al. (2005) found that nitrification in the

organic and 0–10 cm mineral soil layer was dominated by

heterotrophic nitrification in two acidic forest soils that

received a high rate of N deposition. However, Wertz et al.

(2012) reported that autotrophic nitrification still primarily

contributed (55–97%) to nitrification in N-amended

organic and mineral soils in logged pine and spruce stands.

Our results indicate that NO3
- was primarily produced via

autotrophic nitrification, which was little affected by

6 years of simulated N depositions. The abundances of

AOA and AOB and the ratio of AOA to AOB gene copy

number were also not significantly altered by 6 years of

simulated N deposition (Fig. 5), which might be the main

reason that our 6-year simulated N deposition treatment

had little effect on nitrification rates. Therefore, the risk of

NO3
- loss from this boreal forest soil is considerable.

Aber et al. (1998) defined four stages of N saturation in

forest ecosystems (stages 0–3). In stages 0 and 1, primary

production is limited by N supply in most forest ecosys-

tems, and the systems are efficient at retaining atmospheric

N input. In stage 2, net primary productivity (NPP) starts to

decrease, mainly due to the suppression of humus-de-

grading enzymes and the alteration in chemical bond

structures in soil organic matter. Gross N mineralization,

gross nitrification, and the risk of NO3
- loss increase

sharply at this stage. In the present study, gross N miner-

alization and NH4
? immobilization were not found to be

tightly coupled in temperate forest soils. Soil microbial N

cycling, characterized by low N immobilization associated

with high gross N mineralization and nitrification in

N-deposited and N-fertilized forest sites, is a sign of

uncoupled soil N cycling (Corre et al. 2003; Tietema

1998). Additionally, an experiment at the current experi-

mental site showed that net primary production (Mao et al.

unpublished data) and soil respiration (Gao et al. 2016)

were not affected by 6 years of N fertilization. Therefore,

the soil features in response to N deposition observed in

our study are indicative of stage 2. In addition, Zhang et al.

(2016) found that the NO3
- to NH4

? ratio was as high as 8

and that NO3
- became the dominant N form in stream

water at the same study site. These values are significantly

higher than the values obtained in sites with lower soil

nitrification rates. These findings, together with the current

results, suggest that (1) the amount of external N fertilizer

utilized by our studied soil was negligible, and most was

probably lost by leaching or NOX emissions, and (2) our

studied soil was likely approaching N saturation.

Conclusions

The results show that N addition had no significant effect

on soil gross N transformations after 6 years of N fertil-

ization in the field. The gross NH4
? immobilization rates

and gross NO3
- consumption rates were consistently lower

than the gross N mineralization rates and gross nitrification

rates, respectively, for all treatments, indicating that the

risk of NO3
- loss was probably high in the investigated

soils. Additionally, N fertilization had no significant effects

on gross soil N transformations, NPP, or soil respiration,

suggesting that the old-growth temperate forest ecosystem

in northeastern China is likely approaching N saturation.

Further studies should be conducted to explore the under-

lying mechanism of soil N cycling in this climax forest

ecosystem in northeastern China.
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