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Abstract

We added the stable isotope 15N in the form of (15NH4)2SO4 and K15NO3 to forest ecosystems in eastern China under two
different N deposition levels to study the fate of the different forms of deposited N. Prior to the addition of the 15N tracers,
the natural 15N abundance ranging from 23.4% to +10.9% in the forest under heavy N deposition at Dinghushan (DHS),
and from 23.92% to +7.25% in the forest under light N deposition at Daxinganling (DXAL). Four months after the tracer
application, the total 15N recovery from the major ecosystem compartments ranged from 55.3% to 90.5%. The total 15N
recoveries were similar under the (15NH4)2SO4 tracer treatment in both two forest ecosystems, whereas the total 15N
recovery was significantly lower in the subtropical forest ecosystem at DHS than in the boreal forest ecosystem at DXAL
under the K15NO3 tracer treatment. The 15N assimilated into the tree biomass represented only 8.8% to 33.7% of the 15N
added to the forest ecosystems. In both of the tracer application treatments, more 15N was recovered from the tree biomass
in the subtropical forest ecosystem at DHS than the boreal forest ecosystem at DXAL. The amount of 15N assimilated into
tree biomass was greater under the K15NO3 tracer treatment than that of the (15NH4)2SO4 treatment in both forest
ecosystems. This study suggests that, although less N was immobilized in the forest ecosystems under more intensive N
deposition conditions, forest ecosystems in China strongly retain N deposition, even in areas under heavy N deposition
intensity or in ecosystems undergoing spring freezing and thawing melts. Compared to ammonium deposition, deposited
nitrate is released from the forest ecosystem more easily. However, nitrate deposition could be retained mostly in the plant
N pool, which might lead to more C sequestration in these ecosystems.
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Introduction

During the last few decades, atmospheric nitrogen (N)

deposition has increased sharply as a result of the consumption

of fossil fuels, the emission of industrial waste gases, the excessive

application of fertilizers, and the rapid development of animal

husbandry [1]. The anthropogenic reactive N emission has

increased from 15 Tg N a21 in 1860 to 165 Tg N a21 in early

1990 s, and more that 70% of the reactive N deposited back to the

terrestrial and aquatic ecosystems [2]. The current global

atmospheric deposition of N is approximately 25 to 40 Tg N

a21 [3] and is expected to double in the next 25 years [4]. N

deposition, as well as increasing concentration of carbon dioxide

and ongoing land use/land cover change, has been the well

documented issues of global change, altering the biogeochemistry

of ecosystems [5].

There has been widespread concern about the effect of

increasing N deposition on natural forest ecosystems [6], because

of the high sensitivity of biodiversity and productivity of these

ecosystems to N input [7]. As one of the most important N sources

in forest ecosystem, N deposition increasing might lead to

remarkable effects on the forest ecosystem N cycling. Chronic

atmospheric N deposition can alter N transmission and transfor-

mation processes in the forest ecosystem, such as plant absorption

[8], microbe immobilization [9], mineralization [10], nitrification

[11], as well as volatilization and leaching losses [12,13].

The increase in available N resulting from atmospheric N

deposition could also stimulate carbon (C) sequestration in

terrestrial ecosystems and may provide a reasonable explanation

for the CO2 ‘‘missing sink’’ [14,15]. The role of N deposition in

determining how strongly a forest acts as a sink for CO2 depends

on where the deposited nitrogen is immobilized in the ecosystem

[16]. The C:N mass ratio in woody tissues is markedly higher than

in soil layers, and the turnover time of woody tissues is also longer

than that of soils. Therefore, the more deposited N is immobilized

in woody tissues, the more C sequestration occurs. In contrast,

when more deposited N is immobilized in soil layers, more nitrate

leaching and escape of N gases will occur [17,18].
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In several studies, the N deposition levels of forest ecosystems

were manipulated to evaluate the complex interactions of

processes in the N cycle and to measure N cycling within these

ecosystems [19,20]. However, in these studies, it is difficult to

identify how retention of N deposition is distributed among forest

ecosystem components. The N stable isotope tracing method

provides a good indicator of the fate and retention of N inputs in

forest ecosystems [21,22]. Labeling an N input flux with the stable

isotope 15N makes it possible to follow the pathways of N that

moves through the ecosystem to assess the fate of N deposition

across time scales [23]. Numerous 15N tracing experiments have

been conducted in forest ecosystems in Europe and the United

States [18].

In China, reactive N emissions have increased more than

threefold in the past 30 years, and the N deposition rate shows a

higher mean value than is found in the United States and Europe,

because of the astonishing economic growth that has occurred

since the early 1980 s [24,25]. And, there are large spatial

differences in the intensity of N deposition among China, owing to

unbalanced development in different regions. In eastern China,

the amount of N deposited in forest ecosystems in the form of

dissolved inorganic nitrogen ranges from 1.3 to 29.5 kg N

ha21 a21, and the nitrate to ammonium ratio also changes under

different intensities of N deposition [26]. In the forest ecosystems

suffering heavy N deposition in southern China, dissolved

inorganic and organic N have been detected in the surface runoff

and soil solution [19].

In this study, our objective was to examine the different fate of

N deposition in two old forest ecosystems, by tracing the nitrate

and ammonium forms of deposited N by (15NH4)2SO4 and

K15NO3 tracers. We hypothesized that less recovery of 15N and

lower N assimilation by trees would occur in the N abundant

subtropical forest ecosystem than in the N limited boreal forest

ecosystem due to the more open N cycle there. We also

hypothesized that the recovery of 15N would be higher with the

ammonium treatment due to the greater mobility of nitrate.

Materials and Methods

Site Description
We chose two typical old-growths forests to characterize the

differences in N deposition residing in these systems and the

different contribution of N deposition to C sequestration under

different N deposition intensities in eastern China (Table 1). N

deposition in the subtropical broad-leaved forest at Dinghushan

(DHS) was observed to be as high as 29 kg N ha21 a21, and N

saturation occurred in this forest ecosystem [19]. In contrast, the

boreal coniferous forest at Daxinganling (DXAL) shows low

available N, with nitrogen deposition of only 1.8 kg N ha21 a21.

The predominant species found in the tree layers in the subtropical

monsoon evergreen broad-leaved forest are Schima superba, Syzygium

jambos, and Castanopsis chinensis [27]. The boreal coniferous forest at

DXAL is pure forest in which Larix gmelinii is the predominant tree

species [28]. The soils in the two old-growth forests in the south

and the north are Greyzems and Ferralsols, respectively. A more

extensive description of these sites is given in Table 1.

Experimental Design
In May 2008, six separate plots (9 6 9 m) were randomly

distributed at each forest research station, aside the long-term

forest ecosystem observation plot, with buffer zones of at least five

meters. In three of the plots, a 15N tracer in the form of 99%

enriched (15NH4)2SO4 was added. In the other plots, the applied
15N tracer was in the form of 99% enriched K15NO3. The

quantity of the 15N tracer applied to each plot was calculated to be

36 mg 15N m22, thus increasing the ambient 15N concentrations

in these ecosystem pools significantly above natural abundance

levels while minimizing the disturbance of the soil inorganic N

pools. The 15N tracers were dissolved in deionized water and

added to each plot in a single application using a portable sprayer.

The control plots for the labeling experiment were situated within

the long-term fixed observation plots. Plant and soil samples were

collected before and 1 wk, 1 mo, and 4 mo after the addition of
15N. Considering that the intensity of N mobilization is strongest

during the spring melt, we collected an additional sample one year

after the application of 15N in the boreal forest ecosystem at

DXAL.

Sampling and Analysis
By the permissions of Dinghushan Nature Reserve Administra-

tion and Daxinganling Hanma Nature Reserve Administration,

tree foliage, bark, and wood samples were collected from three

each kind of dominant trees within each plot in the two forest

ecosystems. Living fine roots (intact and fibrous) were separated

from Oa+e horizon samples and the 0–10 and 10–20 cm mineral

soil layers. Organic soil samples, consisting of the upper Oi

horizon and lower Oe+a horizon, were collected from three

random (20620 cm) areas within each plot. Three sets of mineral

soil profile samples were collected from three depths (0–10, 10–20,

and 20–40 cm) with a 5 cm-diameter auger.

Plant and litter samples were dried to a constant weight at 65uC.
Mineral soils were air dried at room temperature and then sieved

through a 2 mm sieve. All samples were ground into a fine powder

with a planetary mill and passed through a no. 100 mesh sieve,

then stored in glassware. Plant and soil samples were oven dried at

65uC for 24 h and cooled in an evacuated desiccator immediately

prior to analysis.

C and N concentrations and d15N values were determined

simultaneously with an automatic online elemental analyzer (Flash

EA1112, ThermoFinnigan, Milan, Italy) coupled to an isotope

ratio mass spectrometer (IRMS) (Finnigan MAT 253, Thermo

Electron, Bremen, Germany). The standard deviation of 10

repeated samples was ,0.4%.

Calculations and Statistics
We estimated the movements of the 15N tracers within forest

components using an ecosystem N pool size based on field

measurements, changes in the 15N contents of the ecosystem pools

following tracer addition, and 15N mass recoveries.

The percentage of the total amount of tracer applied to the plots

recovered within the pools was calculated as follows:

15Nrec

~
(atom%15Ns{atom%15Nref )|Ns%|Mpool

(atom%15Ntracer{atom%15Nref )|Mtracer
|100%

ð1Þ

where 15Nrec is the percent recovery of the
15N tracer recovered in

the labeled N pool (%); atom%15Ns is the atom% of 15N in the

labeled N sample; atom%15Nref is the atom% of 15N in the

reference (pre- or non-labeled) N pool; atom%15Ntrance is the

atom% of 15N in the applied tracer; Ns% is the N concentration of

the labeled N sample; Mpool is the dry mass of the labeled pool (g

m22); and Mtracer is the mass of 15N in the 15N tracer applied to a

plot (g m22).

The differences in the d15N and N concentrations in the samples

were tested through analysis of variance (ANOVA). All analyses

were conducted using the SPSS software package (SPSS for

Sinks for Nitrogen Deposition in Chinese Forest
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Windows, Version 13.0, Chicago, IL, USA). The level of statistical

significance was set at p,0.05 unless stated otherwise.

Results

Natural 15N Abundances and Ecosystem N Pools
Prior to the addition of the 15N tracers, the natural 15N

abundance in the ecosystem N pools ranged from 23.4% to +
10.9% in the subtropical forest ecosystem and from 23.92% to +
7.3% in the boreal forest ecosystem. The natural 15N abundance

exhibited the same increasing tendency in different ecosystem N

pools. The d15N values increased as follows in the tree N pools:

wood.roots.foliage.branches and increased from the forest

floor to the deep mineral soils (Table 2). While the mean S.E. did

not exceed 0.8% in nearly all of the N pools, the natural 15N

abundances in the two forest ecosystems were well defined with

respect to their isotopic compositions.

The ecosystem N pool of the subtropical forest ecosystem

consisted of 5.76 Mg N (excluding shrubs, herbage, and soils .

20 cm deep), which was more than twice the size of the N pool

found in the boreal coniferous forest (Table 2). The mineral soils

contained the greatest amounts of N in both forest ecosystems.

The N pool of the 0–20 cm soil layer accounted for 54% of the

total N in the subtropical forest ecosystem, and this proportion was

more than 80% in the boreal forest ecosystem. In the tree pools,

the total N pools were relatively large, accounting for more than

40% of the total N pool in the subtropical forest ecosystem,

whereas this proportion was only 11.8% in the boreal forest

ecosystem. The forest floor pool accounted for only 5.1% and

5.8% of the total of measured N pools in the subtropical and the

boreal forests, respectively.

Total 15N Recovery
In the subtropical forest ecosystem, the average total 15N

recovery was 71.9% one week after the addition of the

(15NH4)2SO4 tracer, and the recovery rapidly rose within one

month and decreased after the rapid growth season. The same

fluctuation of the 15N recovery was observed following K15NO3

treatment (Fig. 1a). The total 15N recoveries were much higher

following treatment with the (15NH4)2SO4 tracer than the K15NO3

tracer, and significant differences were detected for all of the three

sampling times (Fig. 1a).

In the boreal forest ecosystem, the total recovery of the applied
15N declined a little in the first month, but rose to 90.5% after four

months. The total recovery rate decreased back again one year

later (Fig. 1b). As in the subtropical forest ecosystem, the

fluctuation of 15N recovery was same in the K15NO3 tracer

treatment, and there were also significant differences in total 15N

recovery rates between the two tracers’ treatments. However, these

differences disappeared four months later in the boreal forest

ecosystem (Fig. 1b).

N Deposition Retention
Based on the 15N recovery in each N pool and the N deposition

flux measured in the forest ecosystem, the N deposition retention

was calculated. More than three quarters of deposited N was

retained in the forest ecosystem after the growing season or the

rapid growth season, because ammonium immobilization rate was

high and a large proportion of N deposition was in the form of

ammonium in China (Table 3). Even after the spring freezing and

thawing melts, there was still more than half part of deposited N

was retained in the forest ecosystem.

15N Recovery in each N Pool
The fate of the added 15N was significantly different between

the two tracers’ treatments in the subtropical forest ecosystem.

Four months after (15NH4)2SO4 tracer addition, the organic soil

layer (comprised of the upper Oi horizon and lower Oe+a horizon)
was found to be the largest sink. The second is the mineral soil

layer, and tree N pool accounted for less than one third of the total

recovered 15N tracer (Fig. 2). In contrast, following treatment with

the K15NO3 tracer, the largest sink was the tree N pool, and the

Table 1. Stand characteristics and surface soil (0–20 cm) properties at the two old-growth forest sites.

Sites
Dinghushan
(DHS) Daxinganling (DXAL)

Forest type Subtropical evergreen broadleaved forest Boreal coniferous forest

State age (yr) 400 180

Location 23u109N, 112u349E 50u569N, 121u309E

Elevation (m) 300 810

Mean annual temperature (uC) 20.9 25.4

Mean annual precipitation (mm) 1 564 500

N deposition (kgN ha21 yr21) 29.5 1.8

Net N mineralization (kg N ha21 yr21) 164.1 71.7

Biomass (Mg C ha21) 87.7(8.7) 56.1(4.8)

Litter input (Mg C ha21 yr21) 8.42(0.47) 2.50(0.27)

Gravel (0.2–2 mm, %) 34.30 11.16

Silt (0.02–0.2 mm, %) 19.65 51.76

Sand (0.002–0.02 mm, %) 19.65 27.55

Clay (,0.002 mm, %) 26.22 9.53

SOC density(kg m22) 8.8(0.58) 14.62(0.35)

Soil pH 3.80(0.11) 6.03(0.09)

Data source: Chinese Ecosystem Research Network (CERN) database.
doi:10.1371/journal.pone.0089322.t001
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recovered 15N tracer in both organic soil layer and mineral soil

layer was less than 40% (Fig. 2).

In the boreal forest, the trees contained the minimum 15N pool

four months after 15N tracer application in both the (15NH4)2SO4

and K15NO3 tracer treatments. The difference between the

treatments using the two different tracers was because that the

organic soil layer represented the largest 15N sink in the

(15NH4)2SO4 tracer treatment, while the mineral soil layer was

the largest 15N sink in the K15NO3 tracer treatment (Fig. 2).

Impact of Spring Melt on 15N Retention
After the repeated freezing and thawing cycles in spring, total

15N recovery decreased by 36.7% and 29.8% under the

(15NH4)2SO4 and K15NO3 tracer treatments, respectively, in the

boreal forest ecosystem (Fig. 1). The reduction of retained 15N

from the forest ecosystem mainly occurred in the soil layer (Fig. 3).

The amount of reduction in the organic soil and the mineral soil

were almost same in the (15NH4)2SO4 tracer treatment, and there

was about 40% of the retained 15N losing from each of the two N

pools. However, the loss of retained 15N mainly occurred in the

mineral soil in the K15NO3 tracer treatment, and the reduction

percent is also about 40% in N pool of mineral soil. The absolute

amount of 15N reduction in the tree N pool is few in both the

treatments, but the percentage of the 15N loss in the tree N pool

was more than 50% in the in the K15NO3 tracer treatment.

Discussion

Natural 15N Abundances
In our study, 15N natural abundance in the foliage and branches

in the subtropical forest was higher than in the boreal forest. Meta-

analysis of 15N tracer field studies in Europe and North America

indicates that foliar 15N natural abundance is a good indicator of

ecosystem N-retention capacities [18]. This point is also supported

by our study in eastern China, for the average total 15N tracer

recovery rate was significantly higher in the boreal forest

ecosystem than in subtropical forest ecosystem, after the growing

season or fast growth season (Fig. 1).

Table 2. Natural 15N abundance and N mass in the major ecosystem pools in the two old growth forest ecosystems.

Subtropical forest ecosystem (DHS) Boreal forest ecosystem (DXAL)

Ecosystem pool Natural 15N abundance Massa N C/N Natural 15N abundance Massa N C/N

(%) (kg/ha) (kg/ha) (%) (kg/ha) (kg/ha)

Tree

Foliage 22.26(0.25) 8,483 163.9 23.8 23.92(0.34) 2,039 69.2 15.2

Branches 23.08(0.25) 86,699 934.7 40.3 24.99(0.21) 11,874 50.4 122.4

Wood 21.22(0.38) 196,740 469.6 183.5 21.20(0.56) 86,197 66.9 705.1

Roots 0.82(0.44) 59,312 787.3 33.7 9.88(1.46) 22,266 112.9 108.8

Forest floor

Oi 22.49(0.26) 7,612 145.4 26.3 20.93(0.04) 5,526 71.8 35.0

Oa+e 22.90(0.15) 12,796 147.2 33.7 21.26(0.18) 5,557 74.1 35.9

Mineral soil

0–10 cm 6.21(0.49) 861,000 2 000.0 18.8 4.34(0.27) 151,333 1 057.7 30.1

10–20 cm 8.91(0.20) 974,000 1 109.4 23.3 6.41(0.22) 748,400 1 024.9 21.0

Total – – 5 757.4 – – – 2 527.8 –

a: From a database of the Chinese Ecosystem Research Network (CERN).
doi:10.1371/journal.pone.0089322.t002

Figure 1. Changes in total 15N recovery rates in the subtropical
forest ecosystem at DHS (a) and in the boreal forest ecosystem
at DXAL (b) in the (15NH4)2SO4 and K15NO3 tracer treatments
at one week, one month, four months, and one year (sampled
only at DXAL) after the addition of the 15N tracers. An
asterisk(*)means that there is a significant difference in 15N recovery
rates between the two tracer treatments (p,0.05).
doi:10.1371/journal.pone.0089322.g001
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However, the 15N natural abundance in roots was much greater

in the boreal forest than in the subtropical forest (Table 2). The

rate of N-cycling, N losses, and mycorrhizal association are the

possible reason for the difference of plant 15N natural abundance

in the terrestrial ecosystems [29]. The inconsistent variation of 15N

natural abundance indicated that the plants survived the low

inorganic N availably mainly by the existence of mycorrhizal fungi

in the boreal forest ecosystem. Through the proliferation of their

hyphae, mycorrhizal fungi supply their host plants with organic N

via protein degradation [30]. The transfer of N from mycorrhizal

fungi to their hosts favors 15N-depletion because of fractionation

during metabolic processes and the selective retention of specific N

compounds by the fungi, thus the fungal N is enriched by 3–11%
relative to the host plant N [29,31]. Therefore, the 15N natural

abundance in the foliage and branches was relatively low, whereas

the 15N natural abundance in infected roots was considerably

higher in the boreal forest ecosystem.

N Deposition Retention
In our study, the average total 15N tracer recovery rate was

significantly higher in the boreal forest ecosystem than in

subtropical forest ecosystem (Fig. 1, Table. 3). The 15N recovery

rate was significantly higher in the (15NH4)2SO4 treatment than in

the K15NO3 treatment, especially at the beginning of the

experiment (Fig. 1). At the time N deposition entering the forest

ecosystem, ammonium is likely retained on cation exchange sites

in soil organic matter and clays, while nitrate is more mobile and

prone to uptake by plants and leaching or gaseous losses during

denitrification [32,33]. Therefore, more 15N tracer was recovered

in the (15NH4)2SO4 treatment, but was mainly stored in the

organic and mineral soil layers. However, the less 15N tracer was

recovered in the K15NO3 treatment, but more was utilized by trees

(Fig. 2). Because the ammonium recovery rate is higher and the N

deposition was mainly in ammonium in the forest ecosystem in

China [26], more than three quarter of the N deposition could be

retained in the forest ecosystem in the growing or fast growth

season (Table 3).

Table 3. Nitrogen deposition and retention in the two old growth forest ecosystems during the experimental period.

Nitrogen depositiona Immobilization rateb Nitrogen deposition

kg N/(ha?a) (%) retention

Ammonium Nitrate Ammonium Nitrate %

Subtropical evergreen forest (DHS) 6.9 4.9 89.7 55.3 75.4

Boreal coniferous forest (DXAL) 0.7 0.3 90.5 85.4 88.9

aInorganic nitrogen deposition from May to August 2008, from a database of the Chinese Ecosystem Research Network (CERN).
bTotal 15N recovery in the ecosystem four months after the application of the (15NH4)2SO4 and K15NO3 tracers.
doi:10.1371/journal.pone.0089322.t003

Figure 2. Percentage of recovered 15N in different ecosystem N pools in the subtropical forest ecosystem at DHS and in the boreal
forest ecosystem at DXAL in the (15NH4)2SO4 and K15NO3 application treatments.
doi:10.1371/journal.pone.0089322.g002
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Reasons for N Retention Difference in the Two Forest
Ecosystem
As we hypothesized, the 15N recovery rate was continuously

lower in the tropical forest ecosystem than in the boreal forest

ecosystem after the growing season or the fast growth season

(Fig. 1). The deposited N partly was absorbed by plants and by

microbes, partly was immobilized in the soil through abiotic way,

and partly escaped from the ecosystem by leaching and gas

emission. Higher temperature in the tropical forest ecosystem

might lead to greater rates of N uptake by plants and microbes,

while, the rates of soil N-cycling processes, such as mineralization

and nitrification, and losses via gas emissions or leaching, were also

increased by the higher temperature. And the possible increases in

rates of soil N-cycling processes could have more than offset the

greater uptake. In the subtropical forest ecosystem, nitrification

accounts for close to 80% of the net mineralization, and nitrate is

the main N source in this forest ecosystem [34]. Therefore, 15N

tracer recovery was relatively low in the treatment involving the

K15NO3 tracer application (Fig. 1 Table. 3).

The boreal forest ecosystem was located in northeast China,

where microbial activity is restricted by low temperature, and

there is far less available N than is needed (Table 1). External N

could be tightly fixed in the ecosystem when entering to the

ecosystem. The higher soil C:N, which promotes microbial N

immobilization and reduces net nitrification, could be another

reason contributing to greater 15N recovery rate in the boreal

forest. Especially, C:N in the organic soil, strongly influences the

nitrate losing in the forest ecosystem [35]. Study across the forest

ecosystems of Europe and North America also supports that the

total ecosystem retention of applied 15N positively correlates with

soil C:N ratio [18].

Except for temperature and soil C:N ratio, N deposition is

another most consistent and useful indicator of N retention rate

[18]. The deposited N from atmosphere accumulated in the

ecosystem, and changed the N saturation status of the forest

ecosystems [36].The rising of N availability relaxes competition for

N, thus stimulating ammonium oxidizers, and leading to elevated

production and loss of N from the ecosystem [37]. The boreal

forest ecosystem, historically poor in N availability, would have a

substantial capacity to store excess N. However, the heavy

atmospheric N deposition in the subtropical forest ecosystem

reduced biotic demand and increased soil N-cycling processes, and

finally led to less 15N trace recovered (Fig. 1).Study in the United

States also finds that atmospheric N retention is .90% for sites

receiving ,7 kg N ha21 yr21, which decreases to ,60% at sites

receiving .11 kg N ha21 yr21 [38].

Contribution of Deposited N to C Sequestration
Following the growing season or the rapid growth season, a

greater amount of N was utilized by tree following K15NO3 tracer

application compared to (15NH4)2SO4 tracer application in both

forest ecosystems (Fig. 2). This occurred not only because nitrate is

more mobile than ammonium but also because nitrate is more

important in balancing cation uptake [32,33]. The utilization of

deposited N by the tree in subtropical forest ecosystem was higher

than in boreal forest ecosystem (Fig. 2). The difference in N uptake

by tree between the treatments involving the two 15N tracers was

much smaller in the boreal forest ecosystem, likely due to the high

ammonia absorption rate under N limited conditions [39,40].

However, contrary to our hypothesis, the stimulating effects of

external N on tree growth were not obvious in the boreal forest

ecosystem, most likely due to the difference in tree species and the

competition for N between bacteria and vegetation in this N

limited ecosystem [41]. Although N saturation has been observed

in the subtropical forest ecosystem [19], the utilization of external

N by tree was still higher than that in the boreal forest ecosystem.

The role of N deposition in determining how strongly a forest acts

as a sink for CO2 depends on where the deposited nitrogen is

immobilized in the ecosystem [18]. The C:N mass ratio in woody

tissues is markedly higher than in soil layers, and the turnover time

of woody tissues is also longer than that of soils. For the more

deposited N is immobilized in woody tissues, the more C

sequestration would be stimulated by N deposition in the

subtropical forest ecosystem.

Uncertainties
In this study, we explored where deposited N ultimately resides

as well as the role that N deposition plays in contributing to C

sequestration in the forest ecosystems of China. However, due to

the lack of enough technical and capital supports, there are still

some shortcomings that need to be overcome in the future. First of

all, the 15N tracers were sprayed on the forest floor in this study,

giving no considerations to the possibility of deposited N

absorption by foliage. Therefore, the utilization of deposited N

might have been underestimated in this study, because previous

studies show that nitrogen can be absorbed by tree canopies from

atmospheric input, and this process relates to both ammonium and

nitrate ions [42–44]. Secondly, only foliage, bark, and wood of

dominant trees, as well as organic layer and mineral soil above

20 cm were sampled within each plot. Given the possible

immobilization of deposited N by other plants and in the deep

soil layers, the utilization of deposited N by the forest ecosystems

might have been underestimated to some extent in this study.

Finally, less sampling frequency and shorter duration of the

experiment might also be the source of uncertainty in this study.

These all need to be perfected in the future studies.

Conclusions
This study traced atmospheric ammonium and nitrate deposi-

tion under different N deposition levels via the application of

(15NH4)2SO4 and K15NO3 in two forest ecosystems in China.

Prior to 15N tracer application, the natural 15N abundance showed

the same pattern in different ecosystem N pools in these two forest

ecosystems, with the following order found in the tree N pools:

Figure 3. 15N recovery reduction after the spring freezing and
thawing melts in the boreal forest ecosystem at DXAL in the
(15NH4)2SO4 and K15NO3 application treatments. An asterisk(*)-
means that there is a significant difference in the change of 15N
recovery rates between the two tracer treatments (p,0.05).
doi:10.1371/journal.pone.0089322.g003
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wood.roots.foliage.branches and with increases being ob-

served from the forest floor to deep mineral soils. Four months

after the addition of the 15N tracers, the 15N recovery rates in the

subtropical forest ecosystem at DHS were 89.7% and 55.3%

under (15NH4)2SO4 and K15NO3 application, respectively. The
15N recovery rates were both higher in the two tracer treatments,

with recovery rates of 90.5% and 85.4% being observed,

respectively. The amounts 15N recovered in the tree pools were

significantly greater in the subtropical forest ecosystem, accounting

for 22.3% and 61.0% of the total recovered 15N pools under the

(15NH4)2SO4 and K15NO3 tracer treatments, respectively. How-

ever, in the boreal coniferous forest at DXAL, the trees contained

the smallest 15N pool four months after 15N application,

accounting for 9.8% and 13.4% of the total recovered 15N pools

under the (15NH4)2SO4 and K15NO3 tracer treatments, respec-

tively. Our findings suggest that more than half of atmospheric N

deposition is immobilized in the forest ecosystems of China, even

in areas under a heavy N deposition intensity and in ecosystems

undergoing spring freezing and thawing melts. Although deposited

nitrate is readily released from forest ecosystems, nitrate deposition

is immobilized more in tree biomass, which means that it would do

more contributions to C sequestration than ammonia deposition in

the forest ecosystems of China.
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