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fresh plant foliage, litterfall, fine roots, coarse roots, fun- aboveground and was available to ensure normal air
gal sporophores, and different soil layers in order to ex-flow. The panels were removed in winter to avoid the
plore the effects of long-term stimulation of N disturbance of uneven snow reduction. To study the ef-
deposition and precipitation reduction on the spatial fect of N deposition on ecosystem C and N cycle, each
variation of '°C and °N values. We sought to deter- plot was divided into two subplots (25m x 50 m): one
mine whether the measurement of**C and '°N values subplot was used to simulate N deposition and the other
could be used as indicators of the relative sensitivity ofsubplot was used as a control. The N addition level was
soil C and N cycling across different tree species in re-50 kg N-ha *-yr * and approximately two times the real
sponse to N deposition and precipitation reduction. We N deposition rate in the study area (LU and TiaR007).
did this by measuring the **C and *°N values of three Ammonium nitrate (NH,NO3) was used as a nitrogen
dominant species, includingrraxinus mandshuricaTilia  source in the study. The solution of NENOs; was
amurensisand Pinus koraiensisWe hypothesized that N sprayed on the forest floor monthly using a backpack
deposition and precipitation reduction might lead to sprayer with six equal applications over the entire grow-

more open C and N cycling. ing season (May to October). In every application, the
NH4NO3 was weighed and mixed with 40 L of water and
Methods each control plot received 40L water without N

The study site was located at an old broad-leaved Ko-fertilizer.

rean pine mixed forest (over 300years old) in the

Changbai Mountains Natural Reserve, northeastern

China (42°24 N, 128°06 E, 738 m above the sea level).Plant, soil and fungal sporophore sampling

The region is a typical temperate-continental climate, The fresh foliage, litterfall, fine roots (<2mm), and
characterized by cold and long winters and warm andcoarse roots (>2mm) ofPinus koraiensigPKS), Tilia
short summers. The mean annual precipitation is aboutamurensis (TAR) and Fraxinus mandshurica (FMR)
740 mm with more than 80% falling between May and were collected. In July 2017, all the plant samples from
October. The annual average temperature is approxi-the three separate plants per species were collected in
mately 3.6 °C with an average growing season (from Mayach subplot at the seasonal peak of aboveground bio-
to October) temperature of 15 °C. The soil of the study mass. Meanwhile, soil samples were collected from be-
site is classified as Eutric Cambisol (FAO classificationyieath each tree in four directions using a stainless soil
with 31.54% sand, 42.18% silt, 26.28% clay, and 25.42rer (5-cm inner diameter), then divided into three soil
organic matter in the topsoil in the 020 cm soil layer. layers (0.10, 10.20 and 20.30cm soil layer). The six
Dominant tree species in this forest includBinus kor- soil cores from each soil layer were mixed to form a
aiensis Fraxinus mandshuricaand Tilia amurensis.The composite sample in each subplot. All of the soil sam-
tree density on the site was 432 trees-Ha The main ples were put through a 2-mm soil sieve while the roots,
shrub species includeEuonymus alatus Philadelphus stones, and other debris were removed. Six fungal sporo-
schrenkij Corylus mandshurica Lonicera japonica and phores were collected in the forest floor in each subplot.
the main herbaceous species includmemone cathayen-  In the laboratory, all samples for C concentratiofi’C,

sis Anemone raddeana Funaria officinalis Cyperus N concentration, and™N analysis were dried at 65 °C to

microiria, and Filipendula palmate (Zhou et al.2019. a constant weight and then ground into fine powders
using a Tecator sample mill (Subang, Shanghai, China).
Experimental design Subsequently, C%,3C, N% and N of all samples

In May 2009, six 50mx50m plots were randomly were measured on an isotope ratio mass spectrometer
established in the forest, with at least 100 m buffer strips(Isoprime 100, Isoprime Ltd.) coupled to an automatic,
between each plot. Previous observation data showe@nline elemental analyzer (Vario ISOTOPE cube). When
that the precipitation was approximately 550 mm in “°C abundance of soil was measured, the soil needs acid-
drought years, which was almost 30% less than the longification with 1 N HCL for 24 h at room temperature to
term average annual precipitation of 740 mm in the last remove any inorganic carbon. The soil is acid, pH range
30years (Chinese Ecosystem Research Net data). To teist4.77 to 5.44 (Zhou et aR019. The reproducibility of
the effect of precipitation reduction on ecosystem C andthe isotope determination was analyzed in multiple runs
N cycling, three plots were treated with a 30% precipita-at several laboratories using an internal standard soil
tion reduction and the other three were set as the con-and plant sample from temperate forests. Natural abun-
trol. The high light V-shaped panels, with high light dance **N and *°C in samples were reported in the
transmittance, were installed to intercept through-fall. conventional delta () notation, with units of per mil
The V-shaped panels cover 30% of the plot area. Thé< ). The natural abundance of the N fertilizer
precipitation interception facility was approximately 1 m (NH4NO3) in this study was 0.21% * 0.43.
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Statistical analysis Fraxinus mandshurica(p<0.05, Fig.1). Contrary to
All data were tested with the Shapiro-Wilk test and foliage and litterfall, the *°N value of fine roots was
Levenés tests for normality and homogeneity of vari- significantly lower in N addition compared to that in
ances respectively. Data were analyzed using the generabntrol (p=0.006, Table2 and Table S). There was
linear mixed model (GLMM) for a split-plot design with also a trend for a lower **N value of coarse roots in
Tukeys multiple comparisons. Nitrogen addition, pre- N addition compared to that in control, but this pat-
cipitation reduction, and their interaction were consid- tern was not statistically significantp(=0.963) (Table2
ered fixed factors. Blocks, as random effects, were usednd Table 8). Similarly, roots *°N value of Tilia

to determine the effects of N addition, precipitation re- amurensisand Fraxinus mandshurica including fine
duction, and their interaction on C concentration, *3C, roots and coarse roots, was significantly decreased by
15N, and N concentration values of plant and soil sam- N addition (p<0.05, Fig.1). The N value in the
ples. When a significant effect was detected, Tuleey surface soil layer was increased with N addition
honestly significant difference test was applied to eluci-among all plant species but did not increase in deeper
date treatment differences. Pearson correlation was usedoil layers (Fig.1). For N concentration, N addition
to test for correlation among C%, *°C, N%, and *®N significantly increased the N concentration of litterfall
values of fresh plant foliage, fine roots, and surface soiand significantly decreased the N concentration of
layer (0.10 cm). All statistical analyses were performedfine roots and coarse roots (Tabld, Fig. 1, and Ta-

using the SPSS software (version 17.0). bles 3..57).

Nevertheless, N addition dy significantly increased
Results mean *3C values of fine root and significantly de-
Simulated nitrogen deposition effects creased C concentration of fine roots (Tabl&). How-

There was a statistical significant effect of differentever, *C values and C concentration of different
treatments (N addition, precipitation reduction, and plant species and organs showed different responses
combined effect) <0.05), tree speciesp&0.05), to N addition (Fig. 2). For Pinus koraiensis N
sample types R<0.05) and their interaction on C addition had a significantly positive effect on*°C
concentration, '°C, N concentration, and **N of values of fresh foliage and had a significant negative
plant and soil (Tablel). The mean °N values of effect on °C values of litterfall and subsurface soil
fresh foliage and litterfall were significantly increasedlayer (10.20cm) (Fig. 2). Nitrogen addition signifi-
by N addition (Table2, and Tables $ and ). When cantly increased **C values of litterfall and roots for
different plant species were considered, under NTilia amurensis (p<0.05, Fig.2). Moreover, a signifi-
addition, °N values of fresh foliage and litterfall cant increase in C concentration of litterfall and**C
were only significantly higher inTilia amurensis and values of surface soil layer (A0cm) as well as a

Table 1 Effect of different treatments, plant species, sample types and their interaction on C concentration, N concentration, 6'>C
and 8"°N plant and soil

&N value N concentration 8'"3C value C concentration

Treatments F value 73.02 4.39 7.21 3.94

P value <0.001 <0.001 <0.001 <0.001
Plant species F value 94.90 269.25 98.44 16.83

P value <0.001 <0.001 <0.001 <0.001
Sample types F value 1992.63 843.83 493.79 2604.86

P value <0.001 <0.001 <0.001 <0.001
TP F value 794 8.97 5.02 9.12

P value <0.001 <0.001 <0.001 <0.001
TxS F value 2099 6.75 443 6.00

P value <0.001 <0.001 <0.001 <0.001
SXP F value 29.95 66.54 22.62 9.00

P value <0.001 <0.001 <0.001 <0.001
TXPxS F value 10.88 431 3.71 4.63

P value <0.001 <0.001 <0.001 <0.001

T x P represents interaction of treatments and plant species; T X S represents interaction of treatments and sample types; S X P represents interaction of sample
types and plant species; Tx P X S represents interaction of treatments, sample types and plant species
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Table 2 The 5'"°N values (%o) and N concentration (%) of trees and soils as affected by N addition, precipitation reduction and their
combination (mean + S.E)

Control N addition Precipitation reduction Combined effects
"N (%o) Foliage -098 + 003 —043 £ 005 —080 % 001 073 + 003
Litterfall -1.82 =007 -0.56 + 0.02 —145 + 004 -0.10 £ 0.02
Fine roots (<2 mm) —046 £ 004 —-143£004 -032=£0.10 0.09 + 0.05
Coarse roots (> 2 mm) —-0.76 £ 0.03 -1.72 +0.02 -1.09 + 0.10 —-0.19 + 0.09
Soil layer (0-10 cm) -011+002 1.79 £ 013 0.86 = 0.01 123 +£0.20
Soil layer (10-20 cm) 337 +0.10 232+0.16 335+ 0.11 362 +0.22
Soil layer (20-30 cm) 6.64 = 0.09 6.14 = 040 644 = 0.11 6.46 = 0.08
N (%) Foliage 2.55 £ 001 245 + 0.07 232+ 002 235 £ 007
Litterfall 1.11 £ 001 138 +£0.03 101 £ 004 1.06 £ 0.02
Fine roots (< 2 mm) 1.50 £ 0.01 1.35 £ 0.00 147 £ 001 146 + 0.07
Coarse roots (> 2 mm) 0.77 + 0.00 061 +0.03 0.85 + 0.08 0.79 + 0.06
Soil layer (0-10.cm) 1.71 £ 0.06 1.37 £ 001 1.71 £ 0.08 171 £ 0.02
Soil layer (10-20 cm) 1.03 £ 0.07 1.19 £ 0.02 1.01 £ 0.05 1.18 £ 0.10
Soil layer (20-30 cm) 0.18 £ 0.01 0.16 = 0.01 029 £ 0.01 0.25 £ 0.08

significant decrease in **C values of fresh foliage and value of foliage among all plant species. The C con-
C concentration of surface soil layer (A0cm) for centration of foliage and litterfall was significantly de-
Fraxinus mandshuricawere found ¢<0.05, Fig.2). creased by precipitation reduction irPinus koraiensis
Nitrogen addition also gjnificantly decreased the while the C concentration of foliage and roots was
13C value, C and N concentration of fungal sporo- significantly increased by precipitation reduction in
phore (p<0.05), and mean N return proportion com- Tilia amurensis. For Fraxinus mandshurica precipita-

pared with control (Figs.3 and 4 and Table 8). tion reduction had a positive effect on C concentra-
tion of foliage and a negative effect on C
Precipitation reduction effects concentration of fine roots.

Our analysis shows that mean'3C and **N values
of foliage significantly increased with precipitation re-
duction (Tables2 and 3 and Table 3). Precipitation Interaction of simulated nitrogen deposition and
reduction also significantly increased mean C concen-precipitation reduction
tration of foliage, the *°N value of fine roots, the Mean 15N value of foliage, litterfall, fine roots, and sub-
15N value of litterfall, and the C and N concentra- surface soil layer (1020 cm) were significantly increased
tion of mineral soil layer (20.30 cm), but significantly under the interaction of N addition and precipitation re-
decreased N concentration of foliage and litterfall, duction (Tables1 and 2 and Tables $..S5). Moreover,
and *°C value of mineral soil layer (Tableg and 3 the interaction of N addition and precipitation reduction
and Tables $..S7). significantly increased the **C value of foliage but sig-
Different plant species and different plant organs nificantly decreased the *°C value of litterfall. Inter-
showed different responses to precipitation reduction action of N addition and precipitation reduction had a
(Figs.1 and 2). The '°N value of litterfall, fine roots, significantly positive effect on the **N value of foliage
coarse roots, and surface soil layer was significantlyand litterfall among all plant species. Interaction of N
increased by precipitation reduction irPinus koraien- addition and precipitation reduction had a positive effect
sis. Precipitation reduction sjnificantly increased the on the *°N value of fine root and coarse roots iRinus
15\ value of litterfall and surface soil layer but sig- koraiensisand Fraxinus mandshuricabut a negative ef-
nificantly decreased the *®N value of fine roots and fect in Tilia amurensis. Furthermore, the interaction of
coarse roots and N concentration of foliage and litter- N addition and precipitation reduction significantly in-
fall in Tilia amurensis There was a significant in- creased the **C value of foliage inPinus koraiensisthe
crease in the '°N value of foliage and surface soil “°C value of coarse roots iilia amurensis,and the
layer and N concentration of litterfall with precipita- “*C value of fine roots inFraxinus mandshurica but
tion reduction in Fraxinus mandshurica.Besides, pre- significantly decreased the'®C value of foliage inPinus
cipitation reduction significantly increased the *3C  koraiensis
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Fig. 1 Effects of N addition, precipitation reduction and their combination on 6'°N values and N concentration of trees and soils among different
tree species. a and d: Pinus koraiensis; b and e: Tilia amurensis; and ¢ and f. Fraxinus mandshurica. Error bars represent 1 SE of the mean

Correlation analysis correlation coefficients were calculated for C%°C,
To elucidate the relationship between input and output '°N, and N% in plants foliage, fine roots and surface
of C and N values in the plant-soil system, Pearsonsoil layer (0.10cm) (Table 4). This showed a strong
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Fig. 4 Effects of N addition, precipitation reduction and their combination on N return proportion (%) in different tree species. PKS: Pinus
koraiensis; TAR: Tilia amurensis; and FMR: Fraxinus mandshurica. Error bars represent 1 SE of the mean

mineralization discriminates against the heavier N iso-enhancement of plant-soil *N values in this study.
tope (*°N) (Brookshire et al.2012, which may cause Thirdly, under precipitation reduction, the increase of
overall enrichment of'®*N in the soil ecosystem. Conse- plant *°N values may be interpreted as the reduction in
quently, plants have been expected to be motd&N a shift in the N source for plants (Amundson et al.
enriched. The previous studies at the study site may in-2003. Precipitation reduction may decrease NOleach-
directly confirm that precipitation reduction restrains ing (Nielsen and Ball2015, and the enhancement of
mineralization by depressing litter decomposition plant *°N values could be caused by increasing uptake
(Zheng et al.2017). Thus, the reduced N mineralization and assimilation of N@ in plants. However, the en-
may be an essential process responsible for théiancement of plant-soil >N values may be caused by

Table 4 Pearson correlation coefficients between &'°N, N, '*C and C in trees foliage, fine roots and surface soil layer (0-10 cm)

Foliage ">N* Foliage N* Foliage '*C  Foliage C* Fine root >N Fine root N Fine root *C*  Fine root C* Soil layer "N* Soil layer N*  Soil layer '*C

Foliage "N* 1

Foliage N&  0.175

Foliage *C -0.382* 0.381*

Foliage C* 0268 —0.779%*  —0.613%*

Fine root "N —0.229 -0.404*  -0.623**  0.661**

Fineroot N —0.290 -0.745**  -0.430%*  0.603 0337

Fine root *C* 0180 -0077 0.512% 0159 -0.481% ~0034

Fine root C* —0.066 0.108 ~0.157 0.106 0.233 -0.399* -0.390*

Soil layer °N* —0.554** 0061 0143 0276 -0.356 0.170 0.069 -0.163

Soil layer N*  0.418* 0242 0233 -0082 0.154 —0.452%* ~ 0056 0.241 —0.502%*

Soil layer *C 0275 —0331 -0.117 0097 -0307 0327 0062 0274 0.438** —0.678**
Soil layer C* 0.496%* 0.091 0078 0003 0.188 -0.374* —0054 0.187 -0.720**  <0.830** -0.001

To approximate normality, the response variables are Ln-transferred. # Log; + Square; & Exponent. * The level of significance of correlations is p < 0.05. ** The level

of significance of correlations is p < 0.01
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an N cycle that becomes more open as precipitationlayer (10.20 cm) was higher in the interaction between
reduction. N addition and precipitation reduction than that in
According to our hypothesis, we also expected signifi-others treatments, providing evidence that the inter-
cant changes in °C values of plant and soil due to the action might increase the openness of N cycle compared
precipitation reduction. In this study, precipitation re- with N addition alone. Precipitation reduction increased
duction significantly increased *°C values of foliage and N addition effects mostly indirectly via changing the N
fine root but did not significantly change the*C values status of soil and the physiology of the plants. Mechanis-
of the soil, which partly supported our hypothesis. Foli- tically it is evident that the reduction of precipitation in-
age °C values vary across changes of precipitationhibits mineralization and alters soil N status, causing
with the general pattern being that plants in precipita- plants to absorb more inorganic N from N addition. The
tion reduction tend to have more enriched'C in their N addition was enriched in**N relative to the control,
foliage than those in moist environments (Werth and and decreasing mineralization could also increase the
Kuzyakov 2010. Many previous studies reported that **N enrichment of soil in the study, which may lead to
plants adapted to precipitation reduction environments increased plant *>N value. Furthermore, plants increase
are expected to have higher*C values (Swap et al. water uptake by regulating their osmotic pressure under
2004 Du et al.2014 Blessing et al2016, which is con- precipitation reduction conditions, and plants may in-
sistent with our study. This result is mainly due to plant crease N uptake to regulate osmotic pressure under N
13C discrimination. According to a general notion, under addition, which could also increase plant*>N value.
precipitation reduction, plants tend to have low stomatal However, increasing plants °N values under N
conductance, high water use efficiency, and low intercel-addition are always associated with higher levels of water
lular CO,, which results in decreasing discrimination consumption causing plant water stress, being particu-
against*CO, during photosynthesis leading to the in- larly pronounced in precipitation reduction. Previous
crease of foliage *C (Blessing et al201§. Compared studies found that N addition could induce an increase
to the increase of foliage**C value, the increase in root in water use efficiency, resulting in a decrease in plant
13C value was probably caused by processes occurring>C values (Gong et al2011). The result is consistent
during the transport of photoassimilates from foliage to with the result that foliage *3C values in the interaction
roots (Du et al.2014. A recent study has also proved of N addition and precipitation reduction was a slightly
that plants maintain the transport of fixed photoassimi- lower than that in precipitation reduction alone but still
lates into the roots under moderate drought stress significantly higher than that in the control, which indi-
(Hommel et al.2016, which could lead to an increase in cated that N addition might increase water use efficiency
root *C value. However, the change of soit’C mainly  but precipitation reduction had a stronger effect on*C
derives from the plant litterfall. The foliage with high values than N addition, although we have found that
concentrations of sugars, starch, protein, organic acidsinteraction of N addition and precipitation reduction
and cellulose displays high**C values (Bowling et al. may affect ecosystem C and N dynamics.
2008. The increase of foliage™*C under precipitation
reduction may be mainly stored in these organic matters.Conclusions
These organic matters with high *°C values may de- Our study reveals that N addition, reduced precipitation,
crease with foliage senescence and consequently lead &nd their interaction altered C and N cycles in temper-
depleted in litterfall **C, especially under the pressure ate forest ecosystems. Nitrogen addition and precipita-
of reduced precipitation. Thus, precipitation reduction tion reduction increased plant-soil *°N values,
did not significantly change in soil *3C. Moreover, pre- suggesting that N cycling becomes more open as pre-
cipitation reduction may reduce the input of plant C cipitation decreases and N deposition increases. Further-
into the soil, resulting in a slight decrease in soil C con- more, precipitation reduction caused an increase in the
centration, suggesting that reduced precipitation may °C values of plants and soils as a result of improved

lead to a more closed C cycle. water use efficiency, indicating that C-cycling could be-
come tighter with decreased precipitation. Interaction of
Effect of the interaction between simulated nitrogen N addition and precipitation reduction showed that pre-
deposition and precipitation reduction on ecosystem C cipitation reduction might aggravate the effect of N
and N cycling addition on ecosystem N dynamics by regulating N sta-

In this study, our results directly showed that the inter- tus of soil and the physiology of the plants, while N
action of N deposition and precipitation reduction might addition may alleviate the effect of precipitation reduc-
significantly alter the C and N cycle of plant-soil in a tion on ecosystem C cycling by improving water use effi-
temperate forest. Firstly, in the study**N value of foli- ciency. These data give evidence that N deposition and
age, litterfall, fine root, coarse root and subsurface soireduced precipitation change the C and N cycles in
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forest ecosystems; however, the mechanisms that werguthor details
responsible for these effects. and their intensity were not‘School of Life Sciences, Qufu Normal University, Qufu 273165, Shandong,

guantitatively assessed in this study.
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