A Journal of Macroecology

. Global Ecology and Biogeography

Global Ecology and Biogeography, (Global Ecol. Biogeogr.) (2016) 25, 475-488

META-
ANALYSIS

=)

y

The effects of nitrogen enrichment on
soil CO, fluxes depending on
temperature and soil properties

Yangquanwei Zhong', Weiming Yan' and Zhouping Shangguan*

State Key Laboratory of Soil Erosion and
Dryland Farming on the Loess Plateau,
Northwest A&F University, Yangling, Shaanxi
712100, China

*Correspondence: Zhouping Shangguan,
Xinong Road 26, Institute of Soil and Water
Conservation, Yangling, Shaanxi, 712100, China.
E-mail: shangguan@ms.iswc.ac.cn

"These authors contributed equally to this work
and should be considered co-first authors.

ABSTRACT

Aim The continuous increase in anthropogenic nitrogen (N) may have a substan-
tial impact on soil carbon (C) fluxes; thus, understanding the dynamics of soil C
fluxes under N enrichment is important. Our main goal was to resolve the con-
flicting results presented to date and to expand our knowledge about the response
of soil respiration (Rs) to N enrichment, which may be affected by the physico-
chemical properties of soil and environmental factors.

Methods We assembled a large dataset for meta-analysis, including 563 datasets
on annual and seasonal Rs with N enrichment from 154 published papers at 163
sites, covering seven types of biomes world-wide.

Results (1) N enrichment was not significantly related to global Rs but we found
a negative relationship in forests and a positive one in other biomes. (2) Rs showed
a negative correlation with the N levels in forests and croplands and a positive
correlation with the N levels in deserts; heterotrophic respiration exhibited negative
correlations with N levels globally, and its response was correlated with the incu-
bation environment. (3) The response of Rs to N enrichment was also correlated
with mean annual temperature and soil properties, with 15 °C being the threshold
for switching between increasing and decreasing Rs. (4) The estimated total C flux
for global terrestrial lands was 97.01 Pg C year™', and 1 kg of N enrichment at ha™
year™ induced an average efflux of 1.33 kg C ha™ year™.

Main conclusions The response of Rs to future N enrichment should be pre-
dicted separately for each biome. The association between changes in Rs and
temperature and soil properties under N enrichment makes soil C flux a more
complex challenge in the context of future increases in temperature and N
deposition.
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INTRODUCTION

dynamics (Luo & Zhou, 2006). The annual input of

anthropogenic reactive nitrogen (N), mainly through intensive

The continuous increase in the carbon dioxide (CO,) concen-
tration in the atmosphere is predicted to lead to significant
changes in global temperature (Betts, 2000). Soil carbon (C)
emission, also termed soil respiration (Rs), is the flux of micro-
bial and plant-respired CO, from the soil surface to the atmos-
phere; it is the second-largest terrestrial carbon flux
(Schlesinger, 1977; Raich & Potter, 1995) and plays a vital role in
regulating Earth’s atmospheric CO, concentration and climate
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application of N fertilizers and fossil fuel combustion, has
increased more than 10-fold in the last 150 years, and atmos-
pheric deposition rates of N are predicted to increase another
two- or threefold in the coming years (Galloway & Cowling,
2002). The widespread N enrichment in the atmosphere and soil
has considerably altered regional and global environments and
affected the terrestrial C cycle (Luo & Zhou, 2006), which is
projected to affect future climate change (Luo, 2007; Luo et al.,
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2009). Thus, knowledge of the dynamics of Rs under N enrich-
ment is important for understanding the global C flux
(Bond-Lamberty & Thomson, 2010).

Numerous studies have investigated the responses of Rs to
experimental N enrichment. However, the effects of N enrich-
ment on Rs remain controversial, not only in terms of magni-
tude but also regarding direction. The disagreement among
studies may be due to the heterogeneity of biome types, N
application rates, soil conditions, environmental conditions and
even experimental methods (Schlesinger, 1977; Craine et al.,
2001; Xu & Wan, 2008). Rs includes microbial/heterotrophic
respiration (Rh) during the decomposition of organic matter
and litter and root/autotrophic respiration (Ra) in live roots and
their symbionts (Luo & Zhou, 2006; Schindlbacher et al., 2009).
These two components respond differently to N enrichment,
and differences in the methods used to distinguish Rh and Ra, as
well as the lack of studies, increase the difficulty of assessing Ra
and Rh in response to N enrichment (Zhou et al., 2014). Many
previous studies have estimated Rh in the laboratory under con-
trolled conditions; however, the responses range from a reduc-
tion of 57% to an increase of 63%, as reported by Janssens et al.
(2010). Such discrepancies may be caused by different incuba-
tion conditions, including soil weight, incubation temperature,
moisture and time. Nevertheless, how these factors influence Rh
remains unclear. Due to complex interactions and the high
spatial variability of various competing processes, the contro-
versy regarding Rs and the uncertainty in Rh are unlikely to be
effectively resolved by studies performed at individual sites.
Therefore, to reveal a central tendency and to identify large-scale
patterns of N-induced changes in soil C emission, it is necessary
to integrate results across studies.

Four meta-analyses related to the effects of N enrichment on
Rs have been conducted (Janssens et al., 2010; Liu & Greaver,
2010; Lu et al., 2011; Zhou et al., 2014). However, the results of
these meta-analyses varied widely because of differences in the
compiled data sets. Two of them mainly emphasized the central
tendency of the soil C pool and associated C processes (Liu &
Greaver, 2010; Lu et al., 2011), whereas Janssens et al. (2010)
only examined the responses of Rs to N enrichment in temper-
ate forests. Although Zhou et al. (2014) analysed 273 Rs results
produced by N enrichment on a global scale, with more detailed
information than previous analyses, they also mentioned the
presence of uncertainties due to the inherent limitations of the
methodology and to some extent even literature bias.

N enrichment rates vary among biomes, and it remains
unclear whether the effects of N on Rs are related to the N
enrichment rate. Indeed, many confounding factors among
study sites, such as climate conditions, soil physical conditions
(e.g. pH and soil bulk density) and even plant species composi-
tion, can cause different responses of Rs to N enrichment
(Bobbink et al., 2010; Zhou et al., 2014). Moreover, as reported
by Bond-Lamberty & Thomson (2010) and Rustad et al. (2001),
global Rs has exhibited temperature-associated increases, and
understanding how the temperature sensitivity of Rs (the Q10
index — the factor by which Rs increases with a 10 °C increase in
temperature) responds to N enrichment could help us better

understand the C fluxes in response to N enrichment and global
warming.

To clarify these controversial and uncertain issues, we con-
ducted a meta-analysis of studies based on Rs data from studies
world-wide using N enrichment. Our main goal was to resolve
the conflicting results presented to date and to expand our
knowledge regarding the response of Rs to N enrichment, which
may be affected by the physico-chemical properties of soil and
environmental factors. We address the following: (1) how Rs and
Rh respond to N enrichment in different biomes; (2) which
factors are correlated to Rs and Rh with N enrichment; and (3)
how the temperature sensitivity of Rs changes in response to N
enrichment. Our results will help further our understanding of
the C flux under future climate change.

MATERIALS AND METHODS

Data preparation

Peer-reviewed journal articles were identified using Web of
Science (1900-2015) with the following search term combina-
tions: (nitrogen/N/fertilizer) AND (soil respiration/CO,/carbon
emission). To avoid bias in the selection of publications, the
studies were selected based on the following considerations: (1)
experiments were conducted using at least one pair of data sets
(control and treatment), including N application rate and soil C
flux (Rs); (2) only field-based experiments conducted in terres-
trial ecosystems were included, and pot studies were excluded;
(3) Rs was only included for in situ measurement data, and
measurements of soil under laboratory conditions, including
microbial heterotrophic respiration (Rh) and microbial
substrate-induced respiration studies that added C or other
sources, were excluded; (4) Rs values measured annually or as
the mean of growing seasons (or wet seasons) were denoted
differently; and (5) the means, standard deviations/errors and
samples sizes of variables in the control and treatment groups
should be able to be extracted directly from the context, tables or
digitized graphs.

In addition, environmental variables, such as the latitude,
mean annual temperature and mean annual precipitation, were
recorded directly from papers or cited papers. Basic soil physico-
chemical properties, such as the pH, soil bulk density, soil
organic carbon (SOC) content and total N content, were also
collected. The reported root biomass, microbial biomass content
(MBC), Q10, soil temperature and moisture in the control and
treatment groups were also collected. For Rh, the soil incubation
conditions were collected, including the incubation soil weight,
time, temperature, moisture, SOC and MBC. Studies that
involved more than one rate of N enrichment or more than one
vegetation type were treated as multiple data points.

In total, 154 published papers, at 163 sites (Fig. 1), concerning
N fertilization and/or simulated deposition studies that satisfied
our selection criteria for the meta-analysis were selected from
more than 3000 published papers. (A list of the literature sources
is given in Appendix 1 and data are shown in Tables S1 & S2 in
Supporting Information.) All original data were extracted from
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meta-analysis.

the text, tables, figures and appendices of these publications.
When data were presented graphically, numerical data were
obtained using the GetData Graph Digitizer v. 2.20 (http://
www.getdata-graph-digitizer.com/). To test differences in the
responses of Rs to N enrichment, seven types of biomes were
included: tropical forests, temperate forests, boreal forests, cro-
plands, grasslands, deserts and wetlands. The mean annual or
mean growing season C fluxes of forests were also differentiated
in this analysis.

Analysis

We followed the methods used by Hedges et al. (1999) to evalu-
ate the responses of Rs and Rh to N enrichment. A response
ratio (RR, the natural log of the ratio of the mean value of a
variable of interest in N treatment plots to that in the control)
was used to represent the magnitude of the effects of simulated
N deposition as follows:

RR=In(X./X.)=InX.-InX,, (1)

where X, and X. are the response values of each individual
observation in the treatment and control, respectively. The cor-
responding sampling variance for each InRR was calculated
according to equation 2 as follows:

vi=In[(1/n.)x(S./X.)" +(/n)x(S./X)*], (2)

where n., 1, Se, Si; Xe and X, are the sample sizes, standard
deviations and mean response values in the experimental and
control groups, respectively. The meta-analyses were performed
using the R software package (v.3.1.1) (R Development Core
Team, 2014). ‘regtest()’ was used to test the bias of our data, with
P> 0.05 indicating no bias in data collection (Fig. S1). When we
compared the distributions and means of our dataset with a
global soil respiration dataset (Bond-Lamberty & Thomson,
2010) (Fig. S2), we found that our dataset showed relatively little
bias compared with the global dataset. The RRs for individual
and combined treatments were determined by specifying studies
as a random factor using the ‘rma model’ in R with the package
‘metafor’ (Viechtbauer, 2010).

The effects of N enrichment on soil C emission were consid-
ered significant if the 95% confidence intervals (ClIs) of RR did
not overlap with zero. To address whether the responses of C
emission to N enrichment differ between different types of
biomes or climate conditions, we tested whether the interactions
between multiple treatments were significant by using the
rma.uni models in the ‘metafor’ package, with treatments as the
categorical variables. Regression analysis was conducted to
detect relationships between biotic and/or abiotic factors and
the Rs and N enrichment rate. Because the standard error/
deviation of Q10 is not reported in many studies, the quoted RR
used is the mean value of each RR in the study.

Based on the Intergovernmental Panel on Climate Change
guidelines for national greenhouse gas inventories (Mosier et al.,
1998; Liu & Greaver, 2009), the N enrichment-induced
emission/uptake factor (F) was estimated for those response
variables that were significantly influenced by N enrichment:

F:(GN_GC)/N) (3)

where Gy is the annual flux of C from N fertilized treatment (kg
Cha'year™), Gc is the annual flux of C from the control (kg C
ha™' year™) and N is the annual N input (kg N ha™' year™).

RESULTS

Responses of Rs to N enrichment

The RRs of Rs to N enrichment were not significant in all ter-
restrial systems (RR = 0.002, P > 0.05) but did differ among dif-
ferent biome types (Fig.2a). Overall, forests exhibited a
significantly negative response in our meta-analysis. When sepa-
rated into different types of forest depending on the tempera-
ture zone, boreal forests (RR =—0.19, P < 0.001) and temperate
forests (RR=-0.07, P < 0.001) exhibited significantly negative
responses to N enrichment; in contrast, the RR of tropical
forests (RR =—0.04, P > 0.05) was not significant. Interestingly,
other ecosystems, such as croplands, grasslands, deserts and wet-
lands, exhibited significantly positive responses to N enrich-
ment, with RRs of 0.14, 0.08, 0.12 and 0.43, respectively. The
response of Rh to N enrichment was significantly negative in all
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Figure 3 The relationships between the N enrichment rates and response ratios of soil respiration (Rs; a—d) and heterotrophic respiration

(Rh; e-g).

terrestrial biomes (RR = —0.07, P < 0.05); however, the RR value
was not significant when calculated separately for each biome,
except for wetlands (Fig. 2b).

Relationships between RRs of Rs and N enrichment
rates

Because the amount of N enrichment differed among biomes,
the relationships between the RRs and N enrichment rates were
analysed for each type of biome (Fig. 3). Combining all biomes,
the response of Rs showed no significant relationship with the N
enrichment rate (Fig. 3a), and different types of biomes exhib-
ited different relationships (Fig. 3b—d). In forests, the RRs of Rs
showed a significant negative correlation with the N enrichment
rate. In croplands, the RRs exhibited a significant negative cor-
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relation with the N enrichment rate. However, the RRs of wheat
lands exhibited the opposite trend, showing a significant posi-
tive relationship with the N enrichment rate. In deserts, the RRs
also exhibited a significantly positive relationship with the N
enrichment rate. In contrast, no significant relationships
between RRs and N enrichment rates were detected for the other
biomes (Fig. S3a, b).

When combining the data for all biomes, the response of Rh
to N enrichment showed a significantly negative relationship
with N enrichment rate. Separately, the RRs of grassland exhib-
ited a significantly negative linear relationship with the N
enrichment rate, and that of wetlands exhibited a negative expo-
nential relationship with the N enrichment rate. No significant
relationship between the N enrichment rate and the RR of Rh
was detected in the other biomes (Fig. S3).
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Figure 4 The relationships of soil respiration (Rs) and the response ratio of Rs with climate and soil properties. MBC, microbial biomass

carbon.

Relationships between Rs and its RRs with abiotic
factors

Under natural conditions Rs exhibited strong relationships with
climatic factors (Fig. 4), including a positive linear relationship
with mean annual temperature and a parabolic relationship
with the amount of local N enrichment. These results indicated
that Rs increased as the amount of N enrichment increased and
then decreased as the N enrichment rate exceeded 50 kg ha™
year™! (vertex of the parabola). However, no significant relation-
ship was observed between Rs and the other soil factors
(Fig. S4).

The RRs of the annual mean Rs exhibited a significant para-
bolic relationship with mean annual temperature. The RR of Rs
increased as the mean annual temperature increased when it was
less than 15 °C (the vertex of the parabola); when it was more

Global Ecology and Biogeography, 25, 475-488, © 2016 John Wiley & Sons Ltd

than 15 °C, the RR decreased as the mean annual temperature
increased. The RR of Rs showed no significant relationship with
elevation or mean annual precipitation (Fig. S5) but did show
positive relationships with soil pH and SOC content and a sig-
nificantly negative relationship with soil bulk density. The RR of
Rs exhibited significantly positive relationships with the RRs of
MBC and root biomass.

The dependences of Rh and the RRs of Rh on climate
factors and incubation conditions are listed in Table 1. The
magnitude of Rh was significantly negatively correlated with
the incubation soil weight but significantly positively corre-
lated with the incubation temperature, MBC and SOC. The
response of Rh to N enrichment showed significant positive
relationships with the incubation soil weight, temperature and
soil MBC and negative relationships with the incubation days
and SOC content.
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Table 1 Relationships of heterotrophic respiration (Rh) and the
response ratio (RR) of Rh with climate and incubation factors.

Rh n RRofRh n
Mean annual temperature (°C) —0.18 27 0.41** 75
Mean annual precipitation (mm)  —0.02 47  -0.05 79
Soil weight (g) —-0.39% 40 0.25% 87
Temperature (°C) 0.56** 33 0.32* 56
Incubation days -0.19 57 —0.34** 96
Soil moisture (%) —0.43 18 -0.25 29
MBC (CK) (mg kg™) 0554 23 —0.38* 34
MBC (T) (mg kg™) -0.22 19 0.67** 27
pH -0.29 42 0.15 77
SOC (gkg™) 0.31* 47  —0.39** 94
Total N content (g kg™) 0.29 25 —0.25 54
Soil C:N 0.11 17 0.26 33

The values are the Pearson correlation coefficient: * (P <0.05) and
**(P<0.001) indicate significant relationships.

MBC (CK), microbial biomass carbon in no nitrogen enrichment treat-
ment; MBC (T), microbial biomass carbon in nitrogen treatment; SOC,
soil organic carbon concentration; Soil C:N, mass ratio of soil carbon to
nitrogen.

Because Rs and the RRs of Rs showed significant relationships
with mean annual temperature, we determined Q10 and its
response to N enrichment (Fig. 5). Our results revealed that the
average Q10 value for all biomes was 2.37. Q10 was 2.56, 2.00,
2.09 and 1.78 for forest, croplands, grasslands and wetlands,
respectively (Fig. 5a). The mean RR of Q10 to N enrichment was
negative in all biomes (RR =-0.07) (Fig. 5b), and it exhibited
significant negative linear relationships with mean annual tem-
perature and mean annual precipitation and a parabolic rela-
tionship with soil temperature and moisture, in which the
vertices of the parabola were 17.1 °C and 2.24%, respectively. No
significant relationships were observed between Q10 and the RR
of Q10 and other factors (Fig. S6).

Average C flux on a global scale and net changes of
C flux caused by N enrichment

Based on our data, the estimated average Rs rate was 9.05 Mg C
ha™ year™ in terrestrial biomes; tropical forest had the highest
average C emission (11.93 Mg C ha™! year™) and desert had the
lowest (1.38 Mg C ha™' year™) (Table 2). N enrichment induced
an average of 1.33 kg C ha™' year™' when added at 1 kg N ha™
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Table 2 Estimates of carbon flux in global and net changes of carbon flux caused by nitrogen enrichment.

Average soil carbon efflux
(Mg C ha™ year™)

N-induced C efflux
(kg C ha™' year™ per
1 kg N ha™! year™)

Area Total efflux Total efflux
Biomes (10°% ha) Means SE Pg C year™' Means SE Pg C year™'
Boreal forests 6.70 1.25 ab -8.30 4.77 ¢
Temperate forests 9.26 0.65 a —5.44 3.32 be
Tropical forests 11.93 1.60 a —-5.90 2.64 be
All forests 41.6 9.93 0.56 a 41.31 —5.88 2.01 be —-0.024
Croplands 13.5 5.80 1.26 ab 7.83 12.30 3.61b 0.017
Grasslands 42.6 8.73 0.94 a 37.17 11.53 3.12b 0.049
Wetlands 12.8 5.35 0.51 ab 6.84 84.99 17.17 a 0.109
Deserts 27.9 1.38 0.23b 3.85 6.78 1.69 bc 0.019
Global terrestrial 9.05 0.53 97.01 1.33 1.67 0.169

The values are the means of the collected data. Different letters within the same column indicate significant differences (P < 0.05) among the different

biomes.

year! in the entire terrestrial ecosystem, with a decrease in
forests of 5.88 kg C ha™! year™ and a marked increase in wet-
lands of 84.9 kg C ha™' year™'. When integrated with data on the
area of each biome, the estimated global terrestrial C efflux was
97.01 Pg C year™', with forests showing the highest C efflux. For
all terrestrial biomes, enrichment by 1 kg N ha™' year™ induced
0.169 Pg C year™ efflux.

DISCUSSION

Rs responds differently to N enrichment across
biomes

The effects of N enrichment on Rs were very different in differ-
ent biomes, with both positive (Xu & Wan, 2008; Shao et al.,
2014; Zhang et al., 2014) and negative or unchanged effects
being reported (Deng et al., 2010; Sun et al., 2014). In our study,
no significant effects on C fluxes due to N enrichment were
observed across all the biomes examined, a result that differed
from the previous two meta-analyses conducted with all-biome
data (Lu et al., 2011; Zhou et al., 2014), which reported a sig-
nificantly positive response of Rs to N enrichment. This differ-
ence may, to some extent, be due to bias in their data. For
example, some Rh data, which were measured in indoor incu-
bation studies, were confounded into the Rs dataset in the study
of Zhou et al. (2014), and pot studies were also included.

The lack of a significant response of Rs to N enrichment was
caused by heterogeneity, one type of which was biome hetero-
geneity. The RRs of Rs in different biomes differed not only in
magnitude but also in direction. In forests, as well as the boreal
forest lands, a significantly negative response to N enrichment
was observed, consistent with the previous analysis by Zhou
et al. (2014). Temperate forest also exhibited a negative response
in our study, consistent with Janssens et al. (2010) but different
from Zhou et al. (2014); the reduction of Rs in temperate forests
may be due to N impeding the decomposition of organic matter
because N was not a limiting factor in temperate forest soils

(Janssens et al., 2010). No significant effect of N enrichment on
Rs was observed in tropical forests. This result also differed from
that of Zhou et al. (2014), perhaps because we collected 92 more
datasets than their work (31 in their study), which should more
accurately reflect the response of Rs to N enrichment in tropical
forests. Interestingly, croplands, grasslands, deserts and wetlands
all exhibited significant positive responses to N enrichment,
consistent with Zhou et al. (2014), who reported that the addi-
tion of N significantly increased Ra in croplands and grasslands
but had no effect in forests. Forests are less influenced by
anthropogenic activity, being stable ecosystems with a balanced
soil N cycle; thus, the growth of forests is less affected by the
addition of exogenous N (Aber et al., 1998). N enrichment can
inhibit the activity of soil microbes and impede soil C decom-
position, which would lead to a reduction in Rs. However, other
ecosystems, especially croplands and grasslands, are usually
affected by anthropogenic activity (e.g. tillage, grazing). We cal-
culated the RR of Rs to N enrichment separately in natural
ecosystem and anthropogenic ecosystems: the anthropogenic
ecosystems showed positive responses to N enrichment, but the
RRs decreased significantly with increasing N enrichment (Fig.
S7). In anthropogenic ecosystems, plant growth largely relies on
the addition of N because of the absorption of N by plants
usually removed through harvest or grazing; thus, N enrichment
promotes plant growth and increases Rs (Zhou et al., 2014).
However, the RRs decreased with high levels of N enrichment;
thus, further studies must address the threshold N rate leading
to the reduction in Rs in these biomes. Wetlands showed a
positive response of Rs to N enrichment, which is consistent
with the results of Wang et al. (2014b) and Zhu et al. (2013),
who reported that the root biomass of plants was significantly
enhanced by N enrichment, thus increasing Ra and Rs in
wetlands.

Our results show that Rh exhibited a significantly negative
response to N enrichment across all biomes, which is consistent
with Zhou et al. (2014). However, when separated into different
biomes, N enrichment was not significantly related to Rh, except
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in wetlands, consistent with Tao et al. (2013) and Song et al.
(2013), who reported that N enrichment decreased MBC
content and decreased soil organic C mineralization, leading to
decreased Rh in wetlands. Wetlands are different from other
ecosystems because their soil is water-logged, anaerobic and
acidic; thus, the enrichment of wetlands with N led to decreases
in soil pH and MBC, resulting in significant suppression of Rh
(Tao etal., 2013). Wetlands are considered to have a large C
pool, representing up to about a third of the global soil C pool
(Smith et al., 2004); thus, more studies on Rs and its compo-
nents in response to N enrichment in wetlands should also be
conducted to predict the C fluxes in future climate change. The
lack of a significant response to N enrichment in biomes indi-
cates the possible existence of other factors that cause the dif-
ferent effects of N enrichment on Rh; we will address these
below.

Relationships between the RRs of Rs and N
enrichment rates

Previous studies reported that the N enrichment rate had no
relationship to the RRs of Rs (Liu & Greaver, 2010; Zhou et al.,
2014); however, the results of our meta-analysis indicated a
relationship between the RRs of Rs and N enrichment rates in
certain biomes. Across all biomes, no significant relationships
were observed because of the large heterogeneity among the
different biomes. However, in forest biomes, the RR of Rs exhib-
ited a negative relationship with N enrichment rate, thereby
indicating that the RR of Rs decreased as the N enrichment rate
increased in forests. In croplands, the RR exhibited a signifi-
cantly negative overall correlation with the N fertilization rate.
However, interestingly, the RR of Rs showed a positive correla-
tion with N enrichment in wheatfields (a subset of croplands
data), possibly because N fertilization promoted the growth of
wheat and caused an increase in Rs. Indeed, Reich et al. (2008)
reported that maintenance respiration is positively correlated
with the tissue N content, which increases with N fertilization.

The overall data indicated negative relationships of the RR of
Rs with N fertilization in croplands, mostly caused by the maize
Rs. The maize data exhibited negative trends, which were largely
caused by the N demands of maize being roughly met through
decomposing organic matter; hence, the higher root or micro-
bial respiration resulted in slightly greater soil CO, emissions in
unfertilized soil compared with N-fertilized but N-unlimited
soils, as reported by Ding et al. (2007). Ni et al. (2012) suggested
that the response of maize Rs to N fertilization may also depend
on the concentration of labile organic C in the soil. It could also
be due to higher temperature during the maize-growing season,
because higher temperatures may lead to decreasing effects of N
on Rs, as shown in our results (Fig. 4c); however, this requires
further study. Meanwhile, in deserts, the RR of Rs exhibited
significantly positive correlations with N enrichment, even
under conditions of high temperature, mainly because N
enrichment can promote the growth of herbaceous plants in
these areas, which suffer from nutrient deficiency (Zhou &
Zhang, 2014). Moreover, in hot desert environments the optimal

temperature before the decline in Rs was 41 °C (Parker et al.,
1983; O’connell, 1990), and this temperature threshold may
explain the lack of decrease in the RR of Rs in deserts.

The RR of Rh exhibited a significantly negative relationship
with N enrichment rates, thus indicating that Rh would be
inhibited as the N enrichment rate increased, mainly because of
the decreasing MBC content and imbalance of nutrients caused
by N enrichment (Ramirez et al., 2010; Lu et al., 2011; Zhou
etal., 2014). Chronic N inputs can cause soil acidification,
inducing the accumulation of toxic compounds (Guo et al.,
2010), thus decreasing soil microbial activity (Pregitzer et al.,
2008) and biomass (Treseder, 2008) and eventually inhibiting
soil microbial respiration (Ramirez et al., 2010).

Rs and its response to N enrichment have significant
relationships with abiotic factors

Under natural conditions Rs exhibited a significant linear rela-
tionship with mean annual temperature; however, the RR of Rs
exhibited a parabolic relationship with mean annual tempera-
ture (Fig. 4). The RR of Rs increased as the mean annual tem-
perature increased and then decreased above 15 °C, which is
consistent with the results of Bond-Lamberty & Thomson
(2010) and Zhou etal. (2014). However, Zhou etal. (2014)
reported no relationship when the mean annual temperature
was higher than 15 °C, possibly due to the inclusion of the
growing season Rs in that study because the temperature in the
growing season (or wet season) is usually higher. We did not
observe a significant correlation between the mean annual tem-
perature and the RR of Rs during growing seasons (Fig. 54).

Under natural conditions Rs exhibited a parabolic relation-
ship with the amount of N deposited, indicating that N enrich-
ment promoted Rs when the amount of N was low and inhibited
Rs when the amount exceeded a threshold value (50 kg ha™
year™'). Not surprisingly, both Rs and Rh were significantly cor-
related to the soil MBC, consistent with numerous studies
(Ramirez et al., 2010; Zhou et al., 2014). The RR of Rs was not
only related to the mean annual temperature but also signifi-
cantly related to the pH, soil bulk density and SOC. Under
conditions of lower soil pH, N enrichment inhibited Rs, mainly
because N enrichment in these low-pH areas increased the soil
acidity, reduced the microbial biomass and altered the microbial
composition (Lu et al., 2011; Wei et al., 2013). As the soil bulk
density increased, the RR of Rs decreased because plant root
growth and microbial respiration were inhibited with increasing
soil bulk density. The RR of Rs showed a positive correlation
with SOC, thereby indicating that the effects of N enrichment
on Rs were enhanced as SOC increased because N enrichment
with high SOC would promote microbial activity, which would
augment Rs (Mooshammer et al., 2014). The RR of Rs was
positively correlated to the RR of root biomass and the RR of
MBGC, thus indicating that increases in both roots and microor-
ganisms would directly promote Rs, consistent with many pre-
vious studies (Ramirez et al., 2010).

Our results also demonstrated that Rh and the response of Rh
to N enrichment were significantly related to the experimental
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conditions, including incubation conditions and soil basal
nutrition (Table 1). The mean annual temperature exhibited a
positive relationship with Rh because temperature can increase
microbial activity and accelerate C decomposition (Rustad et al.,
2001; Bond-Lamberty & Thomson, 2010). Although Rh showed
a negative relationship with soil weight, a positive relationship
between the RR of Rh and soil weight was observed because light
soil is more easily affected by environmental changes, with a
higher Rh. It was easy to understand the relationship between
the RR of Rh and incubation time because of the short-term
instability of soil, with Rh decreasing with increasing incubation
time (Rodriguez et al., 2014; Wang et al., 2014a). Thus, our
results suggest that the incubation conditions cause different
responses of Rh to N enrichment. Consequently, appropriate
incubation conditions should be considered when researching
Rh in future studies.

Both Rs and the RR of Rs showed significant relationships
with the mean annual temperature, indicating that temperature
may be an important factor regulating Rs and the effects of N on
Rs. Therefore, we analysed the Q10 under conditions of no N
enrichment and the response to N enrichment. The mean Q10
in our study was higher than that reported by Bond-Lamberty &
Thomson (2010), perhaps because the Q10 value in their study
was based on air temperature instead of soil temperature, and
studies using soil temperatures typically report higher Q10
values. Zhang et al. (2014) reported that the addition of N may
affect the Q10 by changing the metabolism of plant roots and
soil microbes; thus, the mechanisms underlying the different
Q10 values in different ecosystems require further study. The
Q10 under the condition without N enrichment did not reveal a
significant relationship with climate factors in our study (Fig.
S5), but the RR of Q10 significantly decreased as the mean
annual temperature and mean annual precipitation increased,
thus suggesting that N enrichment could decrease the tempera-
ture sensitivity of Rs in areas of high temperature and precipi-
tation. In general, soil temperature and moisture are
significantly correlated with each other (Davidson et al., 2006);
in our study, the RR of Q10 exhibited a parabolic relationship
with both of these factors. This is because a lower or higher soil
water content could affect root growth and the diffusion of
oxygen, which could limit soil microbial respiration (Linn &
Doran, 1984; Skopp et al., 1990), and because temperature is
related to enzyme activity, which would affect Q10 and change
soil microbial respiration. These results also indicated that
under suitable soil temperature and moisture conditions N
enrichment is more likely to decrease Q10, whereas N enrich-
ment is more likely to increase Q10 in colder or warmer seasons.

Estimates of global C flux and net changes of C flux
caused by N enrichment

Based on our results, the average Rs rate was highest in tropical
forests, at 11.93 Mg C ha™ year!, and lowest in deserts, at
1.38 Mg C ha™' year™. The Rs induced by enrichment with 1 kg
of N averaged 1.33 kg C ha™' year™, increasing the most in
wetlands and decreasing the most in forests. When integrating
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the area data for each biome, the total Rs of global terrestrial
regions was 97.01 Pg C year™, which is quite comparable with
the results of Bond-Lamberty & Thomson (2010) who reported
98+ 12 Pg C in 2008 based on global Rs flux, and is slightly
higher than the mean annual global Rs of 91Pg C year
reported by Hashimoto et al. (2015). The C efflux caused by N
enrichment was quite comparable with the 0.179 Pg C year™
reported by Liu & Greaver (2009) in forests and croplands.
Forests showed a negative C flux induced by N enrichment;
however, due to the smaller area of forest compared with the
total area of the other biomes (Saugier etal., 2001; Liu &
Greaver, 2009), the decreased C flux in forests cannot offset the
increase in other biomes, and further increases in N enrichment
still promote soil C efflux.

Our meta-analysis based on the global terrestrial ecosystem
focused on the response of the soil C flux to N enrichment and
its relationship with environmental and soil factors. Based on
our results, we conclude that N enrichment is not significantly
related to global Rs but we found negative relationships in
forests and positive ones in other biomes. In certain biomes, the
effects of N enrichment on Rs and Rh showed significant rela-
tionships with the N enrichment rate. The response of Rh to N
enrichment was significantly correlated with the incubation soil
weight, temperature, MBC and SOC. Rs in terrestrial ecosystems
showed a linear positive relationship with the mean annual tem-
perature, thus indicating an increasing trend of soil C fluxes in
the future, whereas a potential decrease in soil C efflux was
observed when N enrichment exceeded 50 kg ha™ year™. This
situation makes the prediction of soil C flux a more complex
challenge when faced with increases in both temperature and N
enrichment. Moreover, the effects of N enrichment on Rs also
depend on soil conditions (such as the pH, soil bulk density,
SOC and MBC) and mean annual temperature, for which a
threshold of 15 °C was observed for the effects of N enrichment
to increase or decrease the Rs, and Q10 showed a negative
response to N enrichment. The estimate of C flux induced by N
enrichment was an average of 1.33kg C ha™' year™, as the
decrease C flux induced by N enrichment in forests cannot offset
the increasing C flux in other biomes due to N enrichment. The
response patterns of Rs to N enrichment as revealed in this study
can be used as benchmarks for future modelling and experimen-
tal studies.
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Additional Supporting Information may be found in the online
version of this article:

Figure S1 Funnel plots of soil respiration (Rs) and heterotrophic
respiration (Rh) dataset.

Figure S2 The violin plots and box plots of the global soil res-
piration dataset (Bond-Lamberty & Thomson, 2010) and our
dataset.

Figure S3 The relationships between the response ratios of soil
respiration (Rs) and heterotrophic respiration (Rh) with the
rate of nitrogen enrichment were not significant in these
biomes.

Figure S4 There are no significant relationships between the soil
respiration (Rs) rates and these biotic and abiotic factors.
Figure S5 There are no significant between the response
ratios of soil respiration (Rs) and these climate and soil
properties.

Figure S6 There are no significant relationships between Q10
and the response ratio of Q10 and abiotic factors.

Figure S7 Response ratio of soil respiration (Rs) to nitrogen
enrichment in natural and anthropogenic ecosystems and the
relationships with the nitrogen enrichment rate.

Table S1 Response ratio (RR) and weighting factor of soil res-
piration (Rs) extracted from each of the papers.

Table S2 Response ratio (RR) and weighting factor of
heterotrophic respiration (Rh) extracted from each of the
papers.

Global Ecology and Biogeography, 25, 475-488, © 2016 John Wiley & Sons Ltd 485



Y. Zhong et al.

BIOSKETCHES

Yangquanwei Zhong is a PhD student at Northwest
A&F University, China, mainly focusing on the effects
of nitrogen enrichment on farmland and the global
carbon cycle under climate change.

Weiming Yan is a PhD student at Northwest A&F
University, mainly focusing on ecosystem carbon cycles
and hydro-ecology under low soil water availability in
the Loess Plateau, China.

Zhouping Shangguan is a professor in the State Key
Laboratory of Soil Erosion and Dryland Farming on the
Loess Plateau, Northwest A&F University. His research
is mainly engaged in water dynamics in the
soil-plant—atmosphere system under future climate
change and the ecological effects of changes in land use
in the Loess Plateau, China. Current research in the lab
mainly focuses on the carbon and nitrogen cycles in
ecosystems under conditions of nitrogen addition, CO,
enrichment and drought.

Editor: Margaret Mayfield

APPENDIX 1 DATA SOURCES

A list of 154 papers from which the data were extracted for this

meta-analysis.

Allison, S.D., Czimczik, C.I. & Treseder, K.K. (2008) Microbial activity and soil
respiration under nitrogen addition in Alaskan boreal forest. Global Change Biology, 14,
1156-1168.

Almaraz, J.J., Mabood, E, Zhou, X., Madramootoo, C., Rochette, P., Ma, B.L. & Smith, D.L.
(2009) Carbon dioxide and nitrous oxide fluxes in corn grown under two tillage systems in
southwestern Quebec. Soil Science Society of America Journal, 73, 113-119.

Ambus, P. & Robertson, G. (2006) The effect of increased N deposition on nitrous oxide,
methane and carbon dioxide fluxes from unmanaged forest and grassland communities in
Michigan. Biogeochemistry, 79, 315-337.

Ball, B.A. & Virginia, R.A. (2014) Microbial biomass and respiration responses to nitrogen
fertilization in a polar desert. Polar Biology, 37, 573-585.

Billings, S.A. & Ziegler, S.E. (2008) Altered patterns of soil carbon substrate usage and
heterotrophic respiration in a pine forest with elevated CO; and N fertilization. Global Change
Biology, 14, 1025-1036.

Bowden, R.D., Davidson, E., Savage, K., Arabia, C. & Steudler, P. (2004) Chronic nitrogen
additions reduce total soil respiration and microbial respiration in temperate forest soils at the
Harvard Forest. Forest Ecology and Management, 196, 43—56.

Bradley, K., Drijber, R.A. & Knops, J. (2006) Increased N availability in grassland soils modifies
their microbial communities and decreases the abundance of arbuscular mycorrhizal fungi.
Soil Biology and Biochemistry, 38, 1583-1595.

Brumme, R. & Beese, F. (1992) Effects of liming and nitrogen fertilization on emissions of CO,
and N,O from a temperate forest. Journal of Geophysical Research: Atmospheres, 97, 12851—
12858.

Burton, A.J., Pregitzer, K.S., Crawford, J.N., Zogg, G.P. & Zak, D.R. (2004) Simulated chronic
NOs~ deposition reduces soil respiration in northern hardwood forests. Global Change
Biology, 10, 1080-1091.

Castro, M.S., Peterjohn, W.T., Melillo, ].M., Steudler, P.A., Gholz, H.L. & Lewis, D. (1994) Effects
of nitrogen fertilization on the fluxes of N>O, CHy, and CO; from soils in a Florida slash pine
plantation. Canadian Journal of Forest Research, 24, 9-13.

Cederlund, H., Wessén, E., Enwall, K., Jones, C.M., Juhanson, J., Pell, M., Philippot, L. &
Hallin, S. (2014) Soil carbon quality and nitrogen fertilization structure bacterial
communities with predictable responses of major bacterial phyla. Applied Soil Ecology, 84,
62-68.

Chen, C., Xu, Z. & Hughes, J. (2002) Effects of nitrogen fertilization on soil nitrogen pools and
microbial properties in a hoop pine (Araucaria cunninghamii) plantation in southeast
Queensland, Australia. Biology and Fertility of Soils, 36, 276-283.

Chen, W., Zheng, X., Chen, Q., Wolf, B., Butterbach-Bahl, K., Briiggemann, N. & Lin, S. (2013)
Effects of increasing precipitation and nitrogen deposition on CHy and N>O fluxes and
ecosystem respiration in a degraded steppe in Inner Mongolia, China. Geoderma, 192, 335~
340.

Chu, H., Hosen, Y. & Yagi, K. (2007) NO, N,O, CH4 and CO; fluxes in winter barley field of
Japanese Andisol as affected by N fertilizer management. Soil Biology and Biochemistry, 39,
330-339.

Cleveland, C.C. & Townsend, A.R. (2006) Nutrient additions to a tropical rain forest drive
substantial soil carbon dioxide losses to the atmosphere. Proceedings of the National Academy
of Sciences USA, 103, 10316-10321.

Contosta, A., Frey, S. & Cooper, A. (2011) Seasonal dynamics of soil respiration and N
mineralization in chronically warmed and fertilized soils. Ecosphere, 2, art. 36.

Corre, M.D., Beese, FEO. & Brumme, R. (2003) Soil nitrogen cycle in high nitrogen deposition
forest: changes under nitrogen saturation and liming. Ecological Applications, 13, 287—
298.

Craine, J.M., Wedin, D.A. & Reich, P.B. (2001) The response of soil CO; flux to changes in
atmospheric CO», nitrogen supply and plant diversity. Global Change Biology, 7, 947-953.
Demoling, E, Nilsson, L.O. & Baath, E. (2008) Bacterial and fungal response to nitrogen ferti-

lization in three coniferous forest soils. Soil Biology and Biochemistry, 40, 370-379.

Deng, Q., Zhou, G., Liu, J., Liu, S., Duan, H. & Zhang, D. (2010) Responses of soil respiration to
elevated carbon dioxide and nitrogen addition in young subtropical forest ecosystems in
China. Biogeosciences, 7, 315-328.

Ding, W, Cai, Y., Cai, Z., Yagi, K. & Zheng, X. (2007) Soil respiration under maize crops: effects
of water, temperature, and nitrogen fertilization. Soil Science Society of America Journal, 71,
944-951.

Drake, J.E., Stoy, P.C., Jackson, R.B. & Delucia, E. (2008) Fine-root respiration in a loblolly pine
(Pinus taeda L.) forest exposed to elevated CO; and N fertilization. Plant, Cell and Environ-
ment, 31, 1663-1672.

Du, Y., Guo, P, Liu, J., Wang, C., Yang, N. & Jiao, Z. (2014) Different types of nitrogen deposition
show variable effects on the soil carbon cycle process of temperate forests. Global Change
Biology, 20, 3222-3228.

Du, Z., Wang, W., Zeng, W. & Zeng, H. (2014) Nitrogen deposition enhances carbon sequestra-
tion by plantations in northern China. PLoS ONE, 9, e87975.

Fan, H., Wu, J., Liu, W,, Yuan, Y., Huang, R, Liao, Y. & Li, Y. (2014) Nitrogen deposition promotes
ecosystem carbon accumulation by reducing soil carbon emission in a subtropical forest. Plant
and Soil, 379, 361-371.

Fisk, M.C. & Fahey, T.J. (2001) Microbial biomass and nitrogen cycling responses to fertilization
and litter removal in young northern hardwood forests. Biogeochemistry, 53, 201-223.

Fisk, M., Santangelo, S. & Minick, K. (2015) Carbon mineralization is promoted by phosphorus
and reduced by nitrogen addition in the organic horizon of northern hardwood forests. Soil
Biology and Biochemistry, 81, 212-218.

Franklin, O., Hogberg, P., Ekblad, A. & Agren, G.I. (2003) Pine forest floor carbon accumulation
in response to N and PK additions: bomb #C modelling and respiration studies. Ecosysterms,
6, 644—658.

Galicia, L. & Garcia-Oliva, F. (2004) The effects of C, N and P additions on soil microbial activity
under two remnant tree species in a tropical seasonal pasture. Applied Soil Ecology, 26, 31—
39.

Gallardo, A. & Schlesinger, W.H. (1994) Factors limiting microbial biomass in the mineral soil
and forest floor of a warm-temperate forest. Soil Biology and Biochemistry, 26, 1409—1415.
Gao, Q., Hasselquist, N.J., Palmroth, S., Zheng, Z. & You, W. (2014) Short-term response of soil
respiration to nitrogen fertilization in a subtropical evergreen forest. Soil Biology and Bio-

chemistry, 76, 297-300.

Gao, Y., Ma, G., Zeng, X., Xu, S. & Wang, D. (2015) Responses of microbial respiration to
nitrogen addition in two alpine soils in the Qinghai-Tibetan Plateau. Journal of Environmental
Biology, 35, 261-265.

Giardina, C.P,, Binkley, D., Ryan, M.G., Fownes, ].H. & Senock, R.S. (2004) Belowground carbon
cycling in a humid tropical forest decreases with fertilization. Oecologia, 139, 545-550.

Gnankambary, Z., Ilstedt, U., Nyberg, G., Hien, V. & Malmer, A. (2008) Nitrogen and phospho-
rus limitation of soil microbial respiration in two tropical agroforestry parklands in the
south-Sudanese zone of Burkina Faso: the effects of tree canopy and fertilization. Soil Biology
and Biochemistry, 40, 350-359.

Graham, S.L., Hunt, J.E., Millard, P., McSeveny, T., Tylianakis, .M. & Whitehead, D. (2014)
Effects of soil warming and nitrogen addition on soil respiration in a New Zealand tussock
grassland. PLoS ONE, 9, €91204.

Grandy, A.S., Salam, D.S., Wickings, K., McDaniel, M.D., Culman, S.W. & Snapp, S.S. (2013) Soil
respiration and litter decomposition responses to nitrogen fertilization rate in no-till corn
systems. Agriculture, Ecosystems and Environment, 179, 35-40.

Han, Y., Zhang, Z., Wang, C., Jiang, F. & Xia, J. (2012) Effects of mowing and nitrogen addition
on soil respiration in three patches in an oldfield grassland in Inner Mongolia. Journal of Plant
Ecology, 5,219-228.

Hasselquist, N.J., Metcalfe, D.B. & Hogberg, P. (2012) Contrasting effects of low and high
nitrogen additions on soil CO; flux components and ectomycorrhizal fungal sporocarp pro-
duction in a boreal forest. Global Change Biology, 18, 3596—3605.

Hauggaard-Nielsen, H., De Neergaard, A., Jensen, L.S., Hogh-Jensen, H. & Magid, J. (1998) A
field study of nitrogen dynamics and spring barley growth as affected by the quality of
incorporated residues from white clover and ryegrass. Plant and Soil, 203, 91-101.

Haynes, B.E. & Gower, S.T. (1995) Belowground carbon allocation in unfertilized and fertilized
red pine plantations in northern Wisconsin. Tree Physiology, 15, 317-325.

Heming, L. & Shuging, L. (2008) Effect of different nitrogen levels on soil CO; fluxes of winter
wheat in north China plain. Ecology and Environment, 17, 1125-1129.

Hu, Z., Li, H., Yang, Y., Chen, S., Li, C. & Shen, S. (2010) Effects of simulated nitrogen deposition
on soil respiration in northern subtropical deciduous broad-leaved forest. Environmental
Sciences 31, 1726-1732.

Huang, G., Cao, Y.F, Wang, B. & Li, Y. (2015) Effects of nitrogen addition on soil microbes and
their implications for soil C emission in the Gurbantunggut Desert, center of the Eurasian
Continent. Science of the Total Environment, 515, 215-224.

Huang, J., Richard, H. & Zheng, S. (2014) Effects of nitrogen fertilization on soil labile carbon
fractions of freshwater marsh soil in northeast China. International Journal of Environmental
Science and Technology, 11, 2009-2014.

Huang S., Li ], Ye G., Nie S., Chen Z., Chen J., Huang L., (2014). Response of soil respiration of
different components to nitrogen addition in a Castanea mollissima plantation, Science of Soil
and Water Conservation, 12, 95-100.

Illeris, L. & Jonasson, S. (1999) Soil and plant CO; emission in response to variations in soil
moisture and temperature and to amendment with nitrogen, phosphorus, and carbon in
northern Scandinavia. Arctic, Antarctic, and Alpine Research, 31, 264-271.

Illeris, L., Michelsen, A. & Jonasson, S. (2003) Soil plus root respiration and microbial biomass
following water, nitrogen, and phosphorus application at a high arctic semi desert.
Biogeochemistry, 65, 15-29.

Jassal, R.S., Black, T.A., Trofymow, J., Roy, R. & Nesic, Z. (2010) Soil CO; and N,O flux dynamics
in a nitrogen-fertilized Pacific Northwest Douglas-fir stand. Geoderma, 157, 118-125.

Jassal, R.S., Black, T.A., Roy, R. & Ethier, G. (2011) Effect of nitrogen fertilization on soil CH4 and
N;O fluxes, and soil and bole respiration. Geoderma, 162, 182—186.

Jia, S., Wang, Z., Li, X., Sun, Y., Zhang, X. & Liang, A. (2010) N fertilization affects on soil
respiration, microbial biomass and root respiration in Larix gmelinii and Fraxinus
mandshurica plantations in China. Plant and Soil, 333, 325-336.

486 Global Ecology and Biogeography, 25, 475-488, © 2016 John Wiley & Sons Ltd



Jia, S.X., Wang, Z.Q., Mei, L., Sun, Y., Quan, X.K., Shi, JW,, Yu, S.Q. & Sun, H.L. (2007) Effect of
nitrogen fertilization on soil respiration in Larix gmelinii and Fraxinus mandshurica planta-
tions in China. Chinese Journal of Plant Ecology, 3, 372-379.

Jia, X., Shao, M.A. & Wei, X. (2012) Responses of soil respiration to N addition, burning and
clipping in temperate semiarid grassland in northern China. Agricultural and Forest Meteor-
ology, 166, 32—40.

Jiang J., Guo S., Wang R., Liu Q., Wang Z., Zhang Y., Li N,, Li R, Wu D., Sun Q. (2015) Effects
of nitrogen fertilization on soil respiration and temperature sensitivity in spring maize field in
semi-arid regions on Loess Plateau. Chinese Journal of Environmental Science, 36, 1802—1809.

Jiang, X., Cao, L. & Zhang, R. (2014) Changes of labile and recalcitrant carbon pools under
nitrogen addition in a city lawn soil. Journal of Soils and Sediments, 14, 515-524.

Jin W,, Li M., He Y., Du Z., Shao J., Zhang G., Zhou L., Zhuo X. (2015) Effects of different levels
of nitrogen fertilization on soil respiration during growing season in winter wheat (Triticum
aestivum). Chinese Journal of Plant Ecology, 39, 249-257.

Johnson, D., Geisinger, D., Walker, R., Newman, J., Vose, J., Elliot, K. & Ball, T. (1994) Soil pCO»,
soil respiration, and root activity in CO,-fumigated and nitrogen-fertilized ponderosa pine.
Plant and Soil, 165, 129-138.

Jones, S., Rees, R., Kosmas, D., Ball, B. & Skiba, U. (2006) Carbon sequestration in a temperate
grassland; management and climatic controls. Soil Use and Management, 22, 132—142.

Keller, J.K., Bridgham, S.D., Chapin, C.T. & Iversen, C.M. (2005) Limited effects of six years of
fertilization on carbon mineralization dynamics in a Minnesota fen. Soil Biology and Biochem-
istry, 37, 1197-1204.

Koehler, B., Corre, M.D., Veldkamp, E. & Sueta, J. (2009) Chronic nitrogen addition causes a
reduction in soil carbon dioxide efflux during the high stem-growth period in a tropical
montane forest but no response from a tropical lowland forest on a decadal time scale.
Biogeosciences, 6, 2973-2983.

Kong, Y., Watanabe, M., Nagano, H., Watanabe, K., Yashima, M. & Inubushi, K. (2013) Effects of
land-use type and nitrogen addition on nitrous oxide and carbon dioxide production poten-
tials in Japanese Andosols. Soil Science and Plant Nutrition, 59, 790-799.

Kou, T, Zhu, J., Xie, Z., Hasegawa, T. & Heiduk, K. (2007) Effect of elevated atmospheric CO»
concentration on soil and root respiration in winter wheat by using a respiration partitioning
chamber. Plant and Soil, 299, 237-249.

Kowaljow, E. & Mazzarino, M.J. (2007) Soil restoration in semiarid Patagonia: chemical and
biological response to different compost quality. Soil Biology and Biochemistry, 39, 1580—-1588.

Lee, K.-H. & Jose, S. (2003) Soil respiration, fine root production, and microbial biomass in
cottonwood and loblolly pine plantations along a nitrogen fertilization gradient. Forest Ecology
and Management, 185, 263-273.

Li H., Wang J., Liu X,, et al. (2014) Effects and its sustained effect of simulated nitrogen depo-
sition on soil respiration in Pinus tabulaeformis forests in the Taiyue Mountain, China. Acta
Scientiae Circumstantiae, 34, 238-249.

Li H., Wang J., Zhao X, Kang F.,, Zhang C., Liu X., Wang N., Zhao B. (2014) Effects of litter
removal on soil respiration under simulated nitrogen deposition in a Pinus tabuliformis forest
in Taiyue Mountain, China. Chinese Journal of Ecology, 33, 857-866.

Li J, Yin C., Zhou X., Wei Y., Gao Q., Liu Q. (2014) Effects of nitrogen addition on soil
respiration of Sibiraea angustata shrub in the eastern margin of Qinghai-Tibetan Plateau. Acta
Ecologica Sinica. 34, 5558-5569.

Li, K., Jiang, H., You, M. & Zeng, B. (2011) Effect of simulated nitrogen deposition on the soil
respiration of Lithocarpus glabra and Castanopsis sclerophylla. Acta Ecologica Sinica, 31, 82—
89.

Li, R, Tu, L., Hu, T, Zhang, J., Lu, Y., Liu, W,, Luo, S. & Xiang, Y. (2010) Effects of simulated
nitrogen deposition on soil respiration in a Neosinocalamus affinis plantation in rainy area of
west China. Chinese Journal of Applied Ecology, 21, 1649-1655.

Li W., Wang S., Sheng H., Zheng Y., Wang S., Zhong Z. (2013) Effects of nitrogen levels on soil
respiration of sympodial bamboo plantation and factor analysis. Journal of Zhejiang University
(Agriculture and Life Sciences), 39, 299-308

Li W, Jin C,, Jing Y., Wu J,, Yuan E, Guan D., Wang A. (2014) Response of soil respiration to
enhanced nitrogen deposition in broadleaved Korean pine forest in Changbai Mountains.
Journal of Northeast Forestry University. 42, 89-93.

Li, X., Fu, H., Guo, D,, Li, X. & Wan, C. (2010) Partitioning soil respiration and assessing the
carbon balance in a Setaria italica (L.) Beauv. cropland on the Loess Plateau, northern China.
Soil Biology and Biochemistry, 42, 337—346.

Li Y., Chen M., Xia X., Mei X., Li H., Hao W. (2013) Dynamics of soil respiration and carbon
balance of summer-maize field under different nitrogen addition. Ecology and Environmental
Sciences, 22, 18-24.

Li Y., Hong M., Bai W., Han G., Wang H. Zhou M. (2015) The responses of soil respiration to
water and nitrogen in Stipa breviflora steppe. Acta Ecologica Sinica. 35, 1727-1733.

Liang, L., Eberwein, J., Allsman, L., Grantz, D. & Jenerette, G. (2015) Regulation of CO2 and N,O
fluxes by coupled carbon and nitrogen availability. Environmental Research Letters, 10,034008.

LiHua, T., TingXing, H., LiHua, H., RenHong, L., HongZhong, D., ShouHua, L. & YuanBin, X.
(2009) Response of soil respiration to simulated nitrogen deposition in Pleioblastus amarus
forest, rainy area of West China. Chinese Journal of Plant Ecology, 33, 728-738.

Liu, B, Mu, C,, Xing, Y. & Wang, Q. (2012) Effects of simulated nitrogen deposition on soil
respiration in spruce—fir—Korean pine forest of Xiaoxing’anling Mountains in China. Forest
Research, 6, 767-772.

Liu, J.X,, Zhou, G.Y., Zhang, D.Q., Xu, Z.H., Duan, H.L., Deng, Q. & Zhao, L. (2010) Carbon
dynamics in subtropical forest soil: effects of atmospheric carbon dioxide enrichment and
nitrogen addition. Journal of Soils and Sediments, 10, 730-738.

Liu, W,, Xu, W,, Han, Y., Wang, C. & Wan, S. (2007) Responses of microbial biomass and
respiration of soil to topography, burning, and nitrogen fertilization in a temperate steppe.
Biology and Fertility of Soils, 44, 259-268.

Luo, S.H., Hu, T.X,, Zhang, J., Dai, H.Z., Tu, L.H., Li, R H. & Huang, L.H. (2010) Responses of soil
respiration to nitrogen fertilization in Betula luminifera forest, rainy area of west China.
Journal of Agro-Environment Science, 29, 1834-1839.

Lv, P, Chai, Q. & Li, G. (2011) Effects of fertilizing nitrogen levels on soil respiration during
growing season in maize field. Pratacultural Science, 28, 1919-1923.

Madritch, M.D. & Hunter, M.D. (2003) Intraspecific litter diversity and nitrogen deposition
affect nutrient dynamics and soil respiration. Oecologia, 136, 124-128.

Maljanen, M., Jokinen, H., Saari, A., Strommer, R. & Martikainen, P. (2006) Methane and nitrous
oxide fluxes, and carbon dioxide production in boreal forest soil fertilized with wood ash and
nitrogen. Soil Use and Management, 22, 151-157.

Micks, P., Aber, J.D., Boone, R.D. & Davidson, E.A. (2004) Short-term soil respiration and
nitrogen immobilization response to nitrogen applications in control and nitrogen-enriched
temperate forests. Forest Ecology and Management, 196, 57-70.

Mijangos, 1., Pérez, R., Albizu, I. & Garbisu, C. (2006) Effects of fertilization and tillage on soil
biological parameters. Enzyme and Microbial Technology, 40, 100-106.

Effects of nitrogen on soil C fluxes

Miller, M. & Dick, R.P. (1995) Dynamics of soil C and microbial biomass in whole soil and
aggregates in two cropping systems. Applied Soil Ecology, 2, 253-261.

Mo, J., Zhang, W., Zhu, W., Fang, Y., Li, D. & Zhao, P. (2007) Response of soil respiration to
simulated N deposition in a disturbed and a rehabilitated tropical forest in southern China.
Plant and Soil, 296, 125-135.

Mo, J., Zhang, W., Zhu, W., Gundersen, P,, Fang, Y., Li, D. & Wang, H. (2008) Nitrogen addition
reduces soil respiration in a mature tropical forest in southern China. Global Change Biology,
14, 403—-412.

Moscatelli, M., Lagomarsino, A., De Angelis, P. & Grego, S. (2008) Short- and medium-term
contrasting effects of nitrogen fertilization on C and N cycling in a poplar plantation soil.
Forest Ecology and Management, 255, 447—-454.

Mosier, A., Pendall, E. & Morgan, J. (2003) Effect of water addition and nitrogen fertilization on
the fluxes of CHy4, CO2, NOy, and N,O following five years of elevated CO> in the Colorado
shortgrass steppe. Atmospheric Chemistry and Physics, 3, 1703-1708.

Ni, K., Ding, W., Cai, Z., Wang, Y., Zhang, X. & Zhou, B. (2012) Soil carbon dioxide emission
from intensively cultivated black soil in northeast China: nitrogen fertilization effect. Journal
of Soils and Sediments, 12, 1007-1018.

Nohrstedt, H.O., Arnebrant, K., Baath, E. & Soderstrom, B. (1989) Changes in carbon content,
respiration rate, ATP content, and microbial biomass in nitrogen-fertilized pine forest soils in
Sweden. Canadian Journal of Forest Research, 19, 323-328.

Oishi, A.C., Palmroth, S., Johnsen, K.H., McCarthy, H.R. & Oren, R. (2014) Sustained effects of
atmospheric [CO;] and nitrogen availability on forest soil CO; efflux. Global Change Biology,
20, 1146-1160.

Olsson, P, Linder, S., Giesler, R. & Hogberg, P. (2005) Fertilization of boreal forest reduces both
autotrophic and heterotrophic soil respiration. Global Change Biology, 11, 1745-1753.

Peng, Q., Dong, Y., Qi, Y., Xiao, S., He, Y. & Ma, T. (2011) Effects of nitrogen fertilization on soil
respiration in temperate grassland in Inner Mongolia, China. Environmental Earth Sciences,
62, 1163-1171.

Phillips, R.P. & Fahey, T.]. (2007) Fertilization effects on fineroot biomass, rhizosphere microbes
and respiratory fluxes in hardwood forest soils. New Phytologist, 176, 655—664.

Picek, T., Kastovskd, E., Edwards, K., Zemanova, K. & Dusek, J. (2008) Short term effects of
experimental eutrophication on carbon and nitrogen cycling in two types of wet grassland.
Community Ecology, 9, 81-90.

Priess, J. & Folster, H. (2001) Microbial properties and soil respiration in submontane forests of
Venezuelian Guyana: characteristics and response to fertilizer treatments. Soil Biology and
Biochemistry, 33, 503-509.

Qi, D., Guoyi, Z., Juxiu, L., Shizhong, L., Honglang, D., Xiaomei, C. & Deqiang, Z. (2009) Effects
of CO; enrichment, high nitrogen deposition and high precipitation on a model forest
ecosystem in southern China. Chinese Journal of Plant Ecology, 33, 1023-1033.

Qi, Y., Peng, Q., Dong, Y., Xiao, S., Jia, J., Quo, S., He, Y., Yan, Z. & Wang, L. (2015) Responses of
ecosystem carbon budget to increasing nitrogen deposition in differently degraded Leymus
chinensis steppes in Inner Mongolia, China. Chinese Journal of Environmental Science, 36,
625-635.

Rodriguez, A., Lovett, G.M., Weathers, K.C., Arthur, M.A., Templer, P.H., Goodale, C.L. &
Christenson, L.M. (2014) Lability of C in temperate forest soils: assessing the role of nitrogen
addition and tree species composition. Soil Biology and Biochemistry, 77, 129-140.

Ros, M., Klammer, S., Knapp, B., Aichberger, K. & Insam, H. (2006) Long-term effects of
compost amendment of soil on functional and structural diversity and microbial activity. Soil
Use and Management, 22, 209-218.

Roy, K.S., Neogi, S., Nayak, A.K. & Bhattacharyya, P. (2014) Effect of nitrogen fertilization on
methane and carbon dioxide production potential in relation to labile carbon pools in
tropical flooded rice soils in eastern India. Archives of Agronomy and Soil Science, 60, 1329—
1344.

Sakata, R., Shimada, S., Arai, H., Yoshioka, N., Yoshioka, R., Aoki, H., Kimoto, N., Sakamoto, A.,
Melling, L. & Inubushi, K. (2015) Effect of soil types and nitrogen fertilizer on nitrous oxide
and carbon dioxide emissions in oil palm plantations. Soil Science and Plant Nutrition, 61,
48-60.

Sanchez-Martin, L., Vallejo, A., Dick, J. & Skiba, U.M. (2008) The influence of soluble carbon and
fertilizer nitrogen on nitric oxide and nitrous oxide emissions from two contrasting agricul-
tural soils. Soil Biology and Biochemistry, 40, 142—151.

Schaeffer, S., Billings, S. & Evans, R. (2003) Responses of soil nitrogen dynamics in a Mojave
Desert ecosystem to manipulations in soil carbon and nitrogen availability. Oecologia, 134,
547-553.

Schniirer, J., Clarholm, M. & Rosswall, T. (1985) Microbial biomass and activity in an agricul-
tural soil with different organic matter contents. Soil Biology and Biochemistry, 17, 611—
618.

Selmants, P.C., Hart, S.C., Boyle, S.I,, Gehring, C.A. & Hungate, B.A. (2008) Restoration of a
ponderosa pine forest increases soil CO; efflux more than either water or nitrogen additions.
Journal of Applied Ecology, 45, 913-920.

Shan, J., Morris, L.A. & Hendrick, R.L. (2001) The effects of management on soil and plant
carbon sequestration in slash pine plantations. Journal of Applied Ecology, 38, 932-941.

Shao, R., Deng, L., Yang, Q. & Shangguan, Z. (2014) Nitrogen fertilization increase soil carbon
dioxide efflux of winter wheat field: a case study in northwest China. Soil and Tillage Research,
143, 164-171.

Smolander, A., Barnette, L., Kitunen, V. & Lumme, 1. (2005) N and C transformations in
long-term N-fertilized forest soils in response to seasonal drought. Applied Soil Ecology, 29,
225-235.

Song, C. & Zhang, J. (2009) Effects of soil moisture, temperature, and nitrogen fertilization on
soil respiration and nitrous oxide emission during maize growth period in northeast China.
Acta Agriculturae Scandinavica B: Soil and Plant Science, 59, 97-106.

Song, C., Liu, D., Song, Y. & Mao, R. (2013) Effect of nitrogen addition on soil organic carbon in
freshwater marsh of northeast China. Environmental Earth Sciences, 70, 1653—1659.

Song, X., Hu, T, Xian, J., Xiao, C.. & Liu, W. (2007) Soil respiration and its response to simulated
nitrogen deposition in evergreen broad-leaved forest, southwest Sichuan. Journal of Soil and
Water Conservation, 4, 168—172.

Spinnler, D., Egli, P. & Kérner, C. (2002) Four-year growth dynamics of beech—spruce model
ecosystems under CO; enrichment on two different forest soils. Trees, 16, 423—436.

Sun, J., Cheng, G. & Fan, J. (2013) Soil respiration in response to a short-term nitrogen addition
in an alpine steppe of northern Tibet. Polish Journal of Ecology, 61, 655-663.

Sun, L., Li, L., Chen, Z., Wang, J. & Xiong, Z. (2014a) Combined effects of nitrogen deposition
and biochar application on emissions of N,O, CO, and NH3 from agricultural and forest soils.
Soil Science and Plant Nutrition, 60, 254—265.

Sun S., Wang Y., Wang Y., Zhang H., Li Y., Yu L., Hu B, Liu J. (2014) Responses of soil respiration
to simulated nitrogen deposition in an evergreen broad-leaved forest in Jinyun Mountain.
Scientia Silvae Sinicae 50, 1-8.

Global Ecology and Biogeography, 25, 475-488, © 2016 John Wiley & Sons Ltd 487



Y. Zhong et al.

Sun, Z., Liu, L., Ma, Y., Yin, G., Zhao, C., Zhang, Y. & Piao, S. (2014b) The effect of nitrogen
addition on soil respiration from a nitrogen-limited forest soil. Agricultural and Forest Meteor-
ology, 197, 103-110.

Tang, Z., Yin, H., Zhou, X., Wei, Y. & Liu, Q. (2012) Short-term effects of night warming and
nitrogen addition on soil respiration of subalpine coniferous, western Sichuan, China. Chinese
Journal of Applied and Environmental Biology, 18, 713-721.

Tao, B., Song, C. & Guo, Y. (2013) Short-term effects of nitrogen additions and increased
temperature on wetland soil respiration, Sanjiang Plain, China. Wetlands, 33, 727-736.

Thirukkumaran, C.M. & Parkinson, D. (2002) Microbial activity, nutrient dynamics and litter
decomposition in a Canadian Rocky Mountain pine forest as affected by N and P fertilizers.
Forest Ecology and Management, 159, 187-201.

Tu, L., Dai, H., Hu, T., Zhang, J. & Luo, S. (2011) Effects of simulated nitrogen deposition on soil
respiration in a Bambusa pervariabilis X Dendrocala mopsi plantation in rainy area of West
China. Chinese Journal of Applied Ecology. 22, 829-836.

Tu, L., Hu, T., Zhang, J., Li, X, Hu, H., Liu, L. & Xiao, Y. (2013) Nitrogen addition stimulates
different components of soil respiration in a subtropical bamboo ecosystem. Soil Biology and
Biochemistry, 58, 255-264.

Tyree, M.C,, Seiler, J.R., Aust, W.M., Sampson, D.A. & Fox, T.R. (2006) Long-term effects of site
preparation and fertilization on total soil CO; efflux and heterotrophic respiration in a
33-year-old Pinus taeda L. plantation on the wet flats of the Virginia Lower Coastal Plain.
Forest Ecology and Management, 234, 363-369.

Vose, .M., Elliott, K.J., Johnson, D.W., Walker, R.E, Johnson, M.G. & Tingey, D.T. (1995) Effects
of elevated CO; and N fertilization on soil respiration from ponderosa pine (Pinus ponderosa)
in open-top chambers. Canadian Journal of Forest Research, 25, 1243-1251.

Waldrop, M.P,, Zak, D.R. & Sinsabaugh, R.L. (2004) Microbial community response to nitrogen
deposition in northern forest ecosystems. Soil Biology and Biochemistry, 36, 1443—1451.

Wang H., Yu L., Chen L., Wang C., He J., (2014) Responses of soil respiration to reduced water
table and nitrogen addition in an alpine wetland on the Qinghai-Xizang Plateau. Chinese
Journal of Plant Ecology 38, 619—625.

Wang J., Ni H., Fu X., Zhong H., (2014) Responses of soil respiration to nitrogen deposition in
Calamagrostis angustifolia marshy meadow in Sanjiang Plain. Wetland Science. 12, 6671

Wang, L., D’Odorico, P., O’Halloran, L.R., Caylor, K. & Macko, S. (2010) Combined effects of soil
moisture and nitrogen availability variations on grass productivity in African savannas. Plant
and Soil, 328, 95-108.

Wang, Q., Wang, Y., Wang, S., He, T. & Liu, L. (2014) Fresh carbon and nitrogen inputs alter
organic carbon mineralization and microbial community in forest deep soil layers. Soil Biology
and Biochemistry, 72, 145-151.

Wang, Y., Liu, J., He, L., Dou, J. & Zhao, H. (2014) Responses of carbon dynamics to nitrogen
deposition in typical freshwater wetland of Sanjiang Plain. Journal of Chemistry, 2014, art. ID
603948.

Wang Z., Zhao M., Han G., Gao E, Han X. (2012) Response of soil respiration to simulated
warming and N addition in the desert steppe. Journal of Arid Land Resources and Environment,
26, 97-103.

Wilson, H. & Al-Kaisi, M. (2008) Crop rotation and nitrogen fertilization effect on soil CO>
emissions in central lowa. Applied Soil Ecology, 39, 264-270.

Wu D,, Zhang R., Gao S., Fu X., Deng H., Shao G., Zhang X. (2015) Effects of simulated nitrogen
deposition on the each component of soil respiration in the Populus L. plantations in a
riparian zone of the mid-lower Yangtze River. Acta Ecologica Sinica. 35, 717-724.

Xiang Y., Huang C., Hu T., Tu L., Yang W, Li R., Hu C.. (2014) Response of soil respiration to
simulated nitrogen deposition in an Eucalyptus grandis plantation in the rainy area of western
China. Scientia Silvae Sinicae 50, 21-26.

Xu F, Hu G., Sha L. (2014) The effects of nitrogen and phosphorus fertilizers on soil respiration,
soil microbial biomass carbon and soil nutrients of rubber plantation in Xishuangbanna, SW
China. Mountain Research. 32, 179-186

Xu, W. & Wan, S. (2008) Water-and plant-mediated responses of soil respiration to topography,
fire, and nitrogen fertilization in a semiarid grassland in northern China. Soil Biology and
Biochemistry, 40, 679-687.

Xuyuan, Z., Wende, Y., Xiuhong, M., Wei, Z., Guangjun, W. & Xiaocui, L. (2012) Short-term
effects of nitrogen deposition on soil respiration of Cinnamomum camphora plantation.
Chinese Forestry Science and Technology, 32, 109-113.

Yan, D., Wang, D. & Yang, L. (2007) Long-term effect of chemical fertilizer, straw, and manure on
labile organic matter fractions in a paddy soil. Biology and Fertility of Soils, 44, 93-101.

Yan, L., Chen, S., Huang, J. & Lin, G. (2010) Differential responses of auto- and heterotrophic soil
respiration to water and nitrogen addition in a semiarid temperate steppe. Global Change
Biology, 16, 2345-2357.

Yao, M., Rui, J., Li, J., Dai, Y., Bai, Y., Hedénec, P., Wang, J., Zhang, S., Pei, K. & Liu, C. (2014)
Rate-specific responses of prokaryotic diversity and structure to nitrogen deposition in the
Leymus chinensis steppe. Soil Biology and Biochemistry, 79, 81-90.

Zeng, W. & Wang, W. (2015) Combination of nitrogen and phosphorus fertilization enhance
ecosystem carbon sequestration in a nitrogen-limited temperate plantation of northern
China. Forest Ecology and Management, 341, 59—66.

Zhang, C., Niu, D., Hall, S.J., Wen, H., Li, X., Fu, H., Wan, C. & Elser, J.J. (2014) Effects of
simulated nitrogen deposition on soil respiration components and their temperature sensi-
tivities in a semiarid grassland. Soil Biology and Biochemistry, 75, 113-123.

Zhang, F, Guo, S., Zou, J., Li, Z. & Zhang, Y. (2011) Effects of nitrogen fertilization, soil moisture
and soil temperature on soil respiration during summer fallow season. Environmental Sciences,
32, 3174-3180.

Zhang X., Yan W., Zheng W., Zhao L., (2012) Effects of nitrogen deposition on soil respiration
of Pinus elliottii. Chinese Agricultural Science Bulletin. 28, 5-10.

Zhang, X., Yin, S., Li, Y., Zhuang, H., Li, C. & Liu, C. (2014) Comparison of greenhouse gas
emissions from rice paddy fields under different nitrogen fertilization loads in Chongming
Island, eastern China. Science of the Total Environment, 472, 381-388.

Zhang Y. & Hong M. (2014) Response of soil respiration to experimental warming and nitrogen
addition in Inner Mongolia desert steppe. Acta Agrestia Sinica. 22, 1227-1231.

Zhang, Y., Hongxia, Z. & Yingxue, L. (2011) Effects of nitrogen fertilization on temperature
sensitivity of rhizosphere respiration during maize growing stages. Journal of Agro-
Environment Science, 30, 2033-2039.

Zheng W., Yan W., Wang G., Liang X., Zhang X. (2013) Effect of nitrogen addition to soil
respiration in Cinnamomum camphora forest in subtropical China. Acta Ecologica Sinica, 33,
3425-3433.

Zhou, X. & Zhang, Y. (2014) Seasonal pattern of soil respiration and gradual changing effects of
nitrogen addition in a soil of the Gurbantunggut Desert, northwestern China. Atmospheric
Environment, 85, 187—194.

Zhu, M., Zhang, Z., Yu, J., Wu, L., Han, G., Yang, L., Xing, Q., Xie, B., Mao, P. & Wang, G. (2013)
Effects of nitrogen deposition on soil respiration in Phragmites australis wetland in the Yellow
River Delta. Chinese Journal of Plant Ecology 37, 517-529.

Zong, N, Shi, P, Jiang, J., Meng, F., Ma, W., Xiong, D., Song, M. & Zhang, X. (2013a) Effects of
fertilization and grazing exclosure on vegetation recovery in a degraded alpine meadow on the
Tibetan Plateau. Chinese Journal of Applied and Environmental Biology, 19, 905-913.

Zong, N., Shi, P, Jiang, J., Song, M., Xiong, D., Ma, W., Fu, G., Zhang, X. & Shen, Z. (2013b)
Responses of ecosystem CO; fluxes to short-term experimental warming and nitrogen enrich-
ment in an alpine meadow, northern Tibet Plateau. The Scientific World Journal, 2013, 415318.

Zong, N., Song, M., Shi, P, Jiang, J., Zhang, X. & Shen, Z. (2014) Timing patterns of nitrogen
application alter plant production and CO; efflux in an alpine meadow on the Tibetan
Plateau, China. Pedobiologia, 57, 263-269.

488 Global Ecology and Biogeography, 25, 475-488, © 2016 John Wiley & Sons Ltd





