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Abstract
Background and aims Increasing global atmospheric
nitrogen (N) deposition has a considerable impact on
soil respiration. Due to different carbon dioxide (CO2)
resources of different components of soil respiration,
there may be different mechanisms by which soils

respond to N additions. The aims of this study are to
investigate the effects of N additions on total soil respi-
ration (RST), rhizospheric respiration (RSR) and hetero-
trophic respiration (RSH), and to elucidate the potential
causal mechanisms.
Methods An artificial N addition experiment was con-
ducted in an evergreen broad-leaved forest at the west-
ern edge of the Sichuan Basin in China. The effects of
three N treatment levels (+0, +50, +150 kg N ha−1 yr.−1)
were measured, with the N application initiated in April
2013. Trenching method was used for partitioning RST
into RST and RSR. The values of RST and its components
were measured monthly from May 2015 to April 2016.
Results The mean annual RST was 1.92 ± 0.18 μmol
CO2 m

−2 s−1, with RSH and RSR contributing 75 ± 1%
and 25 ± 1% to RST, respectively. Nitrogen addition
significantly reduced RST and its two components, as
well as the contribution of RSR to RST. Microbial bio-
mass carbon (C) and pH in bulk soil decreased signifi-
cantly after N application. Nitrogen addition had no
effect on rhizospheric soil biochemical properties. RSR
was significantly positively correlatedwith root biomass
of Castanopsis platyacantha, while RSH was signifi-
cantly positively correlated with the concentrations of
microbial biomass C (MBC) and microbial biomass N
(MBN) for bulk soil.
Conclusions The positive correlation between RSR and
root biomass indicates that N application reduced RSR
by reducing belowground C allocation and thus C inputs
to the rhizosphere. The value of RSH decreased primar-
ily due to a reduction in microbial activity and soil
organic matter decomposition in root-free soil after N
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was added. The presence of plant roots may mitigate the
effect of N inputs to the rhizosphere via alteration of root
morphology and exudates.

Keywords Nitrogen deposition . Soil respiration
component . Rhizospheric respiration . Heterotrophic
respiration

Introduction

Increasing atmospheric nitrogen (N) deposition stem-
ming from anthropogenic activities, such as combustion
of fossil fuels and application of mineral N fertilizers in
agricultural ecosystems, represents a major contributor
and component of global environmental change. Over
the past few decades, reactive N produced by human
activities has increased by more than 900% and has
exceeded the production from all natural terrestrial sys-
tems (Galloway et al. 2003). Globally, many ecosystems
are experiencing increased inputs of anthropogenic N
(Galloway et al. 2008), and 11% of natural vegetation
receives N deposition in excess of the critical load
threshold of 10 kg N ha−1 yr.−1 (Dentener et al. 2006).
Since N is considered a limiting nutrient for most ter-
restrial ecosystems, increased N deposition is believed
to be beneficial for forest ecosystems (Law 2013). In
particular, an increase in N deposition may enhance
foliar N and chlorophyll content as well as ecosystem
water-use efficiency, which in turn may boost photosyn-
thetic rates and net primary production (NPP) (Zhao and
Liu 2009; Yan et al. 2014). Over the past 150 years, N
deposition has contributed to an increase of 2.0 Pg C
yr.−1 in global NPP and approximately 10 Pg C in soil
carbon (Devaraju et al. 2016). However, high levels of
N deposition have many damaging effects on terrestrial
ecosystems, such as significant soil acidification, soil
nitrate leaching, and reduction in biodiversity (Bobbink
et al. 2010; Law 2013; Ochoa-Hueso et al. 2014).
Furthermore, nitrogen deposition strongly influences
below-ground carbon (C) cycling (Cusack et al. 2011;
Tu et al. 2011a, b).

Soil is the largest C pool in the terrestrial ecosystem
and the most heterogeneous component of the
biosphere. Batjes (2016) estimated that the global soil
organic carbon (SOC) bank (to a 2 m depth) is 2060 Pg
C. Soil respiration (RS), the emission of carbon dioxide
(CO2) from the soil surface to the atmosphere, is the
main pathway of soil-atmosphere C exchange, and its C

flux is the second-largest terrestrial C flux after plant
photosynthesis (Schlesinger and Andrews 2000; Bond-
Lamberty and Thomson 2010). The total global soil
CO2 emission has been estimated to be 98 Pg C
(Bond-Lamberty and Thomson 2010), and thus minor
changes in RS may cause a large change in atmospheric
CO2 concentration (Schlesinger and Andrews 2000).
Numerous studies have shown that artificial N additions
have variable effects on forestRS, including positive (Tu
et al. 2013; Comeau et al. 2016), negative (Bowden
et al. 2004; Fan et al. 2014), or neutral effects (Allison
et al. 2008; Samuelson et al. 2009).

Based on Kuzyakov (2006), there are five main com-
ponents of total soil respiration (RST): root respiration,
rhizomicrobial respiration, microbial decomposition of
plant residues, microbial decomposition of soil organic
matter (SOM) in rhizospheric soil, and microbial de-
composition of SOM in root-free soil. Currently, four
principal methods have been used to partition RST: 1)
root exclusion –exclude roots by root removal,
trenching, or removing aboveground vegetation; 2)
physical separation of components – measure the spe-
cific rates of CO2 efflux from each soil component after
separating soil cores into roots, sieved soil, and litter; 3)
isotopic techniques – estimate the contribution of root
and SOM decomposition to RST by isotopic labeling
using either 14C or 13C; and 4) indirect methods, e.g.
mass-balance approach – calculate root respiration as
the difference between C input from below- and above-
ground litter and RST based on the assumption that the C
fluxes into and out of the soil are balanced. For more
detailed descriptions about the approaches used to
partition RST, the readers are referred to Hanson et al.
(2000) and Subke et al. (2006). In many studies, RST has
been partitioned into rhizopheric respiration (RSR, CO2

fluxes derived from plant roots and closely associated
organisms) and heterotrophic respiration (RSH, SOM-
derived CO2) (Scott-Denton et al. 2006;Wang and Yang
2007; Sun et al. 2014). Trenching techniques are com-
monly used to partition RST into RSR and RSH in forests
due to their simplicity and low cost (Wang and Yang
2007). And there is little influence on belowground
respiration when measurements begin few months after
trenching, although some roots are left in the trenched
plot (Bowden et al. 1993). Many previous studies have
found that N additions generally reduce both RSR and
RSH (Olsson et al. 2005; Fan et al. 2014; Wang et al.
2017a). Because the turnover rate and main controllers
of different C pools in soil are very different, the
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mechanisms to explain the reductions in RSR and RSH
after N addition may also be different. For decreases
in RSR, decreased C allocation to roots was believed
to be the main reason (Janssens et al. 2010; Fan et al.
2014; Wang et al. 2017a); and in some studies, re-
duced mycorrhizal fungal community size is also
considered to be a significant cause (Sun et al.
2014). However, the N-induced decrease in RSH is
usually associated with reduced soil microbial com-
munity size and the formation of recalcitrant SOM
(Janssens et al. 2010; Wang et al. 2017a).

The western edge of the Sichuan Basin, China, which
is located near an important industrial-agricultural cen-
ter, the Chengdu Plain, is a large and complex ecotone
with a cloudy and wet climate. Rapid and intense eco-
nomic development on the Chengdu Plain is responsible
for heightened production of reactive N in this region;
this N is transported to the western edge of the Sichuan
Basin by monsoon winds. Due to orographic lift of
warm and moist air on the western edge of the Sichuan
Basin, this region experiences considerable rainfall dur-
ing the summer. Thus, the average atmospheric N wet
deposition level in the center of this region is very high,
approaching 95 kg N ha−1 yr.−1 (Xu et al. 2013). This is
considerably higher than the average annual N deposi-
tion in the 2000s in China (21.1 kg N ha−1; Liu et al.
2013). From 1980 to 2010, N deposition in China has
significantly enhanced with an average annual increase
of 0.41 kg N ha−1 (Liu et al. 2013). In the next few
decades, the largest increases in N deposition in the
world have been predicted to occur in this region which
is presently receiving extremely high levels of ambient
N deposition (Dentener et al. 2006). Therefore, it is
imperative to conduct N addition experiments in this
area to evaluate their environmental impacts. Previous
field-scale N addition experiments conducted in several
forest plantations in this region revealed that simulated
N deposition decreased RST in Betula luminifera (Luo
et al. 2010) and Neosinocalamus affinis (Li et al. 2010)
plantations, but increased RST in hybrid bamboo
(Bambusa pervariabilis × Dendrocala mopsi) (Tu
et al. 2011a), Pleioblastus amarus (Tu et al. 2013)
and Eucalyptus grandis (Xiang et al. 2014) plantations.
It is probable that these dissimilarities in the responses
of soil respiration were primarily a function of differ-
ences in soil C and N status. In this region, the most
widely distributed and representative plant communities
are evergreen broad-leaved secondary forests.
Furthermore, the soil C and N status of natural forests

are significantly different from that of plantations. Thus,
we speculate that the responses of natural forests and
plantations to N additions may be potentially different.
These above studies done in this region revealed that the
responses of soil respiration to added N were associated
with the responses of microbes and roots. In order to
more accurately assess the responses of RSR and RSH to
N additions, it is necessary to study root biomass,
rhizospheric soil and bulk soil separately because: 1)
Roots are the main source of RSR, thus, changes in root
biomass directly impact the amount of CO2 derived
from plant roots; 2) changes in the rhizospheric and bulk
soil may alter microbial microenvironments and thus
affect microbial communities in both rhizospheric and
bulk soils. Therefore, we conducted a field N addition
experiment in a subtropical evergreen broad-leaved sec-
ondary forest on the western edge of the Sichuan Basin,
China. The aims of this study were to investigate the
responses of RST, RSR and RSH to artificial N addition
and to determine the potential mechanisms behind these
responses.

Materials and methods

Site description

This study was performed in a moist evergreen broad-
leaved forest in Wawushan Mountain, situated in
Hongya, Sichuan, China (29°32′35″N, 103°15′41″E,
1600 m a.s.l.). The area has a mid-subtropical, mon-
soon-influenced, humid climate. The annual mean tem-
perature is 10 °C, with the lowest and highest monthly
means being −0.9 °C in January and 22.5 °C in July,
respectively. The annual precipitation and evapotranspi-
ration are 2323 mm and 467 mm, respectively, thus this
area shows a high annual average relative humidity
ranging from 85 to 90%. The soil is classified as a
Lithic Dystrudepts (according to USDA Soil
Taxonomy), overlying granite bedrock. The soil physi-
cochemical properties are summarized in Table 1.
Before 1956, the site was representative of the mid-
subtropical evergreen broad-leaved biome characteriz-
ing the study area, dominated by Castanopsis
platyacantha. In 1956, most of the big trees in the
primary forest were felled. After that, there was no
further disturbance, which allowed the surviving sap-
lings to naturally recover into a mature forest. The
average plant density at this site was 725 stems ha−1
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and the mean diameter at the breast height (DBH, 1.3 m)
was 23.5 cm. The dominant species in this forest is
C. platyacantha with mean DBH value of 23.8 cm.
Other plant species include the trees Schima sinensis,
Lithocarpus hancei and Acanthopanax evodiaefolius
var. gracilis, the shrubs Ilex purpurea and Eurya japon-
ica, and the herbaceous species Cyperus rotundus.

Experimental design

In October 2012, nine plots (20 m × 20 m for each plot)
were established at intervals of ≥20 m and randomly
divided into three N treatments with three replicate plots
for each treatment. The three N treatments are as fol-
lows: control (ambient N, i.e. +0 kg N ha−1 yr.−1), Low-
N ( + 5 0 k g N h a − 1 y r . − 1 ) , a n d H i g h -N
(+150 kg N ha−1 yr.−1). The Low-N and High-N treat-
ments respectively simulate scenarios of N deposition
increased by 50 and 150%. Consequently, the annual
cumulated doses received by control, Low-N and High-
N plots were 95, 145, and 245 kg N ha−1, respectively.
Because atmospheric N deposition mainly consists of
ammonium (NH4

+) and nitrate (NO3
−), N was applied in

the form of ammonium nitrate (NH4NO3) to simulate
increased N deposition. NH4NO3 solution was added to
the soil surface monthly using a sprayer beginning in
April 2013. The NH4NO3 was weighed, dissolved in
10 L of water, and applied to each plot every month. The
control plots received an equivalent volume of water
without NH4NO3. Although external water was added
to plots while applied N, the additional water in each
plot every year is only equivalent to an increase of

0.3 mm (0.013%) in annual precipitation. Therefore,
the influence of external water may be negligible.

In March 2014, six 0.5 m × 0.5 m subplots were
randomly designated in each plot. One soil respiration
sampling polyvinyl chloride (PVC) collar (20 cm inside
diameter, 8 cm height) was installed in each subplot.
Each PVC collar was inserted into the soil at a 6 cm
depth. Three of these subplots in each plot were selected
randomly for trenching. On the outside edges of each
designated trenched subplot, trenches of 0.5 m depth
(below which few roots were found) were dug, and all
roots were severed. Each trenched subplot was lined
with a double-layered nylon mesh (0.1 mm diameter)
extending 10 cm above the ground surface to prevent
other roots from re-colonizing the subplot. The trench
was then refilled carefully with soil. Next, all above-
ground vegetation was removed within these subplots,
and this vegetation-free status was maintained through-
out the study. The CO2 efflux from the untrenched
(control) subplot was considered to be total soil respira-
tion (RST) and that from the trenched subplot was con-
sidered to be heterotrophic respiration (RSH).
Rhizospheric respiration (RSR) was calculated from the
formula RSR = RST – RSH.

Soil respiration measurement

To avoid the influence of residual decomposing roots
left in the trenched subplots, the measurements of soil
respiration began in May 2015 (14 months after sub-
plots were trenched). A Li-8100 automated soil CO2

efflux system (LI-COR Inc., Lincoln, NE, USA) was
used to measure soil respiration monthly for one year.

Table 1 Physicochemical properties of leaf litter and soil in a moist evergreen broad-leaved forest in southwestern China
(Mean ± 1 SE, n = 36)

Soil depth (cm) Soil potential
acidity (pHKCl)

Soil bulk density
(g cm−3)

C (g kg−1) Total N
(g kg−1)

Total P
(g kg−1)

Total K
(g kg−1)

C/N N/P

Leaf litter – – 443.0 ± 4.2 9.9 ± 0.2 1.0 ± 0.1 1.0 ± 0.1 45.3 ± 1.0 15.5 ± 1.2

0–10 3.19 ± 0.02 0.4 ± 0.0 121.9 ± 6.7 5.9 ± 0.3 0.5 ± 0.0 13.4 ± 0.6 20.6 ± 0.6 12.2 ± 0.5

10–40 3.76 ± 0.03 0.7 ± 0.0 26.6 ± 1.5 1.6 ± 0.1 0.3 ± 0.0 16.9 ± 0.5 16.9 ± 0.5 6.7 ± 0.3

40–70 3.97 ± 0.01 0.9 ± 0.0 12.6 ± 0.7 0.9 ± 0.1 0.2 ± 0.0 18.7 ± 0.7 14.3 ± 0.6 5.1 ± 0.3

70–100 4.03 ± 0.01 1.0 ± 0.0 7.8 ± 0.5 0.7 ± 0.0 0.2 ± 0.0 18.7 ± 0.8 12.4 ± 0.6 3.4 ± 0.2

Thirty six leaf litter samples were randomly taken from surface in November 2012. Each litter sample was collected from a 50 cm× 50 cm of
area in the study site. At the same time, four soil profiles (1 m depth) were dug in each plot (totally 36 soil profiles). Since the thickness of the
top organic soil is about 10 cm, each soil profile was divided into four layers (0–10 cm, 10–40 cm, 40–70 cm, 70–100 cm). For chemical
analysis, soil samples in each layer were collected using a small shovel. For measuring soil bulk density, an undisturbed pillar-shaped soil
column was collected using a 100 cm3 cutting ring from each layer
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All measurements occurred between 12:00 and 15:00
(local time) on each measurement date. Our previous
measurements at the same site showed that the soil CO2

fluxes measured between 12: 00 to 15: 00 approximate-
ly equal to the average soil respiration rates of the diel
cycle. The average rate of CO2 efflux measured on a
sampling day for each plot was assumed to represent the
diurnal mean of the plot, and the total CO2 quantity
released on that day was multiplied by the number of
days in the sampling month to estimate the total CO2

efflux during that month (Fan et al. 2014). The soil CO2

efflux rate was expressed as μmol CO2 m
−2 s−1. The soil

temperature at a 15 cm depth and moisture within the
upper 5 cm of the soil horizon were measured using a
soil temperature and moisture probe near the PVC collar
at the time when soil respiration was measured.

Soil properties measurement

Bulk and rhizospheric soil samples were collected in
June 2016. Three healthy, average-sized trees
(C. platyacantha) with a DBH of 24 cm were selected
as target trees for rhizospheric soil collection. Around
each target tree, 10 fragments of fine roots with a diam-
eter less than 2 mm were excavated carefully. Bulk soil,
defined as the soil weakly adhering to fine roots, was
collected by shaking the excavated fine root fragments
gently. The soil still adhering to fine roots after gentle
shaking was defined as rhizospheric soil and collected
by further shaking and soft brushing (Feudis et al. 2017;
Xiao et al. 2017). All soil samples were collected from
the top 10 cm of the soil horizon. Thirty subsamples
collected from each plot were immediately mixed into a
single composite sample. Visible roots remaining in the
bulk and rhizospheric soil were carefully removed with
tweezers, after which all soil samples were ground and
sieved through a 2-mm mesh. Both bulk and
rhizospheric soil samples were then divided into two
parts. One part was used to measure microbial biomass
carbon (MBC) and microbial biomass nitrogen (MBN);
another part was used to measure ammonium nitrogen
(NH4

+-N), nitrate nitrogen (NO3
−-N) and pH.

To measure soil MBC and MBN concentrations, the
24-h chloroform (CHCl3) fumigation extraction tech-
nique and a total C/N analyzer (Shimadzu model
TOC-VcPH +TNM-1, Kyoto, Japan) were used. The
concentrations of MBC and MBN were calculated as
the differences in extractable C/N between fumigated
and unfumigated soils, divided by 0.45 (Wu et al. 1990)

and 0.54 (Brookes et al. 1985), respectively. Soil NH4
+-

N and NO3
−-N concentrations were measured by color-

imetry after being extracted with a 2 M KCl solution.
Soil pH was determined using a glass electrode in aque-
ous extracts (pHH2O) (solid: liquid ratio was 1: 2.5).

Data analysis

All statistical analyses were conducted using IBM SPSS
Statistics 20.0 for Windows (IBM Crop., Armonk, New
York, USA). Repeated measures ANOVAs (nitrogen
treatment and time as the main effects) with Fisher’s
LSD tests were used to analyze soil temperature, soil
moisture, RST, RSH and RSR. To determine the effects of
N addition and soil types (rhizospheric or bulk soil) on
soil properties, the concentrations of NH4

+ and NO3
−,

the NH4
+/NO3

− ratio, MBC, MBN and pH were
compared among N treatments and soil types using
two-way ANOVA. One-way ANOVA with Fisher’s
LSD test was conducted to examine the effects of N
addition on soil properties. Homogeneity of vari-
ances was tested using Levene’s test before above
ANOVAs, and the variances of all the data were
homogeneous. Linear regression was used to deter-
mine the relationships between RSR and root bio-
mass , MBC and MBN concen t r a t i ons fo r
rhizospheric soil, as well as between RSH and con-
centrations of NH4

+-N, MBC and MBN for root-free
soil. Significant effects were determined at α = 0.05.

To analyze the response of soil respiration to soil
temperature, the eq. RS = αeβT (Lloyd and Taylor
1994) was used in this paper. Where RS is the soil
respiration rate (μmol CO2m

−2 s−1), T is the temperature
at 15 cm below the soil surface (°C), α is the soil
respiration rate (μmol CO2 m

−2 s−1) when soil temper-
ature is 0 °C, and β is the temperature reaction coeffi-
cient. Then the temperature sensitivity (Q10) of soil
respiration was calculated as Q10 = e10β.

Results

Soil temperature and moisture

The annual mean soil temperature at 10 cm below the
soil surface was 10.9 ± 0.2 °C, with the lowest monthly
value (2.8 ± 0.3 °C) in January and the highest monthly
value (18.7 ± 0.3 °C) in July in the control plots
(Fig. 1a). Due to the fact that precipitation exceeds
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evapotranspiration in the study area, the annual soil
moisture content in N control plots exhibited a mean
of 60 cm3 H2O 100 cm−3 soil (Fig. 1b). Although,
compared with N control, the annual mean soil moisture
increased slightly in Low-N (by 2%) and High-N (by
5%) plots and the difference between N control and
High-N treatment reached a significant level (P =
0.014) under repeated measures ANOVAs, one-way
ANOVA for each month showed that the N effect on
soil moisture was insignificant (P > 0.05). Before
starting measuring soil respiration, soil moisture (May,
June, July of 2014 and March, May, June of 2015) and
temperature (from May 2014 to April 2015) were mea-
sured as pre-experiment; the analysis results showed
that both N treatments and trenching had no influence
on them (P > 0.05, Table 2).

Effects of N additions on soil respiration

Soil respiration displayed significant seasonal variation
(Fig. 2). The annual mean RST in the control plots was
1.92 ± 0.18 μmol CO2 m−2 s−1, with the lowest rate
(0.72 ± 0.09 μmol CO2 m−2 s−1) in December and
highest rate (3.59 ± 0.51 μmol CO2 m−2 s−1) in July.
Repeated measures ANOVAs showed that, compared
with the N addition control plots, Low-N did not signif-
icantly changed the RST, while High-N decreased the
RST by 39%, a significant (P = 0.025) change (Fig. 2a).
Nonlinear regression analysis revealed that RST was
significantly positively exponentially related to soil tem-
perature (P < 0.0001, R2 > 0.77; Table 2). The Q10 of
RST was 3.29, 3.13 and 3.06 in N control, Low-N and
High-N plots, respectively (Table 3).
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Fig. 1 Seasonal variations in soil temperature and soil moisture in
a moist evergreen broad-leaved forest in southwestern China (from
May 2015 to April 2016). Data presented here are only from
untrenched subplots. Plots received three levels of N addition:
control (+ 0 kg N ha−1 yr.−1), Low-N (+ 50 kg N ha−1 yr.−1) and

High-N (+ 150 kg N ha−1 yr.−1). Monthly applications of NH4NO3

began in April 2013. Values are means ±1 SE. Error bars indicate
±1 SE, n = 3. The results of repeated measures ANOVAs are
shown for each parameter. a Soil temperature at 15 cm below
surface; b soil moisture in the upper 5 cm of the soil horizon

Table 2 P value of repeated measures ANOVAs focusing on the effects of sampling time, nitrogen additions, trenching and their
interactions on soil temperature and moisture in an evergreen broad-leaved forest in southwestern China

Factors Soil temperature (°C) a Soil moisture
(cm3 H2O 100 cm−3 soil) b

Time < 0.001 < 0.001

Nitrogen 0.402 0.106

Trenching 0.735 0.413

Nitrogen ×Trenching 0.960 0.967

Time × Nitrogen 0.328 0.362

Time × Trenching 0.220 0.927

Time× Nitrogen × Trenching 0.903 0.436

a Soil temperature at 15 cm below soil surface were measured monthly from May 2014 to April 2015 before starting soil respiration
measurements; b Soil moisture in the upper 5 cm soil horizon were measured for May, June, July of 2014 and March, May, June of 2015
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Fig. 2 Seasonal variations in total soil respiration, heterotrophic
respiration and rhizospheric respiration (from May 2015 to April
2016), in a moist evergreen broad-leaved forest in southwestern
China. a Total soil respiration (RST); b heterotrophic respiration
(RSH); c rhizospheric respiration (RSR). Histograms on the right

side indicate annual mean values. Values are mean ± 1 SE. Error
bars indicate ±1 SE, n = 3. The results of repeated measures
ANOVAs are shown for each parameter. Different lowercase
letters denote significant differences (One-wayANOVAwith Fish-
er’s LSD test, α = 0.05) among treatments
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The annual mean CO2 effluxes from RSH and RSR in
the control plots were 1.43 ± 0.11 and 0.49 ± 0.06 μmol
CO2 m−2 s−1, and reached their maxima in July and
August, respectively (Fig. 2 b and c). The rates of RSH
and RSR generally decreased with increasing N addition
rates. Under Low-N treatment, the decreases in the rates
of RSH and RSR were insignificant (P > 0.05). The CO2

effluxes from RSH and RSR in the High-N treatment
were significantly (P = 0.027 and P = 0.011, respective-
ly) lower (by 29 and 69%, respectively) than that of the
control N treatment.

For the measurement period, the cumulative CO2

flux in the control plots was 7.3 ± 0.7 t C ha−1 (Fig. 3
a). One-way ANOVA revealed that the Low-N addition
had no significant effect on cumulative CO2 effluxes,
while the High-N treatment significantly reduced cumu-
lative CO2 effluxes (P = 0.015) by 39%. Totally, the
cumulative CO2 emission decreased 2.9 t C ha−1 in
response to the High-N treatment. The cumulative
CO2 effluxes from RSH and RSR in the control plots
were 5.5 ± 0.4 and 1.9 ± 0.2 t C ha−1 (Fig. 3 a), with

respective contributions of 75 ± 1% and 25 ± 1% to
RST (Fig. 3 b). The N treatments decreased the
cumulative CO2 fluxes from both RSH and RSR by
1.1–1.6 (20–29%) and 0.6–1.3 (30–69%) t C ha−1,
respectively, compared to the N treatment control.
However, it significantly increased the proportion of
RSH in total respiration by 17% and decreased that
of RSR by 49% (P = 0.022).

Effect of N additions on bulk and rhizospheric soil
properties

In the present study, the concentrations of NH4
+-N and

NO3
−-N and theNH4

+-N/ NO3
−-N ratio of bulk soil were

much lower than that in rhizospheric soil. Especially, the
NH4

+-N concentration in rhizospheric soil was around 7
times of that in bulk soil in control plots, which reached
13 and 23 times in Low-N and High-N treatments,
respectively (Fig. 4 a). The MBC and MBN levels in
bulk soil were also lower than those in rhizospheric soil.
However, the pH of bulk soil was significantly higher
than that of rhizospheric soil (Fig. 4).

One-way ANOVA revealed that N additions signifi-
cantly decreased MBC, the NH4

+ −NO3
− ratio and the

NH4
+ concentration in bulk soil by 42%–47%, 33%–45

and 38%–49%, respectively (Fig. 4 a, c, d). The High-N
treatment was also associated with a significant decrease
in the pH of bulk soil samples (Fig. 4 f). However, N
additions were not associated with any significant ef-
fects on any properties of rhizospheric soil.

Table 3 Analysis of the relationship between RST (μmol CO2

m−2 s−1) and soil temperature (°C) at 15 cm below soil surface
based on the eq. RS = αeβT (n = 36)

N treatments α β P R2 Q10

Control 0.392 0.119 <0.0001 0.794 3.29

Low-N 0.360 0.114 <0.0001 0.767 3.13

High-N 0.285 0.112 <0.0001 0.792 3.06
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Biotic and abiotic controls on soil respiration and its
components

Correlation analysis indicated that RSR was signifi-
cantly positively correlated with root biomass of
C. platyacantha (R2 = 0.766, P = 0.002) (Fig. 5 a),
had no significant relationship with the concentra-
tions of MBC and MBN for rhizospheric soil (Fig.
5 b, c). However, soil RSH was significantly positive-
ly correlated with the concentrations of NH4

+-N

(R2 = 0.569, P = 0.019), MBC (R2 = 0.592, P =0.015) and
MBN (R2 = 0.601, P =0.013) for bulk soil (Fig. 5 d− f).

Discussion

Our results indicated that RST in all treatments displayed
seasonal variation following that in soil temperature,
with the highest and lowest values in July and January,
respectively. This is consistent with the findings of
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several other studies (Bowden et al. 2004; Mo et al.
2008). Using nonlinear regression analysis, we found
that RST exhibited a significantly positive exponential
relationship with soil temperature (P < 0.0001, R2 >
0.77). This suggests that soil temperature was the dom-
inant controller of soil CO2 emissions. Based on the soil
temperature at 15 cm below the surface, the temperature
sensitivity of RST (Q10) in the control was 3.3, which is
within the range typical of tropical/subtropical forests
(1.4–4.6) according to Chen and Tian (2005), but higher
than the mean (2.2 ± 0.9) of such forests. In the same
region, the Q10 of RST in this forest was lower than that
of B. luminifera (3.9) (Luo et al. 2010) and N. affinis
(3.7) (Li et al. 2010) plantations and higher than that of
hybrid bamboo (2.7) (Tu et al. 2011a, b),P. amarus (2.9)
(Tu et al. 2013) and E. grandis (2.3) (Xiang et al. 2014)
plantations. The average annual soil CO2 flux in the
control was 7.3 ± 0.7 t C ha−1 yr.−1, which is higher than
the global mean (6.3 t C ha−1 yr.−1) estimated by Zhao
et al. (2017) and the annual mean (3.9–5.9 t C ha−1 yr.−1)
in the plantations in this region mentioned above (Luo
et al. 2010; Li et al. 2010; Tu et al. 2011a, b, 2013;
Xiang et al. 2014), but considerably lower than that in
tropical forests (13 t C ha−1 yr.−1) (Zhao et al. 2017). Our
results also indicated that N treatments reduced RSH and

RSR, which consequently resulted in a decrease in RST.
The cumulative CO2 flux in High-N-treated plots de-
creased by an equivalent of 2.9 t C ha−1 (39%), which
was significant compared to the control. Similar results
have been reported by previous researchers (Olsson
et al. 2005; Janssens et al. 2010; Fan et al. 2014;
Sun et al. 2014). In addition, we found that the
High-N treatment increased the contribution of RSH
to RST by 17% but that of RSR decreased by 49%.
Furthermore, we found that N fertilization decreased
NH4

+ concentration, MBC and pH for bulk soil, but
no significant effects on these variables were ob-
served in rhizospheric soil.

Many studies have shown that soil respiration is
controlled by certain biotic and abiotic factors, such as
soil temperature and moisture (Mande et al. 2015; Liu
et al. 2016), plant roots (Mo et al. 2008), and soil
microorganisms (Treseder 2008). Therefore, changes
in these variables caused by N additions may influence
soil respiration. Numerous studies have shown that de-
clines in soil respiration after N additions are correlated
with N-induced reductions in fine root biomass and/or in
soil microbial activities (Bowden et al. 2004; Mo et al.
2008; Fan et al. 2014). On the contrary, other studies
have found that soil respiration increased in N-treated
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plots as a consequence of increases in root and/or soil
microbial biomass (Tu et al. 2011a, b, 2013). Therefore,
it is plausible that the individual responses of plant roots
and soil microorganisms determine the effects of N
additions on soil respiration.

To understand the contribution of plant roots and soil
microorganisms in the reductions in soil respiration after
N addition, soil respiration was partitioned into RSR and
RSH for analysis. Our study revealed that both RSH and
RSR decreased with increasing N addition rates. The
reduction in both RSH and RSR reached a significant
level under High-N treatment but insignificant in Low-
N plots, compared to N controls. Many other studies
have reported similar results in different ecosystems. For
example, Olsson et al. (2005) reported that bothRSH and
RSR in a boreal forest were significantly lower in N-
fertilized plots. Fan et al. (2014) conducted an 8-year
field experiment in a subtropical Chinese fir
(Cunninghamia lanceolata) forest and found that N
application significantly reduced both RSH and RSR. A
meta-analysis by Janssens et al. (2010) suggested that in
temperate forest ecosystems, RST, RSH and RSR signif-
icantly declined by 10%, 15 and 20% after N fertilizer
was added. Several potential mechanisms may be used
to explain the N-induced declines in soil respiration and
its components.

The most plausible explanation is that N addition
may reduce below-ground carbon allocation. With the
exception of a few ecosystems (e.g. deserts), most ter-
restrial ecosystems are N-limited (Lebauer and Treseder
2008). Therefore, enrichment of soil N availability can
be expected to reduce plant competition for N uptake
and the need for trees to allocate C to the nutrient
acquisition system (Janssens et al. 2010). This shift in
C allocation consequently leads to a decrease in below-
ground biomass. There is abundant evidence that N
fertilization considerably reduces root biomass in many
different ecosystems (Wurzburger and Wright 2015;
Wang et al. 2017b). Similarly, our previous study con-
ducted at this site found that the root biomass of
C. platyacantha in N-treated plots was significantly
lower than that in the control plots (Peng et al. 2017).
Analysis using a minirhizotron method at this study site
indicated that the total root surface area in the top 15 cm
of the soil horizon decreased after N additions (Chen
et al. 2017a), suggesting that addition of N reduced
belowground C allocation. As the most important con-
tributor to RSR, root biomass reductions can directly
result in decreases in RSR. This was borne out by the

significant positive correlation between RSR and root
biomass observed in our study (Fig. 5 a). In addition, a
reduction in root biomass may also influence RSR by
reducing rhizospheric C input, and this reduced C avail-
ability leads to a consequent reduction in rhizospheric
microbial activity (Janssens et al. 2010). In a study
conducted under controlled conditions, induced
rhizospheric C input was considered to be a casual factor
for a reduction in root-derived CO2 (Kuzyakov et al.
2002). Although we did not find a significant effect on
rhizospheric microbial activity, N additions may de-
crease the rate of decomposition of SOM in the rhizo-
sphere (Zang et al. 2016), which in turn would be
expected to reduce RSR.

The changes in RSH under N treatment indicate a
decline in SOM decomposition in root-free soil. Many
studies have reported that N fertilization exerts a depres-
sive effect on SOMdecomposition (Riggs et al. 2015; Li
et al. 2017). Two mechanisms may explain this phe-
nomenon. Firstly, N addition modifies microbial com-
munities. In this study, we observed that MBC in bulk
soil significantly decreased (by 42%–47%) in N-treated
plots. This tendency was also found with respect to
MBN. The decreases in MBC and MBN indicate a
decline in soil microbial biomass after N treatment.
Numerous previous studies also reported similar find-
ings (Treseder 2008; Mo et al. 2008). Using linear
regression analysis, we found that RSH was significantly
and positively correlated with MBC and MBN, which
explains why the reduction in RSH was associated with a
reduction in microbial activity. Secondly, N fertilization
may enhance chemical stabilization of SOM by increas-
ing the proportion of recalcitrant C that resists microbial
decomposition (Janssens et al. 2010). For example,
Riggs et al. (2015) reported that N addition could stabi-
lize SOM and increase its resistance to microbial
decomposition. Moran et al. (2005) found that N input
promoted the transformation of residue C into more
stable SOM. There is evidence that inorganic N can be
incorporated into SOM forming recalcitrant compounds
(e.g., indoles and pyrroles) (Thorn andMikita 1992) that
are highly resistant to microbial degradation. Therefore,
we conclude that the reduction in soil microbial biomass
and enhancement in the formation of recalcitrant SOM
are the main reasons for the retardation of SOM decom-
position. This would consequently result in a decline in
RSH after N fertilization.

Several previous studies have reported the differ-
ences in soil properties and microbial communities

Plant Soil (2018) 431:449–463 459



between rhizospheric and bulk soil (Agnelli et al. 2016;
Xiao et al. 2017). In this present study, significant dif-
ferences between rhizospheric and bulk soil were also
observed. The concentrations of NH4

+, NO3
−, MBC and

MBN, and the NH4
+/NO3

− ratio in rhizospheric soil
were significantly higher than those in bulk soil, while
the opposite pattern was observed for pH. Compared to
bulk soil, the rhizosphere has much higher process rates
although the rhizospheric volume is very small (<10%)
(Kuzyakov and Blagodatskaya 2015). Those processes
include decomposition and mineralization of plant litter
and SOM, microbial turnover, associated release of
dissolved organics, CO2, NH4

+ and nutrients, as well
as microbial immobilization of N and other nutrients
(Kuzyakov and Blagodatskaya 2015). The lower pH in
the rhizosphere indicates acidification likely induced by
the release of H+ as a consequence of root cation uptake
(Agnelli et al. 2016). In general, plant roots are able to
affect soil C and nutrient status, as well as microbial
communities, by releasing organic acids, ligands, pro-
tons (H+) and enzymes into the soil (Cocco et al. 2013;
Agnelli et al. 2016). It was estimated that 5–21% of the
total C fixed by photosynthesis is transferred to the soil
through root exudates (Haichar et al. 2014). Root exu-
dates are important nutrient and C sources for soil
microorganisms, thus, microbial communities in the
rhizosphere are usually more abundant and diverse than
those in bulk soil (Rengel and Marschner 2005;
Hartmann et al. 2009). This enhancement in microbial
populations and diversity may in turn impact nutrient
availability in the rhizosphere (Rengel and Marschner
2005). Especially, the NH4

+ concentration in
rhizospheric soil was 7 times of that in bulk soil. In most
cases, N availability in the rhizosphere increases when
plant roots and microbes in the rhizosphere excrete
enzymes that promote soil N mineralization (Jackson
et al. 2012; Rengel and Marschner 2005). Our previous
study conducted at this site showed that root isolation
reduced the NH4

+ concentration in soil (Chen et al.
2018), suggesting that the presence of roots has a stim-
ulatory effect on soil NH4

+ concentration. In addition,
root exudates may include nitrification inhibitors that
suppress nitrification in the rhizosphere (Subbarao et al.
2009). Therefore, the rhizospheric soil showed a much
higher NH4

+ concentration than bulk soil.
We also tested the biochemical responses of

rhizospheric and bulk soil to N additions. Nitrogen
addition significantly decreased the pH, MBC and
NH4

+ concentrations and the NH4
+ −NO3

− ratio for

bulk soil, but no significant effects on rhizospheric soil
were noted. Due to the high temperature and moisture,
NH4

+ in root-free soil may be rapidly transformed to
NO3

− via nitrification. It was reported that added N
could significantly accelerate nitrification (Baldos et al.
2015; Xiao et al. 2015), as the NH4

+ is the substrate of
nitrification and the suddenly enhanced NH4

+ helps to
mitigate the fierce competition of NH4

+ between
nitrobacteria and plant uptake and heterotrophic micro-
organisms’ immobilization. Then, the excess NO3

−

could be lost from soil by leaching because of the
abundant rainfall in summer and in the forms of NO
and N2O through denitrification. Several previous stud-
ies have demonstrated that N input does increase NO3

−

leaching and N-oxide emissions (Corre et al. 2010;
Shcherbak et al. 2014; Shrestha et al. 2015). The process
NO3

− leaching could lead to a loss of metal cations
based on the charge balance in soil solutions, weakening
their buffering against soil acidification, and finally
decreased soil pH (Tian and Niu 2015). In addition, as
a result of the decrease of soil microorganisms, less
mobilization of organic N occurred. Therefore, the
NH4

+ concentration in bulk soil decreased,and thus
resulted a decline in the ratio of NH4

+ to NO3
−.

However, in rhizosphere, the process of nitrification is
suppressed by the nitrification inhibitors included in
root exudates (Subbarao et al. 2009), thus NH4

+ that is
not taken up by plants will accumulate in rhizosphere
and/or be immobilized by rhizospheric microbes. Due to
the high base amount of NH4

+ in rhizosphere, N addi-
tions show less effect on the rhizospheric NH4

+ concen-
tration. The differences in the responses between
rhizospheric and bulk soil may be due to the effects of
plant roots which can significantly influence soil prop-
erties. The presence of roots may ameliorate the effects
of N additions on rhizospheric soil biochemistry, by
modifying their morphology (Chen et al. 2017b; Wang
et al. 2017b) and exudates to adapt to the altered
microenvironment.

Overall, N addition significantly reduced soil RSR
and RSH, and consequently decreased RST. The positive
correlation between RSR and root biomass of
C. platyacantha indicates that N addition reduced RSR
by reducing root C allocation and thus depressing C
transfer to the rhizosphere. Nitrogen addition dimin-
ished RSH by reducing microbial biomass and enhanc-
ing chemical stabilization of SOM in root-free soil.
Artificial N deposition also reduced the contribution of
RSR to RST. To conclude, N addition depressed
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microorganism populations and reduced pH in bulk soil,
however, no significant effects were observed on
rhizospheric soil properties. Finally, one limitation that
soil moisture in trenched subplots was not measured in
the study period should be pointed out. As the lack of
soil moisture measurements in trenched subplots, the
trenching effect on soil moisture in the study period
can not be determined, although the pre-experiment data
did not indicate a significant trenching effect on soil
moisture.
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