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Soil biochemical parameters in the rhizosphere contribute
more to changes in soil respiration and its components than
those in the bulk soil under nitrogen application in croplands
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Abstract
Aims Soil respiration (RS), which is the second largest
carbon flux between the atmosphere and terrestrial eco-
systems, has significant impact on atmospheric CO2

concentration and climatic dynamics. Nitrogen (N) fer-
tilizer has been heavily applied in agroecosystems at the
global scale for high crop yields, and plays a major role
in regulating RS. Although the respective response of
soil biochemical property and RS to N addition has been
widely studied, the contributions of soil biochemical
parameters especially in the rhizosphere to changes in
RS and its components (soil heterotrophic (RH) and
autotrophic (RA) respiration) under N application re-
main poorly understood. The present study aimed to
examine whether the rhizosphere effect alters the

relationship between soil biochemical properties and
RS under N addition in croplands.
Methods We conducted N application experiment in a
wheat-maize rotation system in the North China Plain.
N fertilizer was applied at four different levels during
both wheat and maize growing seasons: 0, 120, 180 and
240 kg N ha−1. Soil biochemical parameters (e.g. soil
enzyme activities, available N, and glomalin contents),
RS and its components were measured under all N
treatments.
Results First, N addition only significantly enhanced
RA in 2014 (the fifth year of N application) but in-
creased both RA and RH in 2015 (the sixth year of N
application) because RH had lower N sensitivity than
RA or lower soil moisture in 2014 which weakened the
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effect of N on RH. Second, soil enzyme activities,
glomalin and available N contents in both the rhizo-
sphere and bulk soil were significantly improved by N
addition. Third, soil biochemical parameters in the rhi-
zosphere explained the changes in RS and its compo-
nents than those in the bulk soil. Specifically, soil en-
zyme activities in the bulk soil were more related to RS
and its components than those in the rhizosphere, how-
ever, available N and glomalin contents showed con-
trary results.
Conclusions Our study indicated that the contributions
of soil biochemical parameters to RS and its compo-
nents under nitrogen application vary between the bulk
and rhizosphere soil, which should be considered in
Earth system models to improve their predictive
abilities.

Keywords Nitrogen fertilization . Autotrophic
respiration . Heterotrophic respiration . Soil enzyme
activity . Rhizosphere . Cropland

Introduction

Nitrogen (N) fertilizer has been heavily applied in
agroecosystems at the global scale because of its enor-
mous contributions to soil nutrient conditions and crop
yields. N addition in agricultural ecosystems and other
anthropogenic activities have increased atmospheric N
deposition by three- to fivefold over the past century
(Reay et al. 2008). N deposition has been considered as
one of important global change factors that can signifi-
cantly affect the terrestrial carbon (C) cycle and is pre-
dicted to increase in the future (Janssens and Luyssaert
2009; IPCC 2013; Chen et al. 2015). As the second
largest C flux between the atmosphere and terrestrial
ecosystems with 98 Pg C yr.−1 (Bond-lamberty and
Thomson 2010), soil respiration (RS) shows significant
impact on atmospheric CO2 concentration and climatic
dynamics (Luo and Zhou 2006). Compared with other
ecosystems, the responses of RS and its components to
N addition have been less studied in agroecosystems
(Chen et al. 2017b; Chen et al. 2018). Furthermore, the
relationships between soil biochemical parameters espe-
cially in the rhizosphere with RS and its components
under N application remain unclear.

RS is the product of respiration by roots (autotrophic
respiration, RA) and soil decomposers (heterotrophic
respiration, RH). Although numerous experiments have

been conducted, the effect of N addition on RS is still
debated. Previous studies in cropland systems showed
that N fertilizer could increase, decrease, or have no
effect on RS (Liang et al. 2015; Liu et al. 2015; Zang
et al. 2016). These large inconsistencies in the literature
are primarily attributed to the various responses of RH
and RA (Bond-Lamberty et al. 2004; Zhou et al. 2014).
Meanwhile, different responses of RS components to N
addition that are used in terrestrial ecosystem models
lead to the difficulties in model result comparison.
Therefore, exploring the respective response of RA
and RH to N application is crucial because it not only
can improve our mechanistic understanding of how N
addition affects soil C efflux but also provide valuable
information for improving model predictive ability. The
partitioning of RS is another important issue in carbon
cycling, plant physiology, soil science, and global cli-
mate change modelling (Bond-Lamberty et al. 2004).
The ratio of RA to RS (RA/RS) usually varies in differ-
ent ecosystems. Gong et al. (2014) reported that RA/RS
in grassland ecosystem ranged from 10% to 62%, but
the range was 39%–53% in forest ecosystem (Hinko-
Najera et al. 2015). RA/RS under N addition has been
less studied in cropland systems (Chen et al. 2017b;
Chen et al. 2018). Furthermore, all these limited num-
bers of studies only used one crop growing season.
However, Jeong et al. (2016) explored the effects of
compound fertilizer on RS and its components in a
forest soil, and found that RA/RS significantly changed
between the first and second year because of the in-
creased nutrient availability. Therefore, studies should
be done in agroecosystem to assess if RA/RS under N
addition also changes in different growing seasons and
explore the factors that result in this change.

Besides the impact on RS, N fertilizer plays a vital
role in regulating soil biochemical properties. For ex-
ample, N addition significantly increased soil available
N contents in the bulk soil in croplands (Ai et al. 2012;
Chen et al. 2017b). As a good indicator of soil biological
condition, soil enzyme’s response to nitrogen applica-
tion has been widely studied because of its role in
controlling soil C cycles (Hu et al. 2014; Liang et al.
2015). Recently, one meta-analysis about the effect of N
addition on soil enzyme activities has been conducted
(Chen et al. 2017a), and the result showed that N addi-
tion in agroecosystems significantly stimulated glycosi-
dase activities such as β-glucosidase (BG), β-
xylosidase (BXYL) and Cellobiohydrolase (CBH) in
the bulk soil. As a critical zone of interactions among
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plants, soils, and microorganisms, rhizosphere plays a
great role in C and nutrient cycling (Zhang et al. 2010).
However, compared to vast studies on enzyme activities
and available N contents in the bulk soil, a limited
number of experiments have been conducted to assess
how different N application rates affect them in the
rhizosphere (Ai et al. 2012). In order to achieve a
comprehensive understanding of N application effects,
soil biochemical parameters in both the bulk and rhizo-
sphere soil should be simultaneously determined.

Although the respective responses of soil biochemi-
cal properties and RS to N addition have been exten-
sively studied, the relationships between soil biochem-
ical parameters especially in the rhizosphere with RS
and its components under N application remain poorly
understood. Many previous studies found that RS was
significantly related to both available N contents and
soil enzyme activities (e.g. BG, BXYL and CBH) in the
bulk soil (Liang et al. 2015; Chen et al. 2018). Soil
enzyme activities are usually lower in the bulk soil than
in the rhizosphere, as a result of microbial activity
induced by root exudates, or because of the release of
enzymes from roots (Badalucco and Kuikman 2001). In
addition, rhizosphere effect resulted in the different
values of soil available N contents in the bulk and
rhizosphere soil (Ai et al. 2012). It is, therefore, impor-
tant to examine whether rhizosphere effect changes the
relationships between RS and soil biochemical
parameters.

Cropland ecosystem, which accounts for about 12%
of the global landscape and stores large amounts of soil
C, is considered to have a large potential for C seques-
tration and climate change mitigation (Lal 2004;
Alexandratos and Bruinsma 2012). As one of main
farmland regions all over the world, North China Plain
(NCP) covers about 300, 000 km2 of farmland that is
largely devoted to grain production. The wheat and
maize rotation system in the NCP has been applied an
extraordinary high N fertilizer rate (329 kg ha−1) as
compared with North America (155 kg ha−1) (Pei et al.
2015), which not only induces low fertilizer use effi-
ciency but also results in the degradation of the environ-
ment, through increased greenhouse gas emissions, nu-
trient run-off and significant acidification (Guo et al.
2010; Liang et al. 2015). Zhang et al. (2013) found that
reduced N use on croplands in China could cut N
fertilizer-related emissions by 54%, and such reduction
would decrease China’s total greenhouse gas emissions
by 5%, which is significant on a global scale. Therefore,

examining the responses of RS and its components to
different N addition levels is critical to recommend an
appropriate N application rate in NCP which not only
leads to relative low C loss but also improves soil
biochemical properties (e.g. increasing soil enzyme ac-
tivities and available N contents). In the present study,
we conducted a field experiment to test the following
hypotheses: (1) N addition enhances RA and RH simul-
taneously and then results in the increase of RS; (2) soil
biochemical properties in the rhizosphere and the bulk
soil show different responses to N addition; (3) soil
biochemical parameters in the rhizosphere have stronger
relationships with RS and its components than those in
the bulk soil. To the best of our knowledge, this is the
first study to examine the role of rhizosphere effect in
regulating the contributions of soil biochemical param-
eters to RS and its components under N addition in two
successive growing seasons of agroecosystem.

Materials and methods

Experimental site and design

This experiment was established in a wheat-maize rota-
tion system at Agricultural Station of Chinese Academy
of Agricultural Sciences (39°36′N, 116°36′E) in 2010.
This site is at an elevation of about 18m above sea level,
and is located in Hebei Province, China. The climate is
typical temperate continental monsoon and the annual
average temperature is 11.9 °C, with the mean monthly
lowest and highest values occurring in January and July,
respectively. The mean annual precipitation is 550 mm,
with 80% falling between June and September. Soil
properties (0-20 cm) before the experiment were
6.38 g kg−1 soil organic C (SOC), 0.85 g kg−1 total
nitrogen content, 12.75 mg kg−1 available P (Olsen
method), 93.7 mg kg−1 available K (NH4AC extraction,
atomic absorption spectrophotometer (AAS) method),
and 8.0 pH (H2O).

Twelve 10.4 × 6.4 m2 plots, containing four treat-
ments with three replicates, were initiated in 2010 by
using randomized block design. According to numerous
on-farm investigations from 1997 to 2007 (Cui et al.
2010), the typical N rate for farmers was about
240 kg N ha−1 crop−1 for the intensive wheat-maize
system in the NCP. However, the regional mean optimal
N rate is recommended to be 150–180 kg N ha−1 crop−1

for the intensive wheat-maize system in China (Zhang
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et al. 2002). Therefore, this experiment included four
different N fertilizer application rates: 0 (control), 120
(low N rate), 180 (optimal N rate) and 240 kg N ha−1

(traditional N rate) for every crop growing season, and
will henceforth be denoted as N0, N120, N180, and
N240, respectively. Maize was sowed in June and har-
vested in October, and wheat was sowed in October and
harvested in June of the following year. Crop straws in
every plot were smashed by a harvester and then directly
incorporated into the soil (20 cm depth) after crop
harvesting. Nitrogen fertilizer was applied to the soil in
the form of urea, 50% of N was applied as basal fertil-
izers just prior to sowing the crops, while the remaining
half was applied at jointing and heading stages during
wheat and maize growing season, respectively. Calcium
superphosphate (150 kg P2O5 ha

−1) and Potassium sul-
phate (75 kg K2O ha−1) were also applied before sowing
the crop.

A modified root exclusion method was used to par-
tition RS (total soil respiration) into RH (heterotrophic
respiration) and RA (autotrophic respiration). In each
plot, we selected one pair of patches (0.5 × 0.5 m2)
which were in the same furrow and next to each other
to conduct comparative experiments (Fig. S1a), namely,
the control treatment (with roots) and the comparative
treatment (without roots). Specifically, for each compar-
ative treatment, we dug a hole which was about 50 cm
deep and 50 cm square 10 days after sowing crop. Soil at
every 10 cm depth from the hole was placed separately.
Nylon mesh (size 0.038 mm) was put on all internal
surfaces of the holes to prevent root growth into the
patches and allow the movement of water, bacteria,
organic matter, and minerals, thus reducing disturbance
to natural soil conditions (Moyano et al. 2007). After
that, we refilled all soils into the hole according to
former different depth (Fig. S1b). Therefore, all roots
in each comparative treatment were excluded during the
whole maize growing season. In contrast, we did not do
anything for each control treatment. It was assumed that
the CO2 efflux measured in the comparative treatment
was composed of only RH, while that measured in the
control treatment was composed of both RH and RA. To
eliminate the effect of digging hole on RH, we set up
three pairs of comparative experiments (digging hole is
Bdisturbed RH^, no-digging hole is Bundisturbed RH^)
on the bare soil which was close to our experimental
field (Fig. S1c). Since there were no plants around the
comparative treatment, the difference between
Bdisturbed RH^ and Bno-disturbed RH^ resulted from

digging hole. The CO2 efflux measured in the compar-
ative treatment at five growth stages in 2014 and 2015
were used to perform the linear regression analysis,
respectively. We found that there were significant linear
correlations between Bdisturbed RH^ and Bundisturbed
RH^ in both 2014 and 2015 (Fig. S2), and digging hole
increased RH. We put measured RH (disturbed RH)
under all N treatments in 2014 and 2015 into the linear
regression in 2014 and 2015, respectively, to get the new
RH (undisturbed RH) which were used in data analysis.

Soil sampling and analyses

Soil samples were collected at seedling stage in 2014
maize growing season, when both N addition and rhi-
zosphere effects tend to be most pronounced. Rhizo-
sphere soil was operationally defined as soil adhering to
the total roots after gentle shaking, while bulk soil was
defined as unvegetated soil adjacent to the plants (Ai
et al. 2013). The whole plant and its roots were extracted
from the soil, after shaking off the loosely adhering soil,
we sampled the remaining soil attached to the plant roots
(rhizosphere soil) by brushing it off with a toothbrush.
The unvegetated soil cores (5 cm diameter) adjacent to
the plants (bulk soil) were sampled at depth 0–20 cm. In
order to obtain the enough rhizosphere soil for multiple
assays, three plants were randomly selected from each
plot, and these rhizosphere soils were pooled to form
one composite sample. Correspondingly, one composite
bulk soil consisting of three cores was randomly taken
from each plot. Thus, three composite samples of each
treatment were collected at seedling stage. The fresh
samples were stored immediately in sealed plastic bags
and transported to the laboratory in an insulated con-
tainer. After the visible stones, roots and other litters
were removed by hand, soil samples were sieved
(<2 mm). Aliquots of the samples were then stored at
room temperature until glomalin analysis, at 4 °C until
soil enzyme activities, NH4

+-N, and NO3
−-N concentra-

tions analysis (within 1 week). During the harvest, 10
maize plants in each plot were randomly collected and
oven-dried at 60 °C until a constant weight. After mea-
surement, we multiplied the mean of dried weight of
these 10 plants by the number of plants in each plot to
get aboveground biomass for every plot.

Glomalin in soil was quantified as glomalin-related
soil protein (GRSP). Rosier et al. (2006) found that
Bradford method can be useful in determining glomalin
content when organic matter concentrations are low. In
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the cropland at Agricultural Station of Chinese Acade-
my of Agricultural Sciences where we studied, SOC and
nutrients are generally low (Liang et al. 2015). Bradford
method was also used to measure glomalin content in
many recent N fertilizer application studies (Avio et al.
2013; Zhang et al. 2015). Briefly, air-dry soil samples
(<2 mm) were added to 8 ml of 20 mM trisodium citrate
dehydrate solution at pH 7.0 in centrifuge tube of 50 ml
and then autoclaved at 121 °C for 30 min. After each
extraction, the sample was centrifuged at 10,000 g for
5 min and the supernatant containing glomalin was
collected and stored at 4 °C to determine easily extract-
able glomalin-related soil protein (EEG). EEG content
in the extract was determined by Bradford assay, using
bovine serum albumin as a standard. Results were
expressed as mg glomalin g−1 soil. The activities of soil
enzymes relating to soil C cycle such as β-glucosidase
(BG), β-xylosidase (BXYL), and Cellobiohydrolase
(CBH) were detected through Enzyme-labelled meter
method described by Ai et al. (2012). Specifically, 1.0 g
drymass of fresh soil was homogenized by using 100ml
sterilizedwater. The sterilizedwater, sample suspension,
references (10 μM) and substrates (200 μM) were dis-
pensed into the wells of a black 96-well microplate and
then the microplates were incubated in the dark at 25 °C
for 4 h. Fluorescence was quantified using a microplate
fluorometer (Scientific Fluoroskan Ascent FL,
Thermo,USA) with 365 nm excitation and 450 nm
emission filters. The enzyme activities were expressed
in units of nmol h−1 g−1. NH4

+-N and NO3
−-N concen-

trations were measured by extracting the soil with 1 M
KCl solution (1:5, w:v) for 60 min and then measuring
the concentrations using a flow injection autoanalyzer
(Seal Analytical GmbH, Noderstedt, Germany). Over-
all, soil biochemical properties we measured in our
study consisted of soil enzyme activities (BG, BXYL
and CBH), soil available N contents (soil NH4

+-N and
NO3

−-N concentrations), and EEG, which were expect-
ed to be affected by N application.

Measurements of soil respiration and soil environmental
factors

RS and RH were measured using a portable soil respi-
ration system (LI-8100, Li-COR Inc., Lincoln, Nebras-
ka, USA) during 2014 and 2015maize growing seasons.
The specific dates of soil respiration measurements and
their corresponding crop growth stages are presented in
Table S1. The soil respiration chamber was mounted on

a polyvinyl chloride (PVC) collar that was sharpened at
the bottom. Each PVC collar (10 cm in height, 20 cm in
inner diameter) was inserted into the soil surface at a
depth of 8 cm in both comparative experiments of each
plot, respectively, to measure RS and RH. Soil respira-
tion was measured between 9:00 and 11:00 am (local
time). Since abiotic factors (e.g. soil moisture and tem-
perature) can significantly influence soil respiration
(Davidson et al. 1998), we measured soil moisture and
temperature to explore whether N application alters soil
respiration by changing them. Soil temperature at 10 cm
depth was simultaneously determined with soil respira-
tion measurement using thermometer of Li-8100 and
soil moisture at 10 cm depth was gravimetrically mea-
sured by oven-drying method.

Data and statistical analysis

The autotrophic respiration (RA) was calculated by the
difference between total soil respiration (RS) and het-
erotrophic respiration (RH):

RA ¼ RS−RH ð1Þ
All maize residues were incorporated into the soil

after harvest. For estimating plant C input, it is assumed
that the C concentration in maize plant was 0.45 g g−1

(Bolinder et al. 2007). Meanwhile, the shoot-to-root
ratio of maize showed no marked change under N
application (Bonifas et al. 2005), we assumed that it
was 5.6 (Bolinder et al. 2007). Then the plant C input
to soil (Cinput) was calculated as follow:

Cinput ¼ Aboveground biomass� 1þ 1=5:6ð Þ
� 0:45 ð2Þ

The C output (Coutput) was defined as cumulative
CO2 emission in the form of RH which was calculated
using the following relationship (Shao et al. 2014):

Coutput ¼ CO2−C ¼ ∑n
i X i þ X iþ1 � K þ X iþ2 � K

þ…þ X iþn � K ð3Þ
In which i is the first RH measured at seedling stage,

n is the last RH measured at maturity stage, X represents
the average RH (kg C ha−1 day−1) between two consec-
utive RH measurements, and K is the number of days
between the two measurements. Since the measure-
ments taken between 9:00 and 11:00 am could represent
the daily mean (Xu and Qi 2001), X is RHwemeasured.
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The net SOC sequestration in the whole maize grow-
ing seasonwas calculated by subtracting the Coutput from
Cinput:

SOC sequestration ¼ Cinput−Coutput ð4Þ
For each variable measured in the rhizosphere or

bulk soil, the data was analyzed by one-way ANOVA
using the Least Significant Difference (LSD) test
(P < 0.05) to compare the treatment means. One-
way ANOVA was also used to determine significant
differences of SOC sequestration, RS and its compo-
nents among N treatments. We also used one-way
ANOVA to analyze the effects of N addition on
annual means of soil temperature, moisture, RS, and
its components. Two-way ANOVA was used to de-
termine statistical differences of soil biochemical pa-
rameters caused by soil fractions (rhizosphere and
bulk soil) and N addition treatments. All above-
mentioned statistical analyses were conducted using
SAS 9.2 for Windows (SAS Institute, Cary, NC). The
RELATE (a non-parametric Mantel-type test) test was
used to determine which broad soil characteristics
were significantly correlated to RS and its compo-
nents. We divided soil parameters into three groups
(soil fraction, soil parameters, and their interactions)
and then analyzed the correlation between broad soil
characteristics and RS and its components in each
group.

Results

Soil respiration and its components

Both soil moisture and temperature showed strong sea-
sonal variations during 2014 and 2015 maize growing
seasons (Fig. 1a and b). N addition did not significantly
affect annual means of soil temperature and moisture in
both 2014 and 2015 (Table 1). During two consecutive
maize growing seasons, RS and soil temperature
showed similar seasonal patterns (Fig. 1b and c). RS
of N240 was significantly higher than that of N0 only on
10 July during 2014 growing season (P < 0.05), howev-
er, significant differences of RS between these two
treatments were found at all growth stages during 2015
growing season (Fig. 1c). The annual mean of RS dur-
ing the two consecutive growing seasons increased sig-
nificantly with the N addition rate (e.g. N240 = N180 >

N120 = N0 in 2014; N240 > N180 = N120 > N0 in
2015, Table 1). The significant differences at p < 0.05
level between RA of N0 and N240 were found in both
2014 (15 August and 6 September) and 2015 (3 July, 24
July, 7 September and 2 October) growing seasons
(Fig. 2a). N application significantly increased the an-
nual mean of RA in two growing seasons (Table 1). The
number of dates that showed significant difference be-
tween RH of N0 and N240 increased from 1 (2014
growing season) to 4 (2015 growing season) (Fig. 2b).
Furthermore, the differences of the annual mean of RH
among N addition levels became significant in 2015
(Table 1). The range of RA/RS was 14%–66% in
2014, and 8%–60% in 2015. In addition, the annual
mean of RA/RS under all treatments was 41% and
30% in 2014 and 2015, respectively (Fig. 2c). No sig-
nificant effect of N application on the annual mean of
RA/RS was found in 2014, however, annual means of
RA/RS under N240 and N180 were significantly higher
than those under N0 and N120 in 2015 growing season
(Table 1).

No significant effects of N addition on Cinput and
Coutput were found in 2014 (Fig. 3a and b). Conversely,
N fertilizer application markedly enhanced Cinput and
Coutput, compared with N0 treatment, in 2015 growing
season (Fig. 3d and e). Different responses of SOC
sequestration to N application rates were found in
2014 and 2015. N120, N180 and N240 increased SOC
sequestration by 50.31%, 47.22% and 67.92% than N0
in 2014 (Fig. 3c). N180 had the highest SOC sequestra-
tion among all N addition treatments, and the values of
SOC sequestration under the other three treatments were
lower than zero in 2015 (Fig. 3f).

Soil biochemical properties

Soil enzyme activities in the bulk soil showed similar
trends with the increase of N application rate (BG:
N240 > N180 > N120 = N0, BXYL and CBH: N240 =
N180 > N120 = N0, Fig. 4a-c). Both BXYL and CBH
activities in the rhizosphere under N180 and N240 had
highest values, which were significantly higher than
those under N0. In contrast, N application did not sig-
nificantly affect BG activity in the rhizosphere. EEG
content in both the rhizosphere and bulk soil had similar
patterns with increasing N fertilization (bulk soil:
N240 > N180 = N120 = N0, rhizosphere: N240 =
N180 > N120 = N0, Fig. 4d). NH4

+-N concentration in
both the rhizosphere and bulk soil under N180 treatment
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showed higher value compared to N0, N120 and N240
treatments. In addition, increasing trend of NO3

−-N
content in both the rhizosphere and bulk soil with the
increasing of N application rate was found (Fig. 4f). In
general, all biochemical properties tended to be greater
in the rhizosphere than in the bulk soil, except for NO3

−-
N content, which was lower. Both the rhizosphere and N
treatments had strong effects on all biochemical param-
eters (Table 2). Significant interactive effects of the
rhizosphere and N treatments on BG activity, NH4

+-N
and NO3

−-N contents were found, but the interactive
effects on EEG content, BXYL and CBH activities were
not significant.

Relationship between soil respiration and soil properties
in the rhizosphere and bulk soil

For soil fraction, rhizosphere (Rho = 0.694, P = 0.001)
showed stronger relationship with RS and its compo-
nents than bulk (Rho = 0.589, P = 0.003) (Table 3). For
soil parameters, significant correlations between RS and
soil enzyme (Rho = 0.605, P = 0.002), available N
(Rho = 0.665, P = 0.001) and EEG (Rho = 0.695, P =
0.001) were found, and EEG had the best relationship
with RS. For the interactions between soil fraction and
parameters, all parameters except EEG in the bulk soil
(Rho = 0.163, P = 0.087) were significantly related to

Fig. 1 Seasonal variations of soil moisture (a), temperature (b)
and soil total respiration (c, RS) during 2014 and 2015 summer
maize growing seasons. Asterisks indicate significant differences

between RS under N0 and N240 at P < 0.05. Thin bars are stan-
dard deviation. N0: 0 kg N ha−1; N120: 120 kg N ha−1; N180:
180 kg N ha−1; N240: 240 kg N ha−1
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RS. Both EEG and available N in the rhizosphere had
stronger correlations with RS than those in the bulk soil,
however, soil enzymes in the bulk soil (Rho = 0.643,
P = 0.001) explained the change in RS better than that in
the rhizosphere (Rho = 0.324, P = 0.02).

Discussion

The responses of soil respiration and its components
to N addition and microclimate

A meta-analysis study found that N addition significant-
ly increased both RS and RA but had null effect on RH
in croplands (Zhou et al. 2014). Our study showed the
same result in 2014 (the fifth year of N application),
however, the positive impact of N application on RH
became significant in 2015 (the sixth year of N applica-
tion) (Table 1). The reasons might be twofold: (1) RH
had less N sensitivity than RA, which was also found in
a previous study (Chen et al. 2017b): on one hand, soil
microorganism can be strongly activated if soil nutrition
content exceeds the threshold; on the other hand, it was
a slow process for N addition to significantly improve
soil nutrients (e.g. SOC and available N content) which
are the main sources for soil microbial growth (Cai et al.
2018). For example, N addition markedly increased RH
only after we applied N fertilizer at seedling stage in
2014, no significant effects of N addition on RH were
found at other stages (Fig. 2b). However, after 6-years N

addition, the values of soil nutrients (e.g. SOC and
available N content) exceeded the threshold levels that
strongly stimulated soil microbial activity, and thus re-
sulted in the significant effects of N addition on RH at
all stages in 2015. (2) Soil water limitation: annual mean
of soil moisture in 2014 (about 15%) was significantly
lower than that in 2015 (about 20%) (Fig. 1a). Soil
moisture was the dominant factor that influenced RH
in 2014, therefore, the low soil moisture weakened the
effect of N addition on RH. However, this restriction
from soil moisture on the effect of N on RH weakened
when the annual mean of soil moisture was high in
2015. Overall, our study suggested the different re-
sponses of RA and RH to N addition might result from
different N sensitivities between RA and RH and/or
water limitation.

Besides N addition, environmental factors such as
soil temperature and moisture showed different effects
on RS in a wide range of ecosystems (Gong et al. 2014;
Sun et al. 2014; Liang et al. 2018). These inconsistent
results are likely caused by the various responses of RA
and RH. Chen et al. (2017b), for example, reported that
RAwas more sensitive to soil temperature than RH, but
RHwas more closely related to soil moisture than RA in
croplands. Therefore, assessing the responses of both
RA and RH to environmental factors and N addition is
crucial to improve our mechanistic understanding and
the accuracy of model prediction. The decreased RA/RS
in 2015 compared to 2014 was caused by increased RH
but decreased RA in 2015 (Fig. 2). A previous study

Table 1 One-way analysis of variance (ANOVA) on the effects of
N application rate on annual means of soil respiration and its
components (μmol m−2 s−1), RA/RS (%), soil temperature (°C)

and moisture (%) during 2014 and 2015 summer maize growing
season (Mean ± SD, n = 3)

Growing season Treatment RS RA RH RA/RS T M

2014 summer maize N0 4.07 ± 0.15b 1.35 ± 0.05b 2.71 ± 0.11a 37.40 ± 1.10a 23.86 ± 1.68a 15.96 ± 0.09a

N120 4.22 ± 0.08b 1.53 ± 0.20b 2.69 ± 0.22a 38.37 ± 4.58a 23.78 ± 1.03a 14.99 ± 0.34a

N180 4.67 ± 0.17a 2.07 ± 0.32a 2.60 ± 0.22a 44.14 ± 7.14a 23.79 ± 0.87a 15.05 ± 0.27a

N240 4.61 ± 0.20a 2.08 ± 0.27a 2.52 ± 0.12a 45.97 ± 4.41a 23.98 ± 2.01a 15.62 ± 0.63a

2015 summer maize N0 3.75 ± 0.08c 1.03 ± 0.04c 2.72 ± 0.07c 28.36 ± 0.48b 24.23 ± 1.80a 19.73 ± 0.14a

N120 5.46 ± 0.16b 1.49 ± 0.02b 3.97 ± 0.14ab 30.99 ± 0.69b 24.26 ± 1.01a 20.07 ± 0.30a

N180 5.38 ± 0.11b 1.52 ± 0.03b 3.85 ± 0.08b 31.89 ± 0.57a 24.70 ± 1.58a 19.78 ± 0.11a

N240 5.70 ± 0.08a 1.61 ± 0.02a 4.10 ± 0.10a 31.57 ± 0.82a 24.51 ± 1.98a 19.69 ± 0.23a

RS: annual mean of soil total respiration; RA: annual mean of soil autotrophic respiration; RH: annual mean of soil heterotrophic respiration;
RA/RS: the ratio of RA to RS; T: annual mean of soil temperature at 10 cm; M: annual mean of soil moisture at 10 cm. N0: 0 kg N ha−1 ;
N120: 120 kg N ha−1 ; N180: 180 kg N ha−1 ; N240: 240 kg N ha−1 . Significant differences among treatments are indicated by different
letters (one-way ANOVAwith LSD test, α = 0.05)
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showed that root biomass increased with the increase of
soil moisture but started to decrease after soil moisture
was higher than 90% soil field capacity (Zhang et al.
2017). In our study, on one hand, higher annual mean of
soil moisture in 2015 (about 20%) (Table 1) might
decrease RA by inhibiting root growth (Fig. 2a) because
of decreased root requirement for absorbing water. On
the other hand, this high annual mean of soil moisture in

2015 which was appropriate for microbial growth, to-
gether with improved nutrient conditions, dramatically
enhanced RH by stimulating soil microbial activity
(Fig. 2b). Overall, the opposite responses of root growth
(negative) and microbial activity (positive) to the in-
crease of soil moisture led to decreased RA but in-
creased RH in 2015, respectively, and then caused the
interannual change of RA/RS.

Fig. 2 Seasonal variations of RA
(a), RH (b) and RA/RS (c) during
2014 and 2015 summer maize
growing seasons. Asterisks
indicate significant differences
between RS under N0 and
N240 at P < 0.05. Thin bars are
standard deviation. RA: soil
autotrophic; RH: soil
heterotrophic respiration; RS: soil
total respiration; RA/RS: the ratio
of RA to RS. N0: 0 kg N ha−1;
N120: 120 kg N ha−1; N180:
180 kg N ha−1; N240:
240 kg N ha−1
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The soils under all N treatments were net C sinks in
2014 but became sources except for N180 treatment in
2015 (Fig. 3c and f). The negative effect of noN addition
on plant growth (Cinput) did not appear, and RH (Coutput)
under all treatments were low because of low soil mois-
ture in 2014 (Fig. 3a and b), therefore, SOC sequestration
values under all treatments were positive. However, N
application levels showed different impacts on plant
growth, and high soil moisture made a dramatic increase
in RH in 2015, thus, SOC sequestration values under all
treatments except N180 became lower than zero. The
different effects of N120 (negative), N180 (positive) and

N240 (negative) on SOC sequestration in 2015 were
resulted from their different respective effects on Cinput

and Coutput. Specifically, N180 had highest Cinput but
lowest Coutput among these three treatments. However,
N120 had lower Cinput than N180, but the same Coutput

with N180. In addition, N240 had the same Cinput with
N180, but Coutput under N240 was significantly higher
than that under N180. According to our 2-year experi-
ment, N180 (180 kg N ha−1) was recommended for local
farming practice because it increased SOC sequestration
by having the same Cinput but lower Coutput than N240
(240 kg N ha−1).

Fig. 3 Cinput (a and d), Coutput (b and e) and SOC sequestration (c
and f) under different N fertilization treatments in 2014 and 2015
summer maize growing seasons. Vertical bars are the standard
deviations of the means (n = 3). Significant differences between

treatments at P < 0.05 are indicated by different letters. N0:
0 kg N ha−1; N120: 120 kg N ha−1; N180: 180 kg N ha−1; N240:
240 kg N ha−1
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The effects of N fertilizer on soil biochemical
parameters in the rhizosphere and bulk soil

All soil enzyme activities in both the rhizosphere and
bulk soil increased with the increase of N application
rate except BG activity in the rhizosphere (Fig. 4a-c). A

previous study also found that soil enzyme activities in
the rhizosphere and bulk soil were changed by N addi-
tion, but not in the same way (Ai et al. 2012). This might
be because the amounts of soil microbes in bulk soil
(one source of soil enzymes) were enough to produce
BG, there was no need for plant root (another source of

Fig. 4 Soil biochemical properties (BG: a; BXYL: b; CBH: c;
EEG: d; NH4

+-N: e; NO3
−-N: f) in both the rhizosphere and bulk

soil under different N fertilization treatments at seedling stage of
2014 summer maize growing season. Vertical bars represent the
standard deviations (n = 3) and different letters indicate significant
differences amongN treatments in the rhizosphere or bulk soil at P
< 0.05. Asterisks indicate soil properties in the rhizosphere soil are
significantly higher than those in the bulk soil at P < 0.05. Pluses

indicate soil properties in the bulk soil are significantly higher than
those in the rhizosphere soil at P < 0.05. β-glucosidase activity
(BG), β-xylosidase activity (BXYL), Cellobiohydrolase activity
(CBH), Easily extractable glomalin-related soil protein (EEG),
Ammonium N content (NH4

+-N), Nitrate N content (NO3
−-N).

N0: 0 kg N ha−1; N120: 120 kg N ha−1; N180: 180 kg N ha−1;
N240: 240 kg N ha−1
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soil enzymes) to secrete BG. Furthermore, our result
showed that the magnitude of increased BXYL in the
bulk soil was higher than that in the rhizosphere, how-
ever, contrary result was found in CBH (Fig. 4b and c).
Both the amount of soil microbes in the bulk soil which
produced specific enzymes (mentioned above) and the
types of soil enzymes might lead to this inconsistent
result. Our findings indicated that soil enzymes in the
rhizosphere and bulk soil had different sensitivities to N
addition, which is needed to be taken into consideration
in future experimental, meta-analysis and model studies.

As one of the most important nutrients that affect
plant and microbial growth, it is not surprising that
available N (NH4

+-N and NO3
−-N) contents in both

the rhizosphere and bulk soil were significantly in-
creased by N application (Fig. 4e and f). However,
NH4

+-N contents in both the rhizosphere and bulk soil
under N240 were lower than those under N180 treat-
ment (Fig. 4e). One study in cropland found that am-
monia volatilization under 225 kg N ha−1 application
rate only increased 2.45 kg N ha−1 than that under
150 kg N ha−1 application rate, however, ammonia
volatilization under 300 kg N ha−1 application rate in-
creased 8.65 kg N ha−1 than that under 225 kg N ha−1

application rate (Li et al. 2017). This result indicated that
the same amount of increase of N application rate in
high application range resulted in higher ammonia vol-
atilization than in low application range. Therefore, as
the source of ammonia volatilization, much more NH4

+-

N was released as ammonia volatilization under N240
than N180 treatment, and then lower NH4

+-N content
under N240 treatment was found in our study.
Inselsbacher et al. (2013) found that plant root preferen-
tially absorbed NO3

−-N rather than NH4
+-N for growth.

This mechanism led to higher NH4
+-N but lower NO3

−-
N content in the rhizosphere than in the bulk soil in our
study (Fig. 4e and f).

Different contributions of soil parameters
in the rhizosphere and bulk soil to soil respiration

Rhizosphere has a vital role in plant growth and soil
microbial activity, and the different responses of soil
enzyme activities in the rhizosphere and bulk soil to N
addition were found in a previous study (Ai et al. 2012).

Table 2 Two-way ANOVA analysis of soil biochemical proper-
ties in 2 soil fractions (the rhizosphere and bulk soil) and 4 N
fertilizer treatments each with 3 replicates (n = 24)

Soil fractions (Bulk
or rhizosphere)

N treatments Soil fractions ×
N treatments

F P F P F P

BG 59.35 <0.0001 6.85 <0.01 3.26 <0.05

BXYL 93.13 <0.0001 11.89 <0.001 1.04 0.402

CBH 32.4 <0.0001 10.05 <0.001 1.47 0.261

EEG 61.77 <0.0001 23.53 <0.0001 2.98 0.063

NH4
+-N 336.4 <0.0001 22.74 <0.0001 3.55 <0.05

NO3
−-N 39.59 <0.0001 82.13 <0.0001 5.84 <0.01

The data in bold indicates that soil biochemical properties are not
affected by soil fractions, fertilizer treatments or their interaction
(P < 0.05). BG: β-glucosidase activity; BXYL: β-xylosidase ac-
tivity; CBH: Cellobiohydrolase activity, EEG: Eeasily extractable
glomalin-related soil protein; NH4

+ -N: Ammonium N content;
NO3

− -N: Nitrate N content

Table 3 Correlations of broad characteristics to soil respiration
and its components by RELATE

Characteristica Rho P

Soil fraction

Bulk 0.589 0.003

Rhizosphere 0.694 0.001

Soil parameters

Soil enzyme 0.605 0.002

Available N 0.665 0.001

EEG 0.695 0.001

Soil fraction × parameters

Soil enzyme in the bulk soil 0.643 0.001

Soil enzyme in the rhizosphere soil 0.324 0.02

Available N in the bulk soil 0.511 0.002

Available N in the rhizosphere soil 0.708 0.001

EEG in the bulk soil 0.163 0.087

EEG in the rhizosphere soil 0.695 0.001

a Individual factors that are grouped into each characteristic:

Bulk: all soil biochemical properties in the bulk soil; Rhizosphere:
all soil biochemical properties in the rhizosphere soil

Soil enzyme: BG, BXYL and CBH activities in both the bulk and
rhizosphere soil; Available N: NH4

+ -N and NO3
− -N contents in

both the bulk and rhizosphere soil; EEG: EEG content in both the
bulk and rhizosphere soil

Soil enzyme in the bulk soil: BG, BXYL and CBH activities in the
bulk soil; Soil enzyme in the rhizosphere soil: BG, BXYL and
CBH activities in the rhizosphere soil; Available N in the bulk soil:
NH4

+ -N and NO3
− -N contents in the bulk soil; Available N in the

rhizosphere soil: NH4
+ -N andNO3

− -N contents in the rhizosphere
soil; EEG in the bulk soil: EEG content in the bulk soil; EEG in the
rhizosphere soil: EEG content in the rhizosphere soil
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Our result indicated soil biochemical properties in the
rhizosphere had a stronger correlation with RS and its
component than those in the bulk soil (Table 3), which
meant that soil biochemical properties in the rhizosphere
was a better indicator for RS and its components.

Soil enzymes, which is an important indicator of
microbial activity, can significantly affect RH. In addi-
tion, as the main sources of N, available N significantly
influences both plant growth and microbial activity
which contributes to RA and RH, respectively.
Glomalin, which is produced by arbuscular mycorrhizal
fungi (AMF), contributes to the preservation of organic
carbon in the soil and indirectly influences RH (Rillig
et al. 2001). Therefore, all three parameters (soil enzyme
activities, available N, and glomalin contents) showed
significant correlations with RS and its components in
our study (Table 3).

Both EEG and available N in the rhizosphere showed
stronger correlations with RS than in the bulk soil,
however, contrary result was found in soil enzyme ac-
tivity (Table 3). This might be explained as follows: (1)
N application might preferentially stimulate the large
amount of dormant soil microbes in the bulk soil to
secrete soil enzymes to participate in N fertilizer decom-
position; (2) soil microbes in the rhizosphere did not
need to produce redundant soil enzymes because the
amount of enzymes in the bulk soil was nearly sufficient
for nutrient cycling which was stimulated by N addition.
Generally speaking, more soil enzyme sensitivity to N
addition and partition in nutrients cycling in the bulk soil
led to lower correlation between RS and soil enzyme
activity in the rhizosphere than in the bulk soil. The
different effects of soil fraction (bulk and rhizosphere)
on the relationship between soil biochemical properties
and RS should be considered in the microbial model to
make it more accurate.

Conclusions

Nitrogen (N) fertilizer has been heavily applied in
agroecosystems at the global scale for high crop yields.
The responses of soil biochemical properties and soil
respiration (RS) to N addition have been widely studied,
respectively, however, the contributions of soil bio-
chemical parameters in both the rhizosphere and bulk
soil to changes in RS and its components (soil hetero-
trophic (RH) and autotrophic (RA) respiration) under N
application remain poorly understood. Our study found

that N addition only significantly enhanced RA in 2014
but increased both RA and RH in 2015 because RH had
lower N sensitivity than RA, or lower soil moisture in
2014 weakened the effect of N on RH. Soil biochemical
properties (e.g. soil enzyme activities, glomalin and
available N contents) in both the rhizosphere and bulk
soil were significantly improved by N application. Both
glomalin and available N contents in the rhizosphere
were more related to RS and its components than those
in the bulk soil, but soil enzyme activities showed
opposite result. Our study suggested that soil biochem-
ical parameters in the rhizosphere and bulk soil show
different contributions to RS and its components under
N addition, respectively, which varies with the types of
soil biochemical property.
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