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a b s t r a c t

Dryingewetting cycles influence both soil organic matter (SOM) decomposition and rhizosphere pro-
cesses. Rhizosphere processes also affect SOM decomposition through rhizosphere priming. However,
little is known about how dryingewetting cycles regulate SOM decomposition with rhizosphere priming,
because most previous studies incubated root-free soils and omitted the rhizosphere effect. To investi-
gate the effect of dryingewetting cycles on SOM decomposition in the presence of plants, we grew
sunflower (Helianthus annuus) and soybean (Glycine max) in a sandy loam soil under the treatments of
either constant moisture or 12 dryingewetting cycles, and used a continuous 13C-labeling method to
partition soil respiration into rhizosphere respiration and SOM decomposition. We found that compared
to the constantly-moist treatment, the severe dryingewetting cycles in soils planted with sunflower
significantly reduced shoot biomass (32%), root biomass (52%), rhizosphere respiration (29%), and SOM
decomposition (22%), while the moderate dryingewetting cycles in soils planted with soybean did not
significantly affect these variables. Moreover, SOM decomposition rates in the planted treatment sub-
jected to constantly-moist or dryingewetting conditions were significantly higher compared with the
constantly-moist unplanted treatment, indicating a positive rhizosphere priming effect under both soil
moisture regimes. However, dryingewetting reduced the rhizosphere priming of sunflower (69% versus
33%) likely due to lower plant biomass and rhizodeposition, but produced similar rhizosphere priming of
soybean (82% versus 85%). Overall, dryingewetting cycles significantly modulated rhizosphere respira-
tion and SOM decomposition, with the magnitude depending on soil drying intensity and plant growth
performance.

Published by Elsevier Ltd.
1. Introduction

Soil moisture is a key factor affecting microbial activity and soil
organic matter (SOM) decomposition (Moyano et al., 2013). Surface
soils often undergo gradual drying by evapotranspiration followed
by rapid wetting as a result of precipitation or irrigation. These
dryingewetting cycles can influence soil aggregation (Denef et al.,
2001; Cosentino et al., 2006), microbial activity and community
structure (Gordon et al., 2008; Tiemann and Billings, 2011; Evans
and Wallenstein, 2012), and C and N mineralization (Birch, 1958;
Fierer and Schimel, 2003; Borken and Matzner, 2009). In the
coming decades, many soils will likely be subjected to more
frequent and intense dryingewetting cycles (Huntington, 2006),
Lawrence Berkeley National
3627.
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which can impact SOM decomposition and its feedback to climate
change.

Soil CO2 efflux is a large component of the global carbon cycle
and plays a significant role in the feedback between the carbon
cycle and climate change (Heimann and Reichstein, 2008). Field
studies have observed large soil CO2 efflux after rewetting of dry
soils using eddy covariance techniques and soil respiration cham-
bers (Jarvis et al., 2007). Following the early work of Birch (1958),
many lab incubations of root-free soils (e.g. Fierer and Schimel,
2003; Xiang et al., 2008; Guo et al., 2012) have been used to
investigate the impact of dryingewetting on microbial stresse
response physiology (Schimel et al., 2007) and microbial decom-
position of SOM (Borken and Matzner, 2009). However, soil CO2
efflux in natural ecosystems consists of two componentsdmicro-
bial decomposition of native SOM, and rhizosphere respiration by
roots and associated microbes using root-derived substrates which
is omitted in previous root-free soil incubation studies. Most
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microbes live in the rhizosphere and their activities are affected by
the presence of plants. Thus predicting the realistic impact of
dryingewetting cycles on SOM decomposition should account for
plantemicrobe interactions.

Increasing evidence suggests that root-derived substrate input
to the soil (i.e. rhizodeposition) can increase SOM decomposition
up to 3-fold (Cheng et al., 2003; Zhu and Cheng, 2011a), a similar
magnitude of soil temperature and moisture effects on SOM
decomposition. Although the mechanisms for this rhizosphere
priming effect (defined as a change in SOM decomposition by root-
derived carbon input) are not completely understood (Kuzyakov,
2002; Cheng and Kuzyakov, 2005; Kuzyakov, 2010), plant biomass
and rhizodeposit quantity (Dijkstra et al., 2006; Dijkstra and Cheng,
2007a) have been shown to control the magnitude of rhizosphere
priming effect. Increased soil moisture increases the rhizosphere
priming effect (Niklaus and Falloon, 2006; Dijkstra and Cheng,
2007b), but the effect of dryingewetting cycles on rhizosphere
priming has not been studied. Soil dryingewetting cycles may
control the magnitude of rhizosphere priming by affecting plant
biomass and rhizodeposit quantity. Moreover, soil drying intensity
induced by plant transpiration rate can impact plant growth and
rhizodeposit quantity, further affecting rhizosphere priming and
the responses of SOM decomposition to dryingewetting cycles.

Here we investigated the impact of dryingewetting cycles on
rhizosphere respiration and SOM decomposition in a 68-day
greenhouse experiment. We partitioned cumulative soil respiration
during an entire dryingewetting cycle into rhizosphere respiration
and SOM decomposition using a continuous 13C-labeling technique
(Cheng and Dijkstra, 2007), estimated cumulative net N minerali-
zation during the whole experimental period using an N-budgeting
method (Cheng, 2009), and calculated rhizosphere priming effect
as the difference in SOM decomposition between the planted
treatment and the unplanted treatment (Kuzyakov, 2002; Cheng
and Kuzyakov, 2005). Given that the intensity of drying can affect
cumulative C and N mineralization in root-free soils (Borken and
Matzner, 2009; Unger et al., 2010), we used two plant species
with different transpiration rates to simulate two dryingewetting
regimes. Sunflower (Helianthus annuus L.) has relatively high
transpiration rate and causes severe soil drying, while soybean
(Glycine max L. Merr.) has relatively low transpiration rate and leads
to moderate soil drying. We hypothesize the severe dryingewet-
ting in soils planted with sunflower significantly reduces rhizo-
sphere respiration, SOM decomposition, cumulative net N
mineralization and the rhizosphere priming effect, while the
moderate dryingewetting in soils plantedwith soybean has little or
no effect on these variables.

2. Materials and methods

2.1. Experimental setup

Surface (0e30 cm) soils were collected from a farm on the
campus of University of California, Santa Cruz. The farm was con-
verted from coastal grassland in 1974 and has been planted with
various crops and vegetables such as sunflower, soybean, straw-
berry and lettuce. The sandy loam soil (Mollisol) had a pH of 5.8 (no
carbonate), 10.7 mg C g�1 soil, and 1.3 mg N g�1 soil. The soil d13C
was�25.7& and d15N was 7.5&. The same soil was used in another
experiment (Zhu and Cheng, 2012). The soils were sieved through a
4-mm screen and air-dried before use. A nylon bag filled with
1500 g washed sand was placed at the bottom of each bottom-
capped polyvinyl chloride (PVC) pot (diameter 15 cm, height 40 cm,
equipped with an inlet tube at the bottom for aeration and CO2
trapping), and then 8300 g air-dried soil (equal to 8160 g oven-
dried soil) was packed into each pot at a bulk density of 1.36 g cm�3.
We used 22 pots in this experiment: 6 pots were unplanted, 8
pots were plantedwith sunflower (variety Sunbright F1), and 8 pots
were planted with soybean (variety Envy). All pots were wetted to
25% (w/w, equivalent of 100% water holding capacity) and pre-
incubated in the dark (covered with black plastic sheet) inside the
greenhouse for 60 days before sowing. Among the 8 pots planted
with sunflower or soybean, 3 pots were maintained at constant soil
moisture and 5 pots at varying soil moisture. Therefore, there are
five treatments in this experiment: unplanted with constant
moisture (n ¼ 6), sunflower with constant moisture (n ¼ 3), sun-
flower with varying moisture (n ¼ 5), soybean with constant
moisture (n ¼ 3), and soybean with varying moisture (n ¼ 5). We
planted five pre-soaked seeds of sunflower or soybean (inoculated
with Bradyrhizobium japonicum) in the 16 planted pots and thinned
to one individual plant per pot after seedling emergence.

We maintained a constant soil moisture of 25% (w/w) in the 6
unplanted pots and 6 planted pots (3 for sunflower and 3 for soy-
bean). In order to achieve such constant soil moisture, we con-
nected each of the 12 pots to a common reservoir of deionized
water (a 19-L black bucket, 30 cm diameter, 36 cm height) with
black rubber tubing and a solenoid valve (three-way normally open
type, Parker Hannifin Corporation, CT). Water level in the bucket
was maintained at 10 cm above the bottom of the pots by daily
addition. When water was lost through evaporation in unplanted
pots or evapotranspiration in planted pots, deionized water from
the bucket flowed to the bottom of the pots through the rubber
tubing and solenoid valve, and then to the top soil through soil
pores due to capillary action. Every 2e3 days, we weighed each of
the 12 pots to monitor the moisture content and adjusted it when
needed. As a result, soil moisture in these 12 pots remained at
approximately 25% (w/w) throughout the experiment.

Soil moisture in the other 10 planted pots (5 for sunflower and 5
for soybean) underwent 12 dryingewetting cycles (Fig. 1A). “Dry-
ing” occurred naturally by water loss through evapotranspiration,
which gradually intensified from 80 g pot�1 day�1 initially to 410 g
pot�1 day�1 for sunflower and 290 g pot�1 day�1 for soybean at the
end of the experiment. “Wetting”was achieved bymanually adding
deionized water from the soil surface. During the first 10 days after
planting, we kept soil moisture at 25% by daily watering to help
seed germination and seedling growth. During the first 3 dryinge
wetting cycles (10e30 days after planting), both sunflower and
soybean were subjected to moderate drought, and soil moisture
varied between 25% and w16%. Then during the next 8 dryinge
wetting cycles (30e64 days after planting), sunflower experienced
severe periodic droughts (dry down to w10%), while soybean was
exposed to gradually increasing periodic droughts (dry down to
18e14%). During the last dryingewetting cycle when we measured
soil respiration (Fig. 1B), soils under both species experienced a
similar level of dryingewetting cycle, although the length of the
cycle was 3 days for soils under sunflower (64e67 days after
planting) and 4 days for soils under soybean (64e68 days after
planting), because sunflower had higher biomass and larger tran-
spiration rate than soybean.

Throughout the experiment, air temperature inside the green-
house was maintained below 28 �C during the day (6 AMe6 PM) by
an air conditioner and above 18 �C during the night (6 PMe6 AM)
by a heater, and relative air humidity was kept at 50% by a dehu-
midifier. Supplemental lighting was turned on during cloudy days
(light intensity < 800 mmol m�2 s�1). To avoid anaerobic conditions
in the 22 pots, we forced ambient greenhouse air through each pot
for 30 min every 6 h using an aquarium pump controlled by a
digital timer. Another timer controlled all solenoid valves con-
nected to the pots of constant moisture treatment. Immediately
before each period of aeration the watering connections were
closed, and the aeration connections were opened, and right after
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Fig. 1. Gravimetric soil moisture content (w/w, %) during the entire experimental
period (A) and during 63e68 days after planting (B) for sunflower-varying treatment
(closed circles C) and soybean-varying treatment (open circles B). CO2 trapping was
conducted during 64e67 days after planting for sunflower (indicated by the two
horizontal arrows) and 64e68 days after planting for soybean (indicated by the two
vertical arrows) to cover a complete dryingewetting cycle.
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each aeration period, the connections were switched back. This
valve system prevented interference between water flow and gas
flow to the pot. This gas flow for aeration also helped water move
from the bottom to the top of the pot. We randomly relocated the
pots once a week to ensure similar growing conditions for the
plants.

Plants were continuously labeled with naturally 13C-depleted
CO2 in the greenhouse during the entire experiment. Throughout
the experimental period, we maintained a constant CO2 concen-
tration (400 � 5 ppm) and d13C value (�18.0 � 0.5&) inside the
greenhouse. Details about this continuous 13C-labeling method can
be found in Cheng and Dijkstra (2007) and Pausch et al. (2013).
2.2. Measurements and calculations

During 64e67 days after planting, we chose 3 unplanted pots
(randomly) and the 8 sunflower pots for soil respiration measure-
ment followed by destructive sampling. This 3-day period covered
a complete dryingewetting cycle for sunflower (Fig. 1B). Similarly,
during 64e68 days after planting, the remaining three unplanted
pots and the 8 soybean pots were measured and sampled. Both
sunflower and soybean were at flowering stage during the CO2
trapping and harvesting.

We measured soil respiration using a closed-circulation CO2
trapping system (Cheng et al., 2003). Briefly, we sealed each pot at
the base of the plant with non-toxic silicone rubber and first
removed CO2 inside each pot by circulating the isolated air through
a soda lime column for 1 h. Then CO2 produced during the next 72-
or 96-h period in each sealed pot was trapped in a 400 ml 0.5 M
NaOH solution by periodic air circulation for 30 min at a 6-h in-
terval. Null systems were included to correct for handling errors.
For the 6 planted pots of constantly-moist treatment, the solenoid
valve-to-water reservoir was closed during the trapping period,
andwater was added to the pots during the night to compensate for
water loss during the day. There is no water loss and thus no need
to adjust soil moisture for the 6 unplanted pots of constantly-moist
treatment. For the 10 planted pots of dryingewetting treatment,
water was added on 66 and 67 days after planting to bring the soil
moisture back to 25% (Fig. 1B). The rewetting was timed at the
middle of the entire CO2 trapping period to encompass the whole
dryingerewetting cycle.

An aliquot of each NaOH solution was analyzed for total inor-
ganic C using a Shimadzu 5050A TOC analyzer. Another aliquot was
precipitated as SrCO3 and analyzed for d13C using a PDZ Europa
ANCAeGSL elemental analyzer interfaced to a PDZ Europa 20e20
isotope ratiomass spectrometer (Harris et al., 1997). The d13C values
measured in SrCO3 were corrected for minor contamination from
carbonate in the NaOH stock solution and from sample handling
(Cheng et al., 2003). We separated soil respiration (Ctotal) into SOM
decomposition (Csoil) and rhizosphere respiration (Croot) using a
two-source linear mixing model:

Csoil ¼ Ctotal
�
d13Croot � d13Ctotal

�.�
d13Croot � d13Csoil

�
(1)

Croot ¼ Ctotal � Csoil (2)

where d13Croot is the d13C value of rhizosphere respiration which
was calculated based on the d13C value of shoot biomass and the 13C
fractionation of root-derived CO2 relative to shoot biomass (1.1&
for sunflower and 1.3& for soybean, Zhu and Cheng, 2011b).
d13Ctotal is the measured d13C value of total respired CO2, and d13Csoil
is the mean d13C value of CO2 solely from SOM decomposition
measured in the unplanted treatment.

Immediately after CO2 trapping, we harvested plant biomass
and separated into shoots and roots. We homogenized the soil after
root picking, and took a representative fresh soil sample (400 g)
from each pot. Fine roots were removed from soil samples of
planted pots by handpicking. Then these soils were prepared
(oven-dried, ground, fumigated and/or extracted) for measuring
soil moisture, C%, N%, d13C and d15N, microbial biomass C and N, and
soil mineral N (NH4

þ and NO3
�) within two days.

We measured microbial biomass C and N using the chloroform
fumigationeextraction method (Wu et al., 1990). One subsample
(50 g) was extracted with 60 ml 0.5 M K2SO4 solution, another
subsample (50 g) was fumigated by ethanol-free chloroform in the
dark for 48 h and then extracted with 60 ml 0.5 M K2SO4 solution.
The concentration of total organic C in each extract was analyzed
using a Shimadzu TOC 5050A analyzer. The concentration of total N
in each extract was analyzed by a Lachat QuikChem 8000 auto-
analyzer using a persulfate digestion method that oxidizes all N
forms to NO3

� (Cabrera and Beare, 1993). Microbial biomass C and N
were calculated as the difference between fumigated and unfumi-
gated samples, adjusted by a proportionality coefficient (0.45) for
both C and N (Jenkinson et al., 2004). Soil mineral N was measured
using 2 M KCl extraction (50 g soil and 60 ml solution) followed by
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measuring NH4
þ and NO3

� concentration in the extracts on a Lachat
QuikChem 8000 autoanalyzer.

We dried (60 �C and 48 h in an oven), weighed and ground all
plant samples (shoots and roots), and dried (105 �C and 48 h in an
oven) and ground a subsample of the soil (20 g) from each pot.
Ground plant and soil samples were then analyzed for C%, N%, d13C
and d15N using a Carlo Elba 1108 elemental analyzer interfaced to a
ThermoFinningan Delta Plus XP isotope ratio mass spectrometer.

2.3. Statistical analyses

For all the variables in Tables 1, 2 and Fig. 2AeC, we used one-
way ANOVA (post hoc Tukey test) to compare the means among
different treatments. The mean of rhizosphere priming effect
(Fig. 2D) was calculated as the difference in mean SOM decompo-
sition rate between the planted treatment and the unplanted
treatment. The 95% confidence interval of rhizosphere priming ef-
fect (Fig. 2D) was based on the independent-samples t-test be-
tween SOM decomposition rate in the planted treatment (n ¼ 3 or
5) and that in the unplanted treatment (n ¼ 6). In order to compare
our results with other studies, we also computed rhizosphere
priming effect on a relative scale (%), i.e. the difference in SOM
decomposition rate between the planted treatment and the
unplanted treatment relative to the SOM decomposition rate in the
unplanted treatment (Cheng and Kuzyakov, 2005). Linear regres-
sion was used to show the relationship between root biomass and
CO2 fluxes (rhizosphere respiration and rhizosphere priming effect)
(Fig. 3). We used SPSS 18.0 to perform all statistical analyses and set
the significance level at P < 0.05.

3. Results

Both sunflower and soybean in the constant moisture treatment
did not experience drought. Because of its high transpiration rate,
sunflower in the varying moisture treatment periodically experi-
enced a severe drought as indicated by the very low soil moisture
(9e11%) and the wilted leaves at the end of the drying period, while
soybean in the varying moisture treatment periodically experi-
enced a relatively moderate drought due to its lower transpiration
rate. Therefore, sunflower and soybean were exposed to the same
frequency but different magnitude of dryingewetting cycles
(Fig. 1A).

Shoot, root and total biomass of sunflower were 32e52% lower
in the varying moisture treatment than in the constant moisture
treatment (P < 0.05, Table 1), while the tissue N concentration of
sunflower was 44e61% higher in the varying moisture treatment
(P < 0.05, Table 1). Likely due to the periodic drought stress, the
d13C values of shoot, root or total plant of sunflower were 1.8&
higher in the varying moisture treatment (P < 0.05, Table 1). In
contrast, plant biomass, tissue N concentration and d13C value of
soybean did not differ significantly between the two moisture
treatments (Table 1), likely because the moderate drying was less
stressful.
Table 1
Plant biomass, d13C value, and N concentration of sunflower and soybean harvested at
standard errors in parenthesis. Different letters within each column represent significan
P < 0.05).

Treatment Biomass (g kg soil�1) d13C (&)

Shoot Root Total Shoot

Sunflower-constant (n ¼ 3) 9.33 (0.34) a 2.19 (0.26) a 11.51 (0.14) a �40.6 (0.
Sunflower-varying (n ¼ 5) 6.33 (0.22) b 1.05 (0.04) b 7.38 (0.22) b �38.7 (0.
Soybean-constant (n ¼ 3) 3.41 (0.27) c 0.46 (0.06) c 3.86 (0.33) c �37.1 (0.
Soybean-varying (n ¼ 5) 3.06 (0.17) c 0.48 (0.05) c 3.53 (0.21) c �37.1 (0.
The plants were successfully labeled with 13C-depleted CO2. The
d13C value of plant C showed the expected 13C-depletion, ranging
from �40.6& to �38.7& in shoots and from �39.2& to �37.4& in
roots for sunflower, and �37.1& in shoots and �35.8& in roots for
soybean (Table 1). The d13C value of soil respiration in unplanted
pots was �24.5& (Table 2), slightly higher than the d13C value of
bulk soil organic carbon (�25.7&). Moreover, the d13C value of soil
respirationwas�35.9& in sunflowereconstant treatment,�34.3&
in sunflower-varying treatment, �31.0& in soybean-constant
treatment, and �31.4& in soybean-varying treatment (Table 2).

Using the two-source linear mixing model (Eqs. (1) and (2)), we
partitioned soil respiration measured during the last dryingewet-
ting cycle (Ctotal, Fig. 2A) into root-derived component (Croot,
Fig. 2B) and SOM-derived component (Csoil, Fig. 2C). Rhizosphere
respiration (Croot) was significantly lower in sunflower with varying
soil moisture treatment than in sunflower with constant soil
moisture treatment (P < 0.05), while it did not differ significantly
between the two soil moisture treatments for soybean (P > 0.05,
Fig. 2B). Sunflower showed higher rhizosphere respiration than
soybean (Fig. 2B), mainly due to its higher root biomass (Table 1)
and root N content (data not shown). Indeed, therewas a significant
positive relationship between rhizosphere respiration rate and root
biomass (R2 ¼ 0.80, P < 0.001, Fig. 3A) or root N content (R2 ¼ 0.76,
P < 0.001) across the four planted treatments.

Soil organic matter decomposition (Csoil) accounted for 34e36%
of soil respiration in the two sunflower treatments and 51e54% of
soil respiration in the two soybean treatments. Csoil was 22% lower
in sunflower-varying treatment than in sunflower-constant treat-
ment (P < 0.05), but was similar between the two soybean treat-
ments (Fig. 2C). Unlike the pattern of rhizosphere respiration
(Fig. 2B), SOM decomposition in the two soil moisture treatments
planted with soybeanwas similar to that in the sunflower-constant
treatment (P > 0.05), but was significantly higher than that in the
sunflower-varying treatment (P < 0.05, Fig. 2C). There was no sig-
nificant relationship between SOM decomposition rate and root
biomass (R2 ¼ 0.06, P > 0.05) across the four planted treatments.

Compared to the unplanted control treatment, the presence of
plants significantly increased the SOM decomposition rate by 33e
85% (P < 0.05, Fig. 2C), indicating positive rhizosphere priming
effects (Cprimed, Fig. 2D). Cprimed was significantly lower in sun-
flower-varying treatment than in sunflower-constant treatment
(33% versus 69% above the unplanted control, P< 0.05), while it did
not differ significantly between the two soybean treatments (82%
versus 85% above the unplanted control, P > 0.05). Although sun-
flower had higher root biomass (Table 1) and higher root N content
(data not shown) than soybean, the rhizosphere priming effect of
sunflower was similar to or lower than that of soybean (Fig. 2D). A
significant positive correlation between rhizosphere priming effect
and root biomass was observed for the two sunflower treatments
(R2 ¼ 0.60, P < 0.05, Fig. 3B) and for the two soybean treatments
(R2 ¼ 0.55, P < 0.05, Fig. 3B), but not together (R2 ¼ 0.05, P > 0.05).
The rhizosphere priming effect per unit root biomass was signifi-
cantly higher in soybean than in sunflower.
the end of the experiment. Values represent means of three or five replicates with
t differences in mean value between the treatments (one-way ANOVA, Tukey test,

N concentration (%)

Root Total Shoot Root Total

3) a �39.2 (0.3) a �40.4 (0.3) a 1.06 (0.07) a 1.06 (0.05) a 1.06 (0.05) a
1) b �37.4 (0.1) b �38.6 (0.1) b 1.53 (0.02) b 1.70 (0.04) b 1.56 (0.03) b
3) c �35.8 (0.3) c �37.0 (0.3) c 2.82 (0.24) c 2.00 (0.05) c 2.73 (0.21) c
3) c �35.7 (0.1) c �36.9 (0.2) c 3.15 (0.32) c 2.12 (0.07) c 3.02 (0.29) c



Table 2
d13C value of soil respiration (d13Ctotal), plant d15N value, plant N content, soil mineral N (NH4

þ and NO3
�), microbial biomass C (MBC), and microbial biomass N (MBN) measured

at the end of the experiment. Cumulative net Nmineralization (CNNM) over the 128-day experiment (60-day pre-incubation plus 68-day plant growth) is calculated as the sum
of N in plant biomass and in soil mineral N (NH4

þ and NO3
�). Values represent means of three to six replicates with standard errors in parenthesis. Different letters within each

column represent significant differences in mean value between the treatments (one-way ANOVA, Tukey test, P < 0.05).

Treatment d13Ctotal (&) Plant
d15N (&)

Plant N content
(mg N kg soil�1)

NH4
þ

(mg N kg soil�1)
NO3

�

(mg N kg soil�1)
MBC
(mg C kg soil�1)

MBN
(mg N kg soil�1)

CNNM
(mg N kg soil�1)

Unplanted-constant (n ¼ 6) �24.5 (0.3) a 0.7 (0.1) a 114.5 (4.7) a 215.9 (5.2) b 44.1 (2.3) a 115.2 (4.7) a
Sunflower-constant (n ¼ 3) �35.9 (0.2) d 6.2 (0.2) a 121.5 (5.2) a 0.4 (0.1) a 0.0 249.2 (4.6) a 33.3 (1.2) b 122.0 (5.2) a
Sunflower-varying (n ¼ 5) �34.3 (0.2) c 6.2 (0.1) a 114.8 (1.9) a 0.5 (0.1) a 0.5 (0.1) b 220.4 (7.9) b 33.8 (1.1) b 115.7 (1.9) a
Soybean-constant (n ¼ 3) �31.0 (0.5) b 7.5 (0.3) b 104.0 (1.4) a 0.5 (0.1) a 0.7 (0.1) b 207.8 (2.2) bc 37.2 (2.4) ab 105.2 (1.4) a
Soybean-varying (n ¼ 5) �31.4 (0.4) b 6.7 (0.1) a 104.4 (5.5) a 0.6 (0.1) a 1.4 (0.4) b 194.0 (2.7) c 34.7 (0.4) b 106.4 (6.0) a
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After 68 days of plant growth and soil incubation plus 60 days of
pre-incubation, soil NH4

þ (0.4e0.7 mg N kg soil�1) did not differ
among the five treatments, while soil NO3

� was only 0e1.4 mg
N kg soil�1 in the four planted treatments, but was 115 mg
N kg soil�1 in the unplanted treatment (Table 2) due to the lack of
plant uptake. Total N content in plant biomass was 115e122 mg
N kg soil�1 in the two sunflower treatments, and was 104 mg
N kg soil�1 in the two soybean treatments. The d15N value of soy-
beanwas not depleted compared to the reference plant (sunflower)
(Table 2), indicating negligible amount of N fixed by the soybean-
Bradyrhizobium symbiosis. Therefore, we estimated cumulative net
N mineralized from soil throughout the 128-day experiment as the
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measured at the end of this experiment. Although we did not
measure initial soil mineral N at the beginning of pre-incubation,
and ignored the potential gaseous losses of mineralized N through
denitrification (which should be negligible because of frequent soil
aeration), the comparison of cumulative net N mineralization
among treatments should still be robust. Despite the difference in
soil C mineralization measured during the last dryingewetting
cycle (Fig. 2C), we observed no significant difference in cumulative
net N mineralization among the five treatments (P > 0.05, Table 2).
Moreover, microbial biomass C (MBC) ranged from 194 to 249 mg
C kg soil�1, and microbial biomass N (MBN) ranged from 33.3 to
(B)

CC

B

A

0

5

10

15

20

25

30

sunflower-
constant

sunflower-
varying

soybean-
constant

soybean-
varying

C
r
o
o
t
 
(
m
g
 C
 
k
g
 
s
o
i
l
-
1
 
d
a
y
-
1
)

(D)

A

B

AB

A

0

2

4

6

8

10

sunflower-
constant

sunflower-
varying

soybean-
constant

soybean-
varying

C
p
r
i
m
e
d
 (
m
g
 C
 k
g
 s
o
il

-
1
 
d
a
y
-
1
)

ere priming effect (D) for the unplanted treatment and four planted treatments. Error
ent letters in each figure represent significant differences in mean value between the
rval, P < 0.05).



(A)

R2 = 0.804, P<0.001

0

5

10

15

20

25

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Root biomass (g kg soil
-1
)

C
r
o
o
t
 
(
m
g
 
C
 k
g
 s
o
il

-
1
 
d
a
y
-
1
)

(B)

R2 = 0.602, P=0.024

R2 = 0.552, P=0.035

0

2

4

6

8

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Root biomass (g kg soil
-1
)

C
p
r
i
m
e
d
 
(
m
g
 
C
 k
g
 s
o
il

-
1
 
d
a
y
-
1
)

Fig. 3. (A) Relationship between rhizosphere respiration (Croot) and root biomass; and
(B) Relationship between rhizosphere priming effect (Cprimed) and root biomass across
the four treatments with plants. Open triangles (6) represent sunflower-constant
treatment, filled triangles (:) represent sunflower-varying treatment, open circles
(B) represent soybean-constant treatment, and filled circles (C) represent soybean-
varying treatment.
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44.1 mg N kg soil�1 among the five treatments and was reduced by
the presence of plants (Table 2). Compared to the constantly-moist
treatment, dryingewetting decreased MBC (but not MBN) in pots
planted with sunflower (P < 0.05, Table 2), but had no significant
effect on MBC or MBN in pots planted with soybean (P > 0.05,
Table 2).

4. Discussion

The impact of dryingewetting on soil C mineralization has
been studied extensively in both lab and field conditions (Borken
and Matzner, 2009; Moyano et al., 2013). However, lab studies
often incubated root-free soils and omitted the rhizosphere effect,
while field studies rarely separated soil-derived CO2 from root-
derived CO2 by isotopic techniques. Therefore, we are still unclear
about how plants affect the responses of soil C mineralization to
dryingewetting cycles. In this study, we showed that soil dryinge
wetting had a negative or neutral effect on soil C mineralization
and rhizosphere priming, depending on soil drying intensity and
plant growth performance. This clearly shows that dryingewet-
ting cycles can modulate soil C dynamics through rhizosphere
processes.

4.1. Do dryingewetting cycles stimulate cumulative soil C and N
mineralization?

As far as we know, this is the first measurement of cumulative
soil C mineralization under the presence of plants during a com-
plete dryingewetting cycle. Compared with soils planted with
sunflower or soybean and kept constantly moist, soils planted
with sunflower and subjected to severe dryingewetting released
22% less SOM-derived CO2, while soils planted with soybean and
subjected to moderate dryingewetting released the same amount
of SOM-derived CO2 (Fig. 2C). Two possible mechanisms may
explain this decline in soil C mineralization by dryingewetting in
the sunflower treatment: (1) after 3 moderate and 8 severe dry-
ingewetting cycles, the flush of soil C mineralization after wetting
was not much higher compared with the constantly-moist soil,
because frequent drying and wetting diminished the wetting
flushes due to limitation of accessible soil organic mater pool
(Xiang et al., 2008; Evans and Wallenstein, 2012); and (2) dryinge
wetting significantly reduced sunflower shoot (32%) and root
biomass (52%), which likely led to lower plant C inputs to the soil
(rhizodeposition), less microbial biomass and activity (Table 2),
and smaller rhizosphere priming effect (discussed in more detail
in 4.3 section). Moreover, we found similar C mineralization in
soils planted with soybean between a constantly-moist treatment
and a moderate dryingewetting treatment. This may be related to
the less severe drought experienced by soybean due to its rela-
tively low transpiration rate (or drying rate), which did not
significantly impact plant biomass, rhizodeposition, microbial
biomass and activity, and rhizosphere priming effect (discussed in
more detail in 4.3 section).

We also used an N-budgeting method (Cheng, 2009; Zhu and
Cheng, 2012) to estimate cumulative net N mineralization during
the entire experimental period. We found that dryingewetting had
no effect on cumulative net N mineralization in soils planted with
sunflower or soybean. Soils planted with sunflower and unplanted
control soils both showed higher, but not significant, rates of cu-
mulative net N mineralization than soils planted with soybean
(Table 2). The cumulative net N mineralization rate is difficult to
measure in the field because accurately quantifying plant N uptake
and all N losses to the environment is nearly impossible. Laboratory
studies using root-free soils have found mixed effects of dryinge
wetting on cumulative net N mineralization, ranging from inhibi-
tion (Pulleman and Tietema, 1999; Mikha et al., 2005; Muhr et al.,
2010) to stimulation (Miller et al., 2005; Gordon et al., 2008;
Xiang et al., 2008), depending on factors such as soil type, experi-
mental setup, and measurement method (Borken and Matzner,
2009). As the presence of plants could affect soil gross and net N
mineralization through rhizosphere processes (Frank and
Groffman, 2009), future studies should use approaches to mea-
sure soil N cycling in intact plant communities to better predict soil
N availability in a changing environment.

It should be noted that the effect of dryingewetting severity is
associated with the effect of species identity on the cumulative soil
C/N mineralization. Sunflower induced severe dryingewetting cy-
cles on soils due to its high transpiration rate, while soybean
induced moderate dryingewetting cycles on soils due to its rela-
tively lower transpiration rate. Therefore, the different impacts of
dryingewetting on soil C/N mineralization (Fig. 2 and Table 2) are
attributed to both the different soil drying intensity and the asso-
ciated different plant growth performances.
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4.2. Do dryingewetting cycles impact rhizosphere respiration and
SOM decomposition to the same extent?

We used a novel continuous 13C-labeling method to partition
soil respiration and found that rhizosphere respiration and SOM
decomposition showed similar responses to dryingewetting cycles.
Compared to the constant soil moisture treatment, dryingewetting
cycles did not significantly affect the proportion of SOM decom-
position to soil respiration (34% vs. 36% in sunflower, and 54% vs.
51% in soybean) when the entire dryingewetting cycle was
included. Previous studies tend to show that microbial respiration
is more responsive to short-term dynamics in soil moisture than
rhizosphere respiration. For example, Carbone et al. (2011) showed
that root respiration was more responsive to seasonal changes in
soil moisture, while microbial respiration dominated the response
to episodic wetting in a Mediterranean pine forest, using a natural
abundance 14C method for source partitioning. Other studies using
isotopic (Unger et al., 2010; Casals et al., 2011) or non-isotopic (Liu
et al., 2002; Yan et al., 2010) methods for source partitioning also
found similar results. Rhizosphere respiration is dependent on
substrate input from recent photosynthesis (Högberg et al., 2001;
Kuzyakov and Cheng, 2001), which should be less affected by short-
term soil moisture dynamics. Microbial respiration, however, is
determined by available biomass or non-biomass sources of soil
organic carbon, which can increase after rewetting due to various
mechanisms (Wu and Brookes, 2005; Xiang et al., 2008; Borken and
Matzner, 2009; Navarro-Gar�cia et al., 2012). In this study, the severe
dryingewetting reduced microbial and rhizosphere respiration to a
similar extent in the sunflower treatment, and the moderate dry-
ingewetting did not affect either component in the soybean
treatment. Differences in experimental designs and methods (e.g.
cumulative flux during the entire dryingewetting cycle vs. short-
term flux during the dry or wet period) might contribute to the
different results between this greenhouse study and previous
studies.

4.3. Do dryingewetting cycles affect rhizosphere priming effect?

Due to technical challenges to removewater from the unplanted
soils at the same rate as the evapotranspiration rate in the planted
soils without unintended effect on soil temperature and CO2 trap-
ping during respiration measurement, we did not include an
unplanted, varying-moisture treatment. Therefore, our calculation
of rhizosphere priming effect for the two planted, varying-moisture
treatments is different from the common definition (i.e. change in
SOM decomposition between bulk soil and rhizosphere soil under
the same temperature and moisture conditions, Kuzyakov, 2002;
Cheng and Kuzyakov, 2005). Given that previous studies on rhizo-
sphere priming are often conducted on well-watered soils to
maintain the same moisture as in the unplanted control treatment
(Kuzyakov, 2010), and that most soils are naturally exposed to
dryingewetting cycles induced by evapotranspiration and precip-
itation/irrigation, comparing SOM decomposition in a planted,
varying-moisture treatment with that in an unplanted, constant-
moisture treatment provides useful information on soil C/N
dynamics.

The response of priming effect to soil moisture dynamics was
little studied (Kuzyakov, 2010). Two previous studies have showed
an increase in priming effect with increasing soil moisture (Niklaus
and Falloon, 2006; Dijkstra and Cheng, 2007b). In this study,
compared with the constantly-moist treatment, the severe dryinge
wetting reduced rhizosphere priming effect of sunflower from 69%
to 33%, while the moderate dryingewetting did not impact rhizo-
sphere priming effect of soybean (85% vs. 82%). As previous studies
have found a positive correlation between rhizosphere priming
effect and plant biomass (Dijkstra et al., 2006) or the amount of
rhizodeposition (Dijkstra and Cheng, 2007a), it is likely that the
severe dryingewetting reduced biomass and presumably rhizo-
deposition of sunflower (Table 1), which led to lower microbial
activities (Table 2), and thus weaker rhizosphere priming effect;
whereas the moderate dryingewetting had no effect on biomass or
rhizodeposition of soybean, which resulted in similar level of mi-
crobial activities, and accordingly similar magnitude of rhizosphere
priming effect. The positive correlation between rhizosphere
priming effect and root biomass for both sunflower and soybean
(Fig. 3B) seems to support this mechanism, althoughmore evidence
from direct measurement of the amount and composition of rhi-
zodeposition and the activity of soil microbes (e.g. soil extracellular
enzyme activity) are needed in future studies. Nevertheless, it ap-
pears that the impact of soil dryingewetting cycles on rhizosphere
priming effect may be indirectly mediated by the response of plant
growth to the water conditions and subsequently plant C inputs to
the soil (i.e. rhizodeposition).

4.4. Implications for the responses of soil CO2 efflux to moisture
dynamics

Our results indicate that soil moisture dynamics or dryinge
wetting cycles can impact plantesoil interactions (i.e. rhizosphere
priming effect) and soil CO2 efflux. Many lab incubation studies
have shown that soil moisture dynamics can significantly affect CO2
efflux from root-free soils (Borken and Matzner, 2009; Moyano
et al., 2012). This study and two recent studies (Niklaus and
Falloon, 2006; Dijkstra and Cheng, 2007b) provide further evi-
dence that soil moisture content and dynamics exert significant
control of rhizosphere priming effect and thus CO2 efflux from soils
under the presence of plants. Furthermore, most of the previous
studies on rhizosphere priming effects are conducted in green-
house or growth chamber where soil moisture is kept constant in
both planted and unplanted treatments by frequent watering
(Cheng and Kuzyakov, 2005; Kuzyakov, 2010). The results of these
studies should not be directly applied to field ecosystems because
they normally expose to dryingewetting cycles. This study shows
that the rhizosphere priming effect of sunflower under dryinge
wetting conditions is lower than that under constantly wet con-
ditions, implying that future increases in drought in some ecosys-
temsmay reduce soil carbon loss through its indirect effect on plant
growth and rhizosphere priming. This indirect effect of dryinge
wetting on soil C dynamics through rhizosphere priming should be
further explored, particularly in field settings, and be incorporated
into ecosystemmodels to improve the prediction of the response of
soil carbon storage and nutrient availability to future changes in
precipitation.

5. Conclusions

Our results showed a clear impact of dryingewetting cycles on
rhizosphere respiration and soil C mineralization. The severe dry-
ingewetting regime inherent with sunflower plants reduced plant
biomass, rhizosphere respiration and SOM decomposition, while
the moderate dryingewetting regime associated with soybean
plants did not significantly affect these variables. Cumulative net N
mineralization during the entire experimental period was not
affected by dryingewetting in soils planted with either sunflower
or soybean. The autotrophic and heterotrophic component of soil
respiration measured during a complete dryingewetting cycle
showed similar proportional responses to dryingewetting. More-
over, the presence of plants significantly increased SOM decom-
position rate, resulting in notable positive rhizosphere priming.
This rhizosphere priming effect was reduced by the severe dryinge
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wetting of soils planted with sunflower, but was not affected by the
moderate dryingewetting of soils planted with soybean. Overall,
our results indicate that dryingewetting cycles can impact rhizo-
sphere respiration and SOMdecomposition. Thus, future changes in
precipitation and evapotranspiration can impact soil moisture dy-
namics and the release of C from soils.
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