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Although increasing evidence has provided that soil respiration is strongly related to recent canopy
photosynthesis, doubts remain as to the extent to which primary productivity controls soil respiratory
and the speed of the link between soil respiration and photosynthesis. Based on the automated mea-
surements of soil respiration and eddy covariance measurements of ecosystem photosynthesis (i.e. gross
primary production, GPP) in a coastal wetland, we assessed the speed of link between ecosystem
photosynthesis and soil respiration on the diurnal scale, and quantified the control of the ecosystem
primary production on diurnal soil respiration. On the diurnal scale, the time of daily peak soil respi-
ration lagged GPP but preceded soil temperature on both sunny and cloudy days. Daytime soil respiration
was significantly linearly correlated with GPP with a lag of 1.5 h on sunny days and 1 h on cloudy days,
respectively. By taking advantage of the natural shift of sunny and cloudy days without disturbance to the
plant-soil system, our results also indicated that the changes in soil temperature and GPP together
explained 53% of the changes in daytime soil respiration rates between sunny days and adjacent cloudy
days. Under the same soil temperature, changes in soil respiration rates were strongly correlated with
changes in GPP between sunny days and adjacent cloudy days. We therefore conclude that recent canopy
photosynthesis regulates soil respiration on a diurnal scale with a short-term time lag. Thus, it is
necessary to take into account the influence of photosynthesis on soil respiration in order to accurately
simulate the magnitude and variation of soil respiration, especially at short and medium temporal scales.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

It is well documented that soil respiration may lag canopy
photosynthesis by times that vary from hours to weeks in different
ecosystems including forests (Högberg et al., 2001; Tang et al., 2005;
Baldocchi et al., 2006; Moyano et al., 2008; Wingate et al., 2010),
grasslands (Bahn et al., 2008, 2009; Yan et al., 2011; Vargas et al.,
2011a) and croplands (Kuzyakov and Cheng, 2001, 2004; Han
et al., 2007). The highly variable time lags between photosynthesis
and soil respiration might be controlled by the species, transport
distance (plant height and phloem path-length), root depth, plant
physiology and growth stage, and environmental conditions
(Davidson and Holbrook, 2009; Kuzyakov and Gavrichkova, 2010;
Mencuccini and Hölttä, 2010; Wingate et al., 2010). For example,
leaf metabolism including the switch between a mobile sugar and a
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transient immobile carbon pool determined the interaction be-
tween assimilation and soil respiration on a diurnal timescale
(Barthel et al., 2011). The lag timewas shorter for grasses and shrubs
than for trees, because tree height slightly affected the lag with
increasing delay of 0.1 day m�1 (Davidson and Holbrook, 2009;
Kuzyakov and Gavrichkova, 2010). In addition, gas diffusion
through soil imposed a lag between the time of CO2 production at
depth and release from the soil surface (Stoy et al., 2007; Phillips
et al., 2011), which also influenced the time lags. Consequently,
the time lag between the fixation of a carbon molecule during
photosynthesis and its respiration belowground contains real in-
formation about plant physiology and carbon use as well as the
degree to which plant and soil are coupled (Kayler et al., 2010).

The time lags between photosynthesis and soil respiration
provide evidence of close links between recent photosynthate
supply and soil respiration at different timescales. In contrast to the
indirect connection between temperature and soil respiration, the
tight linkage between photosynthesis and soil respiration processes
is direct (Kuzyakov and Gavrichkova, 2010). Soil respiration is
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derived from heterotrophic and autotrophic sources. In principle,
autotrophic soil respiration is a direct consequence of root respi-
ration, so it is coupled to rates of photosynthesis (Baldocchi et al.,
2006). Meanwhile, the flux of recent photosynthate supports sub-
stantial microbial activity in the rhizosphere, which can in turn
influence the relative fraction of heterotrophic respiration (Cardon
et al., 2002; Tang et al., 2005). Consequently, half or more of the soil
respiration is driven directly by recent photosynthesis, which
challenges the assumption that most of the soil respiration is
derived from the decomposition of soil organic matter (Kuzyakov
and Cheng, 2001; Bhupinderpal-Singh et al., 2003; Högberg and
Read, 2006). Therefore, any short-term changes of assimilation
rates caused by day/night light cycles may potentially control the
diurnal dynamics of soil respiration (Kuzyakov and Cheng, 2004).

Although important, this fact has been overlooked in most soil
respiration studies because temperature variations are highly
correlated with solar radiation, which mask the direct effect of
photosynthesis on substrate availability in soil, especially on
diurnal scale (Tang et al., 2005; Gaumont-Guay et al., 2008;
Kuzyakov and Gavrichkova, 2010). For example, the diurnal soil
respiration is controlled by the photosynthesis cycle together with
temperature changes (Kuzyakov and Cheng, 2001; Davidson and
Holbrook, 2009; Phillips et al., 2011), so it is difficult to distin-
guish the degree to which canopy processes and temperature in-
fluence root activity, which can easily lead to erroneous conclusions
on temperature relations (Moyano et al., 2008). Moreover, although
soil temperature of soil respiration is important for modellingpur-
poses, it might be inadequate to account for the diurnal variation of
soil respiration (Tang et al., 2005; Liu et al., 2006). Therefore,
further studies are needed to better quantify the effect of canopy
photosynthesis on soil respiration especially at short and medium
temporal scales (Tang et al., 2005; Moyano et al., 2008; Kuzyakov
and Gavrichkova, 2010).

Furthermore, previous studies have provided evidence that soil
respiration is strongly related to recent canopy photosynthesis on
different time scales ranging from several hours to several days
using phloem girdling (Ekblad and Högberg, 2001; Högberg et al.,
2001), shading and clipping (Wan and Luo, 2003; Yan et al.,
2011), root exclusion by trenching (Kuzyakov and Larionova,
2005; Gaumont-Guay et al., 2008), and isotopic labelling studies
of photosynthate (Kuzyakov and Cheng, 2001, 2004; Ekblad et al.,
2005; Högberg et al., 2008; Barthel et al., 2011; Wingate et al.,
2010). However, doubts remain as to the extent to which primary
productivity controls soil respiratory and the speed of the link be-
tween soil respiration and photosynthesis (Gaumont-Guay et al.,
2008; Kayler et al., 2010). For instance, the immediate link of soil
respiration to photosynthesis is still uncertain on the diurnal scale
(Bahn et al., 2009). Therefore, current major challenges remain
ahead of us for developing process-based models of soil respiration
at short and medium temporal scales, including the lags and
transport of carbon from photosynthesis to soil respiration (Vargas
et al., 2011b).

The development of automated soil respiration measurements
and eddy covariance (EC) techniques with high temporal resolution
enables us to examine the role of photosynthesis supply in
modulating soil respiration on the diurnal timescale. We hypoth-
esized that ecosystem photosynthesis can regulate soil respiration
at hourly temporal resolution. To test these hypotheses, we selected
12 paired days during the growing season in a coastal wetland
under the following two criteria: (1) the two days are adjacent, one
is a sunny day, and another is a cloudy day; (2) no rain occurs
during the two adjacent days. We hypothesized that (1) live
biomass and leaf area index (LAI) have no large shifts within the
two adjacent days; (2) soil moisture has no significant difference
between the two adjacent days because no rain occurs; (3) soil
organic carbon (SOC) and plant litterfall have not changed sub-
stantially within the short term. Therefore, by limiting variability
from these factors, we expected during such conditions the radia-
tion condition exerted a major control on soil respiration by
altering temperature and plant photosynthetic activity. The pur-
pose of this study was to (1) assess the speed of link between
ecosystem photosynthesis and soil respiration on the diurnal scale;
(2) quantify the control of the ecosystem primary production on
diurnal soil respiration in a coastal wetland.

2. Materials and methods

2.1. Site description

The experiment was conducted during the growing season
(from mid April to early November) of 2012 at Yellow River Delta
Ecological Research Station of Coastal Wetland (37� 450 5000N, 118�

590 2400E), Chinese Academy of Sciences. The original vegetation of
coastal wetlands in the Yellow River Delta is composed of halo-
phytic plant communities predominated by herb and shrub species,
such as Phragmites australis, Suaeda salsa, and Imperata cylindrical
(Han et al., 2013). The terrain of the station is quite flat, with
relatively homogeneous vegetation dominated by reed (Phragmites
australis), which usually bud during the end of March and the first
10 days of April, and head in the middle 10 days of October (Xie
et al., 2011; Han et al., 2013). The climate in the Yellow River
Delta is a warm-temperate and continental monsoon climate with
distinctive seasons. The annual average temperature is 12.9 �C, and
the average annual precipitation is 550e640 mm, with nearly 70%
of the precipitation falling betweenMay and September. During the
rainy season, surface ponding is often observed in Phragmites aus-
tralis community, following heavy rainfall events. Generally, the soil
type of coastal wetlands in the Yellow River Delta gradually varies
from fluvo-aquic to saline soil, and the soil texture is mainly sandy
clay loam (Nie et al., 2009).

2.2. Soil respiration measurements

Soil respiration was recorded continuously using a LI-8100
automated soil CO2 flux measurement system and LI-8150 multi-
plexer with four 8100-104 long-term chambers (Li-Cor Inc, Lincoln,
NE, USA). Four soil collars with a height of 11.4 cm and diameter of
21.3 cm were inserted into the soil one week before the first mea-
surement. Living weeds inside the collars were carefully clipped
from the soil surface. The soil collars were left in place throughout
the entire study period (from mid April to early November). Each
collar was measured at least once every 2 h during the growing
season. The chamber was closed for 120 s and the linear increase of
CO2 concentration in the chamber was used to estimate soil respi-
ration. In 2012, the greatest daily rainfall of 71.8 mm occurred on 6
August because of Typhoon Damrey. Consequently, soil respiration
could not be measured from the August to mid-October because
surface water flooded the soil collars.

2.3. EC measurements

Ecosystem CO2 fluxes were measured using a paired EC system
mounted 3.0 m above the soil surface. The EC system included a
three-axis sonic anemometer (CSAT-3, Campbell Scientific Inc.,
USA) and open path infrared gas analyzer (IRGA, LI-7500, Li-COR
Inc., USA). The flux data were recorded at 10 Hz by a datalogger
(CR1000, Campbell Scientific Inc., USA) at 30 min intervals. Raw EC
data collected from a Campbell Scientific datalogger were pro-
cessed with EdiRe (v.1.4.3.1186) from the University of Edinburg
(Scotland) to determine net ecosystem CO2 exchange (NEE) with an
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Fig. 1. Diurnal variations in soil respiration (SR) and gross primary production (GPP) on the 12 paired days (a sunny day and an adjacent cloudy day) during the 2012 growing season
in a coastal wetland. Open black circles are SR on sunny days, and filled grey circles are SR on cloudy days. Black and grey solid lines represent GPP on sunny and cloudy days,
respectively. Data of SR represent means � standard error (n ¼ 4). Data of SR are measured once every 2 h and data of GPP are presented as 30-min average.

G. Han et al. / Soil Biology & Biochemistry 68 (2014) 85e94 87
averaging period (30 min). Data processing followed standard
methods and included despiking, coordinate rotation, time lag
corrections, and air density corrections. We used the following
procedure to fill missing and bad data. Small gaps (less than 2 h)
were filled by linear interpolation. Large gaps (more than 2 h) were
filled based on empirical models separately for daytime and
nighttime data. More details about flux data processing, quality
control and gap filling presented elsewhere (Han et al., 2013).

Nighttime NEE data (Reco, night) were filled with the exponential
relationship between Reco, night and soil temperature (Tsoil): Reco,
night ¼ a exp (b Tsoil). Based on the assumption that daytime
ecosystem respiration (Reco, day) follows the same temperature
response, Reco, day was determined using the exponential relation-
ships developed for nighttime periods (Han et al., 2013). Using the
values of Reco, day, GPP was calculated as the balance between Reco,
day and daytime NEE: GPP ¼ Reco, day e NEE.

2.4. Meteorological measurements

Meteorological parameters weremeasured simultaneously with
an array of sensors, including photosynthetically active radiation
(PAR) (LI-190SB, Li-Cor Inc., USA), air temperature (HMP45C, Vai-
sala, Helsinki, Finland), wind speed and direction (034B, Campbell
Scientific Inc., USA), atmospheric pressure (CS106, Campbell Sci-
entific Inc., USA), and precipitation (TE525 tipping bucket gauge,
Texas Electronics, Texas, USA). Soil temperature was measured at
five depths (5 cm,10 cm, 20 cm, 30 cm and 50 cm) with thermistors
(109SS, Campbell Scientific Inc., USA). Soil water content (SWC) was
measured by time domain reflectometry probes (EnviroSMART
SDI-12, Sentek Pty Ltd., USA) at seven depths (10 cm, 20 cm, 30 cm,
40 cm, 60 cm, 80 cm and 100 cm). All meteorological data were
measured every 15 s and then averaged half-hourly.

2.5. Statistical analysis

In order to analyse the effect of photosynthesis on soil respira-
tion, we selected 12 paired days (a sunny day and an adjacent
cloudy day) during the growing season under two criteria as
mentioned in the Introduction. A lag regression analysis was used
to assess the correlation between mean daytime soil respiration
and GPP during the daytime (PAR > 0) under both sunny and
cloudy conditions. A two-tailed two-sample t-test was used to test
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the significant differences in meteorological factors (PAR, temper-
ature, atmospheric pressure, and SWC), the mean rates of soil
respiration, and GPP between the sunny days and the adjacent
cloudy days. In all tests, a significance level of P ¼ 0.05 was used.

To determine the respective influence of GPP and soil temper-
ature on daytime soil respiration, linear and exponential regression
analyses were used. Linear regression was used to evaluate the
effect of GPP on daytime soil respiration on sunny and cloudy days,
respectively. In a previous study, correlation analysis revealed that
soil respiration was more significantly related to soil temperature
and soil water content of the top layer than at the deeper depths
(from 20 cm to 80 cm) (Han et al., 2012). Thus, we only used the
data of soil temperature at 5 cm depth and SWC at 10 cm depth to
investigate the influence of temperature or moisture on soil
respiration. On the basis of the observed data, we established an
exponential function to describe the relationship between soil
respiration and soil temperature: SR ¼ aebT, where SR is soil
respiration (mmol CO2 m�2 s�1), T is soil temperature (�C), a and b
are model parameters. In addition, linear and stepwise multiple
regression analysis were applied to examine effects of the changes
in GPP and soil temperature between sunny and cloudy days on the
changes in daytime soil respiration. The significance level was set at
P < 0.05.

Soil temperature variations are highly correlated with solar ra-
diation (Kuzyakov and Gavrichkova, 2010), and they will jointly
affects GPP. In order to avoid soil temperature masking the direct
effect of GPP on soil respiration, we compared the daytime soil
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Fig. 2. Average diurnal variations in soil respiration (SR, circles with solid lines), gross prim
lines) on (a) sunny days and (b) cloudy days during the growing season in a coastal wetland
days, respectively. Lag times between the peak of SR and the peak of GPP are indicated by
respiration of sunny and cloudy days under the same soil temper-
ature. At first, the exponential equation between soil respiration
and soil temperature on cloudy days was established. Then, soil
respiration on cloudy days was adjusted using the exponential
equation and the same soil temperature of the corresponding
sunny days. Lastly, a linear regression was used to evaluate the
effect of the changes in GPP between sunny days and adjacent
cloudy days on the changes in daytime soil respiration under the
same soil respiration. All statistical analyses were performed using
SPSS 11.5 (SPSS for Windows, Chicago, IL, USA).
3. Results

3.1. Diurnal variation of soil respiration rates

The diurnal courses of GPP, soil temperature and soil respiration
from the 12 paired days from April to November in 2012 are pre-
sented in Fig. 1. In order to compare the diurnal variation of soil
respiration under different radiation condition, data of GPP, soil
respiration and soil temperaturewere averaged from 12 sunny days
and 12 adjacent cloudy days, respectively (Fig. 2a and b). On a
sunny day, the diurnal variation of half-hourly GPP showed a
symmetrical patter (a bell shape) with the peak almost exactly at
noon, and the diurnal patterns of soil respiration varied corre-
spondingly with GPP (Figs. 1 and 2a). While on an adjacent cloudy
day, there was no regular diurnal variation in GPP, and soil
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Table 1
Lag times between the peak of soil respiration (SR) and the peak of gross primary
production (GPP), and proportion of SR to GPP (SR/GPP) on sunny days and adjacent
cloudy days, respectively.

Sunny days Cloudy days

Date Lag
time (h)

SR/GPP
(%)

Date Lag
time (h)

SR/GPP
(%)

April 13 0 47.8 April 12 2 54.8
April 30 2 22.9 April 29 2 31.3
May 13 2 33.1 May 12 4 60.2
May 28 2 31.0 May 29 0 31.4
June 5 2 24.0 June 6 2 30.3
June 13 0 27.1 June 14 0 40.9
June 26 4 20.1 June 27 0 28.5
July 3 2 23.6 July 4 / 44.0
July 11 0 26.1 July 10 0 54.2
July 21 2 23.7 July 20 0 30.2
October 30 2 23.8 October 29 / 26.9
November 6 0 21.1 November 5 0 40.5
Average 1.5 27.0 Average 1 39.4
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respiration rates were lower and fluctuated within a relatively
narrow range as compared to that of sunny day (Figs. 1 and 2b).

On a diurnal scale, mean daytime soil respiration lagged GPP but
preceded soil temperature (Fig. 2a and b). In the early morning
hours (4:00e7:00), although soil temperature decreased, soil
respiration increased gradually coinciding with increasing GPP
levels. Meanwhile, in the afternoon hours (14:00e20:00), soil
respiration decreased slightly following the decreasing trend of
GPP (Fig. 2a and b). The peak in soil respiration lagged behind the
peak in GPP by about 1.5 h (varying from 0 h to 4 h) on sunny days
and about 1 h (also varying from 0 h to 4 h) on cloudy days (Table 1,
Fig. 2a and b). At daytime, the proportion of soil respiration to GPP
was about 27.0% on sunny days and about 39.4% on cloudy days
(Table 1).

Plots of mean daytime soil respiration against GPP produced
hysteresis loops on both radiation conditions (Fig. 3a, c). There was
no significantly linear relationship between mean daytime soil
respiration and GPP on both sunny and cloudy days (Fig. 3a and d).
However, a lag regression analysis showed that soil respirationwas
significantly linearly correlated with GPP with a lag of 1.5 h on
sunny days (R2 ¼ 0.87, P < 0.001; Fig. 3b) and 1 h on cloudy days
(R2 ¼ 0.89, P < 0.001; Fig. 3d), respectively.
3.2. Effect of GPP on daytime soil respiration

During the daytime, PAR on sunny days (452.2 �
62.0 mmol m�2 s�1) showed significantly higher (P < 0.001) than
those values on adjacent cloudy days (149.1 � 25.4 mmol m�2 s�1)
(Fig. 4a), when data were averaged over the 12 paired sampling
dates. Since the cloudiness reduced the incoming radiation during
daytime, the amplitude of soil temperature at 5 cm depth was
significantly lower by 1.8 �C (P < 0.01) on cloudy days as compared
to that of sunny days (Fig. 4b). No significant difference in SWC at
10 cm depth and atmospheric pressure were detected (P > 0.05)
between sunny daytime and cloudy daytime (Fig. 4c, d).

Cloudy conditions also led to lower average values of both GPP
and daytime soil respiration as compared with sunny days (Fig. 4e
and f). There was a significant reduction (P < 0.001) in GPP (43.6%)
on cloudy daytime (4.35� 0.41 mmol CO2 m�2 s�1) compared to the
adjacent sunny daytime (7.71 � 0.61 mmol CO2 m�2 s�1) (Fig. 4e).
Similarly, therewas a statistically significant decrease (P< 0.001) in
soil respiration (19.0%) on cloudy daytime (1.58 � 0.08 mmol
CO2 m�2 s�1) as compared to that of adjacent sunny daytime
(1.95 � 0.10 mmol CO2 m�2 s�1) (Fig. 4e). Overall, PAR, soil
temperature, GPP and soil respiration under cloudy daytime were
significant lower than those values under sunny daytime, which
implies that cloudiness may limit soil respiration rates by reducing
soil temperature and GPP.

Daytime soil respiration was positive linear with GPP on both
sunny and cloudy days (r2¼ 0.49, P< 0.001 and r2¼ 0.39, P< 0.001,
respectively; Fig. 5a). Meanwhile, there were significant exponen-
tial relationships between daytime soil respiration and soil tem-
perature at 5 cm depth on sunny and cloudy days (r2 ¼ 0.81,
P < 0.001 and r2 ¼ 0.87, P < 0.001, respectively; Fig. 5b). Thus,
changes in daytime soil respiration between sunny and cloudy days
increased linearly with changes in GPP (r2 ¼ 0.18, P < 0.0001;
Fig. 5c) and changes in soil temperature (r2 ¼ 0.43, P < 0.0001;
Fig. 5d), respectively. Stepwise multiple regression analyses sug-
gested that changes in soil temperature (partial r2 ¼ 0.43,
P < 0.001) and GPP (partial r2 ¼ 0.10, P < 0.001) together explained
53% of the changes in daytime soil respiration rates between sunny
and cloudy days (Table 2), indicating the diurnal soil respiration is
controlled by the ecosystem photosynthesis together with tem-
perature changes. In addition, in order to analyse the direct effect of
changes in GPP on changes in soil respiration, we compared the
daytime soil respiration of sunny and cloudy days under the same
soil temperature. Under the same soil temperature, changes in GPP
were adequate to predict the changes in daytime soil respiration
between sunny and cloudy days (r2 ¼ 0.18, P < 0.001; Fig. 6).

4. Discussion

4.1. Time lag between GPP and soil respiration on a diurnal scale

The daily hysteresis pattern results from a lag of several hours
between soil respiration and recent photosynthesis, which has also
been found in a number of studies (e.g. Tang et al., 2005; Riveros-
Iregui et al., 2007; Davidson and Holbrook, 2009; Phillips et al.,
2011; Vargas et al., 2011a). In general, diurnal soil respiration lagged
photosynthetic activity on hourly scales (e.g. Baldocchi et al., 2006;
Liu et al., 2006; Bahn et al., 2008; Yan et al., 2011). The time lags of
0e4 h in our results are consistent with previous findings. For
example, a free air CO2 enrichment experiment (FACE) in a mixed
deciduous forest showed that the diurnal cycle of soil respiration
was correlatedwith PARwith a 1 h lag (Liu et al., 2006), and a pulse-
labelling experiment also showed that under sunny conditions
photoassimilates in a mountain grassland were transported and
respired belowgroundwithin less than 2 h (Bahn et al., 2009). More
recently, soil respiration showed significant responses to plant
photosynthetic activity with a time lag of about 0e3 h in a steppe
ecosystem (Yan et al., 2011). These short-term time lags between
photosynthesis and soil respiration suggest potentially that soil
respiration is a close link between recent photosynthate and soil
respiration processes (Kuzyakov and Gavrichkova, 2010). Mean-
while, the short-term time lags also indicate that the recent canopy
carbon supply into soil might be respired quickly by soil respiration
than previously assumed. Clearly, the fate of recent assimilates is
key in describing the degree to which plant assimilatory and soil
respiratory processes are coupled (Kayler et al., 2010).

Several studies have discussed the potential mechanisms on
how GPP influences soil respiration on a diurnal scale. Firstly, there
might be a fast transport of recent photosynthesis and substrate
supply from the canopy to the soil (Högberg et al., 2008; Bahn et al.,
2009; Vargas et al., 2011a). High transport rates of assimilates from
leaves into roots and their subsequent loss in the processes of root
respiration have been demonstrated by previous laboratory ex-
periments (e.g. Gregory and Atwell, 1991; Cheng et al., 1993;
Kuzyakov et al., 2001). Secondly, autotrophic respiration may
dominate the soil respiration signal on a diurnal scale during the
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growing season (Vargas et al., 2011a). Thirdly, temperature might
be inadequate to account for the diurnal variation of soil respiration
(Tang et al., 2005; Liu et al., 2006; Yan et al., 2011) because radiation
not only affect temperature but also drive canopy photosynthesis.
Therefore, incorporating the time lag in the models will signifi-
cantly increase their precision, especially on the time scale of hours
and days (Kuzyakov and Gavrichkova, 2010).

4.2. GPP regulates diurnal soil respiration on an ecosystem scale

Cloudiness decreased daytime soil respiration by 19.0%
(P < 0.001; Fig. 4f) as compared to that of adjacent sunny daytime,
which might result from two compatible mechanisms. On the one
hand, cloudiness decreased soil temperature (P < 0.001; Fig. 4b),
thereby limiting the rate of soil respiration. It is clear that soil
respiration generally responds positively to increased soil tem-
perature whenwater is not limited at different temporal scales in a
number of ecosystems (e.g. Davidson and Janssens, 2006; Han et al.,
2007; Bond-Lamberty and Thomson, 2010). On the other hand,
lower PAR and soil temperature on cloudy days (P < 0.001; Fig. 4a,
b) reduced canopy photosynthesis (P < 0.001; Fig. 4e), conse-
quently decreasing translocation of recent photosynthates to the
rhizosphere, which might affect both maintenance respiration and
growth of roots, mycorrhizae, and rhizosphere microorganisms
(Davidson and Holbrook, 2009). As a result, substrate limitation in
the rhizosphere may have reduced the rate of soil respiration. In
addition, the enhancement of convective flows in PAR can have a
considerable influence on root radial oxygen loss in Phragmites
australis (Armstrong and Armstrong, 1988, 1990), which plays an
important role in the physicochemical environment of the
rhizosphere, particularly for wetland plants growing in oxygen
deficient waterlogged soils (Blossfeld et al., 2011). As a conse-
quence, the difference in root radial oxygen loss between sunny and
cloudy days can lead to the changes in rhizosphere biogeochem-
istry (e.g. Blossfeld et al., 2011), resulting in changes in rhizosphere
respiration.

Under the same soil temperature, changes in daytime soil
respiration rates were regulated ultimately by the difference in GPP
between sunny and cloudy days (Fig. 6), suggesting recent carbon
assimilation is a key driver of soil respiration (Kuzyakov and
Gavrichkova, 2010). Recent ecosystem photosynthates to the
rhizosphere may control belowground respiration processes in
several ways. Firstly, autotrophic soil respiration was constrained
by the allocation of products to belowground, which was tightly
coupled with photosynthesis of the canopy (Högberg and Read,
2006). Consequently, root respiration was very sensitive to
changes in photosynthesis, and it decreased significantly without
photosynthesis (Högberg et al., 2001; Kuzyakov and Cheng, 2004;
Ekblad et al., 2005). Secondly, heterotrophic soil respiration origi-
nated from decomposition of litter and soil organicmatter, of which
the availability also depended on primary productivity (Yan et al.,
2011). In situ 13CO2 pulse labelling experiment demonstrated that
recently assimilated carbon was allocated to the pool of microbial
biomass within 1 day in a cutover peatland (Trinder et al., 2008).
The ability of microorganisms to decompose additional soil organic
matter decreased when easily-decomposable substrates decreased
due to the absence of photosynthesis (Kuzyakov and Cheng, 2001).
Thirdly, the respiration of mycelium has also been found to be
dependent on newly produced photosynthates (Söderström and
Read, 1987). More of the belowground carbon flux was made
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available tomycorrhizal fungi and other soil biota closely associated
with roots (Högberg and Read, 2006). Therefore, changes in
photosynthesis could affect soil respiration via alterations in
belowground substrate availability (Sampson et al., 2007). For
example, the daily GPP was linearly correlated with daily soil
respiration during the growing season (Irvine et al., 2005), and the
newly produced photoassimilates could even account for 65%e70%
of total soil respiration (Ekblad and Högberg, 2001; Högberg et al.,
2001; Søe et al., 2004). Hence, the models of soil respiration should
consider photosynthesis or radiation (a direct proxy of photosyn-
thesis) as one of the main drivers in the theoretical explanation or
modelling of soil respiration (Tang et al., 2005; Sampson et al.,
2007; Moyano et al., 2008; Kuzyakov and Gavrichkova, 2010;
Mencuccini and Hölttä, 2010), since the ultimate source of carbo-
hydrates for root and soil microbial respiration is primarily plant
photosynthate (Davidson and Holbrook, 2009). For example,
incorporation of PAR responses into models of diurnal soil respi-
ration improved predictions for fluxes measured from a mixed
conifer and oak forest in California (Vargas and Allen, 2008).

4.3. Features, limitations and perspectives of the study

By taking advantage of the natural shift of sunny and cloudy
days, this study determined that ecosystem photosynthesis regu-
lated soil respiration on a diurnal scale. This approach can limit
the variability of other controlling factors, such as biomass and LAI,
soil moisture, SOC and plant litterfall, based on undisturbed
field measurements without manipulation. Furthermore, the
combination of the automated measurements of soil respiration
and EC measurements of ecosystem photosynthesis brings us the
data resources with high time resolution, which provides the
possibility to test the hypothesis that ecosystem photosynthesis
regulates soil respiration on a diurnal timescale.

Using different indirect methods (e.g. trenching, girdling of
trees, shading and clipping of aboveground biomass), previous
studies have evaluated the effect of radiation or photosynthesis on
soil respiration and the speed of their links (Högberg et al., 2001;
Wan and Luo, 2003; Gaumont-Guay et al., 2008; Yan et al., 2011).
These indirect approaches and their disturbance inherently
involved possible alterations of factors such as heterotrophic
respiration, radiation, temperature, moisture, and plant physio-
logical responses to cutting (Kuzyakov and Cheng, 2001; Wan and
Luo, 2003; Gaumont-Guay et al., 2008), which might lead to
various errors and limit their applicability (Kuzyakov and
Gavrichkova, 2010). Moreover, using these indirect approaches, it
is difficult to quantify individually the effect of abiotic and biotic
factors on diurnal variation of soil respiration, because these vari-
ables tend to covary on a diurnal scale (Liu et al., 2006). Although
isotope studies can offer the advantage that measurements involve
no soil disturbance (Kuzyakov and Gavrichkova, 2010; Mencuccini
and Hölttä, 2010), they are not well suited to provide evidence to
show that sudden changes in canopy photosynthesis rapidly affect
substrate availability for respiration (Mencuccini and Hölttä, 2010).
For example, 13CO2 could not obtain a greater resolution unless long
labelling periods or very high 13CO2 concentrations were used,
which would be associated with very high financial costs (Carbone
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et al., 2007). Thus, the isotopic approaches are probably not very
useful for detecting the hourly time lags between photosynthesis
and soil respiration on a diurnal scale. In contrast, through selecting
12 pair of sunny and cloudy days without disturbance to the plant-
soil system, we found a signal that ecosystem photosynthesis reg-
ulates soil respiration on a diurnal scale with a short-term time lag.

However, in our study the effect of ecosystem photosynthesis on
soil respirationwas only observed in the 12 paired days and did not
hold the whole growing season. Moreover, soil respiration could
not be measured during the peak growing season (August and
September) because surface water flooded the soil collars.
Table 2
Parameter descriptions of multiple linear regression analysis that significantly
explained the changes in mean daytime soil respiration between sunny days and
adjacent cloudy days during the growing season.

Parameter DSRa

Coefficient SE F P Partial r2

Constant 0.07 0.05 1.38 0.150
DTb 0.10 0.01 7.65 <0.001 0.43
DGPPc 0.04 0.01 4.08 <0.001 0.10
Modeld r2 ¼ 0.53

a DSR: Changes in daytime soil respiration (mmol CO2 m�2 s�1) between sunny
days and cloudy days.

b DT: Changes in daytime soil temperature at 5 cm depth (�C) between sunny days
and cloudy days.

c DGPP: Changes in gross primary production (mmol CO2 m�2 s�1) between sunny
days and cloudy days.

d Form of equation: DSR ¼ a þ b*DT þ c*DGPP.
Therefore, it is essential to have a more long-term, continuous
datasets of soil respiration, GPP and other environmental factors for
the entire growing period. Additionally, we did not separate soil
respiration into autotrophic and heterotrophic sources. These
limited datawill increase the uncertainty about the effect of canopy
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photosynthesis on soil respiration. Hence, further research and
some other approaches including isotope methods are needed to
recognize the influence of photosynthesis on the different
component of soil respiration (autotrophic and heterotrophic
respiration), and the different roles of the biological and soil com-
ponents of the ecosystem in determining the time lags (Stoy et al.,
2007). Meanwhile, in order to incorporate photosynthetic inputs of
carbon into the models of soil respiration, it is necessary to get
more detailed information about the dynamics of the carbon flux
from the vegetation canopy into belowground system and the
coupling of photosynthetic assimilation and soil respiratory fluxes
at different timescales.
5. Conclusions

Our results provided a clear signal that canopy photosynthesis
regulates soil respiration on a diurnal scale with a time lag of about
0e4 h. The short-term time lags indicate that the recent canopy
carbon supply into soil might be respired quickly by soil respiration,
so photosynthesis should be incorporated in soil carbon turnover
models. Moreover, our results also provide further evidence that
under the same soil temperature the changes in GPP regulate the
changes in daytime soil respiration between sunny days and
adjacent cloudy days. We therefore conclude that the effects of
photosynthesis on soil respiration should be considered in order to
accurately simulate the magnitude and temporal variation of soil
respiration. Our results come from purely correlative analysis or
statistical data by taking advantage of the natural shift of sunny and
cloudy days, so it is necessary to get more detailed information and
functional mechanism about the translocation of recent photo-
synthates to the rhizosphere and the speed of link between
photosynthesis and soil respiration at different timescale.
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