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a b s t r a c t

Rhizosphere priming is crucial for regulating soil carbon and nitrogen biogeochemical cycles. An
appreciable number of studies have been conducted to quantify the rhizosphere priming effect (RPE),
and have shown that the RPE is sensitive to changes of plant and soil conditions. These diverse results
across individual studies offer us an opportunity to explore for potential general patterns and variability.
In this study, we conducted a meta-analysis of RPE values taken from 31 publications. Our results showed
that, on average, the RPE enhanced soil organic carbon mineralization rate by 59% across all studies. The
magnitudes of the RPE significantly varied among plant types and soil texture. Within plant types, woody
species showed the highest RPE followed by grasses while crops had the lowest level of the RPE, indi-
cating that plant traits and physiology may exert important controls on the RPE. Soils with finer texture
tended to produce stronger RPEs than soils with coarser texture, suggesting that interactions between
the rhizosphere and the soil matrix may modulate the RPE. Furthermore, the level of the RPE is positively
correlated with aboveground plant biomass, but surprisingly not with root biomass which is the
commonly believed key variable for influencing the RPE. In addition, the RPE increased with the length of
experimental duration, which implies that the RPE may persist much longer than previously believed
because it impacts stabilized soil carbon more than labile carbon as the length of experimental duration
increases. Overall, the results from this meta-analysis further illustrate several complex features of the
RPE and call for future attentions to decipher this complexity.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past decade, evidence indicates that rhizosphere pro-
cesses play a crucial role in regulating soil carbon cycle (Finzi et al.,
2015). The presence of live roots can suppress soil organic matter
(SOM) decomposition rates by 50% or stimulate it by 380%, when
compared with soil incubations without plants (Cheng et al., 2014).
This phenomenon is known as the rhizosphere priming effect
(RPE). Hence, the magnitude of the RPE is similar to the effects of
temperature and soil moisture on SOM decomposition (Zhu and
Cheng, 2011). However, our current understanding on the RPE is
still mostly based on scattered published results. A meta-analysis is
needed to provide a quantitative assessment on the RPE.

The RPE is a change of SOM decomposition rate due to the
presence of living roots and aboveground vegetation (Kuzyakov,
gy, Chinese Academy of Sci-
2002), while the general priming effect (PE) is a change of SOM
decomposition rate due to substrate additions (L€ohnis, 1926;
Bingemann et al., 1953). The RPE is different from the general PE
in several aspects. First, simple compounds such as glucose or
amino acids are often used as the trigger substrates in studying the
general PE, whereas, the commonly believed substrates causing the
RPE are complex mixtures of root exudates and other rhizodeposits
(Kuzyakov, 2010; Haichar et al., 2014). Second, in studies of the
general PE, substrates are often added once at the beginning of the
incubation (but see Qiao et al., 2014), while substrates are supplied
continuously during plant growth in the case of the RPE. Third, the
artificially created “hotspots” (i.e. locations) of the general PE are
static, while the “hotspots” in the rhizosphere are moving through
the soil matrix with root growth (Kuzyakov and Blagodatskaya,
2015). Fourth, and most importantly, the RPE occurs under a suite
of physical, chemical, biological and environmental interactions
between plants and soils (Cheng et al., 2014; Kuzyakov and
Blagodatskaya, 2015), while the general PE is often observed as a
much simpler response to substrate additions (Kuzyakov et al.,
2000). Because of these differences between the RPE and the
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general PE, and because meta-analyses of the general PE have
recently been published (e.g. Zhang et al., 2013; Luo et al., 2016),
this study strictly focuses on quantitative analysis of the RPE.

Reports published in the literature have indicated that different
plant species produced different RPEs when grown in the same soil.
For example, results from one study suggested that soybean
(Glycine max) had a consistently stronger RPE than did wheat
(Triticum aestivum) (Cheng et al., 2003). Some studies showed that
grassland and crop species grown under the same condition
resulted in very different magnitudes and directions of RPEs
(Dijkstra et al., 2010; Shahzad et al., 2015; Wang et al., 2016). To
date, however, no systematic synthesis has been done on the role of
plant species in regulating the RPE. Furthermore, plant biomass (i.e.
root, shoot and total) appears to have a positive linear correlation
with the RPE for two plant species (Glycine max and Helianthus
annuus) (Dijkstra et al., 2006; Zhu and Cheng, 2013). However, the
generality of this correlation has not been tested broadly.

Significantly different levels of RPEs can also occur when the
same plant species is grown in different soils (Dijkstra et al., 2006),
but which soil properties lead to the differences in RPEs is unclear.
Soils with high SOM content have been hypothesized to have the
potential for producing higher RPEs because soils with more
organic matter tend to also have more labile carbon (Kuzyakov,
2002). However, this hypothesis requires further testing as some
soil incubation studies have shown that priming may actually
accelerate the decomposition of both labile carbon and stabilized
carbon (Fontaine et al., 2007). Some soils with lower N contents
tend to have higher RPEs (Dijkstra and Cheng, 2007). But results
from N fertilization experiments have indicated an inconsistent
role of soil N status in regulating RPEs (Liljeroth et al., 1994; Cheng
et al., 2003; Hoosbeek et al., 2006; Kumar et al., 2016). Other soil
factors (e.g., soil moisture, temperature, pH value and physical
characters) may also have the potential to influence the RPE,
because, so far, all investigated soil variables appear to act on RPEs
(Cheng et al., 2014). Therefore, sorting out potential patterns about
the relationships between the RPE and soil variables requires a
comprehensive analysis using all results available.

The temporal dimension of the RPE is another potentially
important aspect that may need a comprehensive analysis. Many
studies report values of the RPE based on one or twomeasurements
in short-term experiments with durations from weeks to a few
months (e.g. Thurgood et al., 2014; Wang et al., 2016). Some longer-
term studies have shown multiple RPE values during an entire
growing season (e.g. Cheng et al., 2003; Shahzad et al., 2015;
Mwafulirwa et al., 2016). Only two studies have experimental du-
rations longer than a year (Bader and Cheng, 2007; Dijkstra and
Cheng, 2007). Thus, it remains unclear how the length of the
experimental durations may influence the reported RPE values.

Meta-analysis as an objective and quantitative methodology
has complementary advantages of subjective and qualitative re-
views. General reviews or syntheses on the RPE have recently been
published (Dijkstra et al., 2013; Cheng et al., 2014; Finzi et al.,
2015). However, meta-analysis on the RPE is lacking. In order to
address the above-mentioned issues, we carried out a meta-
analysis on the RPE with the following key objectives: (1) to
evaluate the overall mean level of the RPE reported so far, (2) to
seek relationships between the RPE and other variables (e.g., plant
biomass and soil properties), and (3) to identify the time scale of
the RPE. Specifically, we addressed the following research ques-
tions: (1) Is the RPE positively correlated with plant biomass
(shoots, roots, and total)? (2) Do different groups of plant species
(e.g., crops, grassland species, and woody species) tend to produce
different levels of the RPE? (3) What soil properties show signif-
icant correlations with the RPE? and (4) Does the RPE change as
the experimental duration increases?
2. Materials and methods

2.1. Data sources

In this meta-analysis, we searched for relevant articles inWeb of
Science database (publication years 1900e2016) using the
“Advanced Search” feature and two search statements: (1)
TS¼ rhizosphere AND TS¼ priming; and (2) TS¼ rhizosphere AND
TS ¼ decomposition AND TS ¼ isotope (“TS”, one of the “Field Tags”
in the search engine, stands for “Topic”). A total of 232 articles were
found by using the first search statement and 72 articles were
found by using the second search statement. All found articles were
further screened, and articles do not satisfy the following criteria
were excluded from further analysis: (1) the article reports SOM-
derived CO2 release rate(s) separately from root-derived CO2
(which includes rhizosphere microbial respiration utilizing rhizo-
deposits) using a 13C or 14C isotope technique; and (2) the study
includes unplanted soil controls under the same environmental
conditions as the planted treatments. Both criteria are required for
quantitative determination of the RPE. Studies under wetland set-
tings were also excluded (e.g. Wolf et al., 2007; Linkosalmi et al.,
2015; Mueller et al., 2016), because of the drastically different soil
water conditions. After these restrictions, a total of 191 quantitative
measurements of the RPE from 31 published articles were identi-
fied as suitable for further analysis (Table S1).

For each study, we tabulated information on soil organic matter
decomposition rates of both planted soils and unplanted soil con-
trols (i.e. SOM-derived CO2 efflux rates), their associated standard
deviation and the sample size. We also collected other frequently
reported information, including experimental settings, plant spe-
cies, plant biomass, soil texture, soil organic carbon and nitrogen
contents, pH, and microbial biomass (Table S2). Most of the RPE
values were determined under controlled environmental condi-
tions, so soil moisture, soil temperature and lighting intensity at the
time of RPE measurements were not tabulate for further analyzing.
When data were presented in figures in original publications, they
were extracted by GetData (V2.20) software. In addition, we unified
units among studies prior to statistical analysis.

Furthermore, for categorical variables, plant species were
grouped into woody species, grassland species, crops and others;
soil types were grouped according to soil texture: fine (clay loam,
silty loam and loam) and coarse (sandy loam and loamy sand).
2.2. Statistical analysis

2.2.1. Average effect size of the RPE under plant and soil groups
We carried out meta-analysis using MetaWin software

(Rosenberg et al., 2000) to assess the overall magnitude of the RPE
as reported in the published literature and the relationship be-
tween the degree of the RPE and the associated categorical vari-
ables of plant groups and soil texture groups. Among the 191 data
points of the RPE collected from 31 articles, some data points came
from measurements at deferent time points (i.e. repeated mea-
sures) under the same treatment (e.g. plant species or soil type) in a
particular experiment. As required by meta-analysis procedure
(removal of time-dependency), we aggregated the data points from
repeated measures using the following equation (Liao et al., 2008):

M ¼
Xj

i¼1

Mi
j
; SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPj
i¼1SD

2
i ðni � 1Þni�Pj

i¼1ni � 1
�Pj

i¼1ni

vuuut

Where M is the overall aggregated mean for the particular treat-
ment and SD is the associated standard deviation for M; j is the
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number of repeated measures under one treatment (�2), Mi, SDi

and ni are mean, standard deviation and sample size on the ith
sampling times, respectively. The aggregation of repeatedmeasures
was done on the SOM decomposition rates of both the planted soil
and the unplanted soil. After the aggregation of repeated measures
and removal of a few outliers, the original 191 data points were
reduced to 74 data points. These 74 data points were used for this
part of the meta-analysis (Table S2).

For each of these 74 data point, we tabulated the means of SOM
decomposition rates (as determined by SOM-derived CO2 efflux
rate) for the planted soil and the unplanted soil control, and their
associated standard deviation and sample size. Percent priming
effect was calculated by using this equation: RPE% ¼ (Rplanted -
Runplanted)/Runplanted X 100; where Rplanted is the SOM decomposi-
tion rate of the planted soil and Runplanted is the SOM decomposition
rate of the unplanted soil.

Effect size for each data point was calculated as the natural log of
the response ratio (RR) (Gurevitch et al., 2001): ln (RR) ¼ ln�
Xt
Xc

�
where Xt and Xc are the means of SOM derived CO2 efflux rate

of the planted soil and the unplanted control, respectively. The log
transformation was done to improve the statistical behavior. The
variance (vlnR) associated with each effect size was calculated by
using the following equation (Hedges et al., 1999):

vlnR ¼ SD2
t

ntX2
t
þ SD2

c

ncX2
c

where SDt and SDc are the standard deviations for the planted soil
and the unplanted soil control, respectively; nt and nc are the
sample sizes for the planted soil and the unplanted soil control,
respectively. A ln (RR) ¼ 0 indicates no rhizosphere priming effect,
ln (RR)> 0means positive priming effect, and ln (RR) < 0 represents
negative priming effect.

We calculated the 95% confidence intervals (CI) for the overall
means of all 74 effect sizes, and for the average effect size within
each plant type groups and soil texture groups by variance-
weighted bootstrapping (999 iterations) using MetaWin software
(Rosenberg et al., 2000). If 95% CI did not overlapwith 0, it indicated
a significant RPE. If the 95% CI of a particular group (e. g., plant type
or soil texture) did not overlapwith the CI of another group, the two
groups are significantly different from each other.
Relationships between the effect size (ln RR) of the RPE and plant and soil variables
by two analyzing methods. “n” in the header is the number of data points; P-values
with (�) indicate negative correlation. P-values in bold are statistically significant at
the P < 0.05 or P < 0.001 level.

Variables n Random effect model# Linear
correlation*

QT QM QE P-value R2 P-value

Plant total biomass 113 170.88 13.46 157.42 0.000 0.077 0.003
Plant shoot biomass 113 175.35 21.26 154.09 0.000 0.119 <0.001
Plant root biomass 113 147.40 0.01 147.39 �0.911 0.000 �0.915
Days after planting 190 317.37 73.00 244.37 0.000 0.228 <0.001
Soil organic C 53 55.95 0.01 55.94 �0.965 0.000 �0.927
Soil total N 53 54.89 0.10 54.80 �0.755 0.007 �0.537
C:N ratio 53 55.82 0.21 55.61 0.654 0.004 0.664
pH 65 86.98 1.64 85.34 0.201 0.014 0.355
Microbial biomass C 39 51.97 5.17 46.81 0.023 0.103 0.046

# Testing for relationships between ln (RR) and plant and soil variables by contin-
uous random effect model with MetaWin. Statistical results were reported as total
heterogeneity in effect sizes among all observations (QT), the difference among
group cumulative effect sizes (QM), and the residual error (QE) from continuous
randomized-effects model meta-analyses. The relationship is significant when
P < 0.05. n is the number of observations. Values from repeated measures through
time were not aggregated by averaging for the relationships between ln (RR) and
plant biomass variables and between ln (RR) and DAP (day after planting).
* Linear correlations between ln (RR) and plant and soil variables (using SPSS soft-
ware). P-values with (�) indicate negative correlation.
2.2.2. Influence of numerical variables on the RPE
Along with the 191 data points of the RPE (also represented as

response ratio or effect size), we also collected plant aboveground
biomass (113 data points), root biomass (113 data points), total
plant biomass (113 data points), Days After Planting (DAP) (190 data
points), soil C&N contents and C:N ratio (53 data points), pH values
(65 data points), and soil microbial biomass C (39 points) from the
31 published articles.

We noted two major issues with these data. First, mismatched
data points among these variables were common. For example,
many DAP data points are associatedwith repeatedmeasures of the
RPE and do not correspond to other variables, so they are highly
mismatched. Second, missing data are widespread, as apparently
indicated by the very different number of data points for different
variables. Because of these issues, multi-variate step-wise analysis
could not and should not be applied to these data. It was also likely
because of these issues that step-wise regression analysis was
rarely part of any publication using meta-analysis.

In order to better use these data, we employed two approaches
for analyzing the relationships between the values of the RPE [as
represented by effect sizes, i.e. ln (RR) ] and several numerical
variables including plant aboveground biomass, root biomass, total
plant biomass, experimental duration (i.e. DAP: days after
planting), soil carbon content, soil nitrogen content, soil C:N ratio,
soil pH, and soil microbial biomass carbon. In our first approach, we
employed a continuous random effect model of MetaWin software
(Rosenberg et al., 2000) to analyze these relationships between
effect sizes of the RPE [ln (RR)] and the numerical variables
mentioned above. This approach calculated total heterogeneity in
effective sizes (QT), the heterogeneity in effect sizes associated with
each variable (QM), and the residual error (QE). The Q statistic
approximately follows a chi-square distribution, which allows a
statistical test of the null hypothesis that all effect sizes are equal.
The results of this approach were given in Table 1. Our second
approach was to use simple linear correlation analyses between
values of the RPE and each of the above mentioned continuous
variables using SPSS software (2001, ver. 13.0; SPSS Inc., Cary, NC).
The results of the second approach were combined with that from
the first approach (Table 1).

3. Results

3.1. Rhizosphere priming across plant and soil types

Across studies, the SOM decomposition rate under the planted
treatment was abundantly higher than that of the unplanted
treatment when both were measured under similar soil tempera-
ture andmoisture conditions, as shown by the overall average value
(0.47 with 95% CI from 0.37 to 0.56) of the effect size of the RPE
(Fig. 1). This average effect size indicated a response ratio of 1.59 or
1.59 times stimulation of SOM decomposition rate by the RPE as
compared to the average rate of the unplanted control. The 95% CI
of 0.37e0.56 in effect sizes could be translated to 95% CI of
1.45e1.75 in response ratios, or 95% probability that the average
stimulation of SOM decomposition rates by the RPE falls within the
range of 1.45e1.75 times of the unplanted control rate. The results
from this meta-analysis also indicated a trend that the average ef-
fect sizes of the RPE for plant groups of woody species, grassland
species, and crops were different from each other. The mean effect
size of woody species, grassland species and crops were 0.77 (95%



Fig. 1. Effect sizes of the rhizosphere priming effect (mean ± 95% CI, CI is confidence
interval) categorized by plant types (Woody, Grassland species, Crops and Others) and
soil texture (Fine, and Coarse). The sample sizes for each group were given on the left
y-axis. The dashed line was drawn at mean effect size ¼ 0. The treatment effect
(rhizosphere priming) is statistically significant if the 95% CI of the effect size does not
overlap with the zero line.
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CI: 0.60e0.93), 0.57 (95% CI: 0.38e0.75) and 0.38 (95% CI:
0.25e0.51), respectively. Woody species tended to produce statis-
tically higher (P < 0.05) RPEs than crops (2.16 vs. 1.46 times stim-
ulation of SOM decomposition rate by the RPE), while grassland
species produced intermediate RPEs with a confidence interval
overlapping with the other two groups. Furthermore, the effect size
of the RPE significantly (P < 0.05) depended on soil texture. The
average effect sizes of the RPE for fine and coarse texture soil
groups were 0.62 (95% CI from 0.46 to 0.75) and 0.35 (95% CI from
0.22 to 0.47), respectively (Fig. 1). This result indicated that soils
with finer texture tended to produce higher RPEs than that of
coarser texture, or 1.86 vs. 1.42 times stimulation of SOM decom-
position rates by the RPE for the fine texture group vs. the coarse
texture group.
3.2. Dependence of the RPE upon plant and soil variables

We analyzed the relationships between values of the RPE [as
represented by effect sizes, i.e. ln (RR) ] and each of the following
numerical variables: (1) plant aboveground biomass (113 data
points), (2) root biomass (113 data points), (3) total plant biomass
(113 data points), (4) experimental duration (i.e., DAP: days after
planting) (190 data points), (5) soil carbon content (53 data points),
(6) soil nitrogen content (53 data points), (7) soil C:N ratio (53 data
points), (8) soil pH (65 data points), and (9) soil microbial biomass
carbon (39 data points). Two statistical approaches were applied:
(1) continuous random effect model of MetaWin software
(Rosenberg et al., 2000), and (2) simple linear correlation analysis
of SPSS software (SPSS Inc., Cary, NC). Results of these analyses
using both approaches indicated that there were significant re-
lationships between the effect size and total plant biomass,
aboveground biomass, days after planting and soil microbial
biomass (Table 1, Fig. 2). Whereas, root biomass, soil carbon con-
tent, soil nitrogen content, soil C:N ratio, and pH value showed no
significant relationships with the effect sizes (Table 1). The analysis
of Continuous Random Effect did not rest on any assumption about
the kind of the relationships (e.g., linear or nonlinear), but only
assessed the level of impact by an independent variable on the
dependent variable (i.e., the effect size of the RPE). The fact that the
results from both approaches corroborated signaled that the linear
assumption used in the analysis of linear correlations was not an
important issue, even though most independent variables
accounted for relatively low level of the total variability of the effect
sizes.

Interestingly, the correlation between the RPE and plant shoot
biomass, but not root biomass, was statistically significant and
accounted for 11.9% of the total variation of the RPE (R2 ¼ 0.119)
(Table 1, Fig. 2), given that roots would normally be expected to
have a more direct connection with the RPE. Another independent
variable, soil microbial biomass carbon was also positively corre-
lated with the level of the RPE (Table 1, Fig. 2). However, three
outliers from two articles (Sinyakina and Kuzyakov, 2002; Shahzad
et al., 2012) were excluded from the analysis. If the three outliers
were included, the correlation between the RPE and soil microbial
biomass became insignificant. More noteworthy was that the cor-
relation between the RPE and DAP (days after planting, a measure
of experimental duration) was highly significant and accounted for
22.8% of the total variation of the RPE (R2 ¼ 0.228) (Table 1, Fig. 2).
We noted that the six data points with the longest DAP (395 days)
from one study (Dijkstra and Cheng, 2007) might have particularly
high impact on the relationship. We re-analyzed the data after
excluding the six data points, and found that the regressionwas still
highly significant (P < 0.001, R2 ¼ 0.172). This suggested that the
positive correlation between the level of the RPE and DAPwas quite
robust.
4. Discussions

4.1. General pattern of the RPE

Our meta-analysis showed that the RPE, on average, stimulated
soil organic carbon decomposition by 59% above the rate of
unplanted soil controls (Fig. 1). This average value was derived from
a data set of 74 data points from 31 published studies. It should be
noted that 41 of the 74 data points were collected from experiments
using crops, and that only 11 of the 74 data points were fromwoody
species. Therefore, this overall average value may bear more rele-
vance to agricultural systems (or grasslands, 16 of the 74) than
forests. Nevertheless, this broad-based average value of the RPE has
not been presented previously. Based on individual observations in
the entire data set, rhizosphere priming may inhibit SOM decom-
position by 79% (Thurgood et al., 2014), or stimulate SOM decom-
position by more than 500% (Dijkstra and Cheng, 2007; Shahzad
et al., 2015) when compared with soil incubations without plants.
Given this wide range of the RPE reported in individual studies, the
95% confidence interval of 45%e75% RPE values associated with the
overall mean of 59% RPE in this meta-analysis is quite narrower
than expected. Therefore, this overall average value of 59% RPE
from the meta-analysis, together with the wide range of values
reported from individual studies, helps us to more realistically
gauge the overall potential and significance of the RPE in regulating
biogeochemical cycles in terrestrial ecosystems (Finzi et al., 2015).
Furthermore, two recent studies using meta-analysis have reported
that the “general” priming effect produced from addition of isotope
labeled substrates may accelerate native SOM decomposition by
14.2% (Luo et al., 2015) or 26.5% (Zhang et al., 2013) on average. In
comparison, the overall average value of 59% RPE from our current
meta-analysis is at least two times higher than their values. This
gap may reflect the fundamental difference between the RPE and
the “general” priming effect as described in the introduction. This
level of difference between the RPE and the priming effect of added
substrates is reasonable because rhizosphere activities are
commonly recognized as one of the most crucial ‘hot spots’ and the
pivotal force behind ‘hot moments’ in soil systems (Kuzyakov and
Blagodatskaya, 2015).



Fig. 2. Scatter plots and linear correlations (the solid line) between the rhizosphere priming effect (RPE) and plant and soil variables. Line is the best-fit regression. Each symbol
represents one observation. RPE values from repeated measures through time within one study were not aggregated for the plot between RPE values and plant biomass and for the
plot between RPE and day after planting. Repeated measures were aggregated by averaging for the plot between RPE and soil microbial biomass carbon. The RPE increased
significantly with plant total biomass (n ¼ 113, R2 ¼ 0.077, P < 0.003), aboveground biomass (n ¼ 113, R2 ¼ 0.119, P < 0.001), days after planting (n ¼ 190, R2 ¼ 0.228, P < 0.001) and
soil microbial biomass carbon (n ¼ 39, R2 ¼ 0.103, P < 0.05). The RPE was not significantly related to plant root biomass. RPE ¼ (Xt/Xc �1) � 100, where Xt and Xc are the means (SOM
derived CO2 efflux rate) of the planted soil and the unplanted control soil under the same soil and environmental conditions, respectively.
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4.2. Temporal scales of the RPE

Temporal aspects of the RPE are crucial for understanding SOM
decomposition. The current meta-analysis provided a new line of
evidence supporting the idea of long lasting RPEs. Experimental
duration (Days after planting) was the most influential variable for
controlling the RPE among a total of 9 variables considered (Table 1,
Fig. 2), and accounted for 22.8% of the total variation of the RPE in
the statistical analysis. Furthermore, the level of the RPE signifi-
cantly increased as the experimental duration increased (Fig. 2),
which indicated that the RPE impacted the decomposition of sta-
bilized SOM more than the labile SOM after the relatively labile
SOM was largely exhausted as the experimental duration went
longer. As widely known, the decomposition of labile SOM largely
dominates at the beginning of an experiment and diminish at later
stage. Therefore, the RPE in the short-term (days to weeks) is
generally believed to be mostly relevant to the dynamic change of
labile SOM which is a small fraction of the total SOM in most soils,
whereas the RPE in the longer-term (months to decades) may in-
fluence stabilized SOM (the dominant form of SOM) (Rousk et al.,
2015). Indeed, some other evidence also indicates that the RPE is
a long-term phenomenon. A greenhouse experiment involving two
tree species has shown that the RPE persisted at a high level
throughout the entire experimental duration of 395 days (Dijkstra
and Cheng, 2007). Moreover, stabilized SOM including black carbon
can be primed by adding external labile substrates (Fontaine et al.,
2007; Kuzyakov et al., 2009; Bernal et al., 2016; Vesterg€ard et al.,
2016). Results from FACE (Free-Air CO2 Enrichment) experiments
also imply the continuous nature of the enhanced RPE under the
elevated CO2 treatment (Drake et al., 2011; Phillips et al., 2012; Van
Groenigen et al., 2014). Results from a study of the RPE on 13C-
labeled litter decomposition also suggest that the RPE tended to
associated with shifts in microbial composition in a relatively long-
term timeframe (Bird et al., 2011). Overall, some available evidence
so far indicates that the RPE is likely to persist beyond months and
years in perennial-dominated ecosystems.
4.3. Driving variables of the RPE

Concerning what variables drive the RPE, several new patterns
emerged from our meta-analysis. First, the magnitude of the RPE
was significantly different among broad plant types, woody species
showing the highest RPE, followed by grassland species, and crops
with the lowest level of the RPE (Fig. 1). It should be note that, due
to the relatively low number of data points for woody species in the
current data set, caution is warranted. Given that the current data
set is heavily dominated by crops, the overall average value of the
RPE could be much higher if more datawere fromwoody species or
grassland species. Human selection processes through domestica-
tion and crop breeding may be responsible for the lower RPE of
crops, because these processes tend to select for grain production in
relatively fertile fields at the cost of lowering belowground input,
thereby reducing the RPE. At the presence, what plant traits are
linked to the RPE remains an open research question. Theoretically
the RPE can be controlled by root exudation, root litter input, root
architecture and mycorrhizal fungi. A study with 12 tree species
showed that rhizosphere effects on soil microbes and their activ-
ities were significantly higher for ectomycorrhizal (ECM) species
than for arbuscular mycorrhizal (AM) species (Phillips and Fahey,
2006), which indicated that ectomycorrhizal roots likely induce
higher RPEs (Brzostek et al., 2015). Another study using grassland
plants showed that root exudation played a much bigger role in
regulating the RPE than root litter input or mycorrhizal fungi
(Shahzad et al., 2015). Furthermore, the quality and quantity of
labile C input might determine the direction and magnitude of the
RPE (Wang et al., 2015; Liu et al., 2017). Overall, the relative dif-
ferences in the RPE among different plant species are intriguing and
warrant more research in the future.

The second new feature that emerged from our current meta-
analysis was that plant shoot biomass showed stronger connec-
tion with the RPE, not the commonly-believed root biomass. Sta-
tistical analysis of 113 data points in the current data set showed
that the level of the RPE was positively and linearly correlated with
plant shoot biomass across all plant types (P < 0.001) (Table 1); and
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the correlation accounted for 11.9% total variation of the RPE
(R2¼ 0.119) (Fig. 2). In contrast, root biomass showed no correlation
with the RPE and accounted for nearly zero variation. This new
feature clearly suggests that plant activities aboveground are inti-
mately connected with the rhizosphere activities which ultimately
drive the RPE. Furthermore, this new result also implies that other
root attributes such as root exudates, mycorrhizal type and rhizo-
deposition, rather than root biomass per se may largely modulate
the RPE (Shahzad et al., 2015). Although the close connection be-
tween photosynthetic activity and the RPE was previously reported
in individual studies (Kuzyakov and Cheng, 2001, 2004), this result
from our meta-analysis adds a level of generality to this realization.

The third new point of our current meta-analysis is that soil
texture influences the level of the RPE; soils with a finer texture
tended to produce a higher level of the RPE than soils with a coarser
texture (Fig. 1). To our best knowledge, this is the first time this
phenomenon has been reported for the RPE. The potential influ-
ence of soil properties on the RPE has rarely been treated as a focal
topic of investigation in published studies (Dijkstra et al., 2006;
Keith et al., 2015). Soil texture as a key soil property is apparently
connected with physical capability for protection and stabilization
of SOMmainly by affecting soil aggregation andmineral adsorption
of SOM (Thurgood et al., 2014; Creamer et al., 2016). Based on a
recent finding that a common root exudate, oxalic acid, stimulated
SOM loss by liberating mineral-protected organic compounds
(Keiluweit et al., 2015), it is reasonable to believe that the interac-
tion between rhizosphere activities and soil chemical-physical
matrix is a major aspect of the RPE, which requires serious atten-
tions for future research.

Lastly and more importantly, the generally weak accounts of the
RPE by all variables considered here in the present meta-analysis
pointed to the complex nature of the RPE. Experimental duration
(or days after planting) was themost influential variable in this data
set, which accounted for 22.8% of the overall variation of the RPE
(Fig. 2). The second most influential variable was aboveground
plant biomass which accounted for 11.9% of the overall variation of
the RPE. The rest of the variables individually accounted for less
than 20% of the overall RPE variation. We consider this result as a
composite indication that past research on the RPE have not gras-
ped the ‘right’ variables, or that the RPE stems from nexus-type
controls by multiple variables. On one hand, if the RPE is inti-
mately connected with multiple variables and their interactions in
consort, there will be little hope to enhance our understanding on
the question of what controls the RPE by testing individual mech-
anistic hypotheses in isolation. On the other hand, the recent
conceptual framework of “hot spots” and “hot moments”
(Kuzyakov and Blagodatskaya, 2015) indeed emphasizes the
importance of understanding dynamic features associated with
rhizosphere processes and microbial metabolic parameters such as
turnover rates and substrate utilization. Some studies have illus-
trated the potential importance of microbial turnover for critically
modulating the RPE (Herman et al., 2006; Cheng, 2009; Kuzyakov
and Xu, 2013). Fortunately, recent progress in method develop-
ment for measuring microbial turnover and substrate utilization
using 18O-labeling (Spohn et al., 2016a, 2016b) may overcome the
widely known methodological difficulties in this area of research,
and pave the road for better grasping crucial variables for regu-
lating the RPE in the near future.
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