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Abstract

Aims: Soil microbes are key to myriad processes in terrestrial ecosystems. Elevated
CO, represents a dominant driver of global climate change; however, it remains un-
clear to what extent elevated CO, impacts soil microbial communities at ecosystem
and global scales. Here, we sought to address the following questions: (a) Do the
compositions of microbial communities shift from K- to r-strategists under elevated
CO,? (b) What is the extent of the compositional shifts of microbial communities
affected by elevated CO, concentrations, experimental duration, ecosystem types
and/or background climates? (c) Are the responses of microbial communities to el-
evated CO, associated with changes in soil pH and carbon and nitrogen availabilities?
Location: Global.

Time period: 1998-2020.

Major taxa studied: Soil microbes.

Methods: We performed a global meta-analysis of 965 observations from 122 stud-
ies, which tested the effects of elevated CO, on microbial communities. The data
covered broad variations in ecosystems, climate, CO, concentrations, experimental
duration, and soil factors.

Results: We revealed that elevated CO, decreased the K- to r-strategist ratios with de-
creasing fungi : bacteria, Gram+ : Gram- bacteria, and Acidobacteria : Proteobacteria
ratios, and increased bacterial biomass, microbial biomass carbon, Gram- bacteria,
and Acidobacteria abundance. Moreover, the shifts from K- to r-strategists were more
pronounced under higher CO, concentrations and longer experimental durations. The
responses of microbial attributes to elevated CO, did not differ significantly among
croplands, forests and grasslands. Furthermore, the response of microbial biomass to
elevated CO, was negatively correlated with the response of soil pH, while those of
bacterial biomass and fungi : bacteria ratios were positively correlated with those of
soil organic carbon and soil carbon : nitrogen ratios, respectively.

Main conclusions: Our results suggest that elevated CO, shifts soil microbial com-
munities from K- to r-strategists, and provide supportive evidence for understanding

responses of soil microbial processes to elevated CO,,.
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1 | INTRODUCTION

Global scale anthropogenic activities have led to significant increases
in ambient atmospheric CO, concentrations, which are anticipated
to further increase from the current 400 to 700 ppm by the end of
this century (Cotton et al., 2015; Kumar et al., 2019; Panneerselvam
et al., 2020). Soil microbes play key roles in myriad ecosystem pro-
cesses (Bardgett & van der Putten, 2014; Crowther et al., 2019;
Delgado-Baquerizo et al., 2018), as they are critical for mediating the
release of CO, into the ambient atmosphere from soils, which store
approximately 60% of global terrestrial carbon (C) (Blagodatskaya
etal., 2010). Elevated CO, concentrations increase photosynthesis and
thus plant biomass (Ainsworth & Long, 2005; Hill et al., 2007), while
simultaneously altering the above- and belowground allocation of C
(Drigo et al., 2009) and soil C cycles (Castafieda-Gémez et al., 2020).
Although soil microbes play a critical role in maintaining plant produc-
tivity and terrestrial C cycles (Bennett et al., 2017; Chen et al., 2019;
Teste et al., 2017), our understanding of the effects of elevated CO,on
the composition of microbial communities remains elusive. Therefore,
an improved elucidation of the responses of soil microbes to elevated
CO, is critical for predicting the consequences of increasing anthropo-
genically elevated CO, for terrestrial ecosystems.

In macroecology, Pianka (1970) proposed the theory of r/K-
selection, which states that disturbed ecosystems have r-strategist
dominated structures with features of fast growth, whereas un-
disturbed and mature ecosystems possess K-strategist dominated
communities characterized by lower maximal-specific growth rates.
Changes in the relative abundances of r- and K-strategists in micro-
bial communities are useful indicators of the responses of soil mi-
crobes to stressors (Simonin et al., 2017). Given such importance,
the r/K-selection theory has recently been broadly applied in micro-
bial ecology (Chen et al., 2014; Fierer et al., 2012; Kaiser et al., 2014).
A previous meta-analysis verified that Pianka’s theory could be ap-
plied to soil microbial ecology related to forest degradation (Zhou
et al., 2018b). However, whether this theory might be employed to
interpret the responses of soil microbes to climate change remains
debatable (Ho et al., 2017). Soil microbes are commonly C-limited
(Soong et al., 2020), and so the enhanced availability of C due to
increased plant production inputs in conjunction with higher soil C
concentrations under elevated CO,, may contribute to greater mi-
crobial biomass (Singh et al., 2010). This can lead to r-strategists that
quickly metabolize available substrates, which outcompete slow-
growing K-strategists (Blagodatskaya et al., 2010; Fierer et al., 2007).
The ratios of fungi : bacteria, Gram-positive (G+) : Gram-negative
(G-) bacteria, and Acidobacteria : Proteobacteria have been sug-
gested as proxies of K-strategists in soil microbial communities (de
Vries & Shade, 2013; Zhou et al., 2018b), which are expected to de-

crease with high C availability under elevated CO,. Therefore, we

hypothesized that elevated CO, could shift microbial communities
from being dominated by K- to r-strategists.

Numerous experiments have been conducted to investigate the
responses of soil microbial communities to elevated CO,; however, the
responses are divergent. For example, elevated CO, was reported to
have either negligible effects on soil microbial communities (Gutknecht
et al., 2012) or lead to significant increases in fungal biomass and
fungi : bacteria ratios (Zhong et al., 2018). Furthermore, elevated CO,
decreased bacterial biomass in a eucalyptus forest (Castafieda-Gémez
et al., 2020), but had no significant influences on bacterial biomass
in grassland ecosystems (Simonin et al., 2017). Moreover, a study by
Janus et al. (2005) observed positive G- bacteria responses and neg-
ative G+ : G- bacteria responses in a poplar forest; however, elevated
CO, had no significant effects on G+ : G- bacteria in a semi-natural
wet grassland (Guenet et al., 2012). Divergent empirical findings re-
garding the effects of elevated CO, on soil microbial communities may
result from the differences in CO, concentrations, experimental dura-
tion, and background environments. A quantitative synthesis of results
across various studies could assist in determining the overall effects of
elevated CO, on microbial communities and identify sources of varia-
tions (Gurevitch et al., 2018).

Elevated CO, effects on soil microbial communities may change
with CO, concentrations and experimental duration. For example,
previous research has shown that soil microbial biomass increases
with the magnitude of elevated CO, concentrations (Blagodatskaya
et al., 2010). Additionally, the effect of elevated CO, on the rela-
tive abundance of G- bacteria becomes significant only after several
months of CO, fertilization, probably due to increased C availabil-
ity for soil microbes under prolonged CO, enrichment (Castafieda-
Gomez et al., 2020). Therefore, we hypothesized that the effects
of elevated CO, on soil microbial communities would increase with
higher CO, concentrations and longer experimental duration.

The effects of elevated CO, on soil microbial communities may
vary contingent on biogeographical factors. The responses of soil
microbes to CO, enrichment may differ among ecosystem types due
to differences in vegetation types, soil properties and environmental
conditions (Zhou et al., 2020). For example, under c. 500 ppm CO,,
fungal biomass did not change in forests (Lesaulnier et al., 2008),
while it increased significantly in croplands (Liu et al., 2014).
Moreover, a regional study revealed that under elevated CO, treat-
ments, the abundances of Proteobacteria were greater in humid cli-
mates, whereas the abundances of Acidobacteria were increased in
drier environments (Castro et al., 2010). Therefore, we anticipated
that the effects of elevated CO, on soil microbial communities would
differ with ecosystem types and associated background climates.

The responses of soil microbial communities to elevated CO,
may be altered through soil factors. Soil pH was the main driver for

total microbial biomass across biomes, while fungi : bacteria ratios
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FIGURE 1 Global distributions of the 122 studies included in this meta-analysis [Colour figure can be viewed at wileyonlinelibrary.com]

increased with soil C: N ratios (Fierer et al., 2009). Also, CO, effects
on microbial communities are mediated via changes in soil organic C
(SOC) and total nitrogen (TN) contents (Jansson & Hofmockel, 2020),
or reduced soil pH due to greater base nutrient uptake from the soil
to support higher biomass production (Yu et al., 2019). Therefore, el-
evated CO, may impact soil microbial communities by affecting soil
pH, SOC, TN, and soil C: N.

Recent meta-analyses have addressed the responses of soil mi-
crobes to N addition (Zhang et al., 2018; Zhou et al., 2017), altered
precipitation (Ren et al., 2018; Zhou et al., 2018a), or warming (Xu
& Yuan, 2017). Further data regarding the impacts of another major
global climate change driver (elevated CO,) on soil microbial commu-
nities are required. For this study, we endeavoured to address three
questions. (a) Do microbial community compositions exhibit K- and
r-selective characteristics? (b) Are the effects of the investigated mi-
crobial attributes in these original studies the result of variations in
CO, concentrations, experimental duration, ecosystems, and back-
ground climates? (c) Are the responses of microbial communities
to elevated CO, associated with changes in soil pH, SOC, TN, and
soil C: N? To answer these questions, we performed a global meta-
analysis of 965 paired observations from 122 papers to analyse the
impacts of elevated CO, on soil microbial communities and tested
whether these effects were influenced by CO, concentrations, ex-
perimental duration, ecosystem types, and associated background
climates. Moreover, we examined whether these responses were as-
sociated with changes in soil pH, SOC, TN, and soil C: N.

2 | METHODS
2.1 | Data collection

The literature search for this study was conducted using Web of

Science, and Science Direct prior to June 2020. The keywords and

terms employed were (elevated CO, OR increased CO, OR rising
CO, OR CO, enrichment) AND (microbial communities OR microbial
biomass OR fungi OR bacteria). The following criteria were applied:
(a) the experimental and control plots under study were subject to
the same abiotic and biotic conditions; (b) if experiments included
other influencing factors (e.g. N addition, precipitation reduction,
etc.), data were selected only from the elevated CO, treatments; (c)
the elevated CO, concentrations and experimental duration were
clearly reported; (d) the values and sample sizes for the treatment
and control groups were directly reported or could be extracted by
WesPLotDicITizer (Burda et al., 2017).

Additionally, matched CO, concentrations, experimental dura-
tion, soil pH, SOC, TN, and soil C : N ratios were also collected. For
studies conducted in the field, the relevant geophysical variables
[mean annual temperature (MAT), mean annual precipitation (MAP),
and ecosystem types (croplands, forests, and grasslands)] were
also obtained from the original papers or cited papers. Croplands,
forests, grasslands and pot contributed 20, 23, 33 and 24% obser-
vations of the dataset, respectively. Measurements of different mi-
crobial attributes, CO, concentrations, experimental duration, and
ecosystems within single study were distinctly recorded as observa-
tions. Experiments with sample sizes lower than 5 were not included.
Finally, a total of 965 CO, enrichment observations from 122 papers
satisfied the above criteria; thus, they were included in the meta-
analysis (Figure 1).

We also included pot experiments (greenhouse and/or growth
chamber experiments) as they accounted for 216 of 965 observa-
tions in our dataset. Field experiments were commonly conducted
under ambient precipitation and temperatures, but pot experiments
were usually performed in artificial environments. However, across
all studies, the responses of soil microbial communities to elevated
CO, did not differ significantly between field and pot experiments
(Supporting Information Table S1). We, therefore, pooled field and

pot data for further analysis.


www.wileyonlinelibrary.com

SUN ET AL.

964
Global Ecology A dournalof
W ILEY and Biogeography fTveke

In the original studies, soil microbial biomass was quantified by
chloroform fumigation, phospholipid fatty acid (PLFA), or substrate-
induced respiration approaches. The biomass of fungi, bacteria,
G+ bacteria, G- bacteria, fungi : bacteria ratios, and G+ : G- bac-
teria ratios were determined by quantitative polymerase chain re-
action or PLFA methods. The methods for relative abundances of
arbuscular mycorrhizal fungi (AMF), Proteobacteria, Acidobacteria
and Actinobacteria included PLFA, quantitative polymerase chain
reaction and high-throughput sequencing methods (Supporting

Information Table S2).

2.2 | Data analysis

We examined the effects of elevated CO, on microbial attributes
and soil factors between the control and treated groups by calculat-
ing log response ratios (InRRs) as effect sizes (Hedges et al., 1999)
from each study. The InRR was calculated as In (X;/X) = InX, - InX_,
where X, and X_are the values of each observation in the treated and
control groups, respectively. The InRR was weighted by the replica-
tion number (Chen & Chen, 2018), which was calculated by (n, x n )/
(nt + nc), where n, and n_represent the numbers of treatment and
control group replicates, respectively.

For each microbial attribute, soil pH, SOC, TN, and soil C: N, we
tested whether its InRR differed from zero and whether the InRR
was impacted by CO, concentrations (CC, ppm) and experimental

duration (ED, days) using the following model:

INRR = B¢ + B4In (CC) + B, (ED) + mgyqy + & (1)

where B, 7 and ¢ are coefficients, the random effect factor of

stud
‘study’, and san:pling error, respectively. The continuous predictors in
Equation 1, In (CC) and ED, were scaled; thus, By is the mean InRR at
the mean In (CC) and ED (Chen et al., 2019). We employed linear mixed-
effect models using restricted maximum likelihood estimation with
the Ime4 1.1-21 package (Bates et al., 2015). We also compared the
logarithmic and linear terms of CC and ED, and the interaction terms
for both. The identified logarithmic terms for CC and linear terms for
ED vyielded similar or lower Akaike information criterion (AIC) values
(Supporting Information Table S3). For consistency, our final analysis
was based on Equation 1. We also assessed whether the responses
of soil microbial communities to elevated CO, differed with techni-
cal methods. We did not find a significant effect of these methods on
InRRs of microbial attributes (Supporting Information Table S4).

To graphically show whether elevated CO, effects on InRR of
microbes changed with CO, concentrations and experimental dura-
tion, we employed partial regressions using residuals from Equation
1 plus the intercept coefficients (B,), and the concentration (p,) and
duration coefficients (p,), respectively. Similar to previous meta-
analyses (Chen & Chen, 2019; Sun et al., 2020), for studies con-
ducted in the field, we compared the AIC values of models regarding
soil microbes with and without interactions of CC x geographical

factors (MAT, MAP, and ecosystems including croplands, forests

and grasslands) and ED x geographical factors and found that the
models without interactive terms had the lowest AICs (Supporting
Information Table S5). Therefore, we added the MAT, MAP, or eco-
system terms to Equation 1 to test whether the microbial InRR
changed geographically.

Finally, we performed Pearson correlation analyses using the
PerformanceAnalytics package (Peterson et al., 2018) to test associa-
tions between the InRRs of soil pH, SOC, TN, and C : N and micro-
bial biomass [pooled microbial biomass C (MBC) and total microbial
biomass (Zhou et al., 2017)], bacterial biomass, and fungi : bacteria
ratio, respectively. To facilitate interpretation, the InRR and its 95%
confidence intervals were transformed to percentages using [exp
(INRR) - 1] x 100%. If the 95% confidence interval did not cover zero,
the effect of elevated CO, was significant at o = 0.05. All statistical

analyses were conducted in R 4.0.3 (R Development Core Team, 2020).

3 | RESULTS

3.1 | Microbial communities and soil factors under
elevated CO,

Across all ecosystem types, elevated CO, did not significantly affect
the total microbial biomass or fungal biomass, but did increase the
bacterial biomass by 30.1% (95% confidence interval, 13.1 to 47.1%;
p < .01), which resulted in a significant decrease in the fungi : bac-
teria biomass ratio (p = .04). Elevated CO, significantly increased
the MBC by 13.4% (9.0 to 17.8%; p < .01); however, it had no sig-
nificant effects on microbial biomass N (MBN) and the MBC : MBN
ratio (all p > .05). Concomitantly, G+ bacteria did not change with
elevated CO, (p = .41), while G- bacteria increased by 8.0% (3.7
to 12.2%; p < .01), which resulted in a significant decrease of the
G+ : G- bacteria ratio by 9.3% (-14.2 to -4.5%; p = .02). Additionally,
elevated CO, significantly increased relative abundances of
Acidobacteria by 23.5% (7.9 to 39.2%; p = .02) and decreased the
Proteobacteria ratios by 20.3% (-30.6 to -9.9%;
p = .01); however, it had no significant effects on abundances of
AMF, Proteobacteria and Actinobacteria (Figure 2a). Elevated CO,
significantly decreased the soil pH by 1.4% (-2.4 to -0.5%; p < .01,
Figure 2b) and increased the SOC by 4.7% (1.3 to 8.1%; p < .01),

whereas it had no significant effects on the TN or soil C: N ratio.

Acidobacteria :

3.2 | Effects of CO, concentrations, experimental
duration, ecosystems, and climates

The effect sizes for the G+ : G- bacteria and Acidobacteria :
Proteobacteria ratios both decreased with CO, concentrations and
experimental duration (all p < .05; Figure 3a, b, d, and e, Supporting
Information Table Sé), the effect size for AMF increased with higher
CO, concentrations (p = .02; Figure 3c, Supporting Information
Table S6), and the effect size for MBN decreased with experimental
duration (p = .01; Figure 3f, Supporting Information Table S6). Other
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Tetelniicrofial BiomassA '—G—‘ 31 (18) attributes (except for MBC) to elevated CO, did not change signifi-
1 cantly with the MAT, MAP, or ecosystems including croplands, for-
Bacterial biomass A : —— 116 (43) ests and grasslands (Table 1). However, the InRR of MBC increased
S— : - 86 (36) with MAT and MAP (Figfn.‘e 4), indicating the effects of eI.evated co,
| on MBC were more positive under warmer and wetter climates.
Fungi: bacteria - Y 70(31)
1
1
. \ © HAET) 3.3 | The correlation between the responses of soil
MBN - s 153 (45) microbial attributes and soil pH, SOC, TNand C: N
1
MBC: MBN - Rt 113 (32) o )
i The responses of soil microbes and at least one soil factor (e.g. pH,
G+ abundance '—a'-' 25(16) SOC, TN, C: N ratio) were simultaneously measured across all stud-
: ies. It was found that the InRR of the microbial biomass was nega-
G- abundance - NS, 22(13) . . . )
, tively correlated with the InRR of the soil pH (Figure 5a), whereas the
G+: G-1 () : 24 (15) InRR of the bacterial biomass was positively correlated with the InRR
— E 15(8) of the. .SOC (Figure.: 5b). The InRR of the fungi.: bacteria.rati? showed
i a positive correlation with the InRR of the soil C: N ratio (Figure 5c).
PRO abundances 1 '+e—' 6(6) Furthermore, the InRRs of the microbial biomass, bacterial biomass,
561 abundancen E 8(7) and fungi : bacte‘ria ratio had no s'ignificant re'lationships with the
X InRRs of other soil factors (Supporting Information Table S7).
ACI: PRO —— 6(6)
1
ACT abundance A '—56—| 26 (15) 4 | DISCUSSION
-50 0 50
The present meta-analysis investigated, for the first time, the re-
(b) i sponses of soil microbial communities to elevated CO, at two taxo-
] : nomic resolutions based on 965 observations, which were tested
Soil pH 1 HoH 272 (30) o ) . )
i with field and pot experiments from 122 independent studies
: encompassing a wide range of MAT, MAP, and ecosystems world-
socH : i o I 284 (39) wide. Overall, our results supported Pianka’s r/K-selection theory,
: with decreasing ratios of fungi : bacteria, G+ : G- bacteria and
: Acidobacteria : Proteobacteria, and increasing bacterial biomass and
TN A . - 1277 (33) abundances of G- bacteria under CO, enrichment. We also found
: that elevated CO, significantly increased MBC and Acidobacteria
: abundances. Moreover, the shift from K- to r-strategists was more
Soil C: N 1 _e_' 245 (28) pronounced with higher CO, concentrations and longer experi-
: mental duration, and these responses were consistent across eco-
-I5 0 5 1I0 systems. Below, we discuss the observed patterns of elevated CO,
Effect size (%)

FIGURE 2 Effects of elevated CO, on microbial attributes

(a) and soil factors (b). Values (estimated f, in Equation (1)) are
means + 95% confidence intervals of the percentage effects
between elevated CO, and control groups. Dashed lines represent
INRR = 0 and numbers within and outside the parentheses
represent the number of studies and observations, respectively.
MBC = microbial biomass C; MBN = microbial biomass N; G+

= Gram-positive bacteria; G- = Gram-negative bacteria; AMF

= arbuscular mycorrhizal fungi; PRO = proteobacteria; ACI =
acidobacteria; ACT = actinobacteria; SOC = soil organic C; TN =
total N

microbial attributes did not show any significant changes with CO,

concentrations or experimental duration (all p > .05; Supporting

effects on microbial communities and suggest their implications for

soil C cycling.

4.1 | Effects of elevated CO, on microbial
communities

The adoption of Pianka’s r/K-selection theory, which is commonly
used in macroecology, to explain the microbial responses to elevated
CO, is controversial. This is likely because soil microbial communities
are complex owing to environmental selection pressures (Sun, Chen,
et al., 2020), where finer taxonomic resolutions for microbial com-
munities are still lacking (Ho et al., 2017). Despite this limitation, we

found that, on average, elevated CO, decreased the fungi : bacteria,
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G+ : G- bacteria, and Acidobacteria : Proteobacteria ratios (Figure 2a),
which supports Pianka’s r/K-selection theory (Fierer et al., 2007). This
is likely because of higher plant-derived C inputs into soils and in-
creased root exudates (Phillips et al., 2009, 2011) under elevated CO,.
Two previous field studies also found that elevated CO, resulted in an
increasing trend in the r-strategist to K-strategist ratio (Blagodatskaya
et al,, 2010; Simonin et al., 2017). Given the fact that it has been ef-
fectively applied in recent microbial studies (Chen et al., 2016; Kaiser
et al., 2014; Zechmeister-Boltenstern et al., 2015; Zhou et al., 2018b),
application of Pianka’s r/K-selection theory to microbial ecology can
improve our understanding of the responses of microbial communi-
ties to global climate change. Moreover, the observed increases in
G- bacteria might be related to greater root biomass (Johnson, 2006),
as the growth of G- bacteria is favoured in the rhizosphere (Janus
etal.,, 2005).

Our study also revealed that at a fine taxonomic resolu-
tion, Acidobacteria was found to be the only one of the bacterial

phyla that was significantly sensitive to elevated CO, (Figure 2a).

Acidobacteria are found extensively in terrestrial soils on a global
scale (Delgado-Baquerizo et al., 2018), and are the only bacterial
group that are characterized as acidophiles (Jones et al., 2009). This
is in conjunction with lower pH induced by elevated CO, (Figure 2b),
which may explain why Acidobacteria was increased under el-
evated CO,. However, we did not find significant responses of
Proteobacteria and Actinobacteria to elevated CO,. Currently, we
know little about the potential mechanisms involved; however, we
speculated on these for taxonomic resolution reasons due to meth-
odological limitations (Ho et al., 2017; Zhou et al., 2018b), and their

smaller sample sizes (Yue et al., 2017).

4.2 | Effects of CO, concentration, experimental
duration, ecosystems, and climates

Our analysis demonstrated that the ratios of G+ : G- bacteria and

Acidobacteria : Proteobacteria both decreased with higher CO,
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TABLE 1 Responses of studied
microbial attributes to mean annual
temperature (MAT), mean annual
precipitation (MAP), and ecosystems
(croplands, forests and grasslands) in the
field. The degrees of freedom (df), p values
and sample sizes (n) are given

Attribute

Total microbial
biomass

Bacterial biomass
Fungal biomass
Fungi : bacteria
MBC

MBN

MBC : MBN

G+ abundance
G- abundance
G+:G-

AMF abundances
PRO abundances
ACl abundance
ACl : PRO

ACT abundance

Abbreviations: MBC = microbial biomass C; MBN = microbial biomass N; G+ = Gram-

Global Ecology

A Jounal of

WILEY-—Y

and Biogeography Macosccon)
MAT MAP Ecosystem n
df p df p df p 720 (98)
1,22 .84 1,22 .52 2,21 .85 26 (14)
1,26 48 1,41 14 2,38 .88 82 (31)
1,23 .78 1,32 21 2,45 .23 50(23)
1,20 .57 1,22 .53 2,12 41 39 (19)
1,43 .03 1,48 <.01 2,36 A1 202 (55)
1,27 5 1,48 .50 2,25 48 124 (37)
1,13 16 1,20 .94 2,15 77 87 (25)
1,6 .93 1,4 .25 1,6 .59 21(12)
1,14 44 1,14 A1 1,14 .58 18 (9)
1,7 43 1,5 19 1,4 .56 19 (10)
1,3 77 1,4 .62 1,3 .51 14.(7)
1,2 .81 1,2 .61 1,2 A1 6 (6)
1,3 .52 1,3 .87 2,2 .52 8(7)
1,3 .75 1,3 59 1,3 .68 6 (6)
1,6 .64 1,10 .67 2,5 .07 18 (11)

positive bacteria; G- = Gram-negative bacteria; AMF = arbuscular mycorrhizal fungi; PRO

= Proteobacteria; ACl = Acidobacteria; ACT = Actinobacteria. The df was calculated by
Satterthwaite’s method in linear mixed-effect models. Bold values indicate p < .05.

—_
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concentrations and longer experimental duration (Figure 3 and
Supporting Information Table Sé). This suggested that the shift
from K- to r-strategists was more pronounced with elevated CO,
concentrations and longer experimental durations. The increases
in this shift from K- to r-strategists were expected because plant-
derived C available for soil microbes increases with CO, concen-

trations and experimental durations (Blagodatskaya et al., 2010;

de Graaff et al., 2006). Therefore, our analysis indicates that the
lack of elevated CO, effects on soil microbial communities in cer-
tain studies may be due to low CO, concentrations and short ex-
perimental duration (Chen et al., 2019). Collectively, our results
indicate lasting and deepening effects of elevated CO, on soil mi-
crobial communities with increasing concentrations and duration
of elevated CO,.
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We observed a significant increase in the AMF with increasing
CO, concentrations (Figure 3c and Supporting Information Table Sé),
which was consistent with a previous meta-analysis (Treseder, 2004)
and a recent review (Mohan et al., 2014). This was likely because
plants allocated additional C to roots and the AMF associated with
satisfying the increased demand for nutrients; thus, enhancing their
activities and biomass (Johnson et al., 2013). Changes in the alloca-
tion of plant C in response to elevated CO,, including its allotment
to the AMF, can profoundly influence terrestrial ecosystem C cycles
(Mohan et al., 2014; Treseder & Holden, 2013).

Moreover, our analysis revealed that the MBN declined with
longer experimental duration (Figure 3f and Supporting Information
Table S6). The probable explanation is that N limitation in microbes
will be more pronounced over time under elevated CO, treatments
(Terrer et al., 2016; Zhu et al., 2016). Unsurprisingly, we found that, on
average, elevated CO, increased the MBC (Figure 2a), which was con-
sistent with a previous meta-analysis by de Graaff et al. (2006) based
on a total of 30 studies, in which the MBC was increased by 7.1%
under elevated CO, treatments. This was likely because increases in
the availability of C to microbes under elevated CO, treatments bene-
fitted microbial growth via increasing MBC (Singh et al., 2010).

Despite the wide range of ecosystem types (Figure 1) and techni-
cal methods (Supporting Information Table S2) covered in this study,
we found no significant differences in the responses of soil micro-
bial community attributes to elevated CO, (Table 1 and Supporting
Information Table S4), indicating the effects of elevated CO, on
compositions of microbial communities are globally consistent.
Alternatively, although we complied a large dataset for this meta-
analysis, the number of observations becomes too small to allow
for a meaningful analysis of potentially divergent responses associ-
ated with each individual ecosystem (Sun, Wang, et al., 2020; Zhang
et al., 2018). The exceptions were the MAT- and MAP-dependent
responses of MBC on ecosystem soil resident microbial attributes

under ambient climates (Figure 4, Table 1). These results suggested

that increases in ecosystem functions and services (e.g. nutrient
cycles, bioenergy production, and pollutant retention) with higher
MBC (Chen et al., 2020) were more pronounced in warmer and wet-

ter environments.

4.3 | Effects of soil factors

Consistent with previous research (Bahram et al., 2018; Fierer
et al., 2009), we found the response of soil pH was negatively cor-
related with that of soil microbial biomass (Figure 5a, Supporting
Information Table S7), indicating the effects of CO, on soil microbial
biomass are mediated via the changes in soil pH because high pro-
ductivity associated with elevated CO, may increase base nutrient
uptake, and thus reduce soil pH (Yu et al., 2019). The response of
SOC was significantly related to that of bacterial biomass (Figure 5b).
This was likely because higher SOC contents may provide additional
C sources and energy to soil bacteria (Demoling et al., 2007). The
positive relationships between fungi : bacteria and soil C : N ratios
(Figure 5c) were aligned with previous evidence (Fierer et al., 2007,
2009). This may be attributed to the fact that bacteria require more
N per unit biomass C accumulation than fungi (De Deyn et al., 2008).

4.4 | Implications for soil C cycling

Our study has significant implications for the elucidation of ecosys-
tem biogeochemical dynamics. A growing body of evidence over
the past decade has revealed that microbial community composi-
tions play vital roles in soil C cycling (Crowther et al., 2019; Fierer
et al., 2007; Malik et al., 2016; Sun, Chen, et al., 2020; Waring
et al., 2013; Xu et al., 2020). When elevated CO, shifts soil microbial
communities from K- to r-strategists, this can accelerate soil C cy-

cling, which may be attributed to the higher resource use efficiency
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of r-strategists (Blagodatskaya et al., 2010; Zhou et al., 2018b).
Current soil C models are primarily developed using the soil C de-
composition process (Todd-Brown et al., 2013), and rarely inte-
grate microbial mechanisms to predict soil C dynamics (Buchkowski
et al., 2015). Soil microbial attributes, such as microbial community
compositions and biomass, are very sensitive to climate changes (Li
et al., 2020; Sun, Liao, et al., 2020). With mounting data on microbial
biomass (Xu et al., 2013), it is urgent to incorporate soil microbial
mechanisms into the global C cycling model (Wieder et al., 2015).

In theory, changes in MBC in the context of climate change
will affect the availability of soil N by altering N mineralization (Li
etal., 2019). In this study, elevated CO, increased the MBC by 13.4%,
which might, in turn, enhance the mineralization of N (Li et al., 2020).
Changes in soil N availability could have cascading effects on eco-
system processes (Keuper et al., 2017). For example, the stimulation
of N mineralization due to increased MBC may contribute to the
augmentation of net primary production (Liu et al., 2009) or gross
ecosystem photosynthesis (Lu et al., 2013).

We are aware that soil extracellular enzymes are important par-
ticipants in terrestrial C cycling (Peng & Wang, 2016), which have
garnered increased attention in soil biogeochemical processes (Chen
et al., 2018). Furthermore, the stoichiometry of soil extracellular en-
zyme activity, as the proximate agent of microbial physiology, can
be employed to parameterize biogeochemical models that correlate
microbial C use efficiency with enzyme stoichiometry (Sinsabaugh
et al., 2009). However, soil extracellular enzymes were not included
in this study due to data paucity. Therefore, future research that
accounts for soil extracellular enzyme activities holds promise for
improving confidence in the prediction of soil C cycling in response

to the effects of global scale climate change.

5 | CONCLUSIONS

In conclusion, we have demonstrated that elevated CO,
prompts soil microbial communities dominated by r-strategists,
with decreasing ratios of fungi : bacteria, G+ : G- bacteria and
Acidobacteria Proteobacteria, which supports Pianka's r/K-
selection theory to some degree. Moreover, elevated CO, increased
bacterial biomass, MBC, G- bacteria and Acidobacteria abundances.
The shift from K- to r-strategists was more pronounced with higher
CO, concentrations and longer experimental duration. The impacts
of elevated CO, on microbial communities are closely linked with
those on soil pH, SOC, and C : N. Furthermore, the effects of el-
evated CO, on soil microbes were consistent across ecosystems.
Our results raise concerns that global increases in CO, concentra-
tions might have ubiquitously negative global impacts on microbial
communities through decreases in soil MBC in colder and drier

environments.

ACKNOWLEDGMENTS
The authors are grateful to all of the scientists whose work was

included in this meta-analysis. This work was supported by the

WILEY-—¢

National Science Foundation of China (Grant No. 32071594) and the
National Key Research and Development Program of China (Grant
No. 2016YFD0600204).

and Biogeography Macosccon)

CONFLICT OF INTEREST

None.

AUTHOR CONTRIBUTIONS

Y.S. and H.R. designed the study, Y.S and H.Y.H.C. performed the
meta-analysis, Y.S. and C.W. collected data and wrote the first draft
of the manuscript, and all authors wrote interactively through multi-

ple rounds of revisions.

DATA AVAILABILITY STATEMENT
The data used to support the findings of this study are available in
Figshare (https://doi.org/10.6084/m9.figshare.12979124).

ORCID
Han Y.H. Chen
Honghua Ruan

https://orcid.org/0000-0001-9477-5541
https://orcid.org/0000-0002-6075-474X

REFERENCES

Ainsworth, E. A, & Long, S. P. (2005). What have we learned from 15
years of free-air CO2 enrichment (FACE)? A meta-analytic review of
the responses of photosynthesis, canopy properties and plant pro-
duction to rising CO2. New Phytologist, 165, 351-371.

Bahram, M., Hildebrand, F., Forslund, S. K., Anderson, J. L.,
Soudzilovskaia, N. A., Bodegom, P. M., Bengtsson-Palme, J., Anslan,
S.,Coelho, L. P.,Harend, H., Huerta-Cepas, J., Medema, M. H., Maltz,
M. R., Mundra, S., Olsson, P. A., Pent, M., Polme, S., Sunagawa, S.,
Ryberg, M., ... Bork, P. (2018). Structure and function of the global
topsoil microbiome. Nature, 560, 233-237. https://doi.org/10.1038/
s41586-018-0386-6

Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiver-
sity and ecosystem functioning. Nature, 515, 505-511. https://doi.
org/10.1038/nature13855

Bates, D., Machler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48.

Bennett, J. A., Maherali, H., Reinhart, K. O., Lekberg, Y., Hart, M. M,
& Klironomos, J. (2017). Plant-soil feedbacks and mycorrhizal type
influence temperate forest population dynamics. Science, 355, 181-
184. https://doi.org/10.1126/science.aai8212

Blagodatskaya, E., Blagodatsky, S., Dorodnikov, M., & Kuzyakov, Y.
(2010). Elevated atmospheric CO, increases microbial growth rates
in soil: Results of three CO, enrichment experiments. Global Change
Biology, 16, 836-848.

Buchkowski, R. W., Schmitz, O. J., & Bradford, M. A. (2015). Microbial
stoichiometry overrides biomass as a regulator of soil car-
bon and nitrogen cycling. Ecology, 96, 1139-1149. https://doi.
org/10.1890/14-1327.1

Burda, B. U., O'Connor, E. A., Webber, E. M., Redmond, N., & Perdue, L.
A. (2017). Estimating data from figures with a Web-based program:
Considerations for a systematic review. Research Synthesis Methods,
8,258-262. https://doi.org/10.1002/jrsm.1232

Castaneda-Gomez, L., Walker, J. K. M., Powell, J. R., Ellsworth, D. S.,
Pendall, E., & Carrillo, Y. (2020). Impacts of elevated carbon diox-
ide on carbon gains and losses from soil and associated microbes in
a Eucalyptus woodland. Soil Biology and Biochemistry, 143, 107734.
https://doi.org/10.1016/j.s0ilbio.2020.107734


https://doi.org/10.6084/m9.figshare.12979124
https://orcid.org/0000-0001-9477-5541
https://orcid.org/0000-0001-9477-5541
https://orcid.org/0000-0002-6075-474X
https://orcid.org/0000-0002-6075-474X
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/s41586-018-0386-6
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/nature13855
https://doi.org/10.1126/science.aai8212
https://doi.org/10.1890/14-1327.1
https://doi.org/10.1890/14-1327.1
https://doi.org/10.1002/jrsm.1232
https://doi.org/10.1016/j.soilbio.2020.107734

SUN ET AL.

970
Global Ecology A dournalof
W ILEY and Biogeography fTveke

Castro, H. F, Classen, A. T., Austin, E. E., Norby, R. J., & Schadt, C. W.
(2010). Soil microbial community responses to multiple experimental
climate change drivers. Applied and Environmental Microbiology, 76,
999-1007. https://doi.org/10.1128/AEM.02874-09

Chen, C., Chen, H. Y. H., Chen, X., & Huang, Z. (2019). Meta-analysis
shows positive effects of plant diversity on microbial biomass
and respiration. Nature Communications, 10, 1332. https://doi.
org/10.1038/541467-019-09258-y

Chen, J., Luo, Y. Q., van Groenigen, K. J., Hungate, B. A., Cao, J. J., Zhou,
X. H., & Wang, R. W. (2018). A keystone microbial enzyme for nitro-
gen control of soil carbon storage. Science Advances, 4, eaaq1689.
https://doi.org/10.1126/sciadv.aaq1689

Chen, R., Senbayram, M., Blagodatsky, S., Myachina, O., Dittert, K., Lin,
X., Blagodatskaya, E., & Kuzyakov, Y. (2014). Soil C and N availability
determine the priming effect: Microbial N mining and stoichiomet-
ric decomposition theories. Global Change Biology, 20, 2356-2367.
https://doi.org/10.1111/gcb.12475

Chen, X., & Chen, H. Y. H. (2018). Global effects of plant litter alterations
on soil CO, to the atmosphere. Global Change Biology, 24, 3462-3471.

Chen, X., & Chen, H. Y. H. (2019). Plant diversity loss reduces soil respi-
ration across terrestrial ecosystems. Global Change Biology, 25, 1482-
1492. https://doi.org/10.1111/gcb.14567

Chen, X., Chen, H. Y. H., Chen, C., Ma, Z., Searle, E. B., Yu, Z., & Huang, Z.
(2020). Effects of plant diversity on soil carbon in diverse ecosystems:
A global meta-analysis. Biological Reviews of the Cambridge Philosophical
Society, 95, 167-183. https:/doi.org/10.1111/brv.12554

Chen, Y. L., Chen, L. Y., Peng, Y. F.,, Ding, J. Z, Li, F, Yang, G. B., Kou,
D., Liu, L., Fang, K., Zhang, B. B., Wang, J., & Yang, Y. H. (2016).
Linking microbial C:N:P stoichiometry to microbial community and
abiotic factors along a 3500-km grassland transect on the Tibetan
Plateau. Global Ecology and Biogeography, 25, 1416-1427. https://doi.
org/10.1111/geb.12500

Cotton, T. E. A, Fitter, A. H., Miller, R. M., Dumbrell, A. J., & Helgason, T.
(2015). Fungi in the future: Interannual variation and effects of atmo-
spheric change on arbuscular mycorrhizal fungal communities. New
Phytologist, 205, 1598-1607. https://doi.org/10.1111/nph.13224

Crowther, T. W., van den Hoogen, J., Wan, J., Mayes, M. A,, Keiser, A. D.,
Mo, L., Averill, C., & Maynard, D. S. (2019). The global soil community
and its influence on biogeochemistry. Science, 365, 772-783. https://
doi.org/10.1126/science.aav0550

De Deyn, G. B., Cornelissen, J. H. C.,, & Bardgett, R. D. (2008).
Plant functional traits and soil carbon sequestration in con-
trasting biomes. Ecology Letters, 11, 516-531. https://doi.
org/10.1111/j.1461-0248.2008.01164.x

de Graaff, M.-A,, van Groenigen, K.-J,, Six, J., Hungate, B., & van Kessel, C.
(2006). Interactions between plant growth and soil nutrient cycling under
elevated CO,: A meta-analysis. Global Change Biology, 12, 2077-2091.

de Vries, F. T., & Shade, A. (2013). Controls on soil microbial commu-
nity stability under climate change. Frontiers in Microbiology, 4, 265.
https://doi.org/10.3389/fmicbh.2013.00265

Delgado-Baquerizo, M., Oliverio, A. M., Brewer, T. E., Benavent-
Gonzalez, A., Eldridge, D. J., Bardgett, R. D., Maestre, F. T., Singh,
B. K., & Fierer, N. (2018). A global atlas of the dominant bacteria
found in soil. Science, 359, 320-325. https://doi.org/10.1126/scien
ce.aap9516

Demoling, F., Figueroa, D., & Baath, E. (2007). Comparison of factors lim-
iting bacterial growth in different soils. Soil Biology and Biochemistry,
39, 2485-2495. https://doi.org/10.1016/j.s0ilbio.2007.05.002

Drigo, B., Van Veen, J. A., & Kowalchuk, G. A. (2009). Specific rhizo-
sphere bacterial and fungal groups respond differently to elevated
atmospheric CO,. The ISME Journal, 3, 1204-1217. https://doi.
org/10.1038/ismej.2009.65

Fierer, N., Bradford, M. A., & Jackson, R. B. (2007). Toward an ecological
classification of soil bacteria. Ecology, 88, 1354-1364. https://doi.
org/10.1890/05-1839

Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A.,
& Knight, R. (2012). Comparative metagenomic, phylogenetic and
physiological analyses of soil microbial communities across nitrogen
gradients. The ISME Journal, 6, 1007-1017. https://doi.org/10.1038/
ismej.2011.159

Fierer, N., Strickland, M. S., Liptzin, D., Bradford, M. A, &
Cleveland, C. C. (2009). Global patterns in belowground
communities. Ecology Letters, 12, 1238-1249. https://doi.
org/10.1111/j.1461-0248.2009.01360.x

Guenet, B., Lenhart, K., Leloup, J., Giusti-Miller, S., Pouteau, V., Mora,
P., Nunan, N., & Abbadie, L. (2012). The impact of long-term CO,
enrichment and moisture levels on soil microbial community struc-
ture and enzyme activities. Geoderma, 170, 331-336. https://doi.
org/10.1016/j.geoderma.2011.12.002

Gurevitch, J., Koricheva, J., Nakagawa, S., & Stewart, G. (2018). Meta-
analysis and the science of research synthesis. Nature, 555, 175-182.
https://doi.org/10.1038/nature25753

Gutknecht, J. L. M., Field, C. B., & Balser, T. C. (2012). Microbial com-
munities and their responses to simulated global change fluctuate
greatly over multiple years. Global Change Biology, 18, 2256-2269.
https://doi.org/10.1111/j.1365-2486.2012.02686.x

Hedges, L., Gurevitch, J., & Curtis, P. (1999). The meta-analysis of re-
sponse ratios in experimental ecology. Ecology, 80, 1150-1156.

Hill, P. W., Marshall, C., Williams, G. G., Blum, H., Harmens, H., Jones, D.
L., & Farrar, J. F. (2007). The fate of photosynthetically-fixed carbon
in Lolium perenne grassland as modified by elevated CO, and sward
management. New Phytologist, 173, 766-777.

Ho, A., Di Lonardo, D. P., & Bodelier, P. L. E. (2017). Revisiting life strat-
egy concepts in environmental microbial ecology. FEMS Microbiology
Ecology, 93, fix006. https://doi.org/10.1093/femsec/fix006

Jansson, J. K., & Hofmockel, K. S. (2020). Soil microbiomes and cli-
mate change. Nature Reviews Microbiology, 18, 35-46. https://doi.
org/10.1038/s41579-019-0265-7

Janus, L. R., Angeloni, N. L., McCormack, J., Rier, S. T., Tuchman, N. C.,
& Kelly, J. J. (2005). Elevated atmospheric CO, alters soil microbial
communities associated with trembling aspen (Populus tremuloides)
roots. Microbial Ecology, 50, 102-109. https://doi.org/10.1007/s0024
8-004-0120-9

Johnson, D. W. (2006). Progressive N limitation in forests: Review and
implications for long-term responses to elevated CO,. Ecology, 87,
64-75.

Johnson, N. C., Angelard, C., Sanders, |. R., & Kiers, E. T. (2013). Predicting
community and ecosystem outcomes of mycorrhizal responses to
global change. Ecology Letters, 16, 140-153. https://doi.org/10.1111/
ele.12085

Jones, R. T., Robeson, M. S., Lauber, C. L., Hamady, M., Knight, R., &
Fierer, N. (2009). A comprehensive survey of soil acidobacterial di-
versity using pyrosequencing and clone library analyses. The ISME
Journal, 3, 442-453. https://doi.org/10.1038/ismej.2008.127

Kaiser, C., Franklin, O., Dieckmann, U., & Richter, A. (2014). Microbial
community dynamics alleviate stoichiometric constraints during
litter decay. Ecology Letters, 17, 680-690. https://doi.org/10.1111/
ele. 12269

Keuper, F., Dorrepaal, E., van Bodegom, P. M., van Logtestijn, R,
Venhuizen, G., van Hal, J., & Aerts, R. (2017). Experimentally in-
creased nutrient availability at the permafrost thaw front selec-
tively enhances biomass production of deep-rooting subarctic
peatland species. Global Change Biology, 23, 4257-4266. https://doi.
org/10.1111/gcb.13804

Kumar, A., Nayak, A. K., Das, B. S., Panigrahi, N., Dasgupta, P., Mohanty,
S., Kumar, U., Panneerselvam, P., & Pathak, H. (2019). Effects of water
deficit stress on agronomic and physiological responses of rice and
greenhouse gas emission from rice soil under elevated atmospheric
CO,. Science of the Total Environment, 650, 2032-2050. https://doi.
org/10.1016/j.scitotenv.2018.09.332


https://doi.org/10.1128/AEM.02874-09
https://doi.org/10.1038/s41467-019-09258-y
https://doi.org/10.1038/s41467-019-09258-y
https://doi.org/10.1126/sciadv.aaq1689
https://doi.org/10.1111/gcb.12475
https://doi.org/10.1111/gcb.14567
https://doi.org/10.1111/brv.12554
https://doi.org/10.1111/geb.12500
https://doi.org/10.1111/geb.12500
https://doi.org/10.1111/nph.13224
https://doi.org/10.1126/science.aav0550
https://doi.org/10.1126/science.aav0550
https://doi.org/10.1111/j.1461-0248.2008.01164.x
https://doi.org/10.1111/j.1461-0248.2008.01164.x
https://doi.org/10.3389/fmicb.2013.00265
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1016/j.soilbio.2007.05.002
https://doi.org/10.1038/ismej.2009.65
https://doi.org/10.1038/ismej.2009.65
https://doi.org/10.1890/05-1839
https://doi.org/10.1890/05-1839
https://doi.org/10.1038/ismej.2011.159
https://doi.org/10.1038/ismej.2011.159
https://doi.org/10.1111/j.1461-0248.2009.01360.x
https://doi.org/10.1111/j.1461-0248.2009.01360.x
https://doi.org/10.1016/j.geoderma.2011.12.002
https://doi.org/10.1016/j.geoderma.2011.12.002
https://doi.org/10.1038/nature25753
https://doi.org/10.1111/j.1365-2486.2012.02686.x
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.1038/s41579-019-0265-7
https://doi.org/10.1038/s41579-019-0265-7
https://doi.org/10.1007/s00248-004-0120-9
https://doi.org/10.1007/s00248-004-0120-9
https://doi.org/10.1111/ele.12085
https://doi.org/10.1111/ele.12085
https://doi.org/10.1038/ismej.2008.127
https://doi.org/10.1111/ele.12269
https://doi.org/10.1111/ele.12269
https://doi.org/10.1111/gcb.13804
https://doi.org/10.1111/gcb.13804
https://doi.org/10.1016/j.scitotenv.2018.09.332
https://doi.org/10.1016/j.scitotenv.2018.09.332

SUN ET AL.

Global Ecology A doumalof

Lesaulnier, C., Papamichail, D., McCorkle, S., Ollivier, B., Skiena, S.,
Taghavi, S., Zak, D., & Van Der Lelie, D. (2008). Elevated atmospheric
CO, affects soil microbial diversity associated with trembling aspen.
Environmental Microbiology, 10, 926-941.

Li, Z. L., Tian, D. S., Wang, B. X., Wang, J. S., Wang, S., Chen, H. Y. H., Xu,
X.F.,Wang, C. H., He, N. P, & Niu, S. L. (2019). Microbes drive global
soil nitrogen mineralization and availability. Global Change Biology,
25,1078-1088. https://doi.org/10.1111/gcb.14557

Li, Z. L., Zeng, Z. Q., Tian, D. S., Wang, J. S., Fu, Z., Wang, B. X,, Tang, Z.,
Chen, W. N., Chen, H. Y. H., Wang, C. H., Yi, C. X., & Niu, S. L. (2020).
The stoichiometry of soil microbial biomass determines metabolic
quotient of nitrogen mineralization. Environmental Research Letters,
15,034005. https://doi.org/10.1088/1748-9326/abba26

Liu, W. X., Zhang, Z., & Wan, S. Q. (2009). Predominant role of water in
regulating soil and microbial respiration and their responses to cli-
mate change in a semiarid grassland. Global Change Biology, 15, 184-
195. https://doi.org/10.1111/j.1365-2486.2008.01728.x

Liu, Y., Li, M., Zheng, J., Li, L., Zhang, X., Zheng, J., Pan, G., Yu, X., & Wang,
J. (2014). Short-term responses of microbial community and func-
tioning to experimental CO, enrichment and warming in a Chinese
paddy field. Soil Biology and Biochemistry, 77, 58-68. https://doi.
org/10.1016/j.s0ilbio.2014.06.011

Lu, M., Zhou, X. H., Yang, Q. Li, H., Luo, Y. Q., Fang, C. M., Chen, J. K,,
Yang, X., & Li, B. (2013). Responses of ecosystem carbon cycle to ex-
perimental warming: A meta-analysis. Ecology, 94, 726-738. https://
doi.org/10.1890/12-0279.1

Malik, A. A., Chowdhury, S., Schlager, V., Oliver, A., Puissant, J., Vazquez, P.
G. M., Jehmlich, N., von Bergen, M., Griffiths, R. |, & Gleixner, G. (2016).
Soil fungal: bacterial ratios are linked to altered carbon cycling. Frontiers
in Microbiology, 7, 1247. https://doi.org/10.3389/fmicb.2016.01247

Mohan, J. E., Cowden, C. C., Baas, P, Dawadi, A., Frankson, P. T., Helmick,
K., Hughes, E., Khan, S., Lang, A., Machmuller, M., Taylor, M., & Witt,
C. A. (2014). Mycorrhizal fungi mediation of terrestrial ecosystem
responses to global change: Mini-review. Fungal Ecology, 10, 3-19.
https://doi.org/10.1016/j.funeco.2014.01.005

Panneerselvam, P., Kumar, U., Senapati, A., Parameswaran, C., Anandan,
A., Kumar, A., Jahan, A., Padhy, S. R., & Nayak, A. K. (2020). Influence
of elevated CO, on arbuscular mycorrhizal fungal community elu-
cidated using lllumina MiSeq platform in sub-humid tropical paddy
soil. Applied Soil Ecology, 145, 103344. https://doi.org/10.1016/j.
apsoil.2019.08.006

Peng, X., & Wang, W. (2016). Stoichiometry of soil extracellular enzyme
activity along a climatic transect in temperate grasslands of north-
ern China. Soil Biology and Biochemistry, 98, 74-84. https://doi.
org/10.1016/j.s0ilbio.2016.04.008

Peterson, B. G., Carl, P.,, Boudt, K., Bennett, R., Ulrich, J., & Zivot, E.
(2018). Package ‘PerformanceAnalytics’. https://github.com/brave
rock/PerformanceAnalytics

Phillips, R. P., Bernhardt, E. S., & Schlesinger, W. H. (2009). Elevated co,
increases root exudation from loblolly pine (Pinus taeda) seedlings as
an N-mediated response. Tree Physiology, 29, 1513-1523. https://doi.
org/10.1093/treephys/tpp083

Phillips, R. P., Finzi, A. C., & Bernhardt, E. S. (2011). Enhanced root exuda-
tion induces microbial feedbacks to N cycling in a pine forest under
long-term CO, fumigation. Ecology Letters, 14, 187-194. https://doi.
org/10.1111/j.1461-0248.2010.01570.x

Pianka, E. R. (1970). On r- and K-selection. The American Naturalist, 104,
592-597. https://doi.org/10.1086/282697

R Development Core Team (2020). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Ren, C., Chen, J,, Lu, X., Doughty, R., Zhao, F., Zhong, Z., Han, X., Yang,
G., Feng, Y., & Ren, G. (2018). Responses of soil total microbial
biomass and community compositions to rainfall reductions. Soil
Biology and Biochemistry, 116, 4-10. https://doi.org/10.1016/j.soilb
i0.2017.09.028

971
and Biogeography sy Wl LEY

Simonin, M., Nunan, N., Bloor, J. M. G., Pouteau, V., & Niboyet, A. (2017).
Short-term responses and resistance of soil microbial community
structure to elevated CO2 and N addition in grassland mesocosms.
FEMS Microbiology Letters, 364, fnx077. https://doi.org/10.1093/
femsle/fnx077

Singh, B.K., Bardgett,R. D., Smith, P., & Reay, D. S.(2010). Microorganisms
and climate change: Terrestrial feedbacks and mitigation options.
Nature Reviews Microbiology, 8, 779-790. https://doi.org/10.1038/
nrmicro2439

Sinsabaugh, R. L., Hill, B. H., & Follstad Shah, J. J. (2009). Ecoenzymatic
stoichiometry of microbial organic nutrient acquisition in soil and
sediment. Nature, 462, 795-798. https://doi.org/10.1038/natur
e08632

Soong, J. L., Fuchslueger, L., Maranon-Jimenez, S., Torn, M. S., Janssens, |.
A., Penuelas, J., & Richter, A. (2020). Microbial carbon limitation: The
need for integrating microorganisms into our understanding of eco-
system carbon cycling. Global Change Biology, 26, 1953-1961. https://
doi.org/10.1111/gcb.14962

Sun, Y., Chen, H. Y. H,, Jin, L., Wang, C., Zhang, R., Ruan, H., & Yang,
J. (2020). Drought stress induced increase of fungi:bacteria ratio in
a poplar plantation. Catena, 193, 104607. https://doi.org/10.1016/j.
catena.2020.104607

Sun, Y., Liao, J., Zou, X., Xu, X., Yang, J., Chen, H. Y. H., & Ruan, H. (2020).
Coherent responses of terrestrial C: N stoichiometry to drought
across plants, soil, and microorganisms in forests and grasslands.
Agricultural and Forest Meteorology, 292-293, 108104. https://doi.
org/10.1016/j.agrformet.2020.108104

Sun, Y., Wang, C., Chen, H. Y. H., & Ruan, H. (2020). Responses of C:
N stoichiometry in plants, soil, and microorganisms to nitrogen ad-
dition. Plant and Soil, 456, 277-287. https://doi.org/10.1007/s1110
4-020-04717-8

Terrer, C., Vicca, S., Hungate, B. A, Phillips, R. P., & Prentice, I. C. (2016).
Mycorrhizal association as a primary control of the CO, fertilization
effect. Science, 353, 72-74.

Teste, F., Kardol, P., Turner, B., Wardle, D., Zemunik, G., Renton, M., &
Laliberté, E. (2017). Plant-soil feedback and the maintenance of di-
versity in Mediterranean-climate shrublands. Science, 355, 173-176.
https://doi.org/10.1126/science.aai8291

Todd-Brown, K. E. O., Randerson, J. T., Post, W. M., Hoffman, F. M.,
Tarnocai, C., Schuur, E. A. G., & Allison, S. D. (2013). Causes of vari-
ation in soil carbon simulations from CMIP5 Earth system models
and comparison with observations. Biogeosciences, 10, 1717-1736.
https://doi.org/10.5194/bg-10-1717-2013

Treseder, K. K. (2004). A meta-analysis of mycorrhizal responses to nitro-
gen,phosphorus,andatmosphericCO, infieldstudies. New Phytologist,
164, 347-355. https://doi.org/10.1111/j.1469-8137.2004.01159.x

Treseder, K. K., & Holden, S. R. (2013). Fungal carbon sequestration.
Science, 339, 1528-1529. https://doi.org/10.1126/science.1236338

Waring, B. G., Averill, C., & Hawkes, C. V. (2013). Differences in fun-
gal and bacterial physiology alter soil carbon and nitrogen cycling:
Insights from meta-analysis and theoretical models. Ecology Letters,
16, 887-894. https://doi.org/10.1111/ele.12125

Wieder, W. R., Allison, S. D., Davidson, E. A., Georgiou, K., Hararuk, O.,
He, Y. J., Hopkins, F., Luo, Y. Q., Smith, M. J., Sulman, B., Todd-Brown,
K.,Wang, Y. P, Xia, J. Y., & Xu, X. F. (2015). Explicitly representing soil
microbial processes in Earth system models. Global Biogeochemical
Cycles, 29, 1782-1800. https://doi.org/10.1002/2015GB005188

Xu, W., & Yuan, W. (2017). Responses of microbial biomass carbon and
nitrogen to experimental warming: A meta-analysis. Soil Biology
and Biochemistry, 115, 265-274. https://doi.org/10.1016/j.soilb
i0.2017.08.033

Xu, X., Thornton, P. E., & Post, W. M. (2013). A global analysis of soil mi-
crobial biomass carbon, nitrogen and phosphorus in terrestrial eco-
systems. Global Ecology and Biogeography, 22, 737-749. https://doi.
org/10.1111/geb.12029


https://doi.org/10.1111/gcb.14557
https://doi.org/10.1088/1748-9326/ab6a26
https://doi.org/10.1111/j.1365-2486.2008.01728.x
https://doi.org/10.1016/j.soilbio.2014.06.011
https://doi.org/10.1016/j.soilbio.2014.06.011
https://doi.org/10.1890/12-0279.1
https://doi.org/10.1890/12-0279.1
https://doi.org/10.3389/fmicb.2016.01247
https://doi.org/10.1016/j.funeco.2014.01.005
https://doi.org/10.1016/j.apsoil.2019.08.006
https://doi.org/10.1016/j.apsoil.2019.08.006
https://doi.org/10.1016/j.soilbio.2016.04.008
https://doi.org/10.1016/j.soilbio.2016.04.008
https://github.com/braverock/PerformanceAnalytics
https://github.com/braverock/PerformanceAnalytics
https://doi.org/10.1093/treephys/tpp083
https://doi.org/10.1093/treephys/tpp083
https://doi.org/10.1111/j.1461-0248.2010.01570.x
https://doi.org/10.1111/j.1461-0248.2010.01570.x
https://doi.org/10.1086/282697
https://doi.org/10.1016/j.soilbio.2017.09.028
https://doi.org/10.1016/j.soilbio.2017.09.028
https://doi.org/10.1093/femsle/fnx077
https://doi.org/10.1093/femsle/fnx077
https://doi.org/10.1038/nrmicro2439
https://doi.org/10.1038/nrmicro2439
https://doi.org/10.1038/nature08632
https://doi.org/10.1038/nature08632
https://doi.org/10.1111/gcb.14962
https://doi.org/10.1111/gcb.14962
https://doi.org/10.1016/j.catena.2020.104607
https://doi.org/10.1016/j.catena.2020.104607
https://doi.org/10.1016/j.agrformet.2020.108104
https://doi.org/10.1016/j.agrformet.2020.108104
https://doi.org/10.1007/s11104-020-04717-8
https://doi.org/10.1007/s11104-020-04717-8
https://doi.org/10.1126/science.aai8291
https://doi.org/10.5194/bg-10-1717-2013
https://doi.org/10.1111/j.1469-8137.2004.01159.x
https://doi.org/10.1126/science.1236338
https://doi.org/10.1111/ele.12125
https://doi.org/10.1002/2015GB005188
https://doi.org/10.1016/j.soilbio.2017.08.033
https://doi.org/10.1016/j.soilbio.2017.08.033
https://doi.org/10.1111/geb.12029
https://doi.org/10.1111/geb.12029

SUN ET AL.

972
Global Ecology A dournalof
72 | WiLEY Clobil Eenlogy i

Xu, X. F., Wang, N. N., Lipson, D., Sinsabaugh, R., Schimel, J., He, L. Y.,
Soudzilovskaia, N. A., & Tedersoo, L. (2020). Microbial macroecol-
ogy: In search of mechanisms governing microbial biogeographic pat-
terns. Global Ecology and Biogeography, 29, 1870-1886. https://doi.
org/10.1111/geb.13162

Yu, Z., Searle, E., Sardans, J., Ciais, P., Penuelas, J., & Huang, Z. (2019).
Whole soil acidification and base cation reduction across subtropical
China. Geoderma, 361, 114107.

Yue, K., Fornara, D. A, Yang, W., Peng, Y., Li, Z., Wu, F., & Peng, C. (2017).
Effects of three global change drivers on terrestrial C:N:P stoichi-
ometry: A global synthesis. Global Change Biology, 23, 2450-2463.
https://doi.org/10.1111/gcbh.13569

Zechmeister-Boltenstern, S., Keiblinger, K. M., Mooshammer, M.,
Penuelas, J., Richter, A., Sardans, J., & Wanek, W. (2015). The ap-
plication of ecological stoichiometry to plant-microbial-soil organic
matter transformations. Ecological Monographs, 85, 133-155. https://
doi.org/10.1890/14-0777.1

Zhang, T., Chen, H. Y. H., & Ruan, H. (2018). Global negative effects of ni-
trogen deposition on soil microbes. The ISME Journal, 12, 1817-1825.
https://doi.org/10.1038/s41396-018-0096-y

Zhong, L., Bowatte, S., Newton, P. C. D., Hoogendoorn, C. J., & Luo, D.
(2018). An increased ratio of fungi to bacteria indicates greater po-
tential for N,O production in a grazed grassland exposed to elevated
CO,. Agriculture, Ecosystems & Environment, 254, 111-116. https://
doi.org/10.1016/j.agee.2017.11.027

Zhou, Z., Wang, C., & Luo, Y. (2018a). Response of soil microbial commu-
nities to altered precipitation: A global synthesis. Global Ecology and
Biogeography, 27, 1121-1136. https://doi.org/10.1111/geb.12761

Zhou, Z. H., Wang, C. K., & Luo, Y. Q. (2018b). Effects of forest deg-
radation on microbial communities and soil carbon cycling: A global
meta-analysis. Global Ecology and Biogeography, 27, 110-124. https://
doi.org/10.1111/geb.12663

Zhou, Z., Wang, C., & Luo, Y. (2020). Meta-analysis of the impacts of global
change factors on soil microbial diversity and functionality. Nature
Communications, 11, 3072. https://doi.org/10.1038/s41467-020-16881-7

Zhou, Z. H., Wang, C. K., Zheng, M. H., Jiang, L. F., & Luo, Y. Q. (2017).
Patterns and mechanisms of responses by soil microbial communi-
ties to nitrogen addition. Soil Biology & Biochemistry, 115, 433-441.
https://doi.org/10.1016/j.s0ilbio.2017.09.015

Zhu, Z. C., Piao, S. L., Myneni, R. B., Huang, M. T, Zeng, Z. Z., Canadell, J.
G., Ciais, P, Sitch, S., Friedlingstein, P., Arneth, A., Cao, C. X., Cheng,

L., Kato, E., Koven, C., Li, Y., Lian, X,, Liu, Y. W,, Liu, R. G., Mao, J. F,, ...
Zeng, N. (2016). Greening of the Earth and its drivers. Nature Climate
Change, 6, 791-795. https://doi.org/10.1038/nclimate3004

BIOSKETCHES

Yuan Sun is a Ph.D. student at Nanjing Forestry University,
majoring in Forest Ecology. He is interested in a better under-
standing of the consequences of global change on ecological
stoichiometry and soil microbial processes.

Cuiting Wang is a Ph.D. student at Nanjing Forestry
University, majoring in Forest Ecology. She is interested in a
better understanding of the consequences of global change
on ecosystem carbon cycling.

Han Y. H. Chen is a professor at Lakehead University. He is
interested in the consequences of climate change, biodiver-
sity loss, and increasing disturbances on forest ecosystem
functioning.

Honghua Ruan is a professor at Nanjing Forestry University.
He is interested in soil biological and ecological processes and

interaction with global changes.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Sun Y, Wang C, Yang J, Liao J, Chen
HYH, Ruan H. Elevated CO, shifts soil microbial communities
from K- to r-strategists. Global Ecol Biogeogr. 2021;30:961-
972. https://doi.org/10.1111/geb.13281



https://doi.org/10.1111/geb.13162
https://doi.org/10.1111/geb.13162
https://doi.org/10.1111/gcb.13569
https://doi.org/10.1890/14-0777.1
https://doi.org/10.1890/14-0777.1
https://doi.org/10.1038/s41396-018-0096-y
https://doi.org/10.1016/j.agee.2017.11.027
https://doi.org/10.1016/j.agee.2017.11.027
https://doi.org/10.1111/geb.12761
https://doi.org/10.1111/geb.12663
https://doi.org/10.1111/geb.12663
https://doi.org/10.1038/s41467-020-16881-7
https://doi.org/10.1016/j.soilbio.2017.09.015
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1111/geb.13281
https://www.researchgate.net/publication/354982371



