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PUBLIC SUMMARY
■   Increased carbon sink in wet years exceeds the reduction in dry years.

■   Greater precipitation variability enhances carbon sink strength.

■   Models display poor performance in ecosystem respiration responses.

■   Improvements in simulating the soil water content responses could promote model performance.
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Climate changes have caused high inter-annual variability in precipitation.
However, how the terrestrial  ecosystem responds to precipitation variabil-
ity remains unclear. Using global remote sensing data and a meta-analysis
by  synthesizing  800  pairwise  observations  of  experimental  manipulations
worldwide,  we  quantified  the  responses  of  the  terrestrial  ecosystem  net
carbon  productivity  (NEP)  to  precipitation  variability.  The  results  indicate
that  NEP  displays  a  positive  asymmetry  in  response  to  precipitation
change,  e.g.,  the  magnitude  of  the  increase  in  NEP  (33.4%)  under  water-
addition  treatments  is  larger  than  that  of  the  decline  in  NEP  (-24.62%)
under  water-reduction  treatments.  The  positive  asymmetry  of  NEP in  arid
regions  (<  500 mm) is  larger  than that  in  humid  regions  (>  500 mm).  The
former is  mainly  due to the positive asymmetry in  vegetation productivity,
while the latter results from the respiration process, i.e., the decrease in soil
respiration  in  water-reduction  treatments  is  stronger  than  in  water-addi-
tion treatments. Furthermore, land models reproduce a positive NEP asym-
metry in response to precipitation change, but display poor performance in
ecosystem respiration (ER) responses owing to uncertainties in simulating
soil  water  content  (SWC).  The  positive  asymmetry  of  NEP  in  this  study
implies that the increase in precipitation variability (except extreme anoma-
lies)  is  conducive  to  high  carbon  sink  in  the  global  terrestrial  ecosystem.
Meanwhile,  the  performance  of  the  models  when  simulating  SWC  in
response to precipitation in humid regions needs to be further improved to
better predict the carbon sink in the terrestrial ecosystem.
 

INTRODUCTION
Global  warming  has  intensified  hydrological  processes  over  the  past

decades,  altering  precipitation  regimes  worldwide  and  inducing  high  inter-
annual precipitation variability.1,2 This amplification of precipitation variability
in  direction  and  magnitude  is  projected  to  continue  at  inter-annual  and
decadal scales under future climate change scenarios,3 which can profoundly
influence  the  carbon  budget  of  the  terrestrial  ecosystem.4 Therefore,  for
predicting  the  carbon  sink  of  the  ecosystem  in  response  to  future  climate
changes,  it  is  critical  to  explore  how  the  changes  in  precipitation  variability
affect the ecosystem's carbon budget or carbon sink.

Numerous  field  and  model  experiments  have  been  conducted  to  clarify
how  terrestrial  carbon  budget  responds  to  precipitation  change,5 with  a
special focus on the sensitivity of carbon processes to precipitation change,
i.e.,  the  relationship  between  precipitation  variability  and  carbon  fluxes.6,7

Nevertheless,  it  is  expected  that  precipitation  variability  will  continuously
increase  with  no  obvious  change  in  total  precipitation  under  future  climate
scenarios.3 Despite tremendous efforts in exploring the relationship between
precipitation  variability  and  land  carbon  sink  variability,8 how  changes  in
precipitation  variability  affect  the  magnitude  of  carbon  sink  per  se  is  still
under  debate,  impeding  the  understanding  of  ecosystem  responses  and
potential feedback of the global carbon budget to future climate variation.

The  effect  of  precipitation  variability  on  the  ecosystem's  carbon  budget
depends on the exact form of their relationship. Rudgers et al. (2018) elabo-
rated on  how  vegetation  productivity  might  change  with  precipitation  vari-
ance,  which  was  precipitation  variability  will  not  influence  NEP  because  the
pulse in NEP in a wet year is equal to the decline in NEP in a dry year with the
same  magnitude  of  precipitation  variability.9 However,  NEP  may  have  a

nonlinear relationship with precipitation, resulting in asymmetric responses of
NEP  to  precipitation  variability  and  a  decrease  (Figure  1B)  or  increase
(Figure 1C) in NEP. For example, a concave precipitation-NEP relationship (a
negative asymmetry) represents that the magnitude of the increase in NEP in
a wet year is lower than the magnitude of the decline in a dry year (Figure 1B),
suggesting that the ecosystem's carbon sink will not benefit from increasing
precipitation variability. In contrast, a convex precipitation-NEP relationship (a
positive  asymmetry)  means that  the  increase in  NEP in  a  wet  year  is  larger
than  the  decline  in  NEP  in  a  dry  year  (Figure  1C),  implying  that  increasing
precipitation variability will favor promoting the carbon sink of the ecosystem.

NEP  is  the  residual  of  two  major  ecosystem  carbon  processes,  i.e.,  the
carbon  input  process  net  primary  productivity  (NPP)  and  the  carbon  output
process soil heterotrophic respiration (Rh).10 This suggests that clarifying how
asymmetric  NPP and Rh respond to  precipitation  variability  is  the  precondi-
tion for quantifying the responses of NEP to precipitation variability. Although
the effect  of  precipitation  variability  on  vegetation  productivity  in  the  grass-
land ecosystem has been extensively studied,  both increased11 and reduced
productivities12,13 under  intensified  precipitation  variability  have  been  found
through in-situ observations and field experiments. Nevertheless, most stud-
ies  focused  on  arid  regions,14,15 with little  attention  to  humid  areas.  Further-
more, compared with vegetation productivity,  how asymmetric the response
of  ecosystem  respiration  (ER)  to  precipitation  change  has  been  much  less
documented,16,17 which further challenges the prediction of NEP under future
climate scenarios.

To address these knowledge gaps and clarify the degree of asymmetry of
the response of NEP to precipitation variability, we conducted a meta-analy-
sis  by  synthesizing  800  pairwise  observations  of  experimental  precipitation
manipulations  in  145  globally  published  articles  to  address  the  following
questions:  (1)  How  asymmetric  is  the  response  of  NEP  to  precipitation
change?  Which  process  (carbon  input  or  carbon  output)  dominates  the
magnitude of the asymmetry? (2) How does the asymmetric NEP response to
precipitation  change  vary  with  climate?  Meanwhile,  we  also  compared  the
observations with  simulations of  land models  to  clarify  whether  the  models
can  capture  the  asymmetric  responses  of  carbon  fluxes  to  precipitation
change.  This  study  can  provide  new  insight  into  predicting  the  response  of
the  terrestrial  carbon  sink  to  precipitation  variability  in  the  background  of
global climate alternation. 

MATERIALS AND METHODS 

Data collection
This study collected peer-reviewed publications on the impact of precipita-

tion  change  on  the  terrestrial  carbon  budget  published  before  November
2021  using  the  Web  of  Science,  Google  Scholar,  and  the  China  Knowledge
Resource  Integrated  Database  (CNKI)  that  included  cases  of  increased
precipitation  (+PPT)  and  decreased  precipitation  (−PPT).  The  search
keywords  and  terms  consisted  of “climate  change,” “precipitation  or  rainfall
increased/decreased,” “water  addition/removal,” “irrigation,” “drought,”
“aboveground  biomass,” “aboveground  net  primary  productivity  (ANPP),”
“belowground  net  primary  productivity  (BNPP),” “biomass,” “soil  respiration
(Rs),” “net  ecosystem  productivity  (NEP),” “net  carbon  sink,” and “carbon
fluxes.”

To minimize  publication  bias,  the  inclusion  criteria  included:  (1)  precipita-
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tion  experiments  were  manipulated  in  the  field,  including  paired  control  and
experimental  treatment  groups;  each  precipitation  experiment  had  at  least
three  replicates;  (2)  only  control  and  experimental  precipitation  treatments
were  selected  when  multifactor  and  interactive  effects  of  other  factors
existed  in  the  study;  (3)  at  least  one  growing  season  or  an  entire  year  was
used as an experimental duration to avoid short-term noises; (4) the means,
standard  deviations  (SDs)  or  standard  errors  (SEs),  and  sample  size  were
provided  directly  or  could  be  calculated;  (5)  only  precipitation  experiments
were  included,  excluding  snowfall  addition/removal  or  increased/decreased
snowfall  or  other  multiple  treatment  experiments;  (6)  at  least  one  of  the
selected variables (i.e., ANPP, aboveground biomass, BNPP, NEP, net carbon
sink, and carbon flux) was included. In total, 800 pairwise observations from
145 published articles were selected across six biomes, i.e. boreal forests (4
sites), temperate seasonal forests (20 sites), tropical seasonal forests (1 site),
tropical  seasonal  forests/savannas  (20  sites),  subtropical  deserts  (4  site),
temperate  grasslands/deserts  (22  sites),  woodlands/shrubland  (45  sites)
following  the  Whittaker  vegetation  classification,  ANPP (31  sites),  BNPP (41
sites), Rs (55 sites), and NEP (29 sites) (Figure S1).

From the selected publications, we used the Engauge Digitizer (Free Soft-
ware  Foundation,  Inc.,  Boston,  MA,  USA)  to  extract  means,  SDs  or  SEs,
sample size (N), table data, relevant variables (including the magnitude of the
rainfall  treatments,  plant biomass,  ANPP, BNPP, Rs,  NEP, and SWC),  and the
site information (latitude, longitude, elevation, mean annual temperature, and
mean annual precipitation). 

Data analysis
We  conducted  a  meta-analysis  and  meta-regression  to  explore  the

responses  of  carbon  fluxes  (ANPP,  BNPP, Rs,  and  NEP)  to  precipitation
change. The effects of the precipitation treatments were quantified using the
natural  log of the response ratio (RR).  The effect size was calculated by the
following equation: 18

InRR = ln(
XT

Xc

) (1)

The variance was obtained as follows:

VInRR =
SDT

2

ntXT

2 +
SDc

2

ncXc
2 (2)

XT Xc

SDT SDc

Where  and  are the mean values of a given variable in the treatment
and  control  groups,  respectively; and  represent  standard  deviation
values;  nt and  nc denote the  sample  sizes  of  relevant  variables  in  the  treat-
ment and control plots, respectively. For all meta-analyses and meta-regres-
sions,  we  used  inverse-variance  weighted  regressions  and  random-effect

models to  pool  and compare RRs.  The random-effect  analyses employed a
REML  approach  for  estimating  the  between-study variance  of  each  regres-
sion  model.  Non-zero  effects  were  assessed  with  95%  confidential
interval (CI).

The  percentage  of  altered  precipitation  varies  in  published  articles.  For
instance,  the  water-addition  treatments  ranged  from  5%  to  100%  of  the
precipitation  under  the  control  treatment  during  the  year,  with  a  median  of
40.5%, and the water-reduction treatments were between -3.8% and −100%,
with  a  median  of −39.5%.  Therefore,  we  pooled  all  data  to  determine  the
absolute values of their manipulation levels, and the median was 40% of the
precipitation under the control treatment. To quantify the asymmetry degree,
this  study normalized water-addition and water-reduction treatments to  the
same level (40%) of changes based on previous studies (Figure S2):19

XNT = XC+
XT−Xc

Pc

×40 (3)

XNTWhere  is the normalized value under 40% above or below the MAP; Pc

is  the  precipitation  alteration  level,  expressed  as  a  proportion  of  the  local
annual  precipitation,  and positive and negative values represent water-addi-
tion  and  water-reduction  treatments,  respectively.  Considering  that  the
temporal  precipitation-carbon  flux  relationship  can  generally  be  fitted  by  a
linear, concave, or convex function, the overall precipitation-carbon flux rela-
tionship  is  not  undermined  by  normalizing  water-addition  and  water-reduc-
tion  treatments  (Figure  S2).  In  order  to  accurately  determine  the  degree  of
asymmetry, this  study  selected  treatments  mostly  adopted  in  field  experi-
ments  (40%-50%,  see Figure  2)  and  calculated  their  asymmetry  degrees
without normalization.

According to Hedges et al. (1999), the normalized effect size of the altered
precipitation  regime  on  was  obtained  from  the  natural  log  of  the  response
ratio (lnRRnorm), as shown in Eq. (4) :18

InRRnorm = ln(
XNT

XC

) (4)

XNT XCWhere  and  are the mean values of a given variable in the treatment
and control groups, respectively.

The variance (VlnRR) of RR was computed using Eq. (3):

VInRRnorm
=
SDNT

2

ntXNT

2 +
SDc

2

ncXc
2 (5)

SDNT SDcWhere  and  represent standard deviation values, and nt and nc are
the  sample  sizes  of  relevant  variables  in  the  treatment  and  control  plots,
respectively. When only SE was reported, it was converted to SD.

The overall effect of altered precipitation on the relevant variable was esti-
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Figure 1.  Schematic illustration of the response forms of NEP to precipitation variability (A) The symmetry response denotes that the pulse in NEP in wet years would equal to
the decline in dry years with the same magnitude of changes in precipitation, (B) the negative asymmetry response denotes that the pulse in NEP in wet years is lower than the
magnitude of decline in dry years, (C) and the positive asymmetry response denotes that the pulse in NEP in wet years is larger than the magnitude of decline in dry years. -PPT
denotes in dry years, +PPT denotes in wet years.
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mated by the weighted random effect  model  in  meta-analysis. The normal-
ized weighted mean effect size (lnRR++) and SE associated with InRR++ were
calculated by Eq. (4) and Eq. (5), respectively:

InRR + + =
∑m

i−1 ∑ k
j−1wijlnRRij

∑m
i−1 ∑ k

j−1wij

(6)

SEInRR + + =

√
1

∑m
i=1 ∑ n

j=1wij

(7)

Where m represents the number of groups (i.e., humid and arid regions), k
denotes  the  number  of  observation  variables  in  the  ith group,  and  w  is  the
weighting factor of each observation variable, defined as the inverse of VlnRR.
This  study  used the  95% CI  of  lnRR++,  including zero  or  not,  to  examine the
significance  of  the  variation  in  each  variable  between  the  treatment  and
control groups. If the 95% CI of lnRR++ did not include zero, it was considered
to be significantly different from zero. 20 Moreover, the publication bias in the
studies  was  evaluated  by  funnel  plots,  which  were  the  scatter  plots  of  the
treatment effect size. The publication bias was absent when the studies were
distributed symmetrically in a ‘funnel’ shape around a mean effect size. The
results  of  the  funnel  plots  with  increased  precipitation  (IP)  and  decreased
precipitation (DP) are provided in Supplementary Figures S3 and S4.

The categorical random model of meta-analysis was used to evaluate the
significance of  the  categorical  moderator.  According to  Eq.  (6),  the  effect  of
altered precipitation on each variable was converted to the mean percentage
change (P %) relative to the control plots to allow for comparing IP and DP.

P= (eInRR + + −1)×100% (8)

If zero was not contained in 95% CI, the result was considered significant at
P < 0.05; otherwise, the result was not significant.

To  explore  the  relationship  between  precipitation  changes  and  carbon
fluxes  for  all  sites,  we  selected  two  models:  linear  and  quadratic.  The
response  variables  of  the  linear  model  were  NPE,  ANPP,  BNPP,  and Rs,  and
precipitation  change  were  regarded  as  explanatory  variables.  The  quadratic
model  allowed  for  concave-up  and  concave-down  responses  that  were

biologically  possible.  Other  models,  such  as
those  explained  by  power  functions,  were
excluded because  they  did  not  make  biologi-
cal  sense.  Then,  the  optimal  fit  was  derived
based on AIC and BIC scores.

All  analyses  and  figure  plotting  were
performed using R version 3.3.4 (R Core Team,
2016),  and  the  meta-analysis  was  conducted
by  the “metafor” package  with  the  restricted
maximum likelihood “REML” method. Further-
more,  the  linear  and  non-linear  mixed-effect
models  were  fit  using  the “nlme” package  to
explore the relationship between the response
ratio  of  carbon  cycling  variables  and  the
precipitation change percentage. 

Asymmetry
In  this  meta-study,  the  asymmetry  index

(AS) was  adopted  to  characterize  the  asym-
metry  of  carbon  processes  in  response  to

precipitation change. Moreover, to explore the response of ecosystem carbon
processes to precipitation variability in humid and arid regions, we defined the
regions with a mean annual precipitation of less than 500 mm as arid areas
and those with a mean annual precipitation of larger than 500 mm as humid
areas.21 The AS was calculated using Eq. (7):

AS=
IP
DP

(9)

Where  IP  represents  the  overall  increased  percentage  in  variables  under
water-addition treatments, and DP denotes the overall decreased percentage
in variables under water-reduction treatments. The values of IP and DP were
calculated  by  Eq.  (6),  and  water-addition  and  water-reduction  precipitation
were previously normalized to the same percentage (±40%). If AS was larger
than 1 represented a positive asymmetry (i.e., the magnitude of the increase
in carbon fluxes (ANPP, BNPP, Rs, and NEP) under water-addition treatments
was  larger  than  that  of  the  decrease  in  ANPP  under  water-reduction treat-
ments).  If  AS  was  lower  than  1,  it  stood  for  a  negative  asymmetry  (i.e.,  the
magnitude of the increase in carbon fluxes under water-addition treatments
was  less  than  that  of  the  decrease  in  ANPP  under  water-reduction treat-
ments). 

Terrestrial ecosystem models
To  compare  with  the  observed  data  from  the  meta-analysis  and  assess

the  performance  of  current  terrestrial  ecosystem  models  in  simulating  the
carbon  sink  function  to  precipitation  change,  the  TRENDY  v6  models  were
employed to simulate the response of global ecosystem carbon fluxes (GPP,
RE,  and  NEP).  TRENDY  (v6)  is  an  ensemble  of  global  dynamic  vegetation
models  (DGVMs)  forced  by  historical  data,22 including  12  models:  CABLE
(0.5°×0.5°),  CLM4.5  (1.25°×0.94°),  DLEM  (0.5°×0.5°),  ISAM(0.5°×  0.5°),  LPX-
Bern  (1°×1°),  LPJ-wsl  (0.5°×0.5°),  LPJ-GUESS  (0.5°×0.5°),  ORCHIDEE
(0.5°×0.5°), JULES (1.88°×1.25°), ORCHIDEE-MICT (1°×1°), VEGAS (0.5°×0.5°),
and VISIT (0.5°×0.5°). First, this study eliminated models without GPP in their
outputs. Second,  for  consistency,  the  models  with  the  same  spatial  resolu-
tion  (0.5°)  were  selected,  i.e.,  DLEM,23 ISAM,24 LPJ-wsl,25 ORCHIDEE,26

VEGAS,27 VISIT,28 CABLE,29 and  LPJ-GUESS.30 It  should  be  noted  that  the
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ORCHIDEE model only outputs GPP and does not output ER and NEP. There-
fore, the ER and NEP data from ORCHIDEE were not included in this analysis.
Besides, simulations under the S3 and S1 scenarios were compared with the
data of the meta-analysis. Precipitation data with a spatial resolution of 0.5°
came  from  the  Climatic  Research  Unit  (CRU)  v4.03  dataset.  This  study
extracted ecosystem carbon fluxes and precipitation data from 2000 to 2016.
The  yearly  ecosystem  carbon  flux  was  the  average  value  of  monthly  data
over the whole year. The yearly precipitation was the sum of monthly precipi-
tation over the whole year. The AS was computed as follows:

AS =
(fwet− fnormal)/fnormal

(fnormal− fdry)/fnormal

(10)

fnormal

fwet fdry
Where  is the value of GPP, RE, or NEP corresponding to the year with

a  mean precipitation  between 2000 and  2016;  and  are  the  values  of
GPP,  RE,  or  NEP corresponding to the year with a precipitation increased or
decreased  by  10-15%  compared  with  the  mean  annual  precipitation  in
2000-2016. 

Satellite products
Satellite-retrieved  solar-induced  chlorophyll  fluorescence  (SIF)  is  widely

used to reflect the GPP of the terrestrial ecosystem. This study calculated the
AS of SIF in the selected sites and the global terrestrial ecosystem. The global
spatially  contiguous  values  of  SIF  (CSIF,  0.05°,  4-day,  2000-2018)  were
derived  by  Zhang  et  al.  (2018)  via  training  a  neural  network  (NN)  with  the
surface reflectance from the MODerate-resolution Imaging Spectroradiome-
ter  (MODIS)  and  SIF  from  Orbiting  Carbon  Observatory-2  (OCO-2).31 Annual
CSIF  was  obtained  from  the  mean  of  4-day  data  in  one  year.  The  spatial
resolution  was  resampled  to  0.5  degrees  for  global  analysis.  The  AS  was
computed as follows:

AS=
(SIFwet−SIFnormal)/SIFnormal

(SIFnormal−SIFdry)/SIFnormal

(11)

SIFnormal

SIFwet SIFdry

Where  is  the  value  of  SIF  corresponding  to  the  year  with  a  mean
precipitation in 2000-2018;  and  are the values of SIF correspond-
ing  to  the  year  with  a  precipitation  increased  or  decreased  by  10-15%
compared with the mean annual precipitation in 2000-2018. 

RESULTS 

Relationship between changes in precipitation and carbon fluxes
The  relationship  between  precipitation  changes  and  carbon  fluxes  was

better fitted by a quadratic model than a linear model based on AIC and BIC
scores  (Table  S1).  Specifically,  NEP  showed  a  convex  relationship  with
changes  in  annual  precipitation  (Figures  2A  and S5A),  indicating  that  the
magnitude of the increase in NEP under water-addition treatments was larger
than  that  under  water-reduction  treatments.  Carbon  input  processes,  i.e.,
ANPP and BNPP,  exhibited a  convex relationship  with  precipitation changes
(Figures  2B  and 2C),  similar  to  the  response  function  of  NEP.  However,  the
productivity-precipitation  relationship  varied  between  grassland  and  forest
ecosystems.  This  study  found  a  convex  productivity-precipitation relation-
ship  in  the  grassland  ecosystem  and  a  concave  productivity-precipitation
relationship in the forest ecosystem (Figures S5B-C). Instead of Rh, soil respi-
ration  (Rs)  was  reported  in  most  experimental  studies.  In  this  study,  a
concave response of Rs to  precipitation changes (Figures 2D and S5D) was
discovered, indicating that the magnitude of the increase in Rs under water-
addition treatments was lower than that  of  the decrease in Rs under  water-
reduction  treatments.  Therefore,  it  can  be  considered  that  both  input  and
output processes contributed to the convex precipitation-NEP relationship. 
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Asymmetric responses of carbon fluxes to precipitation changes
All  treatments  were  normalized  to  the  same  level  of  40%  (water-addition

and  water-reduction  treatments  were  normalized  separately,  as  shown  in
Materials  and  Methods).  NEP  was  significantly  enhanced  by  33.4%  under
water-addition  treatments  and  reduced  by  24.62%  under  water-reduction
treatments  (Figure  3A),  indicating  a  positive  asymmetry  in  response  to
precipitation  change.  This  positive  asymmetry  was  further  confirmed  (with-
out  normalization)  using  40-50%  of  water-addition  and  water-reduction
treatments,  which was adopted in  most  field  experiments (Figure S6A).  The
degree of the positive asymmetry in arid areas (MAP < 500 mm) and grass-
lands was larger than that in humid areas and forests (MAP > 500 mm) (P <
0.01, Figures 3A and S7A).

ANPP, BNPP, and Rs were enhanced by 39.72%, 21.35%, and 16.97% under
water-addition treatments, respectively (P < 0.05, Figures 3B-D). The magni-
tudes  of  reductions  in  ANPP  (27.60%)  and  BNPP  (19.12%)  under  water-
reduction treatments were smaller than that in Rs (28.84%) (P < 0.05), result-
ing in positive asymmetries in ANPP and BNPP and a negative asymmetry in
Rs in response to precipitation change. These results were reproduced using
40-50% of water-addition and water-reduction treatment data (Figures S6B-
D). However, the asymmetries of ANPP and BNPP differed profoundly among
climate  regions  and  ecosystems  (P <  0.05),  i.e.,  they  were  positive  in  arid
areas and grasslands and negative in humid areas and forests (Figures 3B-C
and S7B-C).  In the dataset of global satellite-retrieved solar-induced chloro-
phyll  fluorescence (SIF),  a  proxy of  vegetation productivity,  the same results
were obtained, i.e., the asymmetry of SIF gradually declined with precipitation
(P < 0.05, Figures 4A and C), high in arid regions and low in humid regions (P
<  0.05, Figure  4B,  D).  Additionally,  under  water-addition  treatments,  the
increased Rs in arid areas and forests was remarkably higher than in humid
areas  and  forests  (P <  0.01, Figures  3D  and S7D).  However,  under  water-

reduction treatments,  it  reduced less than in humid areas and forests,  lead-
ing to a higher negative asymmetry in arid areas and grasslands. 

Mechanism of  the  asymmetric  responses  of  carbon fluxes  to  precipita-
tion change

Soil water content (SWC) was considered the key factor causing the asym-
metric responses of NEP to precipitation change. Overall, SWC was enhanced
by  29.55%  under  water-addition  treatments  and  reduced  by -24.44%  under
water-reduction treatments, presenting a positive asymmetry in response to
precipitation change (Figure S8). It is consistent with the response pattern of
NEP  mentioned  above  (Figure  3A).  In  addition,  the  same  magnitude  of
changes  in  SWC  did  not  result  in  asymmetric  responses  for  most  carbon
processes,  suggesting  that  the  precipitation  change-induced  asymmetry  in
SWC played a vital role in the asymmetric response of NEP (Figure S9). The
paths through which SWC caused the NEP asymmetry differed between arid
regions and humid regions (Figure 5).  In arid regions,  an apparently positive
asymmetry  in  SWC  in  response  to  precipitation  change  was  identified  (P <
0.01, Figure S8), which resulted in positive asymmetric responses of vegeta-
tion  productivity  and  NEP  (Figure  5A).  In  contrast,  SWC  in  humid  regions
displayed  negative  asymmetric  responses  to  precipitation  change:  water-
addition treatments caused an increase of 13% in SWC, and water-reduction
treatments made SWC decline by 33% (Figure S8).  This resulted in negative
asymmetry of vegetation productivity and Rs.  The negative asymmetry of Rs

overweighed vegetation productivity, leading to a positive asymmetry of NEP
(Figure 5B). 

Performance  of  land  models  in  simulating  asymmetric  responses  of
carbon fluxes

The model outputs under the S3 scenario (changing climate, CO2, and land
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use)  captured  the  overall  positive  asymmetry  of  NEP  in  response  to  global
precipitation  change  (Figure  6A,  see  the  performance  of  each  model  in
Figures S10-17).  Besides,  the model  outputs under the S1 scenario (chang-
ing  CO2 only)  were  consistent  with  the  results  under  the  S3  scenario
(Figure S18A), suggesting that the simulated positive asymmetry in NEP was
not attributed  to  asymmetry  of  climate  factors.  Notably,  the  models  simu-
lated the positive asymmetry of  the ER in the carbon output process,  which
was opposite to the observations of soil respiration (Figures 6B and S18B). It
was  due  to  an  overestimated  pulse  in  wet  years  and  an  underestimated
reduction  in  dry  years,  which  was  obvious  at  more  humid  sites  (Figure  6B).
Contrary to  the  observations,  the  models  overestimated  the  positive  asym-
metry of GPP in humid regions (Figures 6C and S18C), because of which the
simulated NEP in humid areas illustrated an obviously higher positive asym-
metry  (1.8)  than  the  observation  (1.1)  (P <  0.01).  The  uncertainties  of  land
models  in  simulating  ER  and  GPP  in  humid  regions  were  related  to  its
poor performance in capturing SWC, i.e., the models overestimated the pulse
in  wet  years  and  underestimated  the  reduction  in  dry  years  for  SWC
(Figure S19). 

DISCUSSION 

Asymmetric responses of carbon budget to precipitation change
Overall,  the global  synthesis  in  this  study demonstrates that  owing to  the

positive  asymmetry  of  carbon  input  processes  (ANPP  and  BNPP)  and  the
negative asymmetry of the carbon output process (Rs), NEP shows a positive
asymmetry in response to precipitation change (Figures 2 and 3),  indicating
that terrestrial carbon sink will benefit from the increase in precipitation vari-
ability  under  future  climate  scenarios.  It  has  been  reported  that  the  inter-
annual  variability  of  precipitation  will  continue  to  increase  in  the  context  of
global  warming,3 implying  that  the  positive  effect  of  precipitation  variation
caused  by  its  positive  asymmetry  on  carbon  sink  can  offset  the  negative
effect  of  climate  anomalies  on  carbon  sink  under  increasing  precipitation
variability.32,33 Moreover, this study found that the positive asymmetry of NEP
in arid regions was much higher than that in humid regions, representing that
under increasing precipitation variability in arid regions, the carbon sink in arid
areas  will  increase  more  than  in  humid  areas.34 It  should  be  noted  that  the
increasing precipitation variability in this study is limited to nominal precipita-
tion variability that can favor carbon sink in the global terrestrial  ecosystem.
In contrast, carbon sink will drop under extreme precipitation variability.

Heterotrophic respiration, Rh,  should be used to identify the reason for the
NEP asymmetry (NEP=NPP- Rh). Instead, soil respiration Rs was used in this
study  due  to  data  availability.  This  may  introduce  minor  uncertainties  to
conclusions. It is widely acknowledged that Rh is the major part (55-70%) of
Rs,35,36 demonstrating that variations in NEP are mainly contributed by Rh. The
previous meta-analysis disclosed that root respiration (the residual of Rs and
Rh)  remained  the  same  under  water-addition  and  water-reduction treat-
ments.19
 

Mechanism of asymmetry in carbon budget under different climates
In arid regions, the positive asymmetric response of SWC and hence vege-

tation  productivity  contribute  to  the  asymmetric  response  of  carbon budget
to precipitation change (Figure 5). The results agree with most studies, which
reported  a  positive  asymmetric  response  to  precipitation  fluctuations  in
grasslands.15,37 The  underlying  mechanism  might  be  that  the  increase  in
annual precipitation enhances the intensity of single rainfall  events, which is
conducive to recharging deeper soil layers and diminishing water loss via soil
water  evaporation,  leading  to  higher  than  proportion  increase  in  SWC.38,39

Knapp et  al.  (2017) proposed a conceptual  model  depicting the response of
NPP to precipitation change with a ‘double asymmetry’ function, displaying a
positive  asymmetry  under  nominal  precipitation  variation  and  a  negative
asymmetry  at  extreme precipitation  levels.14 In  this  study,  the  magnitude  of
manipulated precipitation change ranged from -70 to 70%, with an average of
ca.  ±  40%  (Figure  2),  belonging  to  moderate  to  high  magnitude  of  changes
and below the extreme conditions.

Notably, vegetation productivity illustrates a positive asymmetry even with
a similar degree of SWC variability in arid regions (Figure 5A).  Water plays a
dominant  role  in  controlling  vegetation  production.40 In  wet  years,  microbial
activities and the increase in SWC enhance soil nutrient availability,41 subse-
quently  promoting  plant  photosynthesis.42,43 Conversely,  the  reduction  in
precipitation  affects  vegetation  productivity  mildly  because  plants  in  arid
regions have a strong drought resistance capacity. 44

In contrary to the pattern in arid regions, SWC in humid regions presents a
negative asymmetry in response to precipitation changes (Figure S8), result-
ing in  a  negative  asymmetry  in  the  carbon output  flux  and hence a  positive
asymmetry  in  carbon  budget  (Figure  6).  Due  to  relatively  high  SWC  in  soil
layers and steep slope topography in humid regions,45 it is within the expec-
tation that SWC changes less in wet years than in dry years. For example, the
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increase  in  precipitation  will  induce  relatively  minor  growth  in  SWC  with  a
large fraction of rainfall loss in the form of runoff.46,47 In contrast, a reduction
in  rainfall  in  dry  years  can cause an obvious decline  in  SWC.19 Furthermore,
the vegetation productivity in humid regions exhibits a negative asymmetry in
response to precipitation change (Figures 3B and C) because the increase in
vegetation productivity is slight in wet years due to the limitation of nutrients
and  light.48 The  reduction  in  precipitation  can  significantly  inhibit  vegetation
productivity  because  of  its  poor  resistance  to  drought.  Increasing  evidence
has  shown  that  drought  can  drastically  downgrade  productivity  even  in  the
wettest rainforests, i.e., Amazon forests.49,50
 

Negative  asymmetry  of  carbon  output  flux  in  response  to  precipitation
change

The carbon output process Rs displays a negative asymmetry response to
precipitation change in arid and humid regions, which contributes to the posi-
tive asymmetry in NEP, especially in humid regions (Figure 5). Obviously, the
negative asymmetry of Rs in humid regions is caused by the negative asym-
metric response in SWC (Figure 5). In comparison, Rs in arid regions exhibits
a  negative  asymmetry  despite  the  positive  asymmetric  response  in  SWC
(Figure 3), which may be closely related to microbial activities.51,52 For exam-
ple,  soil  microbes  in  arid  regions  are  constricted  by  SWC,  and  drought  can
trigger  cell  dehydration  and even the  death  of  soil  microbes,53 resulting  in  a
significant decrease in heterotrophic respiration. In contrast, the increased Rs

in  wet  years  may  be  constrained  or  saturated  owing  to  the  limitation  of
oxygen and nutrients when increasing SWC.19,54

Soil temperature is another key factor controlling Rs. This study only inves-
tigated the effect of SWC because soil temperature was seldom documented
in  experimental  studies.  The  role  of  soil  temperature  in  the  asymmetric
response of Rs to precipitation change needs to be further clarified. 

Merits and uncertainties in land carbon cycle models
The simulations of the models under the S3 scenario can capture the posi-

tive asymmetry of NEP in response to the increase in precipitation variability
(Figure 6A). However,  there are two uncertainties warranting more attention.
First, the  models  simulated  the  positive  asymmetry  in  ER.  They  overesti-
mated the stimulus in wet years and underestimated the decline in dry years,
especially in humid regions (Figure 6B). One reason might be that the models
failed  to  reproduce  the  negative  asymmetry  in  SWC  in  response  to  inter-
annual  precipitation  anomalies  (Figure  S19).  For  example,  in  humid  regions,
the  rainfall  interception  owing  to  the  dense  canopy  can  generate  sharp
declines in soil moisture in dry years.55 However, the runoff from slope topog-
raphy  can  lead  to  minor  increases  in  soil  moisture  in  wet  years.45 Another
reason might be that the models fail to capture the mechanisms dominating
ER in dry and wet years (see discussion above). The second uncertainty lies
in  the  overestimation  of  the  positive  asymmetry  in  GPP  in  humid  regions
(Figure 6C). According to the data-model comparison, the reason is likely that
the  models  underestimated  the  reduction  in  GPP  in  dry  years  (Figure  6C).
Considering the similar phenomenon in ER (Figure 6B), one possible reason is
the  models  underestimated  the  decline  in  SWC  in  dry  years  (Figure  S19).
Another mechanism might be that the reduction in precipitation abates nutri-
ent  availability  and  strengthens  the  constraint  on  plant  growth,  which  the
models  usually  fail  to  capture.56,57 With  the  above  two  uncertainties,  the
prediction  of  carbon  sink  in  response  to  changes  in  precipitation  variability
might be  biased  in  humid  regions.  Further  investigations  on  model  perfor-
mance in simulating SWC, especially in humid regions, and more data-model
comparisons in the switch of controls on ER and plant growth in dry and wet
years are essential. 
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CONCLUSIONS
Based on 800 pairwise observations of experimental precipitation manipu-

lations,  we  found  that  NEP  displayed  a  positive  asymmetry  in  response  to
precipitation  change,  especially  in  arid  regions.  The  underlying  mechanism
differs  between  arid  and  humid  regions.  The  positive  asymmetry  of  NEP  in
arid  regions  is  mainly  attributed  to  the  increased  carbon  input  process,
whereas  that  of  NEP  in  humid  areas  is  mostly  sourced  from  the  reduced
carbon  output  process.  Furthermore,  land  models  can  capture  the  positive
asymmetry of NEP in response to precipitation change at a global scale but
exhibit poor performance at humid sites owing to uncertainties in simulating
SWC and ER. The results suggest that intensified precipitation variability can
stimulate  terrestrial  carbon  sink  (except  extreme  anomalies),  especially  at
arid sites. Besides, it should be cautious when it is applied in humid areas due
to the poor performance of the land carbon cycle model in simulating NEP in
humid regions.
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