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Summary

� Heavy rainfall events are expected to increase in frequency and severity in the future. How-

ever, their effects on natural ecosystems are largely unknown, in particular with different sea-

sonal timing of the events and recurrence over multiple years.
� We conducted a 4 yr manipulative experiment to explore grassland response to heavy rain-

fall imposed in either the middle of, or late in, the growing season in Inner Mongolia, China.

We measured hierarchical responses at individual, community and ecosystem levels.
� Surprisingly, above-ground biomass remained stable in the face of heavy rainfall, regardless

of seasonal timing, whereas heavy rainfall late in the growing season had consistent negative

impacts on below-ground and total biomass. However, such negative biomass effects were

not significant for heavy rainfall in the middle of the growing season. By contrast, heavy rain-

fall in the middle of the growing season had greater positive effects on ecosystem CO2

exchanges, mainly reflected in the latter 2 yr of the 4 yr experiment. This two-stage response

of CO2 fluxes was regulated by increased community-level leaf area and leaf-level photosyn-

thesis and interannual variability of natural precipitation.
� Overall, our study demonstrates that ecosystem impacts of heavy rainfall events crucially

depend on the seasonal timing and multiannual recurrence. Plant physiological and morpho-

logical adjustment appeared to improve the capacity of the ecosystem to respond positively to

heavy rainfall.

Introduction

Global warming affects the hydrological cycle over land, resulting
in observed changes to precipitation frequency, intensity, dura-
tion and amount (Sherwood & Fu, 2014; Stocker, 2014).
Although significant attention is paid to how changes in seasonal
and annual precipitation sums affect ecosystems, relatively less is
known about the ecological impacts of heavy rainfall events (large
cumulative depths over 1 d or more), which are being observed
with increasing frequency and severity and are expected to
increase in the future (O’Gorman & Schneider, 2009; Stocker,
2014; Otto et al., 2018).

Previous studies based on precipitation gradients across multi-
ple sites (Knapp & Smith, 2001; Huxman et al., 2004; Ponce-
Campos et al., 2013; Yu et al., 2013; Biederman et al., 2016) or a
long temporal scale at a single site (Scott et al., 2010, 2015; Wu
et al., 2013; Ren et al., 2017) usually report positive relationships
of precipitation with gross ecosystem CO2 uptake or above-
ground net primary productivity (ANPP). Ecosystem benefits
from increased precipitation manifest in changes across hierarchi-
cal levels, including increased metabolism (e.g. leaf photosynthe-
sis) (Niu et al., 2008; Ren et al., 2017), improvement of soil

nutrient availability (Lu et al., 2014), and resultant changes in com-
munity composition (Knapp et al., 2012). However, variability in
precipitation totals over seasonal to annual scales is very different
from altered incidence of heavy rainfall events, with large cumula-
tive depths occurring over multiple consecutive days. Heavy rainfall
events have unique impacts which may include soil water saturation
or flooding and related oxygen depletion, surface flooding, poor
nutrient transport and ethylene production in plants, which
restricts growth (Chen et al., 2002, 2005; Voesenek et al., 2004).
Heavy rainfall may reduce long-term productive capacity of soil as
a result of nutrient loss (Sepulveda et al., 2008; Jha et al., 2015;
Burt et al., 2016; Marzen et al., 2017). Collectively, these studies
demonstrate how the temporal pattern and event size of precipita-
tion and resulting soil moisture regime represent an important
knowledge gap. Recent studies suggest that heavy rainfall caused
even greater negative effects on grass reproduction and wheat yield
than extreme drought (Gellesch et al., 2017; M€akinen et al., 2017),
which is often presumed to have the strongest and most widespread
effects on terrestrial ecosystems (Reichstein et al., 2013; Frank
et al., 2015). However, except for these limited examples, little is
known about heavy rainfall impacts across multiple hierarchical
levels from individual plants to the ecosystem scale.
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Understanding mechanisms of ecosystem response to heavy
rainfall requires measurements across multiple levels of ecological
hierarchy, which may respond at different rates but often interact
with one another (Ahl & Allen, 1996). Higher levels provide
context for lower levels, which, in turn, provide mechanisms that
explain the higher-level functional outcomes (O’Neill et al.,
1991). For example, individual plant photosynthesis is the funda-
mental mechanism underlying ecosystem-level carbon (C) uptake
(Patrick et al., 2007; Niu et al., 2008), whereas at the intermedi-
ate community level, leaf area moderates the connection between
individuals and ecosystem function (Hussain et al., 2011; Liu
et al., 2017). Therefore a multi-hierarchy perspective facilitates a
more comprehensive understanding across levels.

Ecological responses to precipitation change may vary over
time and depend on the persistence or recurrence of the change
(Ren et al., 2017). Plants might form ‘stress memory’ in physiol-
ogy after a stress experience (e.g. drought), which may stabilize
ecosystems; that is, ecosystems tend to remain stable when faced
with climate stress if the ecosystem has previously experienced a
similar stress (Walter et al., 2011, 2013; Backhaus et al., 2014).
Moreover, a plant may alter its morphological traits to survive
under extreme water conditions, such as through changes in
root : shoot ratio (Chen et al., 2010) or root and leaf structure
(Insausti et al., 2001). Such an adaptation in morphology may
increase an individual’s tolerance to subsequent extreme condi-
tions (Wang et al., 2017). Therefore, it seems logical to hypothe-
size that responses of ecosystem structure and function to
repeated (i.e. annually) heavy rainfall would change over time.
However, to date, most heavy rainfall results are from oppor-
tunistic studies of events that occurred naturally without repeti-
tion (Smith, 2011). These studies are usually too short (1 or 2 yr)
to establish a clear trajectory of change with time. As a conse-
quence, ecological responses to recurrent heavy rainfall remain
unclear. We may gain uniquely valuable information about
ecosystem response to multiyear heavy rainfall with manipulative
experiments, which offer the advantages of multiyear repeated
treatment, precise conditions, replication and experimental
control.

Another critical knowledge gap is whether ecological responses
are regulated by the within-season timing of heavy rainfall. Sea-
sonal timing of climate variability plays an essential role in affect-
ing structure and functioning of ecosystems (Sippel et al., 2016;
Wolf et al., 2016), yet seasonal timing remains little explored,
especially with regard to heavy rainfall events. It is apparent that
precipitation variability occurring in the early part or middle of
the growing season could have large impacts during these periods
of rapid plant growth (Zhou et al., 2013; Morgan et al., 2016;
D’Orangeville et al., 2018). By contrast, climate variability late in
the growing season could have minimal impact (De Boeck et al.,
2011; Parton et al., 2012). For example, Craine et al. (2012)
showed that reduction in grassland productivity induced by both
drought and high-intensity precipitation occurred during a 110 d
period, whereas productivity was not impacted over the remain-
der of the year. Despite such evidence regarding the importance
of the seasonal timing of drought, we lack such information for
the effects of heavy rainfall at different times of the growing

season. The effects of seasonal timing are essential for predicting
the fate of natural ecosystems under future increases in heavy
rainfall.

In order to address these critical knowledge gaps, this study
quantified and compared the effects of recurrent heavy rainfall
with different seasonal timing on grassland ecosystem structure
and function at individual, community and ecosystem scales.
Specifically, we hypothesized that:
(1) Heavy rainfall negatively affects grassland ecosystem biomass
and C sink function because excess soil water content suppresses
plant growth.
(2) Such negative effects of heavy rainfall may weaken with
annual repeated occurrence, because plants adjust physiologically
and/or morphologically.
(3) Heavy rainfall occurring in the middle of the growing season,
a fast-growing stage for plants, would exert larger negative effects
than heavy rainfall late in the growing season.

To test these three hypotheses, we performed a 4 yr field exper-
iment in which heavy rainfall was imposed in the middle of as
well as late in the growing season in a semiarid grassland in Inner
Mongolia, China. Responses of ANPP and ecosystem CO2 fluxes
in the first 2 yr of the 4 yr experiment were reported previously
(Hao et al., 2017). The present study advances significantly upon
the foundation of the previous work by quantifying heavy rainfall
impacts across multiple levels of ecological hierarchy, including
leaf photosynthesis at the individual level, stem density, leaf area
index and biomass above and below ground at the community
level, and CO2 flux at the ecosystem level. This 4 yr dataset across
hierarchical levels enables us to test hypotheses regarding the
mechanisms underlying ecosystem response to heavy rainfall.

Materials and Methods

Study site

We conducted the study in a semiarid grassland at the Inner
Mongolia Grassland Ecosystem Research Station, within the
Xilin River Basin (43°20ʹN, 116°400ʹE, 1200 m asl). The site
has a semiarid continental climate which is dry in spring and
humid in summer. The mean annual temperature (1953–2017)
is 2.5°C and the mean annual precipitation is 281 mm, of which
86% (c. 242 mm) falls during the growing season (May to
September). The soil is classified as dark chestnut in Chinese soil
classification or Calcis-orthic Aridisol in US Soil Taxonomy clas-
sification, with 60% sand, 21% clay and 19% silt. The field
capacity is 0.29 m3 m�3. This grassland has been fenced off since
1979 and the plant community is mainly dominated by perennial
rhizome and bunch grasses such as Leymus chinensis, Stipa
grandis, Achnatherum sibiricum and Agropyron cristatum (Liu
et al., 2017).

Experimental design

This study is a part of the Extreme Climate Events and Biodiver-
sity II (ECEB-II) experiment that began in 2012 (Supporting
Information Notes S1). Since climate records began in 1953, the

New Phytologist (2019) 223: 647–660 � 2019 The Authors

New Phytologist� 2019 New Phytologist Trustwww.newphytologist.com

Research

New
Phytologist648



longest continuous period of daily precipitation during the grow-
ing season was 20 d. We then calculated the total effective precipi-
tation (i.e. the sum of rainfall for events ≥ 3 mm; Hao et al., 2010,
2012) over all 20 d periods. The 99th percentile of total effective
precipitation over any 20 d period was 282mm. Thus, in this
study, heavy rainfall (large cumulative depths over 1 d or more)
was defined as 282mm rainfall in total applied uniformly over
20 d (14.1 mm d�1) (Hao et al., 2017). Our experimental design
was similar to those conducted in different ecosystems by Kreyling
et al. (2008) (170 mm over 14 d) and Koide et al. (2010)
(120 mm over 6 d). Based on observed timing of seedling estab-
lishment, growth and vegetation senescence, we divided the grow-
ing season into three periods: early (from early May to mid-June),
middle (from late June to mid-August) and late (from late August
to the end of September). The manipulative treatments consisted
of heavy rainfall imposed in the middle of the growing season
(HR-mid), heavy rainfall imposed late in the growing season
(HR-late) and ambient conditions for control (ambient). The
periods of HR-mid were from 17 June to 6 July in 2013 and
2014, and from 27 June to 16 July in 2015 and 2016. The peri-
ods of HR-late were from 20 August to 8 September in these 4 yr.

Quadruplicate 4 m2 (2 m9 2 m) plots were randomly estab-
lished for each treatment (ambient, HR-mid and HR-late, 12
plots in total) in four blocks. During the experimental heavy rain-
fall periods, 9 m2 rain-exclusion shelters (39 3 m, height 1.8 m)
covered treatment plots to prevent natural rainfall. These con-
sisted of a steel frame supporting a transparent polyester fibre-
board (90% light transmission). At the beginning of the study in
May 2012, we compared the air temperature (HMP45C temper-
ature probe; Vaisala, Woburn, MA, USA) and photosynthetically
active radiation (LI-190SB quantum sensor; Li-Cor Inc., Lin-
coln, NE, USA) measured under the shelters with the values mea-
sured in an open space close to the plots and found no significant
differences (Liu et al., 2017). Even with c. 10% light reduction
under shelters, daytime conditions during the growing sea-
son remained light-saturated for the dominant plants (c.
1200 lmol m�2 s�1; Li et al., 2009, Li, 2010) (Table S1). Lateral
surface flow to/from treatment plots was prevented by metal
flashing installed from c. 40 cm below to 10 cm above the ground
surface. The shelters were removed for the remainder of the year.
Control plots remained uncovered and received ambient rainfall
year-round. Heavy rainfall treatments were applied by hand using
a sprinkling can of local groundwater.

Abiotic data measurement

Daily ambient precipitation data were recorded by a tipping
bucket rain gauge near the plots (c. 50 m) at 1.5 m above ground
(TE525MM; Campbell Scientific Inc., Logan, UT, USA). Soil
water content (SWC) of the top 20 cm of soil was measured by
time domain reflectometry (TDR 300; Spectrum Technologies
Inc., Aurora, IL, USA) equipped with a pair probe (20 cm long)
which was inserted vertically into the soil. Soil moisture was mea-
sured in three spots per plot and their mean was used to represent
the plot SWC. SWC was measured every c. 5 d in 2013, 2015
and 2016 and every c. 10 d in 2014.

Individual-level measurements

In 2014–2016, light-saturated photosynthetic rates (Pmax) of
three dominant grasses (Leymus chinensis, Stipa grandis,
Achnatherum sibiricum (this last species was measured in 2015
and 2016 only)) were measured by a portable photosynthesis sys-
tem (GFS-3000; Heinz Walz GmbH, Effeltrich, Germany)
equipped with a light source providing 1700 lmol m�2 s�1 with
CO2 concentration, block temperature and block humidity
under ambient conditions. The mean sum of relative abundance
and proportion of leaf area of these three species were 42% and
51%, respectively (Fig. S1), which could largely represent
responses of mutual and dominant species in this grassland. Pmax

was measured between 09:00 and 11:30 h in the morning. For
the HR-mid treatment, Pmax was measured on the last day of
treatment, and on days 13, 26, 44 and 53 after treatment in
2014; on day13 of treatment, and days 53 and 71 after treatment
in 2015; and on the third to last day of treatment, and days 14
and 49 after treatment in 2016. For the HR-late treatment, Pmax

was measured on day 8 of and after the treatment in 2014; on the
last day of treatment and on day 17 after treatment in 2015; and
on day 13 of treatment and day 15 after treatment in 2016.
These measurements covered a large range of SWC each year
(Fig. S2). In each plot, two individuals per species were randomly
selected for measurement on each sampling occasion, and we pre-
sent their means as the Pmax of the species in this plot.

Community-level measurements

We used the harvest method to estimate above-ground biomass
(AGB). We clipped all living plants just above the soil surface in
a 509 50 cm quadrat of each plot after heavy rainfall treatments
were concluded (c. 15 September). Before clipping, individual
stems (tillers) in the quadrat were censused to estimate stem den-
sity (stems m�2). After harvest, vascular plants were sorted by
species, and then fresh living leaves were separated from the plant
to measure the leaf area within 4 h using a leaf area meter (LI-
3000C; Li-Cor). Leaf area index (LAI) was calculated as the ratio
of total leaf area to the quadrat area. Lastly, all tissues were dried
and weighed. For each year, the locations of quadrats were differ-
ent to prevent resampling of the same quadrat.

Root length was observed by the minirhizotron technique. In
May 2012, one transparent minirhizotron tube (7 cm external
diameter, 100 cm long) was installed at a 45° angle from the hor-
izontal in each plot. A 20 cm length of each tube protruding
above ground was covered with adhesive aluminium foil to block
the sunshine. We used a root scanner system (CI-600 Root
Growth Monitoring System; CID Inc., Vancouver, WA, USA)
to take images (greyscale with 400 dpi) at vertical depths of 0–14,
14–28 and 28–42 cm at the end of each growing season in 2014–
2016 (no measurements were done in 2013). The root length of
each was determined using ROOTANALYSIS software (Analysis
Ome Co. Ltd, Beijing, China). Plot-level root length was calcu-
lated as the sum of the three depths in each tube. Below-ground
biomass (BGB) was estimated using Eqn (1) (Fischer et al.,
2007):
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BGB ðg m�2Þ ¼ L � D

SRL � AOI�DOF
; Eqn 1

where L is the length of the root (m), D is the vertical depth
sampled (m), SRL is specific root length (m g�1), AOI is the
measurement area of the image (m2), and DOF is the esti-
mated depth of field of image (m). In this study, a DOF of
0.0025 m was assumed based on the maximum root diameter.
The SRL was estimated at 32 m g�1 based on measurements of
elutriated roots (Cheng et al., 2016). Estimation of root
biomass based upon root length and special root length has
been used in natural multispecies communities, such as alpine
meadow (Wu et al., 2014), deciduous forest (Norby et al.,
2002) and shrub (Brown et al., 2009). We have good confi-
dence in BGB estimation by this method because it matched
BGB based upon traditional soil-coring methods in an area
adjacent to the experiment (Fig. S3). Additionally, similar con-
clusions about below-ground productivity were obtained
whether we used BGB or directly measured root length and
root volume (Fig. S4; Table S2). Total biomass (TB) was cal-
culated as the sum of AGB and BGB. The root : shoot ratio is
the ratio of BGB to AGB.

Ecosystem-level measurements

Ecosystem CO2 fluxes, including net ecosystem exchange (NEE)
and ecosystem respiration (ER), were measured directly every 1–
2 wk by an infrared gas analyzer (LI-840A; Li-Cor) and a trans-
parent chamber (509 509 50 cm) attached to one air pump
(6262-04; Li-Cor) and two plastic pipes. The chamber was
placed on a preinstalled square metal frame (509 50 cm in area
and 10 cm in height with 3 cm extending above ground) in each
plot to measure NEE (with sunlight) and ER (with lightproof
cloth covering), respectively (Li et al., 2016). Gross ecosystem
production (GEP) was calculated as the difference between NEE
and ER. Each measurement lasted 2 min, and CO2 flux rates
were calculated from the time-course of CO2 concentrations
measured every 1 s. Only data from the middle 100 s (deleting
the first and last 10 s) were used (Chen et al., 2009) to calculate
the flux, as shown in Eqn 2:

F ¼ V � P � ð1000�W Þ
R � S � ðT þ 273Þ � dc

dt
; Eqn 2

where F is the CO2 flux (lmol m�2 s�1). Negative values indi-
cate that the ecosystem absorbs CO2 from the atmosphere, and
positive values indicate CO2 emission. V is the volume of cham-
ber (m3), P is the average pressure (kPa) during the measurement
period, W is the average water mole fraction (mmol mol�1) dur-
ing measurement, R is the ideal gas constant (8.314 J mol�1

K�1), S is the surface area covered by the chamber (m2), T is the
average temperature (°C) during the measurement, and dc/dt is
the slope of least-squares linear regression of CO2 concentration
over time.

Statistical analysis

We used mixed-effects models conducted using the NLME package
in R v.3.4.4 (R Core Team, 2018) to test treatment effects and
temporal trends while accounting for repeated measurements fol-
lowing the lme function (Eqn 3):

lmeðY �ðHR-midþHR-lateÞ �Year; random
¼ �1jPlot;correlation¼ corAR1ð; form¼ �1jPlotÞÞ; Eqn 3

where Y was the response variable while HR-mid and HR-late
were binary (0, not imposed; 1, imposed). In other words,
heavy rainfall imposed in two periods (HR-mid and HR-late)
and year were fixed effects, plot replication was included as a
random effect, and a first-order autoregressive temporal covari-
ance structure was assumed in all models, which was accounted
for by repeated measurement. Some response variables showed
obvious two-stage responses (the first 2 yr of the experiment
showed distinctly different results from the latter 2 yr). To
emphasize the different responses between the former 2 yr and
the latter 2 yr, for these variables (NEE, ER, GEP, stem den-
sity and LAI), year was divided into two periods (1, 2013–
2014; 2, 2015–2016). Similar analysis methods have been used
in other studies with two-stage responses observed (Ren et al.,
2017). For the response variables with no obvious two-stage
responses (AGB, BGB and TB), year was a factor with four
levels (2013, 2014, 2015 and 2016). Post hoc tests (Duncan
test) were used to compare the differences in AGB, BGB and
TB across treatments in each year.

Student’s t-test analysis was used to compare differences of
average Pmax of dominant species between heavy rainfall treat-
ments and ambient controls in two periods, during and after
treatment, respectively. Similarly, t-test analysis was also used to
compare differences of LAI between heavy rainfall treatments
and ambient controls in two periods, the former and latter 2 yr,
respectively. Linear regression was used to correlate biomass
(AGB, BGB and TB) with growing season precipitation (GSP).
Binomial regression and linear regression were used to correlate
Pmax with SWC in 2014, and 2015 and 2016, respectively. All
statistical analyses were implemented in R.

Results

Growing season precipitation and soil water content

The former 2 yr (2013–2014) were humid years with natural
GSP values of 288 and 256 mm, respectively, and the latter 2 yr
(2015–2016) were relatively dry with natural GSP values of 242
and 182 mm, respectively (Fig. 1). Heavy rainfall treatments
received nearly double the ambient GSP in each year. The GSP
of HR-mid treatments were 521, 481, 487 and 425 mm in
2013–2016. HR-late had the largest GSP, with 513, 495, 501
and 439 mm in these 4 yr.

We observed ponded water at the soil surface (at least over sev-
eral hours) after each irrigation during heavy rainfall treatments.
Flooding and presumably anaerobic soil conditions were created,
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especially in the HR-mid treatment in 2013 and 2014 and in the
HR-late treatment in 2013; during these treatments, average
SWC slightly exceeded field capacity (29%). After treatments,
SWC gradually returned to ambient values (Fig. 1).

Individual-level responses

Overall, three dominant species showed consistent responses of
light-saturated leaf-level photosynthesis (Pmax) to heavy rainfall
(Figs S5, S6). However, Pmax responses to heavy rainfall depended
on the seasonal timing and the progression through repeated treat-
ments over the 3 yr during which Pmax was measured. Pmax was sig-
nificantly suppressed during heavy rainfall treatments regardless of
seasonal timing in 2014 (P = 0.02; Table 1; Fig. 2a,b). However,
Pmax was significantly enhanced during the HR-mid treatment in
the latter 2 yr (P < 0.01 for both years; Table 1; Fig. 2c,e) and dur-
ing the HR-late treatment in 2015 (P < 0.01; Table 1; Fig. 2d).
Pmax was increased in HR-mid following treatment in all three
measurement years (P = 0.04, 0.04 and < 0.01 for 2014, 2015 and
2016, respectively) whereas there were no significant effects of HR-
late (Table 1; Fig. 2b,d,f). In 2014, a quadratic relationship sug-
gested that Pmax reached a peak value at SWC of c. 29%, with
greater SWC decreasing photosynthesis (Fig. 3a). By contrast,
2015 and 2016 showed monotonically increasing relationships
across all values of SWC (Fig. 3b).

Community-level responses

We found a significant reduction of total BGB and TB in the
HR-late treatment (P = 0.03 and 0.02 for BGB and TB,

respectively; Table 2). By contrast, the HR-late treatment had no
significant effects on BGB and TB (P = 0.89 and 0.75 for BGB
and TB, respectively; Table 2) although BGB and TB in that
treatment were consistently lower than those of the ambient con-
trol from 2014 to 2016 (Fig. 4). Overall, BGB in all three soil
depths (0–14, 14–28 and 28–42 cm) showed similar responses to
total BGB (Fig. S7; Table S3). Meanwhile, we found no signifi-
cant effect on AGB for any year or either seasonal timing of treat-
ments (P > 0.10 for all; Table 2), although there was an
apparently increasing pattern from ambient to HR-mid to HR-
late treatment in 2013 and 2015 (Fig. 4). We found a significant
negative linear relationship between BGB or TB and GSP,
whereas AGB had no significant relationship with GSP (Fig. 5).

Heavy rainfall affected LAI largely depending upon seasonal
timing (P = 0.05 for HR-mid9 period interaction and P = 0.08
for HR-late9 period interaction; Table 3). LAI did not appear to
be affected by the heavy rainfall during the first 2 yr (P = 0.83
and 0.90 for HR-mid and HR-late, respectively; Fig. 6a,c), but
LAI showed significant increases in HR-mid and HR-late treat-
ments in the latter 2 yr (P = 0.01 and 0.04 for HR-mid and HR-
late, respectively; Fig. 6a,c). Community abundance showed a
similarity to LAI in that effects appeared to develop during the
latter 2 yr, but these were not significant (P > 0.10 for all; Fig. 6b,
d; Table 3).

Ecosystem-level responses

Overall, net ecosystem CO2 uptake (�19NEE) was sup-
pressed during the heavy rainfall treatments and subsequently
stimulated after treatments regardless of timing and year

Fig. 1 Daily precipitation (bars) and soil
water content (SWC, lines) during the
growing season (from 1 May to 30
September) in 2013, 2014, 2015 and 2016
over a semiarid grassland. The dashed line
indicates field capacity (29%). The orange
and blue shaded regions indicate the periods
of the HR-mid (heavy rain imposed in middle
of the growing season, orange line) and HR-
late (heavy rainfall imposed late in the
growing season, blue line) treatments,
respectively. The height of the shaded
regions indicates the added rainfall event size
(14.1mm). ‘Control’ refers to ambient
control (black lines). Error bars show one
standard error of the mean.
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(Fig. S8). At the annual scale, there were marginally signifi-
cant effects of heavy rainfall on NEE (P = 0.08 and 0.07,
respectively; Table 3) regardless of timing, and there was a
clear interaction between HR-mid and year of the experiment,
with the HR-mid treatment decreasing net ecosystem CO2

uptake in the former 2 yr and increasing it in the latter 2 yr
(Fig. 7a,d). We found significant effects of HR-mid and inter-
action between HR-mid and period on GEP and ER
(P = 0.03 and 0.02, respectively; Table 3). The HR-mid treat-
ment slightly increased ER in former 2 yr, but largely stimu-
lated ER in the latter 2 yr (Fig. 7b,e). Additionally, GEP was
slightly depressed in the former 2 yr but largely enhanced in
the following 2 yr in the HR-mid treatment (Fig. 7c,f). By
contrast, such notable ecosystem flux responses were not
found in heavy rainfall imposed late in the growing season
(P = 0.07, 0.18 and 0.16 for NEE, ER and GEP, respectively,
and P > 0.10 for all interactions; Fig. 7; Table 3).

Table 1 Results of t-test analyses of HR-mid (heavy rainfall imposed in the middle of the growing season) and HR-late (heavy rainfall imposed late in the
growing season) treatment effects on light-saturated photosynthesis in two treatment periods (during and after treatment) for each year.

Year Treatment period

Control vs HR-mid Control vs HR-late

t df P t df P

2014 During treatment 3.92 3.78 0.02 6.61 2.01 0.02
Post-treatment �3.15 3.74 0.04 2.29 3.35 0.10

2015 During treatment �12.60 3.92 < 0.01 �6.39 3.18 < 0.01
Post-treatment �3.23 3.24 0.04 0.39 3.30 0.72

2016 During treatment �6.10 3.51 < 0.01 0.20 2.74 0.86
Post-treatment �6.28 3.08 < 0.01 1.38 4.00 0.24

P-values in bold are statistically significant to a = 0.05.

(a) (b)

(c) (d)

(e) (f)

Fig. 2 Responses of leaf photosynthesis (Pmax) of dominant grass species,
Leymus chinensis, Stipa grandis and Achnatherum sibiricum, to heavy
rainfall treatments during and after treatment for 2014–2016 (not
measured in 2013). Data used were means of three species in each period.
Control, ambient; HR-mid, heavy rainfall imposed in the middle of the
growing season; and HR-late, heavy rainfall imposed late in the growing
season. Asterisks and ‘ns’ above bars indicate significant and
nonsignificant differences in mean photosynthesis between heavy rainfall
and ambient control treatments, respectively. Error bars show one
standard error of the mean.

Fig. 3 Relationships between soil water content and light-saturated
photosynthetic rate (Pmax) of three dominant species (Leymus chinensis,
Stipa grandis and Achnatherum sibiricum) for ambient control (control)
and HR-mid (heavy rainfall imposed in the middle of the growing season)
treatments in 2014 (a), and 2015 and 2016 (b). Data are means of three
species on each measurement date.
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Discussion

To our knowledge, our study is the first manipulative experi-
ment to investigate the effects of seasonal timing of heavy rain-
fall (large cumulative depths over 1 d or more). Similar to the
response in the former 2 yr (Hao et al., 2017), AGB remained
stable in the face of heavy rainfall over all 4 yr, regardless of the
seasonal timing (Fig. 4). By contrast, BGB and the resultant
TB both declined surprisingly, with the degree of negative
response modulated by seasonal timing (Table 2). Late-season
heavy rainfall significantly reduced BGB and TB, whereas the
HR-mid treatment did not show any significant impacts
(Fig. 4). Ecosystem-level CO2 fluxes were little affected by
either of the two heavy rainfall treatments in the former 2 yr
(Hao et al., 2017). In the latter 2 yr, however, the HR-mid
treatment largely stimulated ecosystem CO2 fluxes (Fig. 7). In
the following, we discuss the disparate responses of CO2 uptake
and biomass in terms of measurements over all 4 yr across

multiple hierarchies, and address potential mechanisms explain-
ing the observed effects of seasonal timing and multiyear recur-
rence of heavy rainfall.

Negligible responses of above-ground biomass to heavy
rainfall over 4 yr

Although our results support our first hypothesis of negative
effects of heavy rainfall on biomass, the response was seen below
ground in BGB. Meanwhile, AGB remained stable, in contrast to
the positive precipitation–productivity relationships usually
reported in cases of chronic precipitation increases (Huxman
et al., 2004; Wu et al., 2011; Biederman et al., 2017). The inabil-
ity of the ecosystem to increase AGB under heavy rainfall is
notable, despite a near-doubling of the average growing season
precipitation and increased SWC, often in excess of field capacity
(Fig. 1). Although ponded water at the soil surface was observed
(at least over several hours) after each day’s irrigation during
treatment periods, unchanged AGB also contrasts with previous
studies showing that soil saturation and flooding usually reduce
AGB (Chen et al., 2002, 2005; Voesenek et al., 2004). The lack
of AGB response in this study was consistent with a heavy rainfall
experiment conducted on assembled grass communities in
Europe (Kreyling et al., 2008), where 170 mm rainfall was simu-
lated over 14 d during the peak growing season, causing saturated
soil but resulting in no significant changes in AGB. Together,
these two studies suggest that experimental heavy rainfall does
not significantly change AGB. This could be because soil water
saturation is beyond the optimum range in the root zone, even if
the above-ground parts are not constantly submerged for a long
period. In other words, the positive effects of increased precipita-
tion, mainly reduction of soil water stress (Niu et al., 2008; Ren
et al., 2017), may be cancelled by the negative effects of root-zone
saturation, such as oxygen deprivation (Chen et al., 2002, 2005;
Voesenek et al., 2004).

In our study, the lack of negative impacts of heavy rainfall on
AGB may also be related to the fact that this community has been
fenced for 40 yr and is therefore relatively undisturbed, late-
succession and grass-dominated with high diversity. It has been
suggested that higher-diversity communities are less negatively
affected by floods and that some grasses are unaffected by floods
regardless of plant diversity (Wright et al., 2017). Furthermore,

Table 2 Results of mixed-effect model analyses of HR-mid (heavy rainfall imposed in the middle of the growing season) and HR-late (heavy rainfall
imposed late in the growing season) treatment effects on above-ground biomass (AGB), below-ground biomass (BGB) and total biomass (TB).

Fixed effect

df AGB df BGB TB

Num Den F P Num Den F P F P

HR-mid 1 6 0.12 0.74 1 6 0.02 0.89 0.09 0.77
HR-late 1 6 2.95 0.14 1 6 8.57 0.03 9.91 0.02
Year 3 18 21.88 < 0.01 2 12 1.51 0.26 3.05 0.08
HR-mid9 year 3 18 0.32 0.81 2 12 1.93 0.19 1.00 0.39
HR-late9 year 3 18 0.79 0.52 2 12 2.37 0.14 0.17 0.84

P-values in bold are statistically significant to a = 0.05.
Den df, denominator degrees of freedom; Num df, numerator degrees of freedom.

Fig. 4 Responses of above-ground biomass (AGB), below-ground biomass
(BGB) and total biomass (TB, inset) to heavy rainfall treatments. Letters
above each bar (a, b) indicate significant difference at P ≤ 0.05, and ‘ns’
indicates nonsignificant differences. Control, ambient; HR-mid, heavy
rainfall imposed in the middle of the growing season; HR-late, heavy
rainfall imposed late in the growing season. Data for BGB are root : shoot
ratio, or BGB : AGB. Error bars show one standard error of the mean.
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mature plants may tolerate flooding better than young plants
(Gattringer et al., 2017).

Mechanisms by which heavy rainfall negatively influences
below-ground biomass

It is noteworthy that BGB was largely reduced, even as AGB
remained stable (Fig. 4). These results again show an important
difference between heavy rainfall and chronic precipitation
increase; previous studies in this area showed that BGB was
increased by supplemental irrigation when it was distributed
throughout the growing season (Bai et al., 2010; Li et al., 2010;
Gao et al., 2011). Furthermore, a meta-analysis suggested that
AGB was more sensitive than BGB to experimental precipitation

addition (Wilcox et al., 2017), highlighting a key difference
between chronic and extreme-event precipitation changes.

Negative effects of heavy rainfall on BGB observed in the pre-
sent study, especially in the HR-late treatment (Fig. 4), are gener-
ally in agreement with previous flood studies showing saturated
soil moisture conditions, and the ethylene produced may limit root
development or even lead to root damage and death (Kozlowski,
1984, 1997; Chen et al., 2002). High turnover of roots under high
GSP and SWC is another possible reason why BGB was lower in
heavy rainfall treatments compared with the ambient control. Root
turnover showed a significant positive relationship with annual pre-
cipitation (Yuan & Chen, 2010; Fin�er et al., 2011) and SWC in
arid climates (Kitajima et al., 2010) because of accelerated decom-
position and short-lived roots (Huang & Nobel, 1992). Bai et al.
(2010) suggested that root turnover rates were stimulated 10% by
an increase of 30% in mean annual precipitation in a temperate
steppe near our study site.

Decreased BGB and root : shoot ratio, coupled with
unchanged AGB (Fig. 4), reflects plant plasticity in C alloca-
tion, prioritizing shoot growth in order to tolerate saturated
conditions (Rubio & Lavado, 1999; Voesenek et al., 2004).
Previous manipulative studies conducted at an adjacent site
indicated that a smaller proportion of fixed C would be allo-
cated below ground when high SWC is maintained (24%) by
irrigation (Li et al., 2010). Across a regional precipitation gradi-
ent of sites, the ratio of below-ground biomass to total biomass
(BGB : TB) increased when annual precipitation increased from
100 to 300 mm, reached a peak at c. 300 mm, and then
declined, with precipitation increasing from 300 to 400 mm
based on a 1900 km transect across Inner Mongolia (Fan et al.,
2009). This C allocation strategy is possibly related to improv-
ing oxygen diffusion from the aerial parts to root systems (de
Oliveira & Joly, 2009). However, heavy rainfall-driven changes
in C allocation, resulting in root-poor plant communities, may
decrease community stability by reducing subsequent capacity
for gaining soil resources (e.g. water, nutrients) in this shallow-
rooted ecosystem. Similar C allocation responses have been
detected in a 2010 drought in Amazonia, with subsequent
increases in tree mortality ascribed to decreased root allocation
(Doughty et al., 2015).

Fig. 5 Relationships between growing season precipitation and above-
ground biomass (AGB), below-ground biomass (BGB) and total biomass
(TB) across treatments and years, fitted with linear models. Different
colours and symbols refer to different treatments (grey, orange and blue
refer to ambient control, HR-mid (heavy rainfall imposed in middle of the
growing season) and HR-late (heavy rainfall imposed late in the growing
season), respectively) and biomasses (up triangles, down triangles and
diamonds indicate AGB, BGB and TB, respectively).

Table 3 Results of mixed-effect model analyses of HR-mid (heavy rainfall imposed in the middle of the growing season) and HR-late (heavy rainfall
imposed late in the growing season) treatment effects on net ecosystem exchange (NEE), gross primary production (GEP), ecosystem respiration (ER), leaf
area index (LAI) and stem density.

Fixed effect

df NEE GEP ER LAI Stem density

Num Den F P F P F P F P F P

HR-mid 1 6 4.48 0.08 8.44 0.03 8.82 0.02 0.84 0.39 0.18 0.68
HR-late 1 6 4.95 0.07 2.36 0.18 2.59 0.16 0.72 0.43 1.23 0.31
Period 1 24 22.23 < 0.01 22.96 < 0.01 32.12 < 0.01 12.61 < 0.01 1.06 0.31
HR-mid9 period 1 24 6.02 0.02 14.25 < 0.01 10.17 < 0.01 4.47 0.05 0.04 0.85
HR-late9 period 1 24 0.18 0.68 2.54 0.12 1.63 0.21 3.38 0.08 1.22 0.28

Period was a factor with two levels, with one level indicating 2013–2014 and the other level indicating 2015–2016. P-values in bold are statistically signifi-
cant to a = 0.05.
Den df, denominator degrees of freedom; Num df, numerator degrees of freedom.
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Relationships of growing season precipitation and biomass
under heavy rainfall

There was no significant relationship between AGB and GSP
across treatments and years (Fig. 5), contrasting with the expecta-
tion of increasing annual precipitation (AP)–AGB relationships
(Sala et al., 2012; Ponce Campos et al., 2013) or even a recently
revised nonlinear ‘double asymmetry’ model, including both pos-
itive and negative asymmetry under conditions of extreme precip-
itation years (Knapp et al., 2017). This may be a result of
decreased AGB sensitivity to total AP under extreme precipita-
tion patterns, causing reduced rain-use efficiency (Zhang et al.,
2013). It is possible that our results fit the observed hump-shaped
(unimodal) AP–AGB relationships at sufficiently large scales tem-
porally (e.g. decades, Zhu et al., 2016) or spatially (e.g. global,
Yang et al., 2008). A binomial relationship between AGB and
mean annual precipitation (MAP) indicates that AGB seems
reach a peak at a MAP of c. 400 mm in Inner Mongolia (Fan
et al., 2009). Because our study did not contain years of GSP in
the range 300–400 mm, we are unable to evaluate our results in
the context of the tipping point of Fan et al. (2009). However, it

is plausible that our ambient and HR treatments represent similar
AGB values on the rising and falling limbs of a unimodal rela-
tionship. By contrast with AGB, BGB showed a sharp negative
relationship with GSP (Fig. 5), demonstrating an unexpected
biomass response to heavy rainfall events. It should be noted that
BGB dominated community biomass responses (TB) to heavy
rainfall, indicating that commonly studied AP–AGB relation-
ships might not capture important relationships between com-
munity biomass and precipitation. BGB is particularly important
in grasslands and other ecosystems where below-ground produc-
tivity and biomass exceed those found above ground (Fan et al.,
2009; Liu et al., 2018).

Mechanisms by which heavy rainfall influences ecosystem
CO2 fluxes over multiple years

Negative responses of CO2 uptake (NEE) during heavy rainfall
treatments regardless of timing and year (Fig. S8) support for
our first hypothesis that heavy rainfall negatively affect grassland
C sink function. Such a C sink reduction is consistent with well-
known findings that plant photosynthesis is inhibited by flood-
ing, mainly as a result of stomatal closure (Chen et al., 2005;
Zhang et al., 2017; Ziegler et al., 2017). In addition to stomatal
factors, ecosystem-level photosynthesis reduction may result from
either chlorosis and premature leaf senescence caused by ethylene
production under flooding stress or a decrease in water and N
uptake as a result of reduced root production (Chen et al., 2002).
Here, although BGB was also reduced by heavy rainfall treat-
ments (Fig. 4), we suggest that suppressed ecosystem CO2 uptake
was the consequence of transient stomatal closure under excess
water moisture, because CO2 uptake was promoted following
treatments as soon as soil moisture declined below saturated val-
ues (Figs 2, S8).

Importantly, we found that annual-scale CO2 uptake was
reduced and enhanced by the HR-mid treatment in the former
and latter 2 yr, respectively (Fig. 7), supporting our second
hypothesis that negative effects of heavy rainfall would be dimin-
ished over time with annual extreme event recurrence. This is
because, in HR-mid treatment, the inhibiting effects on ecosys-
tem CO2 uptake during the treatment period were weakened,
whereas the facilitating effects on ecosystem CO2 uptake after the
treatment period were enhanced in the latter 2 yr (Fig. S8).

Four mechanisms may explain the observed changes over time
in the response of CO2 fluxes to the HR-mid treatment. First,
precipitation variation across years may contribute to the two-
stage responses of ecosystem CO2 fluxes (Fig. 1). Natural GSP in
the former 2 yr was larger than that in the latter 2 yr, especially in
2016, when only 182 mm of ambient precipitation fell (Fig. 1).
By contrast, SWC was already near field capacity before the HR-
mid treatment started in the former 2 yr (26% and 28% in 2013
and 2014, respectively). Thus, the imposed heavy rainfall treat-
ment served mainly to prolong a period in which soil moisture
was at field capacity (average SWC was 29% during the HR-mid
treatment in both years). By contrast, in the latter 2 yr, the SWC
immediately before the HR-mid treatment was lower (18% and
7% in 2015 and 2016, respectively). Ambient SWC during the

(a) (b)

(c) (d)

Fig. 6 Responses of leaf area index (LAI) (a) and stem density (b) to heavy
rainfall treatments. The relative effects of heavy rainfall on leaf area index
(c) and stem density (d) during the former 2 yr (2013–2014) and latter 2 yr
(2015–2016) of the study. The relative effects were calculated as the
difference between the value in the heavy rainfall treatment and the value
of the ambient control. Control, ambient; HR-mid, heavy rainfall imposed
in the middle of the growing season; and HR-late, heavy rainfall imposed
late in the growing season. Error bars show one standard error of the
mean.
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HR-mid treatment in the latter 2 yr (11% and 7% in 2015 and
2016, respectively) was also lower than ambient SWC in the
former 2 yr (17% and 23% in 2013 and 2014, respectively),
reflecting the drier conditions in the latter 2 yr, which could
buffer soil saturation stress induced by heavy rainfall in the
former 2 yr (average SWC values during treatment were 17%
and 22% in 2015 and 2016, respectively).

A second potential mechanism explaining the two-stage
response is the development of stress memory to recurrent
extreme conditions (Walter et al., 2013; Backhaus et al., 2014).
In this study, the Pmax of dominant species was suppressed
during the HR-mid treatment in 2014. However, these same
species showed higher Pmax during the HR-mid treatment in
2015 and 2016 (Fig. 2), consistent with adaptation to heavy
rainfall in the latter 2 yr, which strongly supports part of our
second hypothesis. Furthermore, in 2014, the first year of

photosynthesis measurements, Pmax reached a peak when SWC
was c. 29% and then declined at wetter values, whereas in
2015–2016, Pmax increased monotonically, even as SWC
exceeded 30% (Fig. 3). This change in photosynthesis response
to the highest SWC values suggests a beneficial adaptation in
the latter 2 yr. Wang et al. (2017) reported that soil inunda-
tion could improve the relative growth of survivors subse-
quently subjected to similar conditions. Plants have been
shown to tolerate flooding by regulating stomatal conductance,
transpiration and thus photosynthesis (Insausti et al., 2001).
Such memory may last over the entire lifetime of a plant, even
after harvest and resprouting (Walter et al., 2011).

A third mechanism potentially underlying the two-stage
response is an altered C allocation pattern. As discussed earlier,
the fraction of C allocated above ground (especially in leaves) as
compared with below ground (AGB : BGB) increased following

(a) (b) (c)

(d) (e) (f)

Fig. 7 (a–c) Responses of net ecosystem exchange (NEE) (a), ecosystem respiration (ER) (b) and gross ecosystem production (GEP) (c) to heavy rainfall
treatments. (d–f) Relative effects of heavy rainfall on NEE (d), ER (e) and GEP (f) during the former 2 yr (2013–2014) and latter 2 yr (2015–2016) of the
study. Data in (a)–(c) were means over the growing season in each year. The relative effects were calculated as the differences between the heavy rainfall
treatment and ambient control. Control, ambient; HR-mid, heavy rainfall imposed in the middle of the growing season; and HR-late, heavy rainfall
imposed late in the growing season. Error bars show one standard error of the mean.
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heavy rainfall (i.e. decreased root : shoot ratio; Fig. 4). Further-
more, compared with the former 2 yr, LAI greatly increased in
the latter 2 yr under both heavy rainfall treatments in this study,
although total AGB was not changed (Fig. 6a,c). Increasing leaf
area has been reported for various herbaceous species growing in
periodically flooded habitats as a result of more and longer
parenchymatous cells and ethylene production (Van der Sman
et al., 1991; Grimoldi et al., 1999; Insausti et al., 2001). Large
leaf area would enhance stomatal conductance at the community
level, increase oxygen diffusion (de Oliveira & Joly, 2009), facili-
tate transpiration (Lai, 2015) and thus improve nutrition trans-
portation and oxygen supply, which would benefit plant
photosynthesis and respiration simultaneously. Additionally,
increases in leaf area can improve water-use efficiency for ecosys-
tem CO2 exchange and thus increase ecosystem CO2 fluxes (Hu
et al., 2008; Scott & Biederman, 2017). The idea that increased
leaf area promoted ecosystem C fluxes was supported by previous
studies at this site (Liu et al., 2017; Hu et al., 2018). Such mor-
phology adaptation allowing plants to tolerate heavy rainfall
strongly supports our second hypothesis.

The final potential mechanism of the two-stage response is
alteration of ecosystem structure. Here, after 2 yr of heavy rainfall
treatments, the ecosystem structure adapted, with increased
abundance in the latter 2 yr (Fig. 6b,d), which may contribute to
the increase in leaf area along with greater CO2 fluxes.

Responses of ecosystem CO2 fluxes to heavy rainfall
depend on seasonal timing

Interestingly, the ecosystem CO2 uptake (magnitude of NEE) in
the HR-late treatment was consistently lower than the ambient
control at the annual scale (Fig. 7a). This contrasting response of
the late-season treatment could result from the fact that already-
senescent leaves under low air temperature (Fig. S9) were unable
to use the abundant water for C uptake, despite large leaf area,
which partly supports our last hypothesis that heavy rainfall
occurring in middle of the growing season would have a greater
effect than heavy rainfall late in the growing season.

Implications for grassland response to heavy rainfall

In conclusion, projected increases in the occurrence and magni-
tude of heavy rainfall necessitate a deeper understanding of its
effects on ecosystem structure and function. Our study provides a
new perspective related to the seasonal timing and multiyear
recurrence of these extreme events and their potential impacts on
ecosystem services. We found that heavy rainfall late in the grow-
ing season had negative effects on community biomass largely
because of a reduction in BGB, while AGB remained stable. In
order to better assess precipitation–productivity relationships,
which are highly relevant as benchmarks for global models of ter-
restrial C cycling, we encourage the implementation of heavy
rainfall studies considering both event magnitude and timing and
the responses both below and above ground. We also found dis-
crepant ecosystem CO2 flux response patterns between heavy
rainfall occurring in different seasonal periods over the 4 yr,

highlighting that the differences in short- and mid-term
responses to climate extremes may be timing-dependent, and that
plant physiological and morphological adjustment, as well as
interannual precipitation variability, regulated the effects of heavy
rainfall on C cycling.
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