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A B S T R A C T

Climate warming is leading to greater precipitation variability, resulting in increased frequency and intensity of
both drought and wet extremes. However, how these extreme events interact with climate warming and hay-
harvest in grasslands to impact ecosystem functions has not yet been well explored. In this study, we took
advantage of a long-term experiment to examine how climate warming and clipping (i.e., mimicking hay har-
vest) regulated impacts of naturally occurring drought and wet extremes on ecosystem CO2 fluxes of a tallgrass
prairie in the Great Plains, USA. Warming resulted in net ecosystem carbon release (i.e., positive net ecosystem
CO2 exchange, NEE) in the extreme drought year of 2011, but significantly enhanced net carbon uptake in the
extremely wet year of 2015 in comparison with NEE in normal years. Warming-induced carbon release in the
drought year was due to significantly enhanced ecosystem respiration (ER) from mid-summer to early-autumn,
whereas warming-enhanced NEE in the wet year was due to an increase in aboveground net primary production
(ANPP) compared to those in normal years. Drought diminished warming-induced increases in ANPP to about
one sixth of that in the wet year in the unclipped plots. Interestingly, clipping offset the drought-mediated
ecosystem carbon loss by increasing GPP and weakened the wet-enhanced ANPP. Overall, our results suggest
that a future, warmer climate may exacerbate carbon losses in terrestrial ecosystems during drought extremes
but stimulate the ecosystem carbon sink under wet extremes.

1. Introduction

Increasing frequency and intensity of either extreme drought or wet
events during the 21 st century have been projected by most global
climate models according to the IPCC 5th assessment (IPCC, 2013).
Moreover, studies from both observations and model simulations have
shown that climate warming is a main catalyst for drought and wet
extremes due to its impact on hydrological cycles (Dai, 2013; Mueller
and Seneviratne, 2012; Pendergrass et al., 2017; Peng et al., 2014;
Trenberth et al., 2014; Wetherald, 2010). Thus, studies on these climate
extremes need to take warming effects into account (Dai, 2013;
Trenberth et al., 2014). Climate warming, and extreme drought and wet
events can have significant impacts on ecosystem carbon (C) cycles

(Ciais et al., 2005; Frank et al., 2015; Friedlingstein et al., 2006;
Reichstein et al., 2007), potentially either strengthening or weakening
ecosystem feedback to climate change (Luo, 2007). However, previous
studies have mainly examined the effects of warming, drought, or ex-
tremely wet conditions separately (Doughty et al., 2015; Hoover et al.,
2014b; Wilcox et al., 2015; Wu et al., 2013; Xu et al., 2016). So far,
combined effects of warming and climatic extremes have only been
explored with short-term mesocosm experiment (Roy et al., 2016) or
field manipulations (Hoover et al., 2014a; Xu et al., 2013). Future cli-
mate warming is likely accompanied with drought and wet extremes;
therefore, understanding how long-term warming alters ecosystem re-
sponses to naturally occurred drought or wet extremes in field experi-
ments is vital for predicting and assessing consequences of future
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climatic extremes.
Studies on ecosystem C cycles under drought have shown not only

declines in gross primary production (GPP) due to suppressed photo-
synthesis (Chaves et al., 2009; Granier et al., 2007), but also decreases
in ecosystem respiration (ER) (Doughty et al., 2015; Schwalm et al.,
2012b). Since GPP has been shown to be a higher sensitivity to drought
than ER (Schwalm et al., 2010; Shi et al., 2014), ecosystems are ex-
pected to lose C under drought extremes (Frank et al., 2015) and to
decrease aboveground net primary production (ANPP) (Craine et al.,
2012; Ma et al., 2012). It has also been found that drought caused
higher net ecosystem C uptake in the woody savanna through reduced
ER due to less decomposition during drought than environments
without drought (Schwalm et al., 2012a). In contrast, increased pre-
cipitation stimulated more GPP than ER, leading to increases in ANPP
(Isbell et al., 2015; Sherry et al., 2008; Thomey et al., 2011) and net
ecosystem C uptake (Wu et al., 2011). While these studies on drought or
wet extremes provide critical information about how climate extremes
alter ecosystem C cycle, it is essential to understand interactive effects
of climate extremes and climate warming on ecosystem processes.

Climate extremes (e.g., extreme drought and extreme wet events)
and climate warming interact to either exacerbate or offset their in-
dividual effects (IPCC, 2013; Mueller and Seneviratne, 2012). For ex-
ample, ANPP of a C3 dominant grassland declined with increasing
temperature and dryness over a long-term observation (Brookshire and
Weaver, 2015). Short-term heat waves and extreme drought, in com-
bination, significantly reduced ecosystem C uptake in a grassland eco-
system (Roy et al., 2016). Conversely, combined warming with reduced
precipitation did not change ecosystem C balance and plant pro-
ductivity of central U.S. grasslands (Hoover et al., 2014b; Xu et al.,
2016). A combination of warming and increased precipitation con-
sistently enhanced ANPP (Luo et al., 2008; Wu et al., 2011). Under-
standing diverse patterns of interactive effects of warming and climate
extremes on ecosystems is essential to project ecosystem services in the
future as they are most likely to occur simultaneously.

Impacts of drought and warming on ecosystems may vary with land
management (Canadell and Schulze, 2014). Hay harvesting, a common
land management practice in grasslands, might substantially counteract
impacts of climate change on ecosystem functions and structure
(Cernusca et al., 2008; Luo et al., 2009; Schmitt et al., 2010; Shi et al.,
2016). Clipping treatments, which simulate hay harvesting, resulted in
a shift in plant communities due to changes in light availability and
germination timing (Collins et al., 1998; Ruprecht and Szabó, 2012).
Shifting species composition, in turn, can lead to alteration in eco-
system responses to global change (Chen et al., 2017). Although many
studies examined precipitation effects on plant production so as to
maximize hay harvests in grasslands (Jungers et al., 2015; Parton et al.,
2012), how the land management affects ecosystem C cycle under both
climate extremes and climate warming remains poorly understood.

The objective of this study is to assess how ecosystem CO2 fluxes,
such as net ecosystem CO2 exchange (NEE), GPP, ER, and ANPP, were
altered by either drought or wet extremes under experimental warming
and clipping. We took advantage of a long-term warming and clipping
experiment that started in 1999 in a prairie grassland in Oklahoma,
USA, which has naturally fluctuating precipitations. This region in the
Great Plains has experienced intensified interannual precipitation
variability (Basara and Christian, 2018; Weaver et al., 2016). We ex-
amined how climate warming and clipping regulated impacts of natu-
rally occurring drought and wet extremes on ecosystem C processes
(i.e., GPP, ER, NEE, and ANPP) measured over seven years
(2009–2015). We compared ANPP, GPP, ER, and NEE in the extremely
dry and extremely wet years vs. those years with normal precipitation
under the treatments of warming and clipping. During that period,
2011 was an extremely dry year while 2015 was an extremely wet year
according to long-term precipitation record. By doing so, we assessed
how warming and clipping mediated impacts of drought and wet ex-
tremes on ecosystem C processes.

2. Materials and methods

2.1. Study site and experimental design

The experiment site was located in the Kessler Atmospheric and
Ecological Field station (KAEFS) in McClain County, central Oklahoma
in the Great Plains of the United States (34°58′31.8″N, 97°31′19.6″W).
This site had been remained uncultivated and ungrazed for 40 years
before the experiment began in 1999. This grassland was dominated by
the C4 grasses (Schizachyrium scoparium and Sorghastrum nutans) and the
C3 forbs (Ambrosia psilostachya, Solidago nemoralis and Solidago rigida).
We used a nested design with warming as the main factor and clipping
as a secondary factor. The experiment consisted of six replicates, i.e., six
pairs of plots and each pair has two square plots with a length of 2m,
making a total of 12 plots. Within each pair, one plot has been warmed
continuously since November 21, 1999, while another plot has re-
mained under ambient temperature as control. Infrared heaters
(165 cm x 15 cm; Kalglo Electronics, Bethlehem, PA, USA) were capable
of a radiation output of 100W m−2. These heaters were suspended
1.5 m above the ground in each warmed plot. On average, air tem-
perature was increases by 1.1 °C, and daily mean soil temperature in-
creases by 2.0 °C and 2.6 °C in unclipped and clipped subplots, respec-
tively (Luo et al., 2001; Wan et al., 2002). In the unwarmed plot, to
mimic the shading effect of the heater, a ‘dummy’ heater has suspended
at the same height. For each pair of plots, the distance between the
center of the warmed and control plots was approximately 5m to avoid
heating the control plot. The distance between two pairs varied from 20
to 60m. Each plot was further divided into four subplots of 1m×1m.
Plants in two diagonal subplots were clipped at a height of 10 cm above
the ground once a year to mimic hay harvesting while the other two
subplots were kept unclipped. Therefore, the experiment had four
treatments: unclipped and control (ambient) temperature (UC), un-
clipped and warming (UW), clipped and control temperature (CC), and
clipped and warming (CW). After clipping, the clipped biomass was
brought back to the laboratory for estimates of ANPP.

2.2. Precipitation, air and soil temperature, and soil moisture measurements

The precipitation data from 1896 to 1993 and from 1994 to 2015
were retrieved from Oklahoma climatology survey (Purcell, Blanchard
and Norman stations) and Oklahoma Mesonet (Washington station),
respectively (Brock et al., 1995; McPherson et al., 2007). Data in year of
1903, 1906, 1907, 1908, 1910, 1911, 1914, 1919, and 1947 were
missed. The data from 1896 to 1993 came from observations at three
stations (Purcell, Blanchard and Norman stations). Washington station
is 200m away from our experimental site, which is the closest me-
teorological station for climatic data. The other stations were also
within short distance to the experimental site. Purcell and Blanchard
stations are in the same county of the field station, having distances of
13 and 21 km, respectively. Norman station is in Cleveland County and
24 km away from the field station. When data were available from more
than one station at a given time, we averaged the data across those
meteorological stations. Given the relative short distances between all
the stations to our study site, we assumed that there is no significant
difference among the data sets.

Air temperature was measured by thermocouples at the height of
25 cm above the ground in the center of control and warming plots,
respectively. Soil temperature at a 2.5 cm depth was measured by
thermocouples in the center of one unclipped subplot and one clipped
subplot. Detailed information for air and soil temperature measure-
ments was described previously (Luo et al., 2009; Xu et al., 2012). Soil
volumetric water content (VWC) was measured manually at depth of
12 cm using Time Domain Reflectometry (TDR) equipment (Soil
Moisture Equipment Corp., CA, USA). Three measurements were made
in each subplot. The frequency of soil VWC measurements was from
two to four weeks.
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2.3. Identifying the dry and wet events

In our study, extreme precipitation years were defined based on
percentile thresholds (i.e., below 10th or above 90th percentile for
extreme drought or extremely wet years, respectively). Based on those
percentile thresholds, we divided the whole study period (2009–2015)
into three categories: the dry year (2011), normal years (2009–2010
and 2012–2014) and wet year (2015). The Standardized Precipitation
Evapotranspiration Index (SPEI), which involves both precipitation and
evapotranspiration (Beguería et al., 2014; Vicente-Serrano et al., 2010),
was used to support percentile thresholds for precipitation, i.e., extreme
drought (<−2) and extremely wet (> 2) (Fig. S3). SPEI at a 3-month
time interval was calculated for monitoring drought through ‘SPEI’
package in R (Beguería et al., 2017).

2.4. Ecosystem CO2 flux measurements

To measure ecosystem CO2 fluxes, including NEE and ER, two
square aluminum frames (0.5× 0.5m) in each plot were permanently
installed into the soil at 3 cm depth, one in the clipped subplot and
another in the unclipped subplot. The frame had flat base of 3 cm wide
to fully seal the gap between soil and the chamber. NEE and ER are
measured by LI-6400 portable photosynthesis system (LI-COR Inc.,
Lincoln, NE, USA) attached with a static chamber (0.5× 0.5× 0.6m),
which is covered with a thick cloth to create dark conditions for de-
terminations of respiration rates. The measurements were made at 2- to
4-week intervals from 2009 to 2015 and measurement time was be-
tween 9:30 am and 12:00 pm under clear sky conditions to keep similar
solar radiations. Some months were persistently cloudy at the mea-
surement time so that measurement data in some months were not
available, e.g., May and August in the wet year. Negative and positive
values of NEE indicate carbon sink and source, respectively. GPP was
derived by difference between NEE and ER. Details on the chamber
design and measuring procedures were described in a previous study at
the same experimental site (Niu et al., 2013). For overall assessments of
interactive effects between precipitation extremes and warming,
monthly values of carbon fluxes (i.e., GPP, ER and NEE) were averaged
for each type of precipitation regime years (i.e., dry, normal, and wet
years). Seasonality curves were generated with monthly measurements
with smoothing (‘geom_smooth’, span= 0.6) (Wickham, 2009).

As for ANPP measurements, plant biomass was clipped, as described
above for simulating hay harvesting, and dried at 65 °C for 72 h. ANPP
in unclipped plots was indirectly estimated by the pin-contact method
(Frank and McNaughton, 1990). Detailed procedure for ANPP estima-
tions in unclipped plots can be found in a previous study in the same
experiment (Sherry et al., 2008).

2.5. Statistical analysis

All statistical analyses were conducted with R version 3.3.0
(RCoreTeam, 2016). The effects of warming, clipping, and precipitation
extremes on NEE, ER, GPP, and ANPP were assessed using linear mixed-
effect models conducted in the ‘lme4’ package (Bates et al., 2014). In
the linear mixed model, warming, clipping and precipitation extremes
(extreme hereafter as one factor of treatment in this study), as well as
their interaction, were considered as the fixed effect while the plots
(n=6 for replicates) were set as the random effect nested within
measurement time. To overcome statistical limitations resulting from
unbalanced measurement times, we used nonparametric bootstrapping
method to generate observations for normal years, which resamples the
observations within plots 1 to 6 for each treatment (UC, UW, CC and
CW). By applying a bootstrapping sampling procedure, we first ob-
tained 10,000 times of monthly values in normal years and then we
calculated monthly means for further statistical analysis. As for the
ANPP, we resampled ANPP for each treatment within each plot from
the five years of measurements in normal years.

To examine interactive effects of warming, clipping, and extreme
events on ecosystem CO2 fluxes, we used the linear model as ˜
Warming×Clipping×Extreme+(1|Plot) in the R package, lme4
(Bates et al., 2014). Warming, clipping and extreme were treated as
fixed effects and plots as random effects. ANOVA was used to examine
the effects of precipitation extremes on CO2 fluxes for warming and
clipping treatments as well as warming-induced changes in CO2 fluxes
among different precipitation extremes. When there was a significant
interaction, ‘lsmeans’ package was used to perform post hoc compar-
isons with the false discovery rate (FDR) to correct inflated Type 1 error
(Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001; Lenth,
2016). Degree of freedom (df) in pairwise comparisons was estimated
using the Satterthwaite approximation (Satterthwaite, 1946). We used
means and pooled standard deviation (SD) to weighted standard error
(SE) due to unequal numbers of measurements among the three pre-
cipitation extremes. Details of the statistical models used are shown in
Tables 1, S1–S4.

3. Results

3.1. Extremely dry and wet years

The mean annual precipitation at this experimental site is 877mm
over the past 120 years, and has a wide range from 487mm to
1605mm, including extremely dry and wet years as defined by 10th (at
611mm) and 90th (at 1154mm) percentile thresholds, respectively
(Fig. S1), and precipitation anomalies (Fig. S2). During the study period
from 2009 to 2015, annual precipitation ranged from 549mm in 2011
to 1605mm in 2015, with mean annual precipitation of 909mm
(Fig. 1). According to the definition of extreme years based on the
percentile thresholds, 2011 and 2015 were identified as extremely dry
and wet years, respectively. The rest of the years were considered
normal years (841mm on average, inset, Fig. 1). In the 3-month scale of

Table 1
Results from linear mixed effect model to examine responses of carbon fluxes
(Net Ecosystem CO2 Exchange, NEE; Gross Primary Production, GPP; Ecosystem
Respiration, ER; and Above-ground Net Primary Production, ANPP) to
warming, clipping, precipitation extremes (i.e., Extreme), and their interactive
effects. Bolds indicate significance at the level of p<0.05.

Dependent Variable Effect df F-value p-value

NEE Warming 1 2.87 0.09
Clipping 1 25.81 <0.01
Extreme 2 5.67 <0.01
Warming:Clipping 1 0.24 0.62
Warming:Extreme 2 1.31 0.27
Clipping:Extreme 2 0.48 0.62
Warming:Clipping:Extreme 2 0.22 0.81

GPP Warming 1 0.23 0.63
Clipping 1 29.39 <0.01
Extreme 2 1.26 0.28
Warming:Clipping 1 0.02 0.90
Warming:Extreme 2 0.04 0.96
Clipping:Extreme 2 1.07 0.34
Warming:Clipping:Extreme 2 0.09 0.91

ER Warming 1 4.07 <0.01
Clipping 1 8.26 <0.01
Extreme 2 4.02 <0.01
Warming:Clipping 1 0.42 0.51
Warming:Extreme 2 0.84 0.43
Clipping:Extreme 2 3.07 <0.01
Warming:Clipping:Extreme 2 0.03 0.97

ANPP Warming 1 90.92 <0.01
Clipping 1 3.01 0.09
Extreme 2 56.20 <0.01
Warming:Clipping 1 0.00 0.97
Warming:Extreme 2 13.46 <0.01
Clipping:Extreme 2 2.45 0.10
Warming:Clipping:Extreme 2 1.56 0.22
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SPEI, the dry and wet years corresponded to approximately -2 and 2,
respectively (Fig. S3). For example, the severity of drought in 2011 kept
increasing until June under the warming condition. July of 2015
showed a very wet condition (Fig. S3). Precipitations in 2012 and 2014
were close to 10th percentile as presumably marginal drought years,
but the SPEI indices did not exceed -2 although SPEI in some months in
those years was below -1, which was moderately dry. In addition, the
warming treatment generally caused more drought, and the severity of
drought was especially high in 2011 (inset, Fig. S3).

3.2. Warming and clipping effects on ecosystem CO2 fluxes in the dry,
normal, and wet years

Neither the dry nor the wet year had any significant effect on NEE,
GPP, and ER, compared to normal years, except for warming without
clipping (i.e., the UW treatment) (Fig. 2). GPP was not significantly
different across years under any treatments (Fig. 2e–h). Drought sig-
nificantly stimulated ER under UW, but slightly decreased ER during
the wet year, resulting in a significant ecosystem C source in the dry
year but C sink in the wet year (Table 1, S1 and S2; Fig. 2b, j). ANPP
was significantly lower in the dry year compared to normal years in
unwarmed plots, with or without clipping (UC and CC, Fig. 2m, o).
ANPP under UW and CW was significantly lower in the dry year and
higher in the wet year than that in normal years (p < 0.05, Table 1, S1
and S2; Fig. 2n, p).

Drought significantly increased warming effects on NEE (Fig. 3a).
Specifically, there was no significant difference of warming effects on
GPP between climate extremes (the dry and wet years) and normal
years, but warming effects on ER were significantly increased due to
drought (Fig. 3b, c). This led to a reduced ecosystem C sink (p < 0.05,
Table 1 and Fig. 3a). Warming-induced increment in ANPP was sig-
nificantly higher in the wet year than in normal years in unclipped plots
(p < 0.01, Table S3 and S4; Fig. 3d).

Over a season, the warming treatment (i.e., UW) stimulated ER from

the middle of June to the end of September in the dry year in com-
parison with that under UC (red vs. yellow lines in Fig. 4c). This was the
primary time period when the warming treatment exerted strong effects
on ecosystem gas exchanges, leading to net ecosystem C source in the
dry year (shaded areas in Fig. 4a–c). On the other hand, the sig-
nificantly higher ecosystem C sink under warming in the wet year than
normal years (Fig. 2b, f, j) was mainly due to more stimulated GPP in
spring of the wet year than normal years (Fig. 4g, h).

Clipping alleviated the drought-mediated net ecosystem C loss (i.e.,
positive NEE) via significantly enhanced GPP under CW in comparison
with that under UW (p < 0.01, Table 1 and Fig. 2). Warming in the
dry year resulted in net ecosystem C loss in the unclipped plots but
maintained C sink in the clipped plots (Tables S1 and S2; Fig. 2a–d).
Overall, clipping stimulated GPP in the spring across all years and the
warming treatment (Fig. 4b, e, h). On the other hand, clipping mini-
mized the warming effects, albeit statistically not significantly, on NEE,
GPP, and ANPP, but not ER in the wet year (Fig. 3, Table 1).

4. Discussion

In this study, we examined how warming and clipping modified the
impacts of naturally occurring drought and wet extremes on the
grassland ecosystem C cycle. Our study provides insights into long-term
grassland responses to future drought and wet extremes under warming
and hay harvesting conditions. Our results indicate that future warming
likely exacerbates C loss through significantly enhanced ER during
drought. However, it stimulates ecosystem productivity and C seques-
tration during wet extremes. Hay harvesting likely dampens drought or
wet impacts on ecosystem C processes.

4.1. Warming causes ecosystem C loss during extreme drought

Previous studies have reported that drought alone or drought under
warming caused an ecosystem C loss due to more reduction in GPP than
ER (Roy et al., 2016; Schwalm et al., 2012a; Shi et al., 2014). However,
our results indicate that the warming treatment caused an ecosystem C
loss during the drought year but the control treatment without warming
sequestered C in the same year. The warming-induced C loss under
drought was due to significantly enhanced ER rather than decreased
GPP. The infrared heating system caused not only increases in surface
temperature but also decreases in soil moisture in this experiment (Figs.
S3–S6) (De Boeck et al., 2016, 2017; Wan et al., 2002), which might
further exacerbate the naturally occurring drought in 2011. Despite a
potential exacerbation by drought, we observed increases in ER, which
mainly occurred between mid-summer and early-autumn (Fig. 4).
However, during that period, soil moisture contents among the four
treatments were very similar (Fig. S7). Thus, the increased ER under
warming during the dry year unlikely resulted from artefact of the
heating system.

The season for peak biomass growth is typically from mid-summer
to early-autumn in the region where our study site is located (Xu et al.,
2016). This season often coincides with droughts and high tempera-
tures. In the dry year of 2011, experimental warming slightly stimu-
lated plant growth in spring and enhanced ANPP. Naturally occurring
drought, however, drove soil water contents to the permanently wilting
point (Fig. S7) and as a consequence, similarly low levels of GPP under
all the four treatments from mid-summer to early-autumn were ex-
hibited (Fig. 4b). That is probably the mechanism underlying a minor
warming effect on GPP in our experiment in the dry year. However, the
soil moisture was around 10%, which is at about the permanently
wilting point for plant growth. This moisture level may still be enough
to support respiratory C release, e.g., maintenance respiration during
drought (Atkin and Macherel, 2009; Flexas et al., 2005), which is
higher under warming than the control.

Fig. 1. Annual precipitation of the study period (2009–2015). Red, grey, and
blue colors indicate dry, normal, and wet years, respectively. Inset figure in-
dicates annual precipitation in dry, normal and wet years, respectively. The
annual precipitation in normal years is the average of five years of precipita-
tion. The data are retrieved from Oklahoma Mesonet Washington Station
(200m away from the study site). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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4.2. Warming enhances ecosystem production and C sink during the wet
extreme

The experimental warming in our study greatly amplified wet ef-
fects on plant growth and ecosystem C exchanges, in comparison with
those without warming. In the unclipped control plots without warming
(i.e., UC), additional precipitation in the wet year of 2015 slightly but
insignificantly stimulated ANPP (Fig. 2m). Our results at ambient
temperature is consistent with previously published results (Wu et al.,
2011). The increase in ANPP in the wet year of 2015, relative to those
in normal years, was much higher under warming (Fig. 2n) than am-
bient conditions (Figs. 2m and 3 d). The strong stimulation of ANPP by
warming in the wet year resulted from occurrence of additional pre-
cipitation during the fast-growing period for plants from May to July
(Fig. S3).

Previous studies have shown that increasing precipitation stimulates
net ecosystem C sink but magnitudes of stimulation are dependent on
biome types. For example, water addition treatments significantly en-
hanced a net ecosystem C sink in the tallgrass prairie but no stimulation
in the mixed grass prairie was observed (Wilcox et al., 2015; Xu et al.,
2016). Our study also showed slightly larger, albeit not significantly,
NEE in the wet year than normal years under ambient temperature
(Fig. 2a). Furthermore, the warming treatment significantly enhanced C
sink in the wet year in comparison with that in normal years (Fig. 2b).
This is in line with a previous study, i.e., the positive effects on eco-
system C sink is intensified under the warming treatment and increased
precipitation together (Wu et al., 2011). This is due to slightly increased

GPP and decreased ER in the wet year relative to those in normal years.
Furthermore, C4-dominated grasslands in higher rainfall regions such as
the tallgrass prairie showed less limitation to growth than drier and
intermediate precipitation regions (Cleland et al., 2013; Niu et al.,
2013; Wilcox et al., 2015), partly because plants in these ecosystems
can utilize water from winter and early spring (Vermeire et al., 2008).

4.3. Clipping diminishes impacts of drought and wet extremes on ecosystem
C processes

Our study showed that clipping contributed to stronger net eco-
system C uptake but had smaller warming-mediated increases in C sink
and ANPP than that under the unclipping treatment (Fig. 2). Previous
studies suggested that clipping stimulates an ecosystem C sink (Zhang
et al., 2015) via compensation mechanisms to the defoliation (Boege,
2005; Oesterheld and McNaughton, 1991; Wang et al., 2017). The
clipping effect on ANPP was not significant in this study. In comparison,
the clipping treatment generally reduced ANPP across the previous
studies (Knapp et al., 2012; Shi et al., 2016). Clipping is also found
previously to counteract with warming-mediated increases in ANPP,
especially in the region where it has relatively high mean annual pre-
cipitation (Klein et al., 2007). This is consistent with our study, which
shows that clipping reduced warming effects on NEE and ANPP in the
wet year (Figs. 2b, d and 3 a).

Fig. 2. Carbon fluxes and plant growth in dry, normal, and wet years at four tretments (i.e., unclipped and ambient, UC; unclipped and warming, UW; clipped and
ambient, CC; clipped and warming, CW). Panels a – d for Net Ecosystem CO2 Exchange (NEE), panels e–h for Gross Primary Production (GPP), panels i–l for
Ecosystem Respiration (ER), and panelsm – p for Above-ground Net Primary Production (ANPP). Different letters over bars indicate statistical significance among the
three types of preciptiation years (FDR, p < 0.05). Red, grey, and blue colors indicate dry, normal, and wet years, respectively. Detailed statistic results are in Tables
S1 and S2. Error bars indicate standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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5. Conclusions

Our results demonstrate that future climate warming may exacer-
bate the ecosystem C loss under extreme drought conditions but amplify
the ecosystem C sink under wet extremes. The warming-mediated ex-
acerbation of the ecosystem C loss results from stimulated ER from
summer to early-autumn in the drought year of 2011. The warming

treatment significantly stimulates NEE and ANPP due primarily to
strong stimulation of plant growth during the spring of a wet year.
Clipping, however, plays a role not only in alleviating drought-caused
ecosystem C loss through enhanced GPP in a dry year but also reducing
the warming effect on the C sink and ANPP in a wet year.

Fig. 3. Warming effects on carbon fluxes (differences in warming-ambient) without or with clipping under dry, normal, and wet years. (a) Net Ecosystem CO2

Exchange (NEE), (b) Gross Primary Production (GPP), (c) Ecosystem Respiration (ER) and (d) Above-ground Net Primary Production (ANPP). Different letters over
bars indicate statistical significance among precipitation years (FDR, p < 0.05). Red, grey, and blue colors indicate dry, normal, and wet years, respectively. Error
bars indicate standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Seasonal dynamics of carbon fluxes of the ecosystem across the three extremes. Lines with different colors represent manipulated treatments for Net
Ecosystem CO2 Exchange (NEE) (a, d, g), Gross Primary Production (GPP) (b, e, h), and Ecosystem Respiration (ER) (c, f, i). Shaded area indicates the season from
middle of June to end of September. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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