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Abstract

Increasing frequency and intensity of climate extremes have profound impacts on
grassland biodiversity functioning and stability. Using Moderate Resolution Imaging
Spectroradiometer (MODIS) net primary productivity (NPP) data and standardized
precipitation evapotranspiration index, we assessed the response of NPP to growing-
season and annual climate extremes and time-lag of climatic conditions across four
grassland types (meadow steppe, typical steppe, steppe desert, and desert steppe)
in Inner Mongolia, China from the period 2000 to 2019. Results showed that annual
NPP varied significantly across four grassland types, with the highest NPP in meadow
steppe and the lowest in desert steppe. Annual NPP of all grassland types increased
over the past 20 years, but NPP in meadow steppe and typical steppe decreased
for the period 2012-2019. Irrespective of grassland type, the 1- and 2-month time-
lag of climatic conditions showed significant effects on annual NPP. Growing-season
climate was found the better predictor of annual NPP in all grassland types than
the annual climate. Compared with growing-season normal climates, annual NPP was
lowest in extreme dry events in all grasslands, while highest in extreme wet events
in meadow steppe and typical steppe, and in moderate wet events in steppe desert
and desert steppe. Typical steppe and steppe desert are highly vulnerable to the
increasing intensity of climate extremes, as we found that the losses of NPP in these
grasslands in extreme dry were almost double than that of moderate dry events.
Surprisingly, for meadow steppe and desert steppe, the losses of NPP for both mod-
erate and extreme dry events were almost the same, which highlights that a low-
intensity drought may have profound impacts on the annual NPP of these grasslands.
The study provides the key insight in scientific basis to improve our understanding
of the effects of climate extremes on grassland NPP, which is critical to sustainable

management of grassland and maintain ecosystem stability.
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1 | BACKGROUND

Grassland is the largest terrestrial ecosystem (Lecain et al., 2002),
which makes up over 30% of earth terrestrial surface (Adams
et al., 1990) and sequestrates about 30% of the total carbon of
the terrestrial ecosystem (Kemp et al., 2013; Zhou et al., 2018).
Grassland ecosystems provide numerous goods (e.g., food, fiber,
fuel) and services (e.g., conservation of soil and water, control of
soil erosion, purify the air) (Allan et al., 2015). Climate change is
causing a great threat to grassland biodiversity (IPCC, 2013). The
predicted changes in global climate are likely to have a major ef-
fect of the functioning and stability of ecosystems (Dong et al.,
2021; Nila et al., 2019). Given the potential threat of global change
to grassland biodiversity, understanding the response of grassland
net primary productivity (NPP) to climate extremes (e.g., droughts)
is a crucial challenge (Vicente-Serrano et al., 2013), as numerous
studies provided evidence that grassland has a higher susceptibil-
ity to climate extremes than other ecosystems (Li et al., 2018; Liu,
Lin, et al., 2021; Zhang et al., 2017).

NPP is defined as the gross primary productivity of plants minus
autotrophic respiration, which includes aboveground and below-
ground biomass (Roxburgh et al., 2005). NPP, an organic substance
produced by photosynthesis, is the energy source of primary con-
sumer and a key carbon cycle mechanism between terrestrial eco-
systems and the atmosphere (Sun et al., 2016). As grassland is an
important sink of global carbon, a small disturbance in the structure
and the function of this ecosystem may have profound impacts on
terrestrial carbon balance (Lei & Peters, 2003). Although numerous
studies have shown NPP in many grasslands have been affected by
grazing (Liang et al., 2018), fire (van der Werf et al., 2010), and land-
use change (Houghton & Goodale, 2004), recent studies reported
that droughts have severe impacts on grassland NPP (Bao et al,,
2019; Lei et al., 2020; Zhang, Miao, et al., 2020).

The growing trend in the frequency and intensity (e.g., mild, mod-
erate, and extreme) of climate extremes have been found to affect
grassland productivity (Bao et al., 2019; Wilcox et al., 2017). Many
empirical evidence suggests that the response of aboveground NPP
(ANPP) and belowground NPP (BNPP) to climate extremes vary
greatly (Luo et al., 2017; Zhang, Cadotte, et al., 2019). For example,
irrespective of grassland types, the effects of extreme wet climates
on ANPP was either positive (Wilcox et al., 2017), negative (Padilla
et al., 2019), or insignificant (Zhang, Cadotte, et al., 2019), and the
effects of extreme dry climates on BNPP was either positive (Liu,
Lin, et al., 2021), negative (Luo et al., 2017), or insignificant (Xu et al.,
2015). Despite the great efforts that have been made to investigate
the effects of climate extremes on grassland ANPP or BNPP, no
consensus of the effects of climate extremes on grassland NPP has
been achieved, since results showed a decrease of ANPP with cli-
matic variability may enhance BNPP and vice-versa (Dai et al., 2019;
Hossain & Li, 2021a; Quan et al., 2020). For example, the effects of
droughts on grassland productivity have been found positive in an
African savanna, prairies of North America, and steppe in Ireland

(Scott et al., 2010), negative in the desert steppe, typical steppe and
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meadow steppe in Inner Mongolia (Lei et al., 2020), and stable in
experimental grassland in Germany (Kreyling et al., 2008). These dis-
parate findings may be due to the variations of drought index classi-
fication and differences in grassland types. Many studies have used
differential experimental droughts, such as 100% rainfall reduction
for a specific period in growing-season (Kreyling et al., 2017) and
30-day rain-free period (Li et al., 2020) were considered extreme
dry events. While other studies have used standardized precip-
itation evapotranspiration index (SPEI) values <-1.3 (Barnes et al.,
2016), standardized precipitation index (SPI) values <-2.0 (Lei et al.,
2020), Palmer Drought Severity Index (PDSI) values <-4.0 (Wang
et al., 2019) in order to classify extreme dry events. This differential
climate event classifications in various grasslands may provide varia-
tions in the study findings. Thus, there is a need to use a globally con-
sistent drought index classification in order to examine the effects of
climate extremes on the grassland NPP.

Remote sensing data provides an advanced way to monitor eco-
system health (John et al., 2018). In recent years, the application of
satellite-derived Moderate Resolution Imaging Spectroradiometer
(MODIS) NPP product to track vegetation dynamics and evaluate
the relationships with abiotic factors have been widely used (de
Leeuw et al., 2019; Xu et al., 2007; Zhao et al., 2014), as studies
found strong agreement of field-based measurement with MODIS
NPP product (Turner et al., 2005, 2006). Although early attempts
showed that the association between grassland NPP and climatic
variability are complicated due to the variations in grassland types,
the underlying heterogeneity can be explained by the application of
a globally consistent drought index classification (Vicente-Serrano
et al., 2013). Several drought-indices (e.g., scPDSI, SPI, SPEI) have
been used to classify climate extreme intensity and direction across
grassland ecosystems (Barnes et al., 2016; Cui et al., 2021; Lei et al.,
2020; Wang et al., 2019), in which SPEI has been found to be more
appropriate over other indices, as SPEI can distinguish water surplus
and deficits conditions over longer time scales (e.g., 1-48 months,
Vicente-Serrano et al., 2012).

The scientific novelty of this study relies on the consideration
of (i) both growing-season and annual climatic conditions in inves-
tigating the response of annual NPP to three intensities (normal,
moderate, and extreme) and three directions (wet, normal, and
dry) of growing-season and annual climatic events, (ii) time-lag (1-
to 4-month) effects on annual NPP, and (iii) a globally consistent
climatic event classification based on SPEI values over the past
century. In this study, using MODIS NPP product with a spatial
resolution of 500 m and SPEI values for the period 2000-2019,
the responses of NPP to climate extremes in four grassland types
(meadow steppe, typical steppe, steppe desert, and desert steppe)
in Inner Mongolia, China were assessed. We further examined the
loss of NPP caused by climate extreme intensity (i.e., moderate and
extreme dry) in respective grassland types. Herein, the objectives
of this study are (i) to assess the spatial variation of annual NPP
across grasslands and evaluate the temporal pattern of NPP in re-
spective grassland type, (ii) to investigate the response of annual

NPP to the different intensities and directions of growing-season
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and annual climate extremes, and the time-lag of climatic condi-
tions, and (iii) to estimate NPP loss under moderate and extreme

dry events in four grasslands.

2 | MATERIALS AND METHODS
2.1 | Description of study area

We selected four grassland types in the Inner Mongolia
(112°21'-118°22'E, 43°25'-47°33'N), an autonomous region of
China, which includes meadow steppe, typical steppe, steppe de-
sert, and desert steppe. Recent studies have demonstrated that
these grasslands are of great threat of climatic variability (John
et al,, 2018; Wang et al., 2020). Vegetation of each grassland
show clear transitions from others by various dominant species.
For example, meadow steppe is dominated by Leymus chinensis,
Poa attenuata, Stipa baicalensis, and Festucca lenensis, and typical
steppe is mostly occupied by Stipa grandis, Stipa krylovii, Leymus
chinenis, and Carex duriusula. Steppe desert and desert steppe are
characterized by xerophyte herbs (e.g., Stipa gobica, Stipa glareosa),
perennial grasses (e.g., Allium polyrrhizum), and xerophytic shrubs
(e.g., Artemisa xerophytica and Caragana sinica) (John et al., 2016,
2018; Wang et al., 2020). Vegetation in meadow steppe and typi-
cal steppe are herbaceous in nature and shallow rooted species
that are less tolerant to increasing climatic variability (John et al.,
2018), while vegetation in steppe desert and desert steppe are
deep rooted species that can absorb shocks resulted from dis-
turbance (e.g., low precipitation in growing-season) (Wang et al.,
2020). Mean annual temperature is -2.2°C in meadow steppe,
3.0°Cin typical steppe, 5.1°C in steppe desert, and 7.2°C in desert
steppe (Wang et al., 2020). Annual precipitation shows a decreas-
ing trend in the order of meadow steppe (350-500 mm)>typical
steppe (300-400 mm)>steppe desert (135-311 mm)>desert
steppe (45-215 mm) (Wang et al., 2020).

2.2 | Data sources

NPP data were obtained from one of the MODIS products of the
gap-filled MOD17A3HGF-Version 6 (Running & Zhao, 2019, avail-
able at https://doi.org/10.5067/MODIS/MOD17A3HGF.006). SPEI
data were extracted from the SPElbase v2.5 dataset developed
based on the CRU 3.24.01 precipitation and potential evapotran-
spiration (Vicente-Serrano et al., 2010, http://spei.csic.es/database.
html).

2.3 | Data processing

Raster images of study points were collected through one of the
MODIS access data tools. The cell value of the raster has been

extracted by using ArcGIS version 10.1. To make it easy to manage,

the raster was projected to WGS 1984 and converted to tiff from
hdf. Here, the Identify feature of ArcGIS is used to get the Pixel
value. The pixel size of the raster of MODIS NPP product is 500 m
and the temporal extent is 2000-2019 (Running & Zhao, 2019).
The valid range for NPP data is -30,000 to 32,700 and the scale
factor is 0.0001. The scale factor was applied with the pixel value
to get the real NPP. The real value (kg C m~2 year™!) of NPP of each
year was calculated by multiplying the valid value by the scale fac-
tor. Quality control label for each cell makes this data cleaned up
version of MOD17 products by removing unsatisfactory inputs
from the 8-day leaf area index and the fraction of photosyntheti-
cally active radiation. The extracted real NPP values were then
grouped based on grassland types. In order to validate the data,
MODIS NPP of meadow steppe, typical steppe, and steppe desert
was correlated with the observed NPP for the year 2018 (Figure
S2). Although validation of remote sensing vegetation data with
field-measured values is important, the MODIS NPP data of de-
sert steppe was not validated due to lack of field observation data
of this grassland. However, using MODIS data, a recent study in
Inner Mongolia has reported no overestimation or underestima-
tion of extracted aboveground biomass values relative to the ob-
served values (John et al., 2018). Given the strong correlation of
MODIS and observed NPP in three grassland types, we assumed
that MODIS NPP of desert steppe is also suitable for examination
of NPP response to climate extremes.

SPEI has been widely used to calculate short term (e.g., 1-, 2-, 3-
month) to long term (e.g., 24-, 36-, 48-month) drought conditions of a
particular location. We used 3- and 12-month SPEI values to identify
the growing-season and annual climate extremes, as both growing-
season and annual climates have been found strong influence on veg-
etation dynamics across different grassland types (Hossain & Li, 2020;
Isbell et al., 2015; Tian et al., 2017). The 3- and 12-month SPEI values
represent the wet, normal, and dry conditions of the growing-season
and annual climates. We categorized the SPEI values into 5-class
drought classification (extreme dry, moderate dry, normal, moderate
wet, and extreme wet; Table S1; Isbell et al., 2015). In this classifica-
tion, normal climate SPEI values are between >-0.67 and <0.67 and
climate extreme SPEI ranges between <-0.67 and 20.67 (see Table
S1). This is a widely used drought index classification to identify and
quantify the intensity of climate extremes (Isbell et al., 2015; Vicente-
Serrano et al., 2013; Zhang, Ameca, et al., 2019). As time-lag of cli-
mate has been found significantly affect vegetation functioning (Zhe &
Zhang, 2021), we also used 1-, 2-, 3-, and 4-month time-lag of climatic
conditions in order to identify which time-lag of climatic conditions
has strong effects on annual NPP of our studied grasslands.

In order to quantify the changes of NPP induced by moderate
and extreme dry climates, NPP loss was calculated from the differ-
ence between the mean NPP of drought years and NPP of normal
years, as shown in Equations (1) and (2) (Lei et al., 2015).

ANPP . =NPP

mod —

~NPP

mean moderatedry (1)

ANPPexd = NPPmean - NPPextremedry (2)
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In Equations (1 and 2), ANPP__,and ANPP_ , represent NPP loss
resulted from moderate and extreme dry events, NPP indicates
the long-term average NPP across all normal years (i.e., NPP for the
SPEI values between >-0.67 and <0.67), NPP
NPP in moderate dry years (i.e., NPP for the SPEI values between
>-1.28 and £-0.67), and NPP_,, ... ;.. represents NPP in extreme

dry years (i.e., NPP for the SPEI values <-1.28).

mean

moderate dry represents

2.4 | Data analysis

Using boxplots, NPP variations among the grassland types were ob-
tained. First, the significance of the differences in the mean NPP be-
tween the grassland types was examined using a one-way ANOVA.
Second, a post-hoc Tukey's honestly significant difference (HSD) test
was performed to investigate the pairwise comparisons of NPP be-
tween grassland types, provided the significance of the differences in
the mean NPP. Finally, using Kendall's correlation coefficient, temporal
variations in NPP in the respective grassland type were obtained. Here,
NPP was the dependent variable and the year was the independent

variable. In order to evaluate the association between NPP and SPEI,
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and NPP and time-lag at <.05 significance (p) level, the Pearson cor-
relation (R) analysis was used. Here, NPP was the dependent variable
and SPEI and time-lag was the independent variable. The significance
of the differences in the mean NPP among five climate extreme inten-
sities was obtained using a one-way ANOVA. Given the significance
of the differences in NPP among climate extreme intensities, a post-
hoc Tukey's HSD test was performed in order to examine the pairwise
comparison of NPP difference between grassland types. NPP loss
caused by moderate and extreme dry events in respective grassland
types were plotted using “ggplot.” All statistical analysis was done in
the statistical package R version 4.0.3 (R Core Team, 2020).

3 | RESULTS
3.1 | Variations of annual NPP across grasslands

The annual NPP exhibited large variations among the four grassland
types (Figure 1a). NPP varied significantly among the grasslands
(ANOVA p < .001), of which the mean NPP values were the highest

in meadow steppe (251.65 gC m™ year™®) and the lowest in desert

b ;
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FIGURE 1 Spatial (a) and inter-annual (b) variations of annual net primary productivity (NPP) (g C m™2year %) across four grassland types
during the period 2000-2019. ANOVA p in the boxplot indicates a significant difference in the mean NPP among four grassland types.
Different letters (i.e., a, b, or c) on the top of the boxes indicate significantly different annual NPP among the grassland types at p < .05

in post-hoc Tukey's HSD test. Whiskers in the boxes indicate the 95% confidence intervals of annual NPP in selected locations of each
grassland type over 20 years. Solid horizontal lines in the boxes indicate the medians, circles in the middle of the boxes denote the mean
NPP values, and boxes represent the first and third quartile. In inter-annual variations of annual NPP (b), each point represents mean NPP
value in each raster in respective grassland type. Smooth lines represent linear regressions of changes of NPP over the past 20 years.
Bands near the lines indicate 95% confidence intervals of changes in annual NPP in selected locations of each grassland type during the
period 2000-2019. Changes of NPP have been shown using Kendall's correlation coefficient (R and p)
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steppe (83.55 gC m2 year ™). Pairwise comparisons showed that
NPP in all four grasslands differed significantly (Figure 1a, Figure S3,
Table S2, all p < .001), except between the NPP values of steppe
desert and desert steppe (Table S2, p > .05).

Although inter-annual variations in NPP in meadow steppe and
typical steppe showed positive trends (meadow steppe: R = .47,
p < .01; typical steppe: R = .15, p = .03), NPP in these two grass-
lands showed decreasing trends for the year 2012-2019 (Figure 1b).
Whereas, the increasing trends of NPP were consistent in steppe
desert (R = .32, p < .01) and desert steppe (R = .36, p < .01) for the
period 2000-2019 (Figure 1b).

3.2 | Relationships between NPP and SPEI and
time-lag

The annual NPP showed decreasing trends with increasing dry cli-
mates (i.e., decrease of SPEI values) for all grassland types (Figure 2,
meadow steppe: R =-.47,p <.001; typical steppe: R=-.40,p <.001;
steppe desert: R = -.65, p < .001; desert steppe: R = -.50, p < .001).
Like the correlation between annual NPP and growing-season
SPEI, a significant correlation between NPP and 1-month time-lag
(Table 1, all p < .001; meadow steppe: R = -.53; typical steppe:
R = -.52; steppe desert: R = -.55; desert steppe: R = -.49) and 2-
month time-lag (Table 1, all p < .01; meadow steppe: R = -.37; typical
steppe: R = -.41; steppe desert: R = -.29; desert steppe: R = -.30)
of climate was also observed in all grassland types. The relationship
between NPP and other time-lags (i.e., 3- and 4-month) of climate
were not significant (all p > .05), except for the 3-month time-lag

of climate in meadow steppe (R = -.18, p < .05, Table 1) and typical

steppe (R =-.22, p < .05, Table 1). Given the large variations of NPP
with SPEI, the SPEI values were categorized into five climate event
intensities in order to detect the changes of annual NPP in respec-
tive intensities (i.e., extreme wet, moderate wet, normal, moderate

dry, and extreme dry) of growing-season and annual climates.

3.3 | Response of NPP to climate event intensity

One-way ANOVA results showed that annual NPP varied sig-
nificantly among the growing-season climate event intensities for
all grassland types (Figure 3, all ANOVA p < .05). Compared with
growing-season normal climates, growing-season wet events
showed higher NPP while growing-season dry events showed
lower NPP for all grassland types (Figure 3). In meadow steppe, the
lowest NPP was recorded in growing-season extreme dry events
(225.15 gC m2 year), and the highest was in growing-season
moderate wet events (320.42 gC m™2year™). Similarly, for typical
steppe, the highest NPP was observed in growing-season extreme
wet events (277.87 gC m™2 year™®) and the lowest was in growing-
season extreme dry events (136.51 gC m2 year'l). No extreme wet
events were observed in steppe desert and desert steppe (Figure 3).
For both these grasslands, growing-season moderate wet events ex-
hibited the highest NPP (137.68 gC m2 year’1 in steppe desert, and
115.26 gC m2 year! in desert steppe), while growing-season dry
events had the lowest NPP (82.26 gC m™ year ® in steppe desert
in growing-season extreme dry, and 73.24 gC m™2 year* in desert
steppe during growing-season moderate dry climates). No signifi-
cant differences in the mean annual NPP were observed among

the annual climate event intensities (Figure S4), except significant
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R=-0.29,p<0.01 =-0.25,p<0.01 R=-0.48,p<0.01 R=-0.36,p<0.01
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FIGURE 2 The correlation between annual net primary productivity (NPP) and growing-season SPEI in four grassland types. Smooth
lines represent linear regressions of the correlations between annual NPP and growing-season SPEI. Bands near the lines represent 95%

confidence intervals of the correlations between annual NPP and growing-season SPEI. Pearson's correlation coefficient values (R and p) are

shown
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TABLE 1 Correlation coefficients (R)
between annual NPP and time-lag of
climatic conditions

Time-lag

1-Month time-lag
2-Month time-lag
3-Month time-lag
4-Month time-lag
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Grassland type

Meadow

steppe Typical steppe Steppe desert Desert steppe

53" 5™ 5™ 49"

-37" -41" -29" -30"

-18 -22' -12 -11

—09 -.06 =03 =113

*p < .05; **p <.01; ***p < .001.

- extreme wet E moderate wet E normal E moderate dry E extreme dry

p < 0.001

-

=
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Grassland type

FIGURE 3 The response of annual net primary productivity (NPP) to growing-season climate event intensities (extreme wet, moderate
wet, normal, moderate dry, and extreme dry) in four grassland types (i.e., meadow steppe, typical steppe, steppe desert, and desert steppe).
ANOVA p indicates a significant difference in the mean NPP among the growing-season climate event intensities in respective grassland
type. Boxes represent the first and third quartiles, solid horizontal lines in the boxes are the medians, and whiskers in the boxes denote the

95% confidence intervals of annual NPP response to each climatic event

difference of annual NPP between extreme dry and extreme wet
climates (Figure S5) in steppe desert grassland (Figure S4, ANOVA
p < .05).

Pairwise comparisons of NPP values between the climate
event intensities revealed that NPP in meadow steppe differed
significantly between all intensities in growing-season climates
(Figure 4; Table 2a, all p < .01), except between moderate wet
and extreme wet, and between moderate dry and extreme dry
events (Figure 4; Table 2a, all p > .05). For the typical steppe,
NPP values significantly differed for the pairwise comparisons of
growing-season extreme wet and extreme dry (Figure 4; Table 2b,
p = .02) and of growing-season moderate dry and extreme wet
(Figure 4; Table 2b, p = .05), while the pairwise comparisons be-
tween the NPP of other growing-season climate event intensities
were not significant (Figure 4; Table 2b, all p > .05). Surprisingly,
for the steppe desert and desert steppe, the differences of NPP

between normal and dry events (i.e., normal-moderate dry and

normal-extreme dry) were not significant (Figure 4; steppe des-
ert: Table 2c, all p > .05, and desert steppe: Table 2d, all p > .05).
In these two grasslands, significantly higher NPP was observed
in growing-season moderate wet events in comparison with nor-
mal, moderate dry, and extreme dry events (Figure 4; Table 2c,d,
all p < .05). As steppe desert and desert steppe did not experi-
ence growing-season extreme wet events (i.e., no growing-season
showed SPEI values 21.28) during the study period, no pairwise
comparisons between extreme wet and other events were ob-
tained (Figure 4; Table 2c,d).

3.4 | NPP loss of moderate and extreme dry events
In order to investigate the impacts of moderate and extreme dry

events on annual NPP, we assessed the quantitative impacts of

these dry events on NPP in four grassland types. Compared with
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(a) Meadow steppe

normal-moderate wet ——
normal-moderate dry 1
normal-extreme wet 4
normal-extreme dry
moderate wet-moderate dry
moderate wet-extreme wet
moderate wet-extreme dry 1

moderate dry-extreme wet -

Climate event intensity

moderate dry-extreme dry 1

extreme wet-extreme dry -

(b) Typical steppe

®

-100 -50 0 50

(c) Steppe desert
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100 200 -100 0 100 200

(d) Desert steppe
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moderate dry-moderate wet

extreme dry-normal 1
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Climate event intensity
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FIGURE 4 Pairwise comparisons of net primary productivity (NPP) values between the growing-season climate event intensities for
meadow steppe (a), typical steppe (b), steppe desert (c), and desert steppe (d). NPP differences were observed with post-hoc Tukey's HSD
test. The confidence intervals that do not contain O represent the significant difference in the pairs. The p values of the multiple pairwise

comparisons of NPP are shown in Table 2

other grasslands, the loss of NPP was highest in meadow steppe
both for moderate dry (45.75 gC m™ year?) and extreme dry
(46.18 gC m~2 year™) events (Figure 5). For the typical steppe, the
NPP loss caused by moderate dry and extreme dry was 22.42 and
41.65 gC m2 year !, respectively (Figure 5). Steppe desert showed
lower NPP loss in moderate dry events (5.85 gC m~2 year™), but the
NPP loss resulted from extreme dry events (22.50 gC m2 year)in
this grassland was 4 times higher than that in moderate dry events
(Figure 5). For desert steppe, NPP loss in both categories of dry
events is almost the same (19.16 gC m™ year™ in moderate dry,
and 17.32 gC m2 year™ in extreme dry). Overall, NPP loss in typi-
cal steppe and steppe desert was increased with increasing drought
intensity, while NPP loss in meadow steppe and desert steppe was
not changed by drought intensity (Figure 5).

4 | DISCUSSION

Grassland NPP, an important indicator to monitor vegetation health
is used to evaluate the functioning and stability of grassland eco-
system (Zhang et al., 2017), and plays an important role in global
carbon balance (Sun et al., 2016). However, in recent years, climate

extremes posed a serious threat to grassland biodiversity and thus

declined grassland productivity (Hossain & Li, 2021a; Isbell et al.,
2015; Wilcox et al., 2017; Zhang, Miao, et al., 2020). Given the in-
creasing frequency and intensity of climate extremes, understanding
the effects of climate extremes on grassland NPP is an important re-
search goal in ecology and gaining increased importance with the re-
alization that NPP responses to different climate extreme intensities
may vary across different grassland types (Lei et al., 2020). In this
study, we explored the variations of annual NPP of four grassland
types, the responses of NPP to different intensities, and time-lag of
climatic conditions and the loss of NPP resulted from moderate and
extreme dry events for the period 2000 to 2019. Our study pro-
vides evidence of the differential responses of four grassland types
to different intensities and directions of climate extremes, which has
important implications in sustainable grassland management under

increasing climate extremes.

4.1 | Variations of NPP

Grassland annual NPP varied significantly across the four grassland
types, with a higher annual average NPP in meadow steppe and typi-
cal steppe, and a lower annual average NPP in steppe desert and

desert steppe (Figure 1a). Similar results were also reported for
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TABLE 2 Pairwise comparisons of NPP values between the growing-season climate event intensities for meadow steppe (a), typical
steppe (b), steppe desert (c), and desert steppe (d). The NPP differences between each pair were given and the corresponding p values of the
comparisons were obtained using post-hoc Tukey's HSD test

(a) Meadow steppe (b) Typical steppe (c) Steppe desert (d) Desert steppe

Climate event NPP NPP NPP NPP

intensity difference p value difference p value difference p value difference p value

Extreme wet- 78.82 <.001”" 141.35 020 NA NA NA NA
extreme dry

Moderate dry- 0.44 991 19.22 980 14.52 .332 -1.83 994
extreme dry

Moderate wet- 95.26 <.001" 48.45 749 55.42 <.001"" 40.17 <.001"
extreme dry

Normal-extreme dry ~ 46.18 <.001™" 41.65 754 21.32 086 17.31 119

Moderate dry- -78.38 <001 -122.13 .05 NA NA NA NA
extreme wet

Moderate wet- 16.44 237 -92.90 .282 NA NA NA NA
extreme wet

Normal-extreme wet ~ -32.63 003" -99.70 145 NA NA NA NA

Moderate wet- 94.82 <.001”" 29.23 947 40.90 <.001" 42.01 <.001"
moderate dry

Normal-moderate 45.74 <.001" 22.42 965 6.80 .844 19.15 .075
dry

Normal-moderate -49.07 <.001™" -6.80 999 -34.09 004" -22.85 028
wet

The significance level (5%, 1%, and .1%) of NPP difference between climate event intensities has been shown in bold values (p < .05, p < .01, and p <
.001).

Abbreviation: NA, not applicable.
*p <.05; **p < .01; ***p < .001.

FIGURE 5 Net primary productivity Drought-induced NPP loss
(NPP) loss of moderate and extreme dry
climates in four grassland types
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the spatial distribution of annual NPP in grasslands in the Gansu findings, using MODIS NPP product, Liu et al. (2019) assessed NPP
Province (Zhang, Liu, et al., 2020), where NPP in the southeast (Qilian variations in Gannan prefecture over 2000-2016 and showed that

Mountain, Longnan Mountain, and Gannan Plateau) which is mostly NPP in alpine meadow was higher than in steppe grassland. Aside
occupied by meadow and typical steppe was highest and NPP in the from remote sensing-based NPP observation across different grass-
northwest (Hexi Corridor and North Mountain) which is occupied by land types, consistent with our findings, empirical observations in
steppe desert and desert steppe was lowest (Zhang, Liu, et al., 2020). many grasslands also showed significant difference in the varia-
Similarly, investigating the changes of NPP across different biomes tions of NPP. For example, in diverse vegetation types in northern
for the period 2000-2010, Liu et al. (2015) also reported that NPP in China, grassland productivity varied significantly among the grass-
steppe grasslands was higher than that in desert grasslands, which lands occupied by alpine steppe, meadow steppe, alpine meadow,
is consistent with our findings where we found NPP was highest in mountain meadow, desert steppe, and typical steppe (Yang et al.,

meadow steppe and lowest in desert steppe. In accordance with our 2010). Furthermore, large variations of NPP have been found across
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grasslands in meadow steppe, desert steppe, meadow, and alpine
steppe in the northern Tibetan Plateau (Niu et al., 2019), and grass-
lands in desert steppe, temperate grassland, meadow steppe, and
alpine meadow in Qinghai-Tibetan Plateau (Dai et al., 2019).
Temporal patterns in NPP in all grasslands in our study showed
an increasing trend over the past 20 years (Figure 1b). Consistent
with our study, a growing body of evidence also demonstrated an
increasing trend of (i) NPP in meadow steppe over 1989-2005, typ-
ical steppe over 1980-2006, and desert steppe over 1982-2006
in Inner Mongolia (Lei et al., 2020), and (ii) aboveground biomass
in meadow steppe, desert steppe, and steppe desert grasslands in
Inner Mongolia over 2005-2012 (Zhao et al., 2014). However, in our
study, annual NPP in meadow steppe and typical steppe exhibited a
decreasing trend for the period 2012-2019. This decreasing trend of
annual NPP in these two grasslands may be due to the increase of
drought events, which is in accordance with Liu, Zhang, et al. (2021),
which showed that decreasing trend of annual NPP in grasslands in
Inner Mongolia over 2000-2017 was associated with climatic condi-
tions. This is because the vegetation in meadow steppe and typical
steppe are more productive than those in steppe desert and desert
steppe, thus NPP in these productive grasslands may respond nega-
tively to warmer climates. In order to investigate the underlying rea-
son for such discrepancy, we assessed the NPP response to climate

extremes of different intensities, which is described in Section 4.2.

4.2 | Effects of climate extremes and time-lag
on NPP

Climate extreme has been identified as one of the most growing
threat to the terrestrial ecosystems, especially to the grassland eco-
systems (Liang et al., 2018; Zhao & Running, 2010). The increasing
frequency and severity of climate extremes would have profound
impacts on grassland productivity (IPBES, 2019). Consistent with
our findings on the decreasing trend of annual NPP of all grassland
types with increasing dry climate (Figure 2), numerous studies also
showed negative relationships between NPP and droughts. For ex-
ample, assessing the SPI and NPP in desert steppe, typical steppe,
and meadow steppe, Lei et al. (2020) found decreasing NPP with
increasing intensity of droughts (moderate dry, severe dry, and ex-
treme dry). The significant differences in the annual average NPP
among the growing-season climate extreme intensities in all grass-
land types in our study were also consistent with Pei et al. (2013),
which reported that response of grassland NPP to different climate
extreme intensities differed significantly, where annual NPP was the
lowest in extreme dry and highest in extreme wet events. The ob-
served negative effects of extreme dry climates on annual NPP in all
grasslands might be caused by weakening photosynthesis, increase
in evapotranspiration, and decrease in soil water (De Boeck et al.,
2011; Knapp et al., 2008). The higher annual NPP of all grasslands
during wet events suggests that irrespective of grasslands precipita-
tion (either moderate or extreme wet events) enhances NPP, which

is in accordance with the previous studies in temperate, alpine, and

desert grasslands (Guo et al., 2012; Hossain & Li, 2021b; Wang et al.,
2018). Likewise, Chen et al. (2012) reported the positive effects of
precipitation on NPP across the grassland ecosystems in the south-
ern United States over the 20th century.

Vegetation in arid climates has adaptive strategies to cope with
perturbations (Volder et al., 2010), which we observed for the steppe
desert and desert steppe (Figure 3). Compared with normal climates,
NPP in these two grasslands did not significantly decline during
growing-season moderate dry, and extreme dry events (Figure 4).
This result suggests that vegetation in these grasslands have a higher
resistance to drought (Lei et al., 2020), and supports the notion that
in resource-scarce ecosystems plants allocate more photosynthate
to root under dry conditions (Dai et al., 2020) and to shoot under wet
conditions (Guo et al., 2012).

Like the vegetation response to different intensities and direc-
tions of climate extremes, understanding the effects of time-lag of
climate on grassland productivity is also important in order to ex-
plore the mechanisms underlying ecosystem-climate interaction
(Zhe & Zhang, 2021). Irrespective of grassland types, we found
annual NPP was significantly correlated with climatic conditions of
1- and 2-month time-lag, which is consistent with Liu, Zhang, et al.
(2021), which reported 1- to 3-month lag effects of temperature and
precipitation on the NPP of 11 grassland types in Inner Mongolia.
Significant interactions of 3-month time-lag of climatic conditions
with annual NPP of meadow steppe and typical steppe suggests that
productive ecosystems (i.e., higher NPP in these two grasslands)
suffer most to climatic fluctuations than less productive ecosystems

(e.g., lower NPP in desert steppe and steppe desert).

4.3 | Drought-induced NPP loss

In order to differentiate the impacts of moderate and extreme dry
events on annual NPP, we analyzed the quantitative impacts of these
two intensity droughts for all grasslands (Figure 5). Irrespective of
grassland types, the response of NPP to growing-season moderate
and extreme dry events was different. The differential effects of dif-
ferent intensities of drought on NPP loss in our studied grasslands
are in accordance with other studies across the world (Chen et al.,
2012; Lei et al.,, 2020; Pei et al., 2013; Sun et al., 2016). NPP loss in
typical steppe and steppe desert increased from moderate dry to
extreme dry events, which is consistent with Lei et al. (2020), which
have reported an exponential growth relationship of NPP loss in the
order of moderate dry < severe dry < extreme dry. NPP loss caused
by moderate dry events in steppe desert was comparatively lower
than that of other grasslands, because vegetation in this grassland
may able to absorb mild shocks and thus has higher resistance to
moderate dry events. However, NPP loss in this grassland results
from growing-season extreme dry events was four time greater
than that of moderate dry events, which suggests that excessive
stress has profound impacts on NPP in arid grasslands (Kahmen
et al., 2005). An explanation is that persistent extreme dry events

stimulate evapotranspiration and lower the photosynthetic rate and
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rain use efficiency of vegetation in steppe desert (McDowell et al.,
2008). Likewise, for typical steppe, NPP loss caused by growing-
season extreme dry was twice than that of moderate dry events,
which highlights that vegetation in this moderately productive grass-
land are also of the great threat of extreme dry events.

Surprisingly, NPP loss in meadow steppe and desert steppe did not
increase with increasing intensity of the events from moderate to ex-
treme dry. Different grasslands have different response mechanisms to
climate extremes (Hossain & Li, 2021c), some species are very sensitive
to perturbations (Tilman et al., 2001), some are resistant to climate ex-
tremes (Hossain & Li, 2021b; Isbell et al., 2015), while some are bene-
fitted from the changes (Hector et al., 2010). Vegetation in meadow
steppe is very sensitive to climate extremes, thus a small increase in
aridity had substantial loss of NPP in this grassland. But as drought
intensity increased, plants in meadow steppe either increased their
resistance (Isbell et al., 2015) or increased functional compensations
among species (Hossain & Beierkuhnlein, 2018). It is expected that des-
ert steppe is less affected by climate extremes, as plants in this grass-
land are less productive and thus maintain diverse mechanisms (e.g.,
biomass partitioning) to address extreme droughts (Volder et al., 2010).

Although our study considered the effects of moderate and ex-
treme climatic events and time-lag effects on annual NPP of meadow
steppe, typical steppe, steppe desert, and desert steppe in Inner
Mongolia, it is important to investigate the response of these grass-
lands to other kind of climate extremes (e.g., heat wave). Despite the
evidence of substantial loss and gain of annual NPP in our studied
grasslands caused by extreme dry and extreme wet events, the ex-
amination of resistance and resilience (two most important facets
of ecological stability) of the productivity of these grasslands is of
importance in sustainable management of grassland ecosystems in

the face of climate change.

5 | CONCLUSIONS

The patterns of grassland annual NPP and their response to climate
extremes were investigated in meadow steppe, typical steppe,
steppe desert, and desert steppe in Inner Mongolia, China for the
period 2000-2019. The main conclusions included:

(i) Annual NPP varied significantly across grassland types and
showed anincreasing trend in the order of desert steppe > steppe
desert > typical steppe > meadow steppe over the past 20 years.
Although NPP in all grassland types showed positive trends, NPP
in meadow steppe and typical steppe exhibited a declining trend
for the period 2012-2019. The 1- and 2-month time-lag of cli-
matic conditions had significant effects on annul NPP in all grass-
land types.

(i) Growing-season climate has been found the strong predictor of
annual NPP than the annual climate. Annual NPP significantly
varied among growing-season climate extreme intensities, of
which loss (gain) of annual NPP was exhibited for dry (wet) cli-

mates in all grassland types.

INTERACTIONS €l

(iii) When the quantitative impacts of extreme and moderate dry
events on annual NPP were considered, it is apparent that typ-
ical steppe and steppe desert grasslands are of great threat to
increasing intensity of drought (i.e., moderate to extreme dry)
and meadow steppe, and desert steppe grasslands are sensitive

to low-intensity drought.

This study highlights the key insight into the response of grass-
land NPP to climatic conditions (moderate and extreme events, and
time-lag) and how the loss of NPP resulted from increasing drought
intensity. These findings have important implications for advancing
our understanding of how grasslands respond to climate extremes,
which is essential for conserving biodiversity, maintaining the func-
tioning and stability of the grassland ecosystem in the face of global
climate change. For desert steppe grassland, due to lack of field ob-
servation data we did not validate MODIS NPP. Thus, cautions are
required to interpret the results of NPP response to climate extremes
in desert steppe. Although this study considered MODIS NPP and
climatic events of different intensities, future efforts should focus
on resistance and resilience of these grasslands based on field ob-
servation and other climate extremes.
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