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Abstract

Mowing for hay is an important land use in grasslands that is affected by precipitation variability, due to the water-limited
nature of these ecosystems. Past land use and precipitation conditions can have legacy effects on ecosystem functions, poten-
tially altering responses to both mowing and precipitation. Nonetheless, it is still unclear how natural variation in precipitation
will affect plant responses to changes in mowing intensity. We conducted a seven-year field experiment with three mowing
intensity treatments compared to the traditional mowing intensity (5 cm stubble height) as a control: increased mowing (2 cm
stubble), decreased mowing (8 cm stubble) and ceased mowing. Decreased mowing increased both plant aboveground net
primary productivity [ANPP] and forage yield across the whole community, driven by increases in graminoids, mainly owing
to the positive response of plants to precipitation. Both mowing disturbance and precipitation variability had legacy effects
on plant ANPP; however, these responses differed among the whole community, graminoid, and forb levels. Current-year
community-wide ANPP [ANPP, ] was positively associated with current-year precipitation [PPT, ] in all mowing treatments,
driven by positive precipitation responses of the dominant graminoids. For forbs, however, ANPP, was negatively associated
with prior-year growing season precipitation [PPT, ;] across mowing treatments, potentially due to lagged competition with
the dominant graminoids. Our results suggest that the response of the dominant graminoids is the primary factor determining
the response of ANPP to mowing and precipitation variability in these grassland ecosystems, and highlight that decreasing
mowing intensity may maximize both herder’s income and grassland sustainability.
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Communicated by Douglas A Frank. Introduction

Anthropogenic disturbances, such as grazing by domestic
livestock or mowing for hay, play a critical role in the forma-
. tion of grassland ecosystems (Maire et al. 2012), and have a
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prominent impact on biodiversity and ecosystem functions
(Maskell et al. 2010). These disturbances may have posi-
tive or negative effects on ecosystem functions (e.g., above-
ground net primary productivity, ANPP), largely depend-
ing on the disturbance intensity (e.g., mowing frequency or
height) (Meuriot et al. 2018). Highly intensive disturbance
can cause prominent degradation due to loss of sensitive
species, removal of nutrients, and other mechanisms (Socher
et al. 2012; Li et al. 2018). Conversely, low intensity distur-
bance or no disturbance may cause the accumulation of litter
and the competitive exclusion of less competitive species
by dominant species when disturbance is lacking or mini-
mal (Grime 1998; Hautier et al. 2009). Beyond disturbance,
grasslands are often water-limited, and chronic or episodic
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water shortages can limit their productivity (Wu et al.
2011; Hoover and Rogers 2016). As both extreme weather
events and rainfall variability may increase due to global
climate change (IPCC 2013; Huang et al. 20; Williams et al.
2020), adverse effects on plant growth and development are
expected (Xu et al. 2010). It is unclear how different dis-
turbance intensities will affect the structure and function of
grassland plant communities with increasing fluctuation in
precipitation, and a better understanding is needed to appro-
priately manage grassland ecosystems.

Past land use may have long-lasting effects on ecosystem
function in subsequent years (i.e., legacies; Biirgi et al. 2017)
via changes in the existing plant community and recruitment
of new plants into those communities (Grime 1998; Hautier
et al. 2009; Zhang et al. 2017; Song et al. 2020). Likewise,
past climatic conditions may have similar effects on ecosys-
tem function and the response of these functions to future
climate change (e.g., precipitation variability) (Hawkes
and Keitt 2015; Nguyen et al. 2018; Leizeaga et al. 2021).
These climate legacies are typically mediated through direct
and indirect effects on plant communities via the differen-
tial sensitivity of plant functional groups (i.e., grass and
forb) (Broderick et al. 2022), changes in below-ground bud
banks (Qian et al. 2022), and changes in soil biota (Meis-
ner et al. 2018; Leizeaga et al. 2021; Hawkes et al. 2017,
2020), although changes in resource availability can also be
important, especially when it coincides with changes in the
plant community (Han et al. 2014). Appropriate manage-
ment of grasslands thus also requires understanding how
previous-year disturbances or precipitation conditions will
affect current-year ecosystem functions.

Biomass harvesting (mowing for hay) is a widely-prac-
ticed disturbance (Han et al. 2012; Shao et al. 2012) and
can have positive or negative effects on grassland ecosys-
tem functions and services including forage yield. Plant spe-
cies differ in their response to mowing due to differences in
morphology and physiology, including plant height, below-
ground investment, as well as tillering and photosynthetic
responses to defoliation (Wang et al. 2020). Compensatory
growth is a positive growth response following defoliation
(Belsky 1986; Yuan et al. 2015), through physiological and
ecological mechanisms (Buhl et al. 2019). For example,
plants may reallocate carbohydrates from belowground bio-
mass or the remaining leaves to increase growth after mow-
ing (Wang et al. 2020). The efficacy of these mechanisms,
however, is largely driven by mowing intensity, timing, and
frequency (Meuriot et al. 2018). Early and frequent mowing
may destroy above-ground plant organs and reduce regen-
erative ability by reducing seed production and recruitment
of new individuals, resulting in the loss of sensitive species
(Gross et al. 2009; Socher et al. 2012, 2013). In Inner Mon-
golia steppe, where this study occurred, mowing once per
year at mid-August is traditional and may ensure seed set

@ Springer

and plant recruitment, and thus reduce the negative impact
on these grassland ecosystems. Further such mowing may
increase light availability for subdominant plant species,
helping maintain species richness and associated ecosystem
functions (Hautier et al. 2009).

Mowing annually may positively or negatively affect
biomass production through multiple mechanisms. Mow-
ing can increase plant ANPP by increasing species richness
through increased light availability (Zhang et al. 2017).
Conversely, mowing may decrease plant ANPP if mowing
becomes too intense, due to the loss of intolerant species
(Song et al. 2020). Ceasing mowing (or no mowing) also
may increase plant ANPP by allowing the dominant species
to flourish but may also reduce plant ANPP by decreasing
species richness through litter accumulation and the exclu-
sion of less competitive species (Beck et al. 2015). This sug-
gests that mowing can increase or decrease plant ANPP by
affecting either the dominant species or species richness.
In livestock production systems, there is considerable pres-
sure to maximize forage utilization to increase the income
of the herders using a greater proportion of available forage.
Increasing mowing intensity has the potential to increase or
decrease forage yield. Higher mowing intensity may increase
forage yield by improving overall utilization of plant bio-
mass if this increase in intensity does not negatively impact
ANPP. Conversely, higher mowing intensity may increase
utilization but decrease forage yield due to the reduction in
plant biomass through depletion of plant reserves (Zhang
and Romo 1994). Reducing mowing intensity may similarly
increase or decrease forage yields, although the mechanisms
are opposite. Reducing mowing would reduce forage yields
assuming if ANPP remains the same or decreases but could
increase yield if ANPP increases.

Plant growth is highly climate-dependent and vulnerable
to climate change (Herrero et al. 2013; Sloat et al. 2018)
and even small climate changes can have a strong effect on
spatiotemporal grassland functioning (Petrie et al. 2018).
Mowing may alter the response of vegetation to changes in
precipitation (Veron and Paruelo 2010); however, the joint
effect is dependent on the intensity of those disturbances
(Ma et al. 2020). The direction and intensity of the interac-
tive effects between mowing disturbance and precipitation
on plant ANPP are unknown. The legacy effects of these
interactions may be largely dependent on plant community
composition and the traits of those plants (Qian et al. 2022),
such as whether they reproduce sexually via seed or asexu-
ally by belowground meristems (Ott et al. 2019). To test the
responses of plant ANPP to mowing intensity and precipita-
tion variability, we conducted a 7-year mowing experiment
comparing traditional mowing with more intense mowing,
less intense mowing, and no mowing in an Inner Mongolian
steppe. This critical ecosystem covers 300 million hectares
and accounts for approximately 10.5% of the total grassland
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area in China (Yang et al. 2020). Biomass harvest (or mow-
ing for hay) is a traditional land use as it provides forage
for livestock in winter when forage grasses are dormant,
and may be more easily managed compared with grazing
(Zhang et al. 2022). We tested how these different mowing
intensities affected plant ANPP and forage yield and how
plant ANPP responds to current and previous year precipita-
tion variability at both the community and plant functional
group level (e.g., graminoids and forbs). By comparing how
these effects changed over time, we tested for legacy effects
of mowing intensity and precipitation variability on plant
ANPP.

Methods
Study site

The long-term mowing experiment was located in a typi-
cal steppe in Inner Mongolia Autonomous Region, China
(116°14°E and 44°12’N, 1100 m a. s. 1.). The site has a
semi-arid continental monsoon climate. During the experi-
ment period (from 2014 to 2020), mean annual temperature
was 4.1 °C and annual precipitation was 300 mm ranged
from 169 to 413 mm (Fig. S1). The soil at the study site is a
typical calcic chestnut soil (Zhang et al. 2022). This typical
steppe is dominated by three graminoid species, including
Stipa grandis, Cleistogenes squarrosa and Leymus chinensis,
and a forb species, e.g., Anemarrhena asphodeloides, which
together account for approximately 91% of aboveground net
primary productivity [ANPP: g m~2]. All species that were
present in the study site from 2014 to 2020 are shown in
Table S1. This area had been fenced in 1956 and managed by
mowing annually at 5 cm stubble height for decades (Zhang
et al. 2016). In 2014, vegetation cover was 26-30% and aver-
age plant height was 16 cm before mowing at the beginning
of our study (Zhang et al. 2022).

In May 2014, we established a 7.5-hectare (300 %250 m)
experimental site with relatively homogenous vegetation in
a state-owned farm with a total area of 640 thousand acres.
Four annual mowing treatments were applied, i.e., normal
mowing intensity historically (control) involving mowing
annually with 5 cm stubble, increased mowing intensity (IM)
to 2 cm stubble, decreased mowing intensity (DM) to 8 cm
stubble, and ceased mowing (CM) involving no mowing.
Within the experimental area, nine replicates of each treat-
ment were set up in a randomized complete block design.
In total, our experiment included 36 plots (5 X3 m), which
were separated by a 1.5 m buffer belt. For the IM, DM and
control treatments, mowing was done in mid-August in every
year after the grasses had gone to seed, while for CM, there
was no mowing.

Vegetation sampling

We assessed species composition, plant ANPP and for-
age yield in every plot during the 7-year sampling period
(2014-2020). Field investigations and sampling were con-
ducted in mid-August about 5 days before mowing. Plant
community ANPP and forage yield were harvested by clip-
ping a 1 X 1 m quadrat. To avoid repeated clipping effects,
each year we chose a new location for the quadrat in each
plot. After counting species number and measuring height,
we clipped all tissue just above the soil surface, separating it
into two parts (forage yield and stubble), with stubble height
varying according to the experimental design. For control,
IM and DM treatments, we clipped all living tissues with
5, 2 and 8 cm stubble for measuring forage yield and then
clipped the stubble, which we summed with forage yield to
estimate plant ANPP. For CM treatment, all living tissues
were clipped just above the soil surface to measure plant
ANPP due to the absence of forage yield. Samples were
sorted by species and oven-dried at 65 °C for 48 h to esti-
mate forage yield and plant ANPP. We classified the plants
recorded in the all quadrats into two groups, graminoids and
forbs, which accounted for 78.3 and 21.7% of total commu-
nity ANPP, respectively (Table S1).

Precipitation data

Precipitation data included complete monthly precipitation
during the experimental years (January 2014 to Decem-
ber 2020) from the local weather bureau (Xilinhot, Inner
Mongolia, People's Republic of China). Annual precipita-
tion (PPT,,,,.) Was the total of monthly precipitation from
January to December in each year, and growing season pre-
cipitation (PPTg) was the total of monthly precipitation
from May to September in each year. PPTg accounted for
79% of PPT,, .- ranging from 70 to 85% among years (Fig.
S1), and was a better predictor of plant ANPP for our study
(not shown).

Data analysis

Effects of changed mowing intensity on plant ANPP
and forage yield

To assess the effects of changed mowing intensity, year, and
their interactions on plant ANPP and forage yield at both
community and plant groups (i.e., graminoids and forbs) lev-
els, we ran a repeated-measure mixed model ANOVA with
treatment as the fixed effect and year as a repeated-measures
factor (for plant ANPP, treatment had 4 levels, year 7 levels,
and replicate 9 levels; whereas for forage yield, treatment
only had 3 levels).
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Legacy effects of changed mowing intensity
and precipitation variability on the response
of plant ANPP

To assess plant ANPP responses to changed mowing inten-
sity and precipitation variability over time at both com-
munity and plant group (i.e., graminoids and forbs) levels,
we estimated the mowing response of ANPP using the log
response ratio (LRR). The mowing LRR was calculated as
log(ANPPy;/ ANPPy), where ANPP,;; are the values of
ANPP in each plot of each mowing treatment each year,
and ANPP,y, are the initial values of ANPP for that plot.
In our study, the ANPP of initial year (in 2014) were set
as the initial values. A positive LRR (LRR > 0) indicates
an increase in plant ANPP in a given year compared to the
initial year when considering the effects of mowing his-
tory with 5 cm stubble, and a negative LRR (LRR <0) is
opposite. We then tested for significant differences in LRR
between the IM, DM and CM treatments and the LRR in
the normal history mowing intensity (control treatment).
If these differences were small and non-significant, we
considered this is an indication that the traditional mow-
ing regime had legacy effects on plant ANPP. Conversely,
if the differences in LRR were significant compared with
the traditional mowing regime, the effects of current mow-
ing intensities on plant ANPP are more pronounced than
traditional mowing regime (control), and we considered
traditional mowing regime has weak or no legacy effects
on plant ANPP. Similar patterns are the legacy effects of
precipitation variability. Additionally, we tested the effects
of changed mowing intensity, year, and their interactions
on the LRR ,ypp for the whole community, graminoids and
forbs using repeated-measures mixed model ANOVAs
with treatment as the fixed effect and year as a repeated-
measures factor (4 treatments, 6 years, 9 replicates).

We used a mixed model regression to test the legacy
effects of changed mowing intensity and precipitation vari-
ability on ANPP for the whole community, graminoids and
forbs, using separate models. These included the LRR of
current-year ANPP [LRR ,\pp] as the dependent variable,
current-year growing season precipitation [PPT,], prior-
year growing season precipitation [PPT, ], or the LRR
of prior-year ANPP [LRR snpp(, )] as independent vari-
ables. Finally, we used a stepwise regression modeling to
filter the main driving factors affecting the current-year
ANPP, with LRR ,\pp as the dependent variable, and PPT,,
PPT,_,, and LRR snpp(,.1) as the independent variable. Data
analysis was conducted using SPSS 19.0 (IBM Corp.,
Armonk NY) and all figures were made in SigmaPlot 12.0
(Systat Software Inc., San Jose, CA).
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Results

Effects of changed mowing intensity on plant ANPP
and forage yield

ANPP of both the whole community and graminoids
differed among mowing treatments (F=6.35, P <0.01,
F=6.00, P<0.01, respectively), with decreased and
ceased mowing having higher ANPP than either the
control or increased mowing (Fig. 1a, b). For forbs, con-
versely, there were no significant differences in ANPP
among all mowing treatments (F=0.12, P=0.95; Fig. 1c¢).
There were significant differences in ANPP among years
for the whole community, graminoids or forbs; however,
there was only a significant interaction between mowing
and year when considering the graminoids (Table S2).
Treatment effects on forage production were similar.
Decreased mowing had significantly positive effects on
forage yield [g m~2] of the whole community and of
graminoids (F=6.09, P=0.01, F=5.58, P=0.02, respec-
tively; Fig. 2a, b), whereas there was no effect on forage
yield of forbs (F=1.02, P=0.38; Fig. 2c). There were
also significant differences in forage yield among years for
the whole community, graminoids or forbs; however, there
were no significant interactions between mowing and year
when considering forage production (Table S3).

Legacy effects of changed mowing intensity
and precipitation variability on the response
of plant ANPP

There were no significant differences in the response ratio
of ANPP [LRR ,\pp] between the IM, DM and CM treat-
ments and the LRR ,ypp in the control treatment across
experimental years (2014-2020) nor were there signifi-
cant cumulative effects of the mowing treatments on the
LRR npp for the whole community, graminoids or forbs
(P=0.19, P=0.59, P=0.15, respectively; Fig. 3). There
were significant differences in LRR ,\pp among years for
the whole community, graminoids, and forbs (all P <0.01;
Fig. 3), but there were no significant interactions between
mowing treatment and year for the whole community,
graminoids, or forbs (P =0.59, P=0.09, P=0.38, respec-
tively; Fig. 3).

The response ratio of plant ANPP [LRR y\pp] was
positively correlated to current-year growing season pre-
cipitation [PPT,: mm] both for the whole community and
graminoids in all mowing treatments (for whole commu-
nity, R>=0.25, P<0.01, R?=0.24, P <0.01, R>=0.34,
P<0.01, R”*=0.33, P<0.01 in the control, IM, DM and
CM treatments, respectively; for graminoids, R*=0.31,
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Fig. 1 Effects of changed mowing intensity on annual net primary
production (ANPP: g m~2) of a whole community, b graminoids, and
¢ forbs, from 2014 to 2020 in a typical steppe in China, based on a
repeated measures ANOVA. Shown are means + SE. Different lower-
case letters indicate significant differences among treatments, and the
significance level was P <0.05. Treatment codes are: Control: nor-
mal mowing intensity, mowing annually at 5 cm stubble height; IM:
increased mowing intensity, mowing annually at 2 cm stubble height;
DM: decreased mowing intensity, mowing annually at 8 cm stubble
height; CM: ceased mowing

P<0.01, R*=0.23, P<0.01, R*=0.40, P<0.01,
R>=0.31, P<0.01:; Fig. 4a, b), indicating that ANPP of
both whole community and graminoids tended to increase
with increasing precipitation of growing season, and pre-
cipitation can stimulate plant ANPP. There were no sig-
nificant relationships between LRR ypp and prior-year
growing season precipitation [PPT, ;: mm] for either the
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Fig.2 Effects of changed mowing intensity on forage yield (g m™2)
of a whole community, b graminoids, and ¢ forbs, from 2014 to 2020
in a typical steppe in China, based on a repeated measures ANOVA.
Shown are means + SE. Different lowercase letters indicate significant
differences among treatments, and the significance level was P <0.05.
Treatment codes are: Control: normal mowing intensity, mowing
annually at 5 cm stubble height; IM: increased mowing intensity,
mowing annually at 2 cm stubble height; DM: decreased mowing
intensity, mowing annually at 8 cm stubble height; CM: ceased mow-
ing

whole community or graminoids (all P> 0.05; Fig. 4d,
e). For forbs, however, there were no significant relation-
ships between LRR ,\pp and PPT, in any mowing treat-
ment (R>=0.01, P=0.40, R?<0.01, P=0.76, R>=0.02,
P=0.32, R?<0.01, P=0.63 in the control, IM, DM and
CM, respectively; Fig. 4c), but LRR \ypp of forbs was
negatively correlated with PPT, _, in all mowing treat-
ments (R*=0.19, P<0.01, R*=0.19, P<0.01, R*=0.14,
P=0.01, R*=0.14, P=0.01 in the control, IM, DM and
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Fig.3 Effects of changed mowing intensity on response ratio of
annual net primary production (LRR of ANPP) of a whole com-
munity, b graminoids, and ¢ forbs, from 2014 to 2020 in a typical
steppe in China, based on a repeated measures ANOVA. Shown are
means +SE. Treatment codes are: Control: normal mowing inten-
sity, mowing annually at 5 cm stubble height; IM: increased mowing
intensity, mowing annually at 2 cm stubble height; DM: decreased
mowing intensity, mowing annually at 8§ cm stubble height; CM:
ceased mowing

CM treatments, respectively; Fig. 4f), manifesting that forb
ANPP was less affected by current-year precipitation and
tended to be negatively driven by prior-year precipitation.
LRR ,npp Was correlated with the response ratio of prior-
year ANPP [LRR ynpp(,.1)] for the whole community in
the IM and DM treatments (R>=0.14, P=0.01, R?=0.11,
P =0.03, respectively; Fig. 4g), whereas LRR ,xpp Was
correlated to the response ratio of prior-year ANPP
[LRR yNpp(n.1)] for graminoids in the IM and CM treat-
ments (R2=0.13, P=0.02, R?=0.09, P =0.046, respec-
tively; Fig. 4h). For forbs, however, the positive rela-
tionships between LRR s ypp and LRR s pp(, 1) Were only
significant in the control treatment (R*=0.18, P<0.01;
Fig. 4i).
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Finally, stepwise regression showed that LRR ,ypp Was
mainly positively driven by PPT, both for whole commu-
nity and graminoids in all mowing treatments (Table 1). For
the whole community, there was also a significant negative
effect of LRR ynpp(y.1) 00 LRR y\pp but only in the con-
trol treatment (Table 1). For forbs, LRR ,xpp Was mainly
negatively driven by PPT,_; in all mowing treatments, with
LRR snpp(n.1y also having a positive effect, but only in the
control treatment (Table 1).

Discussion

Our continuous seven-year mowing experiment demon-
strated that decreased mowing intensity both increased
plant ANPP and forage yield [gm~2], which was driven by
increases in graminoids in this temperate grassland. These
findings highlight the importance of graminoids in regulat-
ing the ecosystem functions and hay production of grassland
plant communities. Both mowing disturbance and precipi-
tation variability had legacy effects on plant ANPP; how-
ever, these responses differed among the whole community,
graminoid, and forb levels. Our results suggest that decreas-
ing mowing intensity may be an appropriate management
strategy in Mongolian steppes to improve both ANPP and
herder incomes, although ceasing mowing can also increase
ANPP.

Effects of changed mowing intensity on plant ANPP
and forage yield

Mowing has clear effects on the properties and processes
of grassland ecosystems (Hsu et al. 2012; Maurer et al.
2020) and can also alter vegetation responses to precipita-
tion (Veron and Paruelo 2010), which is the primary lim-
iting resource in grasslands (Bai et al. 2004). Our seven-
year mowing experiment showed that both ceased mowing
and decreased mowing intensity increased plant whole
community and graminoid ANPP, mainly owing to the
positive response of plants to precipitation. Both ceased
and decreased mowing treatments had stronger positive
responses to precipitation (as evidenced by more positive
slopes) than in the control and increased mowing intensity
treatments. This was especially apparent when comparing
wetter and drier years (e.g., in 2015 and 2020). Compared
with the initial year (in 2014, PPTgq: 204.8 mm, ANPP:
104.69 g m~2), community ANPP increased by 58.97% in
2015 (PPTgg: 322.3 mm, ANPP: 166.42 g m™2) and 130.73%
in 2020 (PPTgg: 332.9 mm, ANPP: 241.55 g m™2) across
all mowing treatments. Likewise, plant ANPP responded
more strongly to decreased mowing in wet than dry years
(e.g., in 2015 and 2020), likely due to increases in water
or nutrient availability (Shen et al. 2016; Han et al. 2021).



Oecologia (2023) 201:259-268

Fig.4 Relationships between
response ratio of current-year
aboveground net primary pro-
ductivity (LRR) with current-
year precipitation of growing
season (PPT,, growing season:
mm), prior-year precipitation of 11
growing season (PPT, _;, grow-
ing season: mm, prior-year),
and response ratio of prior-
year aboveground net primary
productivity (LRR,_,), for whole 1
community, graminoids, and

forbs, respectively, based on a

Whole community

linear regression (n=63). Treat- -2 "
ment codes are: Control: normal
mowing intensity, mowing

annually at 5 cm stubble height;
IM: increased mowing intensity,

100 150 200 250 300 350 100 150 200 250 300 350

265
o Control e M e DM e CM
Control IM DM CM
Graminoids Forbs
1b) o
Y L]
1 214
: : 0f ¢
of i :
)
@ -2 1
PRI
1 4] .
[ ]
-2 T -6 .

100 150 200 250 300 350
PPT_, growing season (m-2)

] ] 6 -
mowing annually at 2 cm & 2 d) 2 e) f)
stubble height; DM: decreased pd 4
mowing intensity, mowing ?:_, 1 11 R
annually at 8 cm stubble height; S . . . s 2
CM: ceased mowing. Statistical o s e S H
. . . w— 0 M 01 ¢ 2 0
results in detail are shown in o) 5 a s s
Table S4 14 ¢ : ¢ s o
Y 1] . . 1 & O
-1 - ° H : 4 .
(]
-2 ———————— -2 ————————— -6 ——————
100 150 200 250 300 350 100 150 200 250 300 350 100 150 200 250 300 350
PPT .. growing season (g m-2)
1.5-9) 2.0 1 4-i)
1.0 1 159 5]
1.0 1 .
0.51 0.5 1 0 -
L]
0.0 1 0.0 1
] -2 1
0.5 1 05
-1.0 1
] -4
-1.0 . 15 | . i
-1.5 -2.0 -6

2 A1 0

Table 1 Stepwise regression modeling of relationships between
response ratio of current-year aboveground net primary productivity
[LRR,] and its driving factors, with LRR as the dependent variable,
and current-year precipitation [PPT,: mm, growing season], prior-

2 1 0 1 2 6 -4 2 0 2 4
LRRANPp(n_” of whole community

year precipitation [PPT, ;: mm, growing season] and response ratio
of prior-year aboveground net primary productivity [LRR ] as the
independent variable

Treatment  Community Graminoids Forbs
R? P Equation R? P Equation R? P Equation
Control 0.387 <0.001 LRR, =0.660 0.235 <0.001 LRR =0485PPT, 0.290 0.001 LRR, = —0.349
PPT,-0.468 LRR PPT, +0.332LRR,
™M 0.287 <0.001 LRR,=0.536PPT, 0.287 <0.001 LRR,=0.536PPT, 0.194 0.002 LRR,= —0.441PPT,,
DM 0.331 <0.001 LRR,=0.660 PPT, 0.391 <0.001 LRR,=0.825PPT, 0.136 0.013 LRR,= —0.368 PPT,,
CM 0.303 <0.001 LRR,=0.560PPT, 0.284 <0.001 LRR,=0.533PPT, 0.143 0.002 LRR,= —0.378 PPT,,

Treatment codes are: Control: normal mowing intensity, mowing annually at 5 cm stubble height; IM: increased mowing intensity, mowing
annually at 2 cm stubble height; DM: decreased mowing intensity, mowing annually at 8 cm stubble height; CM: ceased mowing
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Compared with control, community ANPP increased in the
decreased mowing treatment by 24.04% in 2015 and 35.82%
in 2020 and by 35.72% and 36.93% in the ceased mowing
treatment in 2015 and 2020, respectively. These increases in
community ANPP were driven by graminoids, not forbs. We
speculate that mowing once per year at mid-August when
all seeds have been released may allow plant recruitment
(Socher et al. 2013) and maintain grassland productivity,
provided that mowing intensity remains low. Interestingly,
only the dominant graminoid species (Stipa grandis), which
accounted for approximately 60% of community ANPP
(Table. S1), increased in the decreased and ceased mowing
treatments (Fig. S2). This suggests that the response of the
dominant species to mowing is the primary factor determin-
ing the response of ANPP to mowing in these grassland
ecosystems.

Compensatory growth following defoliation can maintain
or increase ANPP (Belsky 1986; Yuan et al. 2015). Previous
studies reported that moderate mowing (40% clipping) may
cause overcompensation and positively affect plant ANPP
(Wang et al. 2020). Mowing may increase lateral branch-
ing after removal of the apical meristem (Wan and Sosebee
2002) or increase tillering by stimulating photosynthesis
in the remaining leaves or by redistributing carbohydrates
among plant organs (Wang et al 2020). We found more
leaves of S.grandis were retained in the decreased mowing
treatment (8 cm stubble) compared with the control (5 cm
stubble) or increased mowing intensity treatments (2 cm
stubble). We speculate that the greater amount of remain-
ing leaf area likely allowed S. grandis to continue photo-
synthesizing and to maximize regrowth and its response to
available moisture while minimizing drains on belowground
stores, especially in wet years (e.g., in 2015 and 2020). This
increase in growth also explains the increase in whole-com-
munity and graminoid forage yield in the decreased mowing
treatments, despite a reduction in the utilization rate (from
70 to 65%).

Legacy effects of changed mowing intensity
and precipitation variability on the response
of plant ANPP

Prolonged precipitation changes can have prominent legacy
effects on ecosystem function (Hawkes and Keitt 2015;
Nguyen et al. 2018; Leizeaga et al. 2021) that emerge slowly
over time (Broderick et al. 2022), especially in water-limited
ecosystems (e.g., grasslands) (Hoover et al. 2014; Luo et al.
2021; Zhang et al. 2021). Previous studies revealed that
drought effects on grasslands may last for more than a year,
altering the composition of plant communities through dif-
ferences in plant water use and hydraulic responses among
functional groups (Wu et al. 2018). Our results show that
current-year ANPP of both the whole community and

@ Springer

graminoids were positively driven by current-year precipita-
tion [PPT, ], whereas forbs were negatively affected by prior-
year PPT [PPT,_;]. Community ANPP was largely driven
by graminoids due to their dominance within the commu-
nity (78% of total biomass), consistent with the mass ratio
hypothesis (Grime 1998). With their expansive fibrous root
systems, grasses are well adapted to responding to pulsed
belowground resources, as occurs with the intermittent rain-
falls that are common in grassland ecosystems (Bennett and
Cahill 2013). This increase in grass abundance could also
explain the negative response of forbs to prior-year precipi-
tation, if increased reserves or increased litter biomass from
in the previous year allowed grasses to suppress forb growth
the following year (Dudney et al. 2017). Despite increases in
ANPP in the decreased or ceased mowing treatments, there
were no significant differences in ANPP in individual years
at either the whole community, graminoid, or forb level. This
suggests that short-term studies of altered mowing regimes
may not be capable of identifying treatment effects and that
longer-term studies, such as ours, are required.

Conclusions

Both ceased mowing and decreased mowing intensity
increased graminoid, and thus community productivity;
however, ceasing mowing would have negative economic
effects on herders. Consequently, we suggest decreased dis-
turbance to be the most appropriate management regime in
this typical grassland to maximize both sustainability and
herder income. Considering that large areas of semi-arid
grassland in China are used for hay harvesting (11-17%),
this change may have significant ecological and economic
impacts. Although we explored the joint effects of mowing
intensity and precipitation variability, longer-term effects
may not have been captured given the modest duration (7
years) of our experiment, and future directional climate
change could alter our conclusions.
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