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Abstract: Global warming has changed plant phenology and induced variations in the productivity
of terrestrial ecosystems. Recent studies have shown inconsistent results regarding the influence
of phenological changes on plant production. We carried out a three-year in situ experiment in
Inner Mongolia and used Stipa krylovii as an example to examine the phenological changes and their
importance to plant production under changes in temperature and precipitation. We found that
precipitation, temperature, and their interactions had no significant impact on the start of the growing
season (SOS) or vegetative growth length (VGL). Precipitation had significant impacts on the end of
the growing season (EOS), the length of the growing season (LOS), and reproductive growth length
(RGL). The precipitation addition treatments of T2.0W + 50% (2 ◦C warming and 50% precipitation
addition) and T1.5W + 50% (1.5 ◦C warming and 50% precipitation addition) significantly delayed
the EOS by 6.7 d and 5.4 d, and significantly prolonged the LOS by 9.3 d and 9.3 d, respectively.
Precipitation significantly changed the net CO2 assimilation rate (Pn) of the heading stage. There was
no significant difference in the dry mass among all the treatments. The SOS and VGL had significant
negative impacts on the dry mass of Stipa krylovii, while temperature, precipitation, and the EOS had
no significant direct effect on it. Our results imply that the SOS was more important than the EOS
in regulating the plant production of Stipa krylovii. This study can facilitate the understanding of
the response of productivity to phenological dynamics and improve the accuracy of simulating the
terrestrial ecosystem carbon budget.
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1. Introduction

Plant phenology is a traditional science that studies the time of annually recurring
plant life cycle events and their biotic and abiotic drivers [1–4]. As one of the most reliable
bioindicators that can reflect the impact of climate change on vegetation, phenology is
highly sensitive to climate change [5,6]. For vegetation in Europe from 1959 to 1996, the
start of the growing season (SOS) was advanced by 6.3 days (−0.21 day/year), whereas the
end of the growing season (EOS) was delayed by 4.5 days (+0.15 day/year), jointly this
extended the growing season by 10.8 days [7]. In the recent three decades, 65% of SOS in the
northern hemisphere grassland ecosystems has been advanced, and 58% of EOS has been
delayed [8]. Climatic factors, including temperature, precipitation, and their interactions,
are the dominant drivers of the variations in the SOS and EOS [8–10]. In Europe, the
temperature of the preceding months resulted in an advance in spring/summer phenology
of 2.5 days ◦C−1, and there was a delay in the EOS of 1.0 day ◦C−1 in fall. From 1971 to
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2000, 78% of all leaf unfolding, flowering, and fruit ripening records advanced (30% signifi-
cantly) [11]. For midlatitude (30◦ N–55◦ N) grasslands in the northern hemisphere, 23.2%
of the SOS in this region was significantly advanced, and 20.5% of the EOS was significantly
postponed during 1981–2014, leading to a significant prolongation trend of growing season
length in 22.7% of this area. The dominant trends of the SOS and EOS in most of the region
were closely related to the changes in air temperature and precipitation [12]. Currently,
plant phenology variation has attracted extensive attention, but our knowledge of the exact
effects of temperature, precipitation, and their interaction on phenology is incomplete.

A variety of studies have suggested that changes in plant phenology are indeed re-
sponsible for variations in ecosystem productivity and carbon sequestration [9,13,14]. A
dominant positive correlation has been observed between the length of growing season
(LOS) and annual gross primary productivity/net primary productivity. A one-day length-
ening of the LOS increased the annual gross primary productivity by 5.8 g C m−2 yr−1 per
day and the net primary productivity by 2.8 g C m−2 yr−1 per day [15]. The sensitivity of
net ecosystem exchange of evergreen needleleaf forests to the LOS was 3.4 g C m−2 d−1,
the net ecosystem exchange of deciduous broadleaf forests had a higher sensitivity of
5.8 g C m−2 d−1, and the net ecosystem exchange of grass/crop was the most sensitive to
the LOS (7.9 g C m−2 d−1) [16]. Variability in net ecosystem exchange was significantly
related to the LOS for the savanna, grassland, and tree canopy in California. However,
summer drought in both mid and high latitude is probably responsible for the lower net
CO2 uptake, which offsets the CO2 increase during spring [17]. In spring and autumn,
gross ecosystem photosynthesis increased by the extended LOS was cancelled out by the
simultaneously enhanced ecosystem respiration [18]. In northern terrestrial ecosystems,
autumn warming can prolong the LOS and increase photosynthesis and respiration. Never-
theless, respiration is increased more than photosynthesis, and the CO2 lost due to autumn
warming offsets 90% of the CO2 gained by early spring [19]. Thus, it is highly debatable
whether a prolonged LOS will increase productivity.

As one of the most widely distributed vegetation types worldwide, grassland accounts
for 40.5% of the land area (excluding Greenland and Antarctica) and plays an important role
in the global carbon cycle [12,20]. Compared with forest ecosystems, grasslands, especially
arid and semiarid grasslands, are more sensitive to precipitation changes and have more
complex responses to climate changes [5,21]. Since 1970, the growth rate of global surface
temperature has exceeded any other 50 years during the past 2000 years. The global
surface temperature in 2011–2020 was 1.09 ◦C higher than that in 1850–1900. At least until
the middle of this century, the global surface temperature is expected to continue to rise,
which could also strengthen the global water cycle, such as the severity of global monsoon
precipitation and dry/wet events [22]. This will inevitably lead to changes in the SOS, EOS,
and LOS of grasslands, which may influence the productivity of the ecosystem, especially
the arid and semiarid grassland ecosystems, and then feed back to the global climate. The
typical grassland, which accounts for 10% of the total grassland of China, is fragile and
sensitive to climate change [23]. Stipa krylovii is the dominant perennial grass species in the
typical grassland ecosystem of north China, and it is very sensitive to precipitation change.
Therefore, the study of the phenological changes of Stipa krylovii under the background
of global climate change and the importance of these changes to plant production is of
great significance. In this study, we studied the dominant species Stipa krylovii through
a three-year simulation experiment in situ to clarify: (1) the effects of temperature and
precipitation on the phenology of Stipa krylovii; (2) the changes in photosynthesis and plant
production of Stipa krylovii under different temperature and precipitation conditions; and
(3) the importance of the variations in the SOS and EOS to plant production.
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2. Materials and Methods
2.1. Study Site

The experiment was carried out in Xilinhot, Inner Mongolia, China, at Xilinhot Na-
tional Climate Observatory (44◦08′03′ ′ N, 116◦19′43′ ′ E, 990 m a.s.l.). The study site is a
typical semiarid grassland ecosystem in northern China. This region is characterized as a
temperate semiarid continental climate. A long-term (1955–2015) climate record indicates a
mean annual temperature of 2.5 ◦C and a mean annual precipitation of 283.6 mm. The soil
is chestnut soil. The experimental site is located on grassland dominated by Stipa krylovii,
accompanied by Leymus chinensis and Cleistogenes squarrosa [24].

2.2. Experimental Design

Representative plots with uniform vegetation distributions were selected to carry
out our experiment. We set five treatments: which include ambient temperature and
precipitation (T0W0), 1.5 ◦C warming and 50% precipitation reduction (T1.5W − 50%),
1.5 ◦C warming and 50% precipitation addition (T1.5W + 50%), 2 ◦C warming and 50%
precipitation reduction (T2.0W − 50%), and 2 ◦C warming and 50% precipitation addition
(T2.0W + 50%). There were 4 replicates for each of the five treatments. Twenty 2 m × 2 m
plots which were arranged in a 4 × 5 matrix and separated by a 2 m buffer were laid out in
a randomized complete block design (Figure S1). The steel sheets were buried 1 m into the
soil and protruded 0.3 m aboveground around each plot to prevent the horizontal exchange
and infiltration of soil water and nutrients. The experiment began on 18 April 2019.

To simulate climate warming, we used 1 m-long infrared radiation lamps (Beijing Shiji
Xingyuan Lighting Technology Co., Ltd., Chaoyang, Beijing, China), which continuously
warmed the plots 24 h a day with different powers (800 W for 1.5 ◦C warming and 1000 W
for 2.0 ◦C warming). Lamps were installed in the 135◦-angle iron sheets and hung 2 m
aboveground in the center of each warming plot. In the T0W0 plots, the same iron sheets,
excluding lamps, were deployed to minimize the differences between plots.

Precipitation treatments adopted the rainfall manipulation [25] (Figure S1). The rainfall
shelter used a metal frame supporting V-shaped clear acrylic bands with more than 95%
light transmittance. We applied 100% perforated acrylic bands in the T0W0 treatment and
50% perforated bands and 50% acrylic bands in the T1.5W − 50% and T2.0W − 50% plots.
Precipitation collected in T1.5W − 50% and T2.0W − 50% plots was evenly sprayed into
each T1.5W + 50% and T2.0W + 50% plot every time it rained [24].

2.3. Soil Temperature and Water Content Measurements

In the center of each plot, an ECH2O measuring system with an EM50 data collector
and three 5TM sensors (METER, Pullman, WA, USA) was installed to measure and record
the soil temperature and water content. The three sensors were buried at soil depths of
0–10 cm, 10–20 cm, and 20–30 cm in each plot. Soil temperature and water content were
monitored and recorded automatically every 30 min, 24 h a day.

2.4. Phenology Observation

We observed the phenology of Stipa krylovii twice a day and recorded each phenological
stage [26]. The start of the growing season (SOS) was defined as the date when 50% of
the Stipa krylovii restored their elasticity and turned from yellow to green. The end of the
growing season (EOS) was defined as the date when two-thirds of the aboveground part
of 50% of plants in the plot withered and turned yellow. The heading stage was defined
as the date when 50% of plants exposed aristae from the leaf sheath. The flowering stage
was defined as the date when 50% of the individual plants had anthers and dispersed their
pollen. The seed formation stage was defined as the date when the upper panicles of 50%
of individuals turned yellow and seeds hardened. The length of the growing season (LOS)
was defined as the length between the SOS and EOS. Vegetative growth length (VGL) was
defined as the length between the SOS and heading stage. Reproductive growth length
(RGL) was defined as the length between the heading stage and EOS.
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2.5. Leaf Gas Exchange Parameters and Dry Mass Measurements

Every year, we selected three plots from each treatment and one representative and
healthy plant of each phenological stage from each selected plot to measure the net CO2
assimilation rate (Pn) (5 times a year) with an open gas exchange system (LI-6400, Li-COR
Inc., Lincoln, NE, USA), which has a leaf chamber fluorometer attachment (LI6400-40,
LCF). During the measurement, the saturated photosynthetic photon flux density, which
was supplied by a red-blue LED, was fixed at 1500 µmol·m−2·s−1, the concentration of
CO2 was set at 400 µmol·mol−1, the temperature was maintained at 25 ◦C, and the air
relative humidity was controlled between 50% and 70% [27,28]. At the end of the growing
season, the aboveground parts of the selected plants were clipped after the measurement,
oven-dried at 80 ◦C for at least 48 h to constant weight, and weighed to obtain the dry mass
(DM) [24].

2.6. Statistical Analysis

A three-way ANOVA with LSD (least significant difference) tests was used to test
the main and interactive effects of year, temperature, and precipitation on soil tempera-
ture, soil water content, phenology, the net CO2 assimilation rate (Pn) at each stage, and
dry mass of Stipa krylovii. A structural equation model (SEM) was conducted by Amos
21.0 (Amos Development, Spring House, PA, USA) to explore the effects of the start of the
growing season (SOS) and the end of the growing season (EOS) on the plant production
of Stipa krylovii. The statistical significance level was set at p-values less than 0.05 unless
stated otherwise.

3. Results
3.1. Changes in Soil Water Content and Temperature

In the experimental period (from 18 April 2019 to 2 November 2021), the dynamics
of the soil temperature (ST) and water content (SWC) of the five treatments were similar
(Figure S1A,B). Temperature, precipitation, and year significantly changed SWC. The
treatments of 50% precipitation addition significantly enhanced the SWC of the three
growing seasons (May to November), while 50% precipitation reduction significantly
decreased it (Table S1, Figure S2). Year and precipitation significantly changed ST, and the
1.5 ◦C and 2 ◦C warming treatments significantly increased ST in the three growing seasons
(Table S1, Figure S2).

3.2. Changes in the Phenology of Stipa krylovii

Year significantly influenced the start of the growing season (SOS) and vegetative
growth length (VGL), while precipitation, temperature, and their interactions had no signif-
icant impact on them (Table 1). Year, precipitation, and their interactions had significant
impacts on the end of the growing season (EOS), the length of growing season (LOS),
and reproductive growth length (RGL), but temperature had no significant effect on them
(Table 1). Precipitation addition treatments (T2.0W + 50% and T1.5W + 50%) significantly
delayed the EOS and prolonged the LOS (Table 1, Figure 1). The EOS of T2.0W + 50%
and T1.5W + 50% were 6.65 d and 5.35 d later than that of T0W0, respectively (Figure 1).
The LOS of T2.0W + 50% and T1.5W + 50% were 9.32 d and 9.32 d longer than that of
T0W0, respectively (Figure 1). The VGL of T0W0 was significantly longer than the VGL of
T1.5W − 50% and T2.0W + 50%, and the RGL of T0W0 was significantly shorter than those
of T1.5W + 50% and T2.0W + 50% (Figure 1).
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Table 1. Main and interactive effects of the year (Y), temperature (T), and precipitation (Pre) on the
phenology of Stipa krylovii.

SOS EOS LOS VGL RGL
df F p F p F P F p F p

Y 2 64.24 <0.001 22.22 <0.001 20.84 <0.001 4.16 <0.05 19.64 <0.001
T 1 0.92 0.34 1.83 0.18 0.10 0.75 0.83 0.37 0.99 0.33

Pre 1 0.92 0.34 49.57 <0.001 29.38 <0.001 1.35 0.25 12.53 <0.001
Y × T 2 1.80 0.18 0.46 0.64 0.21 0.81 0.99 0.38 0.86 0.43

Y × Pre 2 0.83 0.44 36.99 <0.001 16.58 <0.001 1.19 0.32 6.76 <0.001
T × Pre 1 0.06 0.80 0.01 0.93 0.02 0.90 2.90 0.10 0.12 0.73

Y × T × Pre 2 0.23 0.80 0.26 0.77 0.03 0.98 2.56 0.09 2.16 0.13

Note: SOS represents the start of the growing season; EOS represents the end of the growing season; LOS
represents the length of growing season; VGL represents vegetative growth length; RGL represents reproductive
growth length. The values of p < 0.05 are bolded.
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Figure 1. Effects of temperature and precipitation treatments on phenological change of Stipa krylovii
(means ± SE). T0W0: ambient temperature and precipitation; T1.5W − 50%: 1.5 ◦C warming
and 50% precipitation reduction; T1.5W + 50%: 1.5 ◦C warming and 50% precipitation addition;
T2.0W − 50%: 2 ◦C warming and 50% precipitation reduction; T2.0W + 50%: 2 ◦C warming and
50% precipitation addition. SOS represents the start of the growing season; EOS represents the end of
the growing season; LOS represents the length of growing season; VGL represents vegetative growth
length; RGL represents reproductive growth length. Different lowercase letters were used to indicate
significant differences among treatments (p < 0.05).

3.3. Responses of the Net CO2 Assimilation Rate at Different Stages

Year significantly changed the net CO2 assimilation rate (Pn) of all the stages except
the flowering stage (Table 2). Precipitation significantly changed the Pn of the heading
stage (Pnh), and the Pnh of the T2.0W − 50% treatment was significantly lower than those
of the other treatments (Table 2, Figure 2). The main effects of year, temperature, and
precipitation were not significant on Pn at the flowering stage (Pnf), but the interactive
effects were significant (Table 2). The Pnf values of T2.0W − 50% and T1.5W + 50% were
significantly higher than those of T0W0 and T2.0W + 50% (Figure 2). The Pn at the seed
formation stage (Pns) in the T0W0 plots were significantly lower than that in the other
treatments (Figure 2).
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Table 2. Main and interactive effects of the year (Y), temperature (T), and precipitation (Pre) on the
net CO2 assimilation rate (Pn) and dry mass of Stipa krylovii.

PnSOS Pnh Pnf Pns PnEOS DM
df F p F p F p F P F p F p

Y 2 6.82 <0.01 13.15 <0.001 1.21 0.31 17.54 <0.001 7.01 <0.01 7.70 <0.01
T 1 1.05 0.31 1.86 0.19 1.18 0.29 0.92 0.35 0.05 0.83 1.07 0.31

Pre 1 0.23 0.64 10.41 <0.01 0.13 0.72 0.24 0.63 0.64 0.43 1.18 0.29
Y × T 2 0.64 0.53 0.66 0.52 5.57 <0.01 2.79 0.08 0.02 0.98 0.08 0.93

Y × Pre 2 0.65 0.53 1.71 0.20 3.83 <0.05 3.23 0.06 0.02 0.98 0.19 0.83
T × Pre 1 2.01 0.17 0.13 0.73 18.67 <0.001 0.58 0.45 0.97 0.34 1.73 0.20

Y × T × Pre 2 0.23 0.80 0.33 0.72 10.41 <0.001 5.63 <0.05 1.32 0.27 1.90 0.17

Note: PnSOS represents Pn at the start of the growing season; Pnh represents Pn at the heading stage; Pnf represents
Pn at the flowering stage; Pns represents Pn at the seed formation stage; PnEOS represents Pn at the end of the
growing season; DM represents dry mass. The values of p < 0.05 are bolded.
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3.4. Changes in the Above-Ground Dry Mass of Stipa krylovii

The dry mass was only significantly influenced by year (Table 2). There was no
significant difference among the dry mass of all the treatments (Figure 3). The dry masses
of the T2.0W − 50%, T1.5W − 50%, T0W0, T2.0W + 50%, and T1.5W + 50% plots were
2.83 g, 3.00 g, 3.73 g, 4.40 g, and 2.86 g, respectively.
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3.5. Factors Affecting Plant Production of Stipa krylovii

Structural equation models (SEM) were established to analyze the direct and indirect
effects of the SOS and EOS on the dry mass of Stipa krylovii, with an explanation of total
variance in dry mass of 40%. The results of the SEM models showed that the SOS and
vegetative growth length (VGL) had significant negative relationships with the dry mass
of Stipa krylovii, with standardized path coefficients of −0.35 and −0.41, respectively.
Temperature, precipitation, and the EOS had no significant relationship with dry mass
(Figure 4). In addition, temperature and precipitation had significant positive impacts on
the EOS, and temperature had significantly negative impacts on the VGL.
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Figure 4. Effects of the start of the growing season (SOS) and the end of the growing season (EOS)
on the plant production of Stipa krylovii. VGL represents vegetative growth length; DM represents
dry mass. χ2 = 3.27, df = 4, p = 0.51, AI = 49.27, RMSEA (root mean square error of approximation)
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(p < 0.05) and insignificant effects (p > 0.05), respectively. Values on the arrows indicate standardized
path coefficients. The R2 values next to the response variables represent the proportion of variation
explained by relationships with other variables.
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4. Discussion

We found that precipitation and temperature had no significant impact on the SOS,
which is different from previous research. According to previous studies, temperature
has a dual effect on spring phenology: Low temperature is necessary to induce and break
endodormancy, and high temperature can break ecodormancy to promote the growth of
buds [29,30]. In winter and spring (from 1985 to 2003), with the increase in temperature, the
SOS of Leymus chinensis and Stipa krylovii was postponed [23]. Precipitation changed the
SOS of plants in the semi-arid grassland of southern Africa [31]. The observation indicated
that precipitation was related to SOS [32]. This inconformity may be caused by other factors
such as wind speed, relative humidity, sunshine hours, etc. The control factors of SOS and
its regulation mechanism are worthy of attention. In the future, we will further study the
influence of other factors on SOS, other than temperature and precipitation, and find out
the factors that cause the interannual variation of SOS.

Our results showed that precipitation had significant effects on the EOS, which is
consistent with previous studies. The research pointed out that an increase in temperature
in summer and autumn significantly delayed the timing of leaf senescence of European
beech, delaying it by 6–8 d for every 1 ◦C increase in temperature [33]. Without the
limitation of water and nutrients, temperature may be the main factor controlling the leaf
senescence of European beech. In Finnish Lapland, no correlation between the EOS and
climatic factors by investigating plant phenology from 1997 to 2006 was found [34]. At
middle and high latitudes, temperature and photoperiod are the two key regulators of
phenology, but at a regional scale, water limitations may be the driver [35]. The phenology
of arid areas was more sensitive to interannual variation in preseason precipitation than
that of mesic areas [36].

In the present study, precipitation addition treatments significantly delayed the EOS
and prolonged the LOS, but there was no significant change in the dry mass of Stipa krylovii
among all treatments. Further analysis showed that the SOS and VGL had significant corre-
lations with dry mass, while the EOS had no significant correlation with dry mass. These
results indicate that the SOS plays a more important role in regulating the plant production
of Stipa krylovii than the EOS. Plant phenology has been regarded as a regulator of the
global carbon cycle [37–39]. Many previous studies have proposed that the productivity
increase might be attributable to the earlier SOS or later EOS [40–43]. However, respiration
can offset the improvement of productivity due to the extended LOS [18,19]. The extended
LOS caused by the delayed EOS will not enhance carbon gain in forests because of the limit
of the declines in photosynthetic capacity [44]. On the other hand, the response models
of plant productivity to phenological changes depended on the location [45]. An earlier
SOS may increase plant productivity and can also decrease productivity, and the same
goes for the later EOS. Moreover, the relationship between phenological dynamics and
productivity may also be influenced by local climatic (such as temperature and precip-
itation), topographic conditions, and many other factors (such as photoperiod, winter
chilling, permafrost degradation and snowmelt, soil moisture, nutrient limitation, and
human disturbance) [46]. This study can provide new evidence for the accurate estimation
of the terrestrial ecosystem carbon budget.

5. Conclusions

Plant phenology is of vital importance to the carbon cycle of terrestrial ecosystems. We
conducted a three-year in situ simulation experiment in the Stipa krylovii steppe to explore
the influence of phenological changes on plant production. The results suggested that
precipitation, temperature, and their interactions did not significantly influence the start of
the growing season (SOS) or vegetative growth length (VGL). Precipitation significantly
changed the end of the growing season (EOS) and the length of the growing season (LOS).
The precipitation addition treatments of T2.0W + 50% and T1.5W + 50% significantly
delayed the EOS by 6.65 d and 5.35 d, and significantly prolonged the LOS by 9.32 d and
9.32 d, respectively. There was no significant difference among the dry mass of all the
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treatments. The SOS had significant direct impacts on the dry mass of Stipa krylovii, while
the EOS had no significant direct effect on it, indicating that the SOS contributed more
than the EOS to the variation in plant production. This study can provide reference for the
assessment of the plant production and carbon budget of terrestrial ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12123208/s1, Figure S1. The layout of the plots (A) and
the plot photo (B). Figure S2. Soil water content (A) and soil temperature (B) of each treatment during
the experimental period (from 18 April 2019 to 2 November 2021) and the effects of precipitation and
temperature treatments on the soil water content (C) and soil temperature (D) of the three growing
seasons (from May to November) (means ± SE). W0: ambient precipitation, W + 50%: 50% precipitation
addition, W − 50%: 50% precipitation reduction; T0: ambient temperature, T1.5: 1.5 ◦C warming,
T2.0: 2.0 ◦C warming. The different lowercase letters show significant differences among precipitation
and temperature treatments (p < 0.05). Table S1. Main and interactive effects of the year (Y), temperature
(T), and precipitation (Pre) on the soil water content (SWC) and soil temperature (ST).
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