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Abstract
1. Climate change is expected to increase the magnitude and frequency of extreme 

drought in most grassland ecosystems. Exploring the responses of below- ground 
bud banks and their relationships with above- ground plant structure and drought 
is need to explain how climate change will impact grassland ecosystems. However, 
studies on the response of community- scale bud and shoot densities to experi-
mental drought along an aridity gradient are rare.

2. We experimentally removed 66% of growing season precipitation for 4 years in 
three temperate grasslands that spanned an aridity gradient in northern China. 
We quantified the legacy effects of drought on grass, forb and total community 
below- ground bud density, above- ground shoot density and the ratio of bud to 
shoot density 1 year following treatment.

3. Below- ground bud density was lowest at the highest aridity site for the entire 
community, while above- ground shoot density was highest at the medium arid-
ity site. Below- ground bud and above- ground shoot densities were the lowest at 
the high aridity site for grasses but the highest for forbs at this site. Bud:shoot 
ratios decreased with increasing aridity for grasses, yet remained constant for 
forbs along the aridity gradient. Below- ground bud density in drought plots re-
mained lower than controls a year following drought at each site. Experimental 
drought did not alter the below- ground bud bank for grasses but decreased forb 
bud banks across sites. Experimental drought had little legacy effects on above- 
ground shoot density and bud:shoot ratios for grasses, forbs and the total com-
munity at each site.
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1  |  INTRODUC TION

Contemporary climate change is increasing the frequency and inten-
sity of extreme drought in various regions across the world (Spinoni 
et al., 2014). Frequent and severe droughts can have large and long- 
lasting effects on ecosystem structure and function, particularly 
in water- limited grasslands (Du et al., 2018; Luo et al., 2021, 2022; 
Maurer et al., 2020; Sankaran & Staver, 2019). The level of resilience 
of ecosystems (i.e. the degree of recovery from disturbance), which 
drives ecosystem productivity following droughts, may differ among 
grasslands (Stuart- Haëntjens et al., 2018). For example, some grass-
lands exhibit rapid recovery from extreme drought as above- ground 
net primary productivity (ANPP) fully recovered to pre- drought 
levels within a year (Griffin- Nolan et al., 2019; Hoover et al., 2014; 
Wilcox et al., 2020). In other grasslands, drought resulted in a legacy 
of lower ANPP the following year (Yahdjian & Sala, 2006). However, 
the underlying mechanisms of differential drought sensitivity among 
grasslands remain understudied, especially from the perspective of 
plant population regeneration or recruitment. Additionally, most 
studies have concentrated on community structure and ecosystem 
functioning above- ground, while few studies have focused on the 
response of the below- ground bud bank to drought, especially along 
natural aridity gradients where drought sensitivity is expected to in-
crease along with aridity (Knapp et al., 2015).

Plant dynamics and primary productivity almost entirely driven 
by asexual reproduction via below- ground bud banks in perennial 
grasslands (Benson & Hartnett, 2006; Klimešová & Klimeš, 2007). 
Below- ground bud banks play a key role in plant population regen-
eration, community dynamics, and ecosystem functioning following 
disturbances and environmental change (Ferraro et al., 2022; Ott 
et al., 2019; Siebert et al., 2019). As a primary resources of above- 
ground regrowth, the ability of bud banks to withstand drought can 
drive accelerated or delayed ecosystem resilience once drought 
ceases (Dalgleish & Hartnett, 2006, 2009; Qian et al., 2022). A re-
cent study showed that a short- term drought reduced below- ground 
bud density and above- ground stem density in mesic grasslands, 
but bud density in the drought plots rapidly recovered and sur-
passed that of the non- drought plots 1 year post- drought (Carter 
et al., 2012). In contrast, extreme drought had a negative legacy 

effect on below- ground bud bank and above- ground shoot density 
in semiarid grasslands (Qian et al., 2022). Although these studies 
differ in drought duration and intensity, they suggest that ability 
of below- ground bud banks to recover from drought depends on 
functional traits and climate conditions. Below- ground bud banks 
can also affect the sensitivity of ANPP to environmental variation 
(i.e. meristem limitation hypothesis, Knapp & Smith, 2001; Dalgleish 
& Hartnett, 2006). If above- ground responses to precipitation are 
largely determined by below- ground bud banks, there is need for 
thorough understanding of below- ground bud dynamics to predict 
the responses of different grasslands to long- term extreme drought.

The vulnerability of below- ground bud banks differs among 
plant functional groups, with consequences for plant composition 
and ecosystem function (Mackie et al., 2019; Taylor et al., 2011). 
For example, functional groups with greater bud density and/or 
conservative leaf water use traits (e.g. lower specific leaf area and 
high leaf dry matter content) may have greater recovery ability 
after drought than other functional groups (Xu et al., 2017). In ad-
dition, previous studies have suggested that experimental drought 
had contrasting effects on grass and forb bud bank production in a 
restored grassland, mediating the dynamics of population structure 
and community composition above- ground during drought and re-
covery (Carter et al., 2012). Thus, understanding the differential 
effects of drought on below- ground bud banks between grasses 
and forbs is critical for explaining and predicting the changes in 
plant community structure, composition and functions in the con-
text of climate change.

In this study, we investigated the legacy effects of a four- year 
experimental drought (i.e. 66% reduction in growing season precip-
itation) on below- ground bud banks, above- ground shoot density, 
and their community and functional group (grasses and forbs) re-
lationships in three temperate grasslands along an aridity gradient 
in northern China. We hypothesized that (1) drought and increas-
ing aridity would reduce below- ground bud bank and above- ground 
shoot density, whereas bud:shoot ratios (a measure of meristem 
limitation) would remain relatively constant, and (2) responses of 
below- ground bud banks and above- ground shoot density to water 
limitation would be higher for grasses than forbs due to their differ-
ent functional strategies.

4. Our results suggest that grass and forb bud banks can differ in their responses 
to both multi- year drought along an aridity gradient, and that bud limitation for 
shoot generation may increase as grasslands get drier. Bud bank responses to 
climate will impact plant community functioning and resilience. Thus, incorporat-
ing bud bank dynamics will improve projections of grassland ecosystems under 
future climate change.

K E Y W O R D S
bud bank, clonal trait, community composition, extreme drought, functional trait, population 
regeneration, shoot density
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2  |  MATERIAL S AND METHODS

2.1  |  Study sites and experimental design

In 2014 (pretreatment year), experimental drought infrastructure 
was established at three sites that represent much of the east– west 
extent of the temperate grasslands in northern China (Figure S1). 
The three sites, as part of the Drought- Net Research Coordination 
Network (http://droug ht- net.colos tate.edu) and the Extreme 
Drought in Grasslands Experiment, vary in aridity index (AI), species 
composition and climatic properties (Table 1). The low aridity site 
(AI = 0.58) located at the National Hulunber Grassland Ecosystem 
Observation and Research Station (50°10′N, 119°22′E; 750 m 
a.s.l) receives 354 mm of mean annual precipitation (MAP) and has 
a mean annual temperature (MAT) of −1.1°C. The medium aridity 
site (AI = 0.49), located at the Inner Mongolia Grassland Ecosystem 
Research Station (43°33′N, 116°40′E; 1200 m a.s.l), is drier and hot-
ter than the low aridity site (MAT = 1.9 °C; MAP = 346 mm). The 
high aridity site (AI = 0.17), located at the Urat Desert- Grassland 
Research Station (106°58′E, 41°25′N; 1650 m a.s.l), receives an aver-
age of 175 mm of precipitation annually and is the warmest of the 
three sites (MAT = 5.6°C). Growing season precipitation varied at 
each site during the drought (2015– 2018) and recovery (2019) peri-
ods (Figure S2). In most years of the experiment, precipitation was 
lower than MAP at each site (Figure S2). Plant communities at all sites 

were dominated by perennial species with community productivity 
declining with increasing aridity. The dominant species were Leymus 
chinensis and Stipa baicalensis at the low aridity site, L. chinensis and 
S. grandis at the medium aridity site, and S. breviflora and Peganum 
harmala at the high aridity site (see Table 1 for more detailed infor-
mation about each site). All necessary permits were gained before 
the beginning of field investigation.

The drought experiment employed a completely randomized block 
design with six blocks, each including one control (ambient precipita-
tion) and one drought treatment (66% reduction in growing season 
precipitation; Figure S1). The precipitation reduction matches the cri-
teria that define an extreme drought event (Slette et al., 2020). Each 
plot was 6 × 6 m in size (n = 6 control, n = 6 drought; 12 plots per site), 
with at least 2 m spacing between plots. Aluminium flashing was in-
serted to a depth of 1 m around the plot to hydrologically isolate all 
plots. To manipulate precipitation, rainout shelters were used covered 
with strips of transparent polyethylene for each plot. The roofs of 
rainout shelters were 2.5 m high at the highest point, allowing for the 
near- surface air exchange and avoiding unwanted greenhouse effects. 
The effects of rainout shelters on the light environment were small, 
permitting more than 90% penetration of photosynthetically active 
radiation. For more detailed information on experimental design, see 
Luo et al. (2021, 2022) and Muraina et al. (2021).

Rainout shelters were installed on May 1st and removed at 
the end of August for 4 years (2015– 2018), followed by a recovery 

Low aridity site
Medium aridity 
site High aridity site

General

Latitude 49.35°N 43°33′ 41°25′N

Longitude 120.01°E 116°40′ 106°58′E

Elevation (m) 760 1200 1650

Climate

MAP (mm) 354 346 175

MAT (°C) −1.1 1.9 5.6

PET (mm) 610 706 1029

GSP (mm) 263 242 133

AI 0.58 0.49 0.17

Vegetation

Dominant species Leymus chinensis and Stipa 
baicalensis

L. chinensis and 
S. grandis

S. glareosa and 
Peganum 
harmala

ANPP (g m−2) 237 158 23

Species richness 11.5 9.5 5.4

Note: The climatic variables are calculated from a 45- year record (1972– 2016) for the low aridity 
site, and a 33- year record (1982– 2014) for the other two sites. All vegetation characteristics (e.g. 
biomass and species richness) were calculated from the control plots of the experiment (2015– 
2018). MAP, mean annual precipitation; MAT, mean annual temperature. GSP, growing season 
precipitation; PET, potential evapotranspiration; AI, aridity index, AI was calculated as the ratio of 
MAP to PET, with values closer to 0— denoting greater aridity. ANPP, above- ground net primary 
production.

TA B L E  1  Climate and vegetation 
properties of the three study sites located 
within the temperate grasslands of 
northern China.
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1214  |   Functional Ecology QIAN et al.

period in 2019 when shelters were removed and all plots received 
ambient rainfall.

2.2  |  Sampling and data collection

In early August of 2019 (the first recovery year following a 4- year 
experimental drought), below- ground bud bank and above- ground 
vegetation were investigated within a 0.3 m × 0.3 m quadrat in each 
experimental plot at each site. Given that most below- ground buds 
are concentrated in the 0– 30 cm soil profile in these grasslands, 
all below- ground parts were excavated to a depth of 30 cm (Qian 
et al., 2017, 2022). The connection between below-  and above- 
ground plant parts was kept intact to identify the buds of different 
species. Below- ground buds were categorized into tiller buds (axil-
lary buds at the shoot base of caespitose and rhizomatous grasses), 
rhizome buds (axillary buds and apical buds on hypogenous rhi-
zomes), bulb buds (meristems wrapped in the swollen leaf base or 
scale leaf of bulb species), and dicot buds (buds on below- ground 
tissues of dicotyledonous herbs) following the procedures in Qian 
et al. (2021). The number of below- ground buds and above- ground 
shoots of grasses and forbs was counted within each bud bank sam-
pling quadrat. See Table S1 for more detailed information.

2.3  |  Statistical analyses

Before statistical analysis, we regarded the number of below- 
ground buds and above- ground shoots recorded in each quadrat 
as the measures of bud and shoot densities (per square meter), re-
spectively. To assess the extent of to which the below- ground bud 
bank constrained above- ground vegetation, we calculated the ratio 

between bud density and shoot density in each quadrat (Benson 
et al., 2004).

To test the interactive effects of drought treatment and study 
site on below- ground bud density, above- ground shoot density, and 
bud: shoot ratio separately for each of the two functional groups 
(grasses and forbs) and the whole community, we used linear mixed 
effects models including treatment and site as fixed effects and 
block as a random effect. When the interactive effects of drought 
treatment and site were significant, the mixed effects model was 
separately applied for each site with drought treatment as a fixed 
factor and block as a random factor. We compared bud density, 
shoot density, and bud: shoot ratio across control and drought plots 
at three sites using analysis of variance (ANOVA), with Duncan's Test 
as the post- hoc test for multiple comparisons separately for grasses, 
forbs and the entire community.

Levene's tests and Shapiro– Wilk were conducted to check the 
heteroscedasticity and normality of all data before statistical anal-
yses, respectively. Given their homogeneity of variance and normal 
distribution, untransformed data were used in our statistical analy-
ses. All analyses were conducted in nlme package of R 4.2.1 (R Core 
Team, 2021).

3  |  RESULTS

3.1  |  Buds and shoots of the entire community

For the entire community, there was no drought treatment × site in-
teraction for below- ground bud density, above- ground shoot den-
sity, and bud: shoot ratios, indicating that the responses of these 
structural attributes to experiment drought were similar among 
grassland sites (Table 2). Experimental drought significantly reduced 

Site Treatment Site × treatment

F1,5 p F1,5 p F1,5 p

Community

Bud density 4.36 0.03 4.44 0.04 0.10 0.91

Shoot density 17.35 <0.01 0.95 0.34 0.49 0.62

Bud: shoot ratios 3.50 0.04 0.61 0.44 0.31 0.74

Grasses

Bud density 29.72 <0.01 1.95 0.17 0.59 0.56

Shoot density 31.98 <0.01 0.07 0.79 0.48 0.63

Bud: shoot ratios 30.55 <0.01 1.22 0.28 0.71 0.50

Forbs

Bud density 22.74 <0.01 2.98 0.09 0.43 0.66

Shoot density 31.98 <0.01 0.07 0.79 0.44 0.65

Bud: shoot ratios 1.15 0.34 0.98 0.33 0.14 0.87

Note: Drought treatment (drought vs. control) and site (low, medium and high aridity sites) were 
used as fixed factors and block as a random factor. F- statistic, degrees of freedom (df) and p- 
value were given. The bold values indicate significant differences at p < 0.05 level and marginally 
significant difference at p < 0.10 level.

TA B L E  2  Results of a mixed- model 
analysis of variance on the effects of 
study site, drought treatment, and their 
interaction on below- ground bud density, 
above- ground shoot density, and ratios 
of buds to shoots separately for grasses, 
forbs and the whole community in 
temperate grasslands in northern China.
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    |  1215Functional EcologyQIAN et al.

community below- ground bud density (F = 4.44, p < 0.05, Table 2), 
corresponding to 22%, 31% and 32% reduction in bud density 
at the low, medium and high aridity sites, respectively (Figure 1). 
Experimental drought had little influence on community above- 
ground shoot density and bud: shoot ratios at each grassland site 
(Table 2, Figure 1).

Along the aridity gradient, total bud density was significantly 
higher at the low and medium aridity sites than the high aridity site 
(F = 7.46, p < 0.05, Figure 1). Total shoot density was significantly 

higher at the medium aridity site than the other two sites (F = 8.31, 
p < 0.05, Figure 1). The ratio of buds to shoots was lower at the me-
dium vs. low aridity site (F = 8.04, p < 0.05, Figure 1).

3.2  |  Buds and shoots of grasses and forbs

Experimental drought had little legacy effect on below- ground bud 
density, above- ground shoot density and their ratios for grasses at 
each site (Table 2, Figure 2). Drought marginally reduced below- 
ground bud density of forbs (all p < 0.10, Table 2), corresponding 
to 85%, 68% and 31% relative reduction in bud density at the low, 
medium and high aridity site, respectively (Figure 2). Experimental 
drought unaltered above- ground shoot density and bud:shoot ratios 
for forbs at any site (Table 2, Figure 2).

Along the aridity gradient, bud and shoot densities were signifi-
cantly higher at the low and medium aridity compared to the high 
aridity site for grasses (F = 2.98, p < 0.05, Table 2, Figure 2). In con-
trast, bud and shoot densities were highest at the high aridity site 
for forbs (F = 10.45, p < 0.05, Figure 2). The bud: shoot ratio sig-
nificantly decreased with increasing aridity for grasses (F = 30.55, 
p < 0.01), suggesting greater meristem limitation in drier grasslands, 
but remained relatively constant for forbs along the aridity gradient 
(Table 2, Figure 2).

4  |  DISCUSSION

In perennial grasslands, below- ground meristems are key determi-
nants of how plant communities and ecosystem processes respond 
to climate variability (Dalgleish & Hartnett, 2006). These bud banks 
can differ for populations and communities across climate gradients, 
and investigating their responses to short-  and long- term water 
availability is important for predicting grassland responses to climate 
change (Ding et al., 2019; Ott & Hartnett, 2015; Qian et al., 2017). 
In this study, we imposed a severe multi- year drought in three tem-
perate grasslands along a natural gradient and assessed the legacy 
effects of manipulative drought and aridity on below- ground bud 
banks and their relationship with shoot densities in northern China. 
Below- ground bud density was lowest in the most arid site at the 
community scale (Figure 1). This was driven by dominant grass spe-
cies that had extremely low bud bank density, but this was partly 
compensated by higher bud bank density of forbs (Figure 2). The 
smaller below- ground bud banks in drier grasslands are consist-
ent with a reduction in below- ground bud banks of plant commu-
nities with decreasing precipitation in North American grasslands 
(Dalgleish & Hartnett, 2006). Additionally, below- ground bud den-
sity decreased towards the dry and hot end of the climatic gradi-
ent in steppes and alpine meadows in China (Ding et al., 2019; Qian 
et al., 2017). Together, these results suggest that climate plays a 
strong role in limiting the potential for grassland plants to store re-
sources, produce above- ground shoots, and recover from drought.

F I G U R E  1  Values of (A) total below- ground bud density, (B) 
total above- ground shoot density and (C) ratios of buds to shoots 
measured at three sites (low, medium and high aridity site) along an 
aridity gradient in temperate grasslands in northern China. Values 
are shown as means (n = 6) and standard error (SE). Lowercase 
letters indicate significant differences (p < 0.05) among sites, and 
stars indicate significant (p < 0.05) drought effects at each site.
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1216  |   Functional Ecology QIAN et al.

Meristem limitation via bud bank dynamics can be an important 
control on grassland productivity (Hartnett et al., 2006; Reichmann 
& Sala, 2014), and has been found to be affected by drought and/or 
chronic water stress (Dalgleish & Hartnett, 2009; Qian et al., 2017; 
Wang et al., 2019). We hypothesized that, due to concurrent declines 
in both below- ground bud and above- ground shoot densities, the ratio 
of buds to shoots would remain relatively constant along the aridity 
gradient, resulting in no change in meristem limitation. However, the 
ratio of bud to shoot density (i.e. meristem limitation) varied among the 
three grassland sites along the aridity gradient, with the highest ratio, 
and therefore, the lowest meristem limitation at the more mesic sites 
(Figure 1). This occurred because below- ground bud banks and above- 
ground shoot densities did not change consistently with increasing 
aridity. Instead, shoot densities were highest at the medium aridity site 
while bud density was highest at the most mesic site (Figure 1). These 

results are consistent with other work describing higher meristem lim-
itation in drier grasslands (Dalgleish & Hartnett, 2009). Studies show 
that plants can regulate their reproductive strategy in response to 
water stress, which is manifested by prioritizing sexual reproduction 
with increased aridity (Wang et al., 2018). Therefore, seed bank may 
have contributed more than bud bank in supporting shoot density re-
generation at the more arid sites (Dalgleish & Hartnett, 2006; Knapp 
& Smith, 2001). Indeed, the relative dominance of annual species in-
creased at the drier sites; thus, above- ground shoot regeneration of 
these species reduced the overall plant community dependence on 
below- ground bud banks (Qian et al., 2017). As grasslands become 
more arid, perennial plant persistence may be constrained by climate, 
leading to changes in communities and functioning.

Four years of experimental drought had negative legacy effects 
on community below- ground bud banks at each site (Figure 1), a 

F I G U R E  2  Values of (A, B) below- ground bud density, (C, D) above- ground shoot density and (E, F) ratios of buds to shoots measured 
at three sites (low, medium and high aridity site) along an aridity gradient for grasses and forbs in temperate grasslands in northern China. 
Values are shown as means (n = 6) and standard error (SE). Lowercase letters indicate significant differences (p < 0.05) among sites, and the 
symbol ^ indicates the marginally significant (p < 0.10) drought effects at each site. Note differences in y- axis scales between grasses and 
forbs.
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    |  1217Functional EcologyQIAN et al.

response mostly driven by forbs (Figure 2). The negative legacy ef-
fects of experimental drought on community bud banks can affect 
plant regeneration and recruitment, which likely limited the recovery 
of above- ground vegetation following drought in these grasslands 
(Qian et al., 2022). A previous study also found that one- year severe 
drought reduced below- ground bud bank density at the community 
scale in a restored grassland (Carter et al., 2012). In contrast, com-
munity below- ground bud bank dynamics was insensitive to drought 
in a short- term (2- year) experiment with a 76% reduction of grow-
ing season precipitation in a moist tallgrass prairie (VanderWeide 
et al., 2014). These differences indicate that the effects of drought 
on below- ground bud bank composition may vary with ecosystems, 
drought intensity and duration (Carroll et al., 2021). The drought 
treatment in our study was longer (4 years), which may have depleted 
plant resources more and led to larger negative effects on plant bud 
banks. Further research is needed to assess how below- ground bud 
bank composition responds to the intensity and duration of drought 
across ecosystems.

In contrast to the negative impact of experimental drought on 
community bud banks, we did not find evidence that experimen-
tal drought affected community shoot density or bud: shoot ra-
tios at any of the three grassland sites (Figure 1). This challenges 
previous predictions that below- ground bud banks would be more 
resistant to extreme drought than above- ground portions of plants 
(VanderWeide & Hartnett, 2015). For instance, plants may distrib-
ute more photosynthate to below- ground organs than above- ground 
growth to avoid death during drought (Meng et al., 2022; Raven & 
Griffiths, 2015; VanderWeide et al., 2014). The lower sensitivity 
of above- ground stem density than below- ground bud banks to 
drought in our study may indicate that below- ground buds sprouted 
into above- ground shoots to increase photosynthetic capacity upon 
recovery after drought (Ott et al., 2019). However, chronic drought 
may eventually deplete bud bank resources, leading to lower den-
sities similar to what our study documented under experimental 
drought. These results highlight the important role of below- ground 
bud bank dynamics in understanding the impacts of long- term 
drought on grassland community structure and composition.

Our results showed that grass bud banks were less sensitive to 
experimental drought than forbs in all three grasslands. Differential 
responses in below- ground bud bank and shoot density to drought 
were also observed between grasses and forbs along our natural 
aridity gradient (Figure 2). This is consistent with a previous study 
that observed differential responses of bud and shoot densities to 
drought, in which forbs were least resistant to, but had the greatest 
recovery from, 1 year drought (Carter et al., 2012). Similarly, grass bud 
banks were more resistant than forbs to severe drought in tallgrass 
prairie (VanderWeide & Hartnett, 2015). Grass and forb bud banks 
have also shown distinct responses to other types of global environ-
mental change (e.g. nitrogen deposition and increased precipitation) 
in a temperate grassland of Inner Mongolia (Qian et al., 2021), as 
well as to burning and grazing management regimes in mesic grass-
lands (Benson et al., 2004; Dalgleish & Hartnett, 2009). Perennial 
forbs tend to reproduce via seeds more than grasses (Rabinowitz 

& Rapp, 1980; Stampfli & Zeiter, 2004), so under drought stress 
grasses may invest more in maintaining bud banks than forbs. 
Indeed, previous work has found that forb bud banks decreased 
more than grass bud banks under drought, yet above- ground forb 
stem densities quickly recovered, suggesting that forbs rely more 
on seed regeneration and less on bud banks for drought resilience 
(Carter et al., 2012). Our study likewise found no differences in forb 
shoot densities despite decreased bud bank density with drought. 
If grass and forb bud banks consistently differ in their responses to 
drought, bud bank dynamics may play a key role in shaping plant 
population and community changes under climate change.

The response of below- ground plant demography to four- year 
drought was not predictable from trends across the precipitation gra-
dient (Figures 1 and 2). The different spatial vs. temporal responses 
of community traits to water limitation have been reported for other 
functional traits. For example, the differences in plant community 
leaf trait distributions (e.g. plant height, specific leaf area, and leaf 
nutrient content) along a natural aridity gradient did not match those 
observed in response to experimental drought (Luo et al., 2018, 
2019). This likely reflects the short- term nature of drought within 
a site (Yuan et al., 2017) vs. long- term evolutionary history across 
the natural aridity gradient. In short- term experiments, plant com-
munity composition remains relatively constant, with variability in 
community traits mostly explained by responses of the extant spe-
cies to water limitation (Sandel et al., 2010). However, shorter- term 
responses to drought will differ from longer- term responses, per-
haps due to lag effects in species composition over the long- term to 
resource feedbacks, growth, and competition (Knapp et al., 2018). 
That is, species re- ordering may contribute more to drought re-
sponses on functional composition and dynamics over the long term 
(Luo et al., 2018, 2019). Therefore, it may be hard to extrapolate the 
effects of persistent changes in climate like those expected in our 
study region from short- term manipulations.

Our study was unable to inventory bud banks directly follow-
ing drought, which precludes assessment of rates of recovery, or 
whether lack of difference between drought and control treatments 
are due to lack of response to drought vs. rapid recovery from 
drought. Nonetheless, our results demonstrated that drought can 
decrease bud banks for up to a year following drought and that these 
effects may exacerbate meristem limitation of grassland plants 
(Dalgleish & Hartnett, 2006; Knapp & Smith, 2001). These legacy ef-
fects of drought can constrain above- ground biomass and resource 
capture, and the decrease in bud bank density with increasing aridity 
suggests that persistent drought conditions may constrain grassland 
productivity and resilience.

5  |  CONCLUSIONS

We investigated legacy effects of drought on below- ground bud den-
sity, above- ground shoot density, and ratios of bud to shoot density, 
using identical drought experiments at three sites along a natural 
aridity gradient. At the community scale, below- ground bud density 
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decreased with experimental drought and along the aridity gradient, 
but above- ground shoot density showed differential responses to 
water limitation. Below- ground bud banks of forbs were more sensi-
tive to experimental drought than grasses, and were stronger drivers 
of community- level bud bank responses in the drier grasslands. This 
suggests that major plant functional groups differ in their bud bank re-
sponses to long- term water availability, and that climate change may 
impact plant communities through changes in bud bank density. We 
further observed a non- congruous change between below- ground bud 
banks and above- ground shoot densities in response to water limitation, 
indicating that below- ground plant responses to climate change can-
not necessarily be inferred from above- ground responses. Additionally, 
these results suggest that the degree of bud limitation for shoot gen-
eration may be affected by extended changes in drought length and/
or severity. Predictions of how grassland ecosystems will respond to 
climate change may be improved by incorporating the demography of 
below- ground bud banks (Kühn et al., 2021), highlighting the need for 
more studies on bud bank responses to environmental change.

AUTHOR CONTRIBUTIONS
Jianqiang Qian, Zhiming Zhang, and Wentao Luo conceived the ideas 
and designed. All authors contributed critically to the draft and gave 
final approval for publication.

ACKNO WLE DG E MENTS
The authors thank Alan K. Knapp, Feike A. Dijkstra, Taofeek O. 
Muraina, and two anonymous reviewers, who provided extensive 
comments that have greatly improved our manuscript. This work was 
financially supported by the National Natural Science Foundation of 
China (41877542 and 41907411) and Youth Innovation Promotion 
Association CAS (2020199).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interests.

DATA AVAIL ABILIT Y S TATEMENT
Data available from https://doi.org/10.6084/m9.figsh are.21903 624.
v1 (Qian & Luo, 2023).

ORCID
Jianqiang Qian  https://orcid.org/0000-0002-2314-9137 
Qiang Yu  https://orcid.org/0000-0002-5480-0623 
Jinlei Zhu  https://orcid.org/0000-0001-6164-0472 
Xiaoan Zuo  https://orcid.org/0000-0002-1063-1100 
Caitlin M. Broderick  https://orcid.org/0000-0001-5944-1706 
Scott L. Collins  https://orcid.org/0000-0002-0193-2892 
Xingguo Han  https://orcid.org/0000-0002-1836-975X 
Wentao Luo  https://orcid.org/0000-0002-9543-1123 

R E FE R E N C E S
Benson, E. J., & Hartnett, D. C. (2006). The role of seed and vegetative 

reproduction in plant recruitment and demography in tallgrass prai-
rie. Plant Ecology, 187, 163– 177.

Benson, E. J., Hartnett, D. C., & Mann, K. H. (2004). Belowground bud 
banks and meristem limitation in tallgrass prairie plant populations. 
American Journal of Botany, 91(3), 416– 421.

Carroll, C. J. W., Slette, I. J., Griffin- Nolan, R. J., Baur, L. E., Hoffman, 
A. M., Denton, E. M., Gray, J. E., Post, A. K., Johnston, M. K., Yu, 
Q., Collins, S. L., Luo, Y., Smith, M. D., & Knapp, A. K. (2021). Is a 
drought a drought in grasslands? Productivity responses to differ-
ent types of drought. Oecologia, 197, 1017– 1026.

Carter, D. L., VanderWeide, B. L., & Blair, J. M. (2012). Drought- mediated 
stem and below- ground bud dynamics in restored grasslands. 
Applied Vegetation Science, 15(4), 470– 478.

Dalgleish, H. J., & Hartnett, D. C. (2006). Belowground bud banks in-
crease along a precipitation gradient of the north American Great 
Plains: A test of the meristem limitation hypothesis. New Phytologist, 
171(1), 81– 89.

Dalgleish, H. J., & Hartnett, D. C. (2009). The effects of fire frequency 
and grazing on tallgrass prairie productivity and plant composition 
are mediated through bud bank demography. Plant Ecology, 201(2), 
411– 420.

Ding, X., Su, P., Zhou, Z., & Shi, R. (2019). Belowground bud bank distri-
bution and aboveground community characteristics along different 
moisture gradients of alpine meadow in the Zoige Plateau, China. 
Sustainability, 11(9), 2602.

Du, L., Mikle, N., Zou, Z., Huang, Y., Shi, Z., Jiang, L., McCarthy, H. R., 
Liang, J., & Luo, Y. (2018). Global patterns of extreme drought- 
induced loss in land primary production: Identifying ecological ex-
tremes from rain- use efficiency. Science of the Total Environment, 
628- 629, 611– 620.

Ferraro, A., Silva, G. S., Martins, A. R., Piedade, S. M. D., Fidelis, A., & 
Appezzato- da- Gloria, B. (2022). Seasonality affects the below-
ground bud bank dynamics of the Cerrado. Journal of Vegetation 
Science, 33(6), e13165.

Griffin- Nolan, R. J., Blumenthal, D. M., Collins, S. L., Farkas, T. E., 
Hoffman, A. M., Mueller, K. E., Ocheltree, T. W., Smith, M. D., 
Whitney, K. D., & Knapp, A. K. (2019). Shifts in plant functional 
composition following long- term drought in grasslands. Journal of 
Ecology, 107(5), 2133– 2148.

Hartnett, D. C., Setshogo, M. P., & Dalgleish, H. J. (2006). Bud banks of 
perennial savanna grasses in Botswana. African Journal of Ecology, 
44(2), 256– 263.

Hoover, D. L., Knapp, A. K., & Smith, M. D. (2014). Resistance and resil-
ience of a grassland ecosystem to climate extremes. Ecology, 95(9), 
2646– 2656.

Klimešová, J., & Klimeš, L. (2007). Bud banks and their role in vegetative 
regeneration- a literature review and proposal for simple classifi-
cation and assessment. Perspectives in Plant Ecology, Evolution and 
Systematics, 8(3), 115– 129.

Knapp, A. K., Carroll, C. J. W., Denton, E. M., La Pierre, K. J., Collins, S. 
L., & Smith, M. D. (2015). Differential sensitivity to regional- scale 
drought in six central US grasslands. Oecologia, 177(4), 949– 957.

Knapp, A. K., Carroll, C. J. W., Griffin- Nolan, R. J., Slette, I. J., Chaves, F. 
A., Baur, L. E., Felton, A. J., Gray, J. E., Hoffman, A. M., Lemoine, N. 
P., Mao, W., Post, A. K., & Smith, M. D. (2018). A reality check for cli-
mate change experiments: Do they reflect the real world? Ecology, 
99(10), 2145– 2151.

Knapp, A. K., & Smith, M. D. (2001). Variation among biomes in temporal 
dynamics of aboveground primary production. Science, 291(5503), 
481– 484.

Kühn, N., Tovar, C., Carretero, J., Vandvik, V., Enquist, B. J., & Willis, K. 
J. (2021). Globally important plant functional traits for coping with 
climate change. Frontiers of Biogeography, 13(4), e53774.

Luo, W., Griffin- Nolan, R. J., Ma, W., Liu, B., Zuo, X., Xu, C., Yu, Q., Luo, 
Y., Mariotte, P., Smith, M. D., Collins, S. L., Knapp, A. K., Wang, Z., 
& Han, X. (2021). Plant traits and soil fertility mediate productivity 
losses under extreme drought in C3 grasslands. Ecology, 102(10), 
e03465.

 13652435, 2023, 5, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14301 by Scott C

ollins - U
niversity O

f N
ew

 M
exico , W

iley O
nline L

ibrary on [04/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.6084/m9.figshare.21903624.v1
https://doi.org/10.6084/m9.figshare.21903624.v1
https://orcid.org/0000-0002-2314-9137
https://orcid.org/0000-0002-2314-9137
https://orcid.org/0000-0002-5480-0623
https://orcid.org/0000-0002-5480-0623
https://orcid.org/0000-0001-6164-0472
https://orcid.org/0000-0001-6164-0472
https://orcid.org/0000-0002-1063-1100
https://orcid.org/0000-0002-1063-1100
https://orcid.org/0000-0001-5944-1706
https://orcid.org/0000-0001-5944-1706
https://orcid.org/0000-0002-0193-2892
https://orcid.org/0000-0002-0193-2892
https://orcid.org/0000-0002-1836-975X
https://orcid.org/0000-0002-1836-975X
https://orcid.org/0000-0002-9543-1123
https://orcid.org/0000-0002-9543-1123


    |  1219Functional EcologyQIAN et al.

Luo, W., Muraina, T. O., Griffin- Nolan, R. J., Ma, W., Song, L., Fu, W., Yu, 
Q., Knapp, A. K., Wang, Z., Han, X., & Collins, S. L. (2022). Responses 
of a semiarid grassland to recurrent drought are linked to commu-
nity functional composition. Ecology, 104(2), e3920. https://doi.
org/10.1002/ecy.3920

Luo, W., Zuo, X., Griffin- Nolan, R. J., Xu, C., Ma, W., Song, L., Helsen, K., 
Lin, Y., Cai, J., Yu, Q., Wang, Z., Smith, M. D., Han, X., & Knapp, A. 
K. (2019). Long- term experimental drought alters community plant 
trait variation, not trait means, across three semiarid grasslands. 
Plant and Soil, 442(1– 2), 343– 353.

Luo, W. T., Zuo, X. A., Ma, W., Xu, C., Li, A., Yu, Q., Knapp, A. K., Tognetti, 
R., Dijkstra, F. A., Li, M. H., Han, G. D., Wang, Z. W., & Han, X. G. 
(2018). Differential responses of canopy nutrients to experimental 
drought along a natural aridity gradient. Ecology, 99, 2230– 2239.

Mackie, K. A., Zeiter, M., Bloor, J. M. G., & Stampfli, A. (2019). Plant func-
tional groups mediate drought resistance and recovery in a mul-
tisite grassland experiment. Journal of Ecology, 107(2), 937– 949.

Maurer, G. E., Hallmark, A. J., Brown, R. F., Sala, O. E., & Collins, S. L. 
(2020). Sensitivity of primary production to precipitation across the 
United States. Ecology Letters, 23(3), 527– 536.

Meng, B., Li, J., Yao, Y., Nippert, J. B., Williams, D. G., Chai, H., Collins, S. 
L., & Sun, W. (2022). Soil N enrichment mediates carbon allocation 
through respiration in a dominant grass during drought. Functional 
Ecology, 36, 1204– 1215.

Muraina, T. O., Xu, C., Yu, Q., Yang, Y., Jing, M., Jia, X., Jaman, M. S., 
Dam, Q., Knapp, A. K., Collins, S. L., Luo, Y., Luo, W., Zuo, X., Xin, X., 
Han, X., & Smith, M. D. (2021). Species asynchrony stabilises pro-
ductivity under extreme drought across northern China grasslands. 
Journal of Ecology, 109(4), 1665– 1675.

Ott, J. P., & Hartnett, D. C. (2015). Vegetative reproduction and bud bank 
dynamics of the perennial grass Andropogon gerardii in mixedgrass 
and tallgrass prairie. The American Midland Naturalist, 174(1), 14– 32.

Ott, J. P., Klimešová, J., & Hartnett, D. C. (2019). The ecology and sig-
nificance of below- ground bud banks in plants. Annals of Botany, 
123(7), 1099– 1118.

Qian, J., Guo, Z., Muraina, T. O., Te, N., Griffin- Nolan, R. J., Song, L., Xu, 
C., Yu, Q., Zhang, Z., & Luo, W. (2022). Legacy effects of a multi- 
year extreme drought on belowground bud banks in rhizomatous 
vs bunchgrass- dominated grasslands. Oecologia, 198(3), 763– 771.

Qian, J., & Luo, W. (2023). Responses of belowground bud banks and 
their relationships with aboveground vegetation to experimental 
drought along an aridity gradient in temperate grasslands. Figshare. 
Dataset. https://doi.org/10.6084/m9.figsh are.21903 624.v1

Qian, J., Wang, Z., Klimešová, J., Lv, X., Kuang, W., Liu, Z., & Han, X. 
(2017). Differences in belowground bud bank density and compo-
sition along a climatic gradient in the temperate steppe of northern 
China. Annals of Botany, 120(5), 755– 764.

Qian, J., Wang, Z., Klimešová, J., Lv, X., & Zhang, C. (2021). Belowground 
bud bank and its relationship with aboveground vegetation under 
watering and nitrogen addition in temperate semiarid steppe. 
Ecological Indicators, 125, 107520.

R Core Team. (2021). R: A language and environment for statistical computing. 
Foundation for Statistical Computing. https://www.R- proje ct.org/

Rabinowitz, D., & Rapp, J. K. (1980). Seed rain in a north American tall-
grass prairie. Journal of Applied Ecology, 17, 793– 802.

Raven, J. A., & Griffiths, H. (2015). Photosynthesis in reproductive 
structures: Costs and benefits. Journal of Experimental Botany, 66, 
1699– 1705.

Reichmann, L. G., & Sala, O. E. (2014). Differential sensitivities of grass-
land structural components to changes in precipitation mediate 
productivity response in a desert ecosystem. Functional Ecology, 
28(5), 1292– 1298.

Sandel, B., Goldstein, L. J., Kraft, N. J., Okie, J. G., Shuldman, M. I., 
Ackerly, D. D., Cleland, E. E., & Suding, K. N. (2010). Contrasting 
trait responses in plant communities to experimental and geo-
graphic variation in precipitation. New Phytologist, 188(2), 565– 575.

Sankaran, M., & Staver, C. (2019). Droughts and the ecological future of 
tropical savanna vegetation. Journal of Ecology, 107(4), 1531– 1549.

Siebert, F., Bombo, A. B., Archibald, S., Greve, M., & Fidelis, A. (2019). 
Introducing bud bank and belowground plant organ research to 
South Africa: Report on a workshop and the way forward. South 
African Journal of Science, 115(11– 12), 6803.

Slette, I. J., Smith, M. D., Knapp, A. K., Vicente- Serrano, S. M., Camarero, 
J. J., & Begueria, S. (2020). Standardized metrics are key for assess-
ing drought severity. Global Change Biology, 26(2), E1– E3.

Spinoni, J., Naumann, G., Carrao, H., Barbosa, P., & Vogt, J. (2014). 
World drought frequency, duration, and severity for 1951- 2010. 
International Journal of Climatology, 34(8), 2792– 2804.

Stampfli, A., & Zeiter, M. (2004). Plant regeneration directs changes in 
grassland composition after extreme drought: A 13- year study in 
southern Switzerland. Journal of Ecology, 92, 568– 576.

Stuart- Haëntjens, E., De Boeck, H. J., Lemoine, N. P., Mand, P., Kroel- 
Dulay, G., Schmidt, I. K., Jentsch, A., Stampfli, A., Anderegg, W. 
L., Bahn, M., Kreyling, J., Wohlgemuth, T., Lloret, F., Classen, A. 
T., Gough, M., & Smith, M. D. (2018). Mean annual precipitation 
predicts primary production resistance and resilience to extreme 
drought. Science of the Total Environment, 636, 360– 366.

Taylor, S. H., Ripley, B. S., Woodward, F. I., & Osborne, C. P. (2011). 
Drought limitation of photosynthesis differs between C3 and 
C4 grass species in a comparative experiment. Plant Cell and 
Environment, 34(1), 65– 75.

VanderWeide, B. L., & Hartnett, D. C. (2015). Belowground bud bank 
response to grazing under severe, short- term drought. Oecologia, 
178(3), 795– 806.

VanderWeide, B. L., Hartnett, D. C., & Carter, D. L. (2014). Belowground 
bud banks of tallgrass prairie are insensitive to multi- year, growing- 
season drought. Ecosphere, 5(8), 103.

Wang, J., Shi, Y., Ao, Y., Yu, D., Wang, J., Gao, S., Knops, J. M. H., Mu, C., 
& Li, Z. (2019). Summer drought decreases Leymus chinensis pro-
ductivity through constraining the bud, tiller and shoot production. 
Journal of Agronomy and Crop Science, 205(6), 554– 561.

Wang, Z., Xie, L., Prather, C. M., Guo, H., Han, G., & Ma, C. (2018). 
What drives the shift between sexual and clonal reproduction of 
Caragana stenophylla along a climatic aridity gradient? BMC Plant 
Biology, 18, 91.

Wilcox, K. R., Koerner, S. E., Hoover, D. L., Borkenhagen, A. K., Burkepile, 
D. E., Collins, S. L., Hoffman, A. M., Kirkman, K. P., Knapp, A. K., 
Strydom, T., Thompson, D. I., & Smith, M. D. (2020). Rapid recov-
ery of ecosystem function following extreme drought in a south 
African savanna grassland. Ecology, 101(4), e02983.

Xu, X., Polley, H. W., Hofmockel, K., & Wilsey, B. J. (2017). Species com-
position but not diversity explains recovery from the 2011 drought 
in Texas grasslands. Ecosphere, 8(3), e01704.

Yahdjian, L., & Sala, O. E. (2006). Vegetation structure constrains primary 
production response to water availability in the Patagonian steppe. 
Ecology, 87(4), 952– 962.

Yuan, Z., Jiao, F., Shi, X., Sardans, J., Maestre, F. T., Delgado- Baquerizo, 
M., Reich, P. B., & Peñuelas, J. (2017). Experimental and observa-
tional studies find contrasting responses of soil nutrients to climate 
change. eLife, 6, e23255.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Functional groups and bud types at three sites along an 
aridity gradient in the temperate grasslands in northern China.
Figure S1. A natural aridity gradient in the temperate grasslands of 
northern China was used in this experiment. Three study sites, with 
low, medium and high aridity, were selected along this gradient (a). In 
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each site, we reduced 66% of the growing season precipitation using 
large rainfall exclusion shelters (b).
Figure S2. Growing season precipitation (from May to August) for 
control and drought plots during drought (2015- 2018) followed by a 
recovery (2019) for the three grassland sites along the aridity gradient 
in northern China. Horizontal broken lines indicate the average of 
long- term growing season precipitation. Growing season precipitation 
is based on a 33- year mean (1982- 2014) for the low aridity site, and 
44- year means (1971- 2014) for the medium and high aridity sites.
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