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Spatial variation and mechanisms 
of leaf water content in grassland 
plants at the biome scale: evidence 
from three comparative transects
Ruomeng Wang1,2, Nianpeng He1,2,3*, Shenggong Li1,2*, Li Xu1 & Mingxu Li1

Leaf water content (LWC) has important physiological and ecological significance for plant growth. 
However, it is still unclear how LWC varies over large spatial scale and with plant adaptation 
strategies. Here, we measured the LWC of 1365 grassland plants, along three comparative 
precipitation transects from meadow to desert on the Mongolia Plateau (MP), Loess Plateau, and 
Tibetan Plateau, respectively, to explore its spatial variation and the underlying mechanisms that 
determine this variation. The LWC data were normally distributed with an average value of 0.66 g g−1. 
LWC was not significantly different among the three plateaus, but it differed significantly among 
different plant life forms. Spatially, LWC in the three plateaus all decreased and then increased from 
meadow to desert grassland along a precipitation gradient. Unexpectedly, climate and genetic 
evolution only explained a small proportion of the spatial variation of LWC in all plateaus, and LWC 
was only weakly correlated with precipitation in the water-limited MP. Overall, the lasso variation 
in LWC with precipitation in all plateaus represented an underlying trade-off between structural 
investment and water income in plants, for better survival in various environments. In brief, plants 
should invest less to thrive in a humid environment (meadow), increase more investment to keep a 
relatively stable LWC in a drying environment, and have high investment to hold higher LWC in a dry 
environment (desert). Combined, these results indicate that LWC should be an important variable in 
future studies of large-scale trait variations.

When plants emerged on land, access to water became a fundamental requirement for survival. Water is a key 
structural component of plants, allowing them to access light and exchange gases, especially in leaves. Water is 
also the main component of the cytoplasm and is essential for transporting substances. Furthermore, the water in 
leaves contributes to the processes of photosynthesis and respiration. Therefore, leaf water content (LWC, (fresh 
weight − drought weight)/fresh weight) should represent an important trait for plants that allows them to adapt 
to an altered environment at multiple levels, including the individual species, community, regional, and global 
levels. Water in leaves contributes to many processes in plants, yet LWC remains a focus of plant physiological 
studies only and is overlooked by large-scale studies1–3.

In nature, precipitation levels tend to represent a limiting resource for plants4, especially in arid and semi-
arid regions5. Plant growth and development depend on the physiological processes of leaves to a large extent, 
including photosynthesis and transpiration6,7. In theory, to optimize function, leaves must maintain a relatively 
stable LWC8. LWC should remain relatively stable, show only small variations to adjust to changing environments 
or diurnal dynamics. This is because such stability is important during the process of evapotranspiration, where 
water loss is unavoidable at the leaf surface to uptake CO2

9. LWC tends to be used as an auxiliary parameter in 
scientific research. Consequently, the significance of LWC, and associated adaptations, in response to the external 
environment remains unclear.

Plants in nature are subjected to extreme environmental conditions, including high temperature, drought, 
and low nutrient availability. Therefore, plants must develop protection mechanisms for LWC to balance costs 
and benefits. Hence, it is assumed that LWC is maintained at a relatively stable range, especially for leaves10. 
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Through a combination of evolution and adaptation, LWC and its range in certain environments should be 
constant and predictable, similar to many other functional traits11,12. For instance, with increasing aridity, plants 
might regulate the acquisition of water to meet the requirements of the most limited resources. Plants always 
store large quantities of water resources, adjusting for water loss when sufficient water is available. In extreme 
drought environments, such as deserts, succulent plants tend to be prevalent, because of their higher water 
content and high storage capacity13. Thus, such plants likely cope better with periodic shortages in water, with 
stronger drought resistance5,14–17. Few studies on LWC have also been limited to fixed-point experiment or occur 
on small spatial scales. Plants in nature display long-term adaptations and responses to the environment. Plant 
growth and development depend on the basic physiological processes of leaves, in which water is not only a 
participant and product, but also an important solvent6,7,18–20. Thus, it is important to understand LWC and its 
variation over an environmental gradient when discussing the response of LWC to changing environment. Yet, 
knowledge on how LWC varies spatially along large-scale environmental gradients remains limited, along with 
the underlying mechanisms.

We hypothesized that, along a wet-dry gradient (i.e., from meadow to typical grassland to desert), LWC 
would first to drop and then rise owing to a combination of investment (survival strategies) and competition 
(between species) conditions. Fitness effects might exist in extreme, potentially lethal, environments5. To assess 
this hypothesis we explored the spatial variation and underlying mechanisms of LWC in plants at the biome scale. 
We consistently measured the LWC of 1300 grassland species on the Mongolia Plateau (MP), Loess Plateau (LP) 
and Tibetan Plateau (TP), along three comparative precipitation gradient transects, covering meadows, typical 
grasslands, and desert grasslands. However, these similar “natural control experiments” were subject to different 
primary limiting factors; namely, water limitation in MP, nutrient limitation in LP, and temperature limitation 
in TP. These differences provided a novel opportunity to explore spatial variation in LWC, and to verify our 
hypothesis on the effects of different limiting factors at the biome scale. The main objectives of this study were 
to: (1) explore spatial variation of LWC in grassland species on the main plateaus of the northern hemisphere; 
(2) demonstrate which factors influence LWC at the biome scale; and (3) discover the mechanisms underlying 
spatial variation along comparative transects. A combination of field-controlled experiments and the evaluation 
of multiple transects was used. Our results are expected to emphasize the importance of LWC as an important 
plant trait that should be incorporated into research studies.

Results
Spatial variation of LWC in grasslands.  The LWC of grassland plants on the three plateaus were nor-
mally distributed, with a mean of 0.66 ± 0.17 g g−1 (Fig. 1). The LWC of the three plateaus was highest on the 
TP (0.69 ± 0.15 g g−1), followed by MP (0.66 ± 0.18 g g−1) and LP (0.63 ± 0.18 g g−1); however, the difference was 
not significant (Fig. 1). The LWC of Gramineae was significantly lower than that of Legumes and other groups 
(Table 1).

Significant differences in LWC were observed among the grassland types (P < 0.05, Table 1), being ordered 
as typical grassland (0.594 g g−1) < meadow (0.699 g g−1) < desert grassland (0.766 g g−1) on the MP. The LWC 
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Figure 1.   Frequency distribution of leaf water content (LWC) for 1365 species on three plateaus. Panels (a) and 
(b) present all species, and panels (c–e) present species from the Mongolia Plateau, Loess Plateau, and Tibetan 
Plateau, respectively.
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was ordered as meadow (0.647 g g−1) < typical grassland (0.687 g g−1) < desert grassland (0.728 g g−1) (Fig. 2) on 
the TP, in with the LWC between meadow and desert grassland differing significantly (P < 0.05). However, no 
significant differences were found among the three grassland types for the LP. Gramineae had significantly lower 
LWC compared to other plant life forms, irrespective of transects (Table S2, P < 0.05).

Regional variation of LWC and the factors that influence it.  For dominant species, the correlation 
between LWC and environmental factors was relatively lower (Fig. S1). The RDA (Fig. 3) showed that the average 
interpretation rate of mean annual precipitation (MAP) for LWC was about 20% in each transect. Simple linear 
regression did not capture the relationships between LWC and precipitation well (Fig. 4). The LWC on the MP 
first declined, and then increased with precipitation from wet to dry, and was significant (R = 0.64, P < 0.001). 
Weak relationships were detected between LWC and precipitation on the LP and TP. When considering all 
species, the Pearson correlation coefficient matrix and the analyses of RDA both showed a weak relationship 
between LWC and environmental factors (Fig. S2 and S3).

The phylogenetic tree of LWC showed that the K value of all groups was less than 1. The significance test 
showed that the P value was greater than 0.05. Thus, phylogenetic time only had a small influence on the LWC 
of grassland plants on all plateaus (Table S3).

Variation of LWC in grassland communities.  Based on 95% quantile and 5% quantile regression analy-
ses, the moisture gradient was significantly associated with the discrete degree of LWC. The boundaries showed 
a significant linear correlation with precipitation (Table 2). On the MP, it was significant at the two quantiles 
(Fig. 5a,d). On the LP, it was significant in the 95% quantile regression analyses (Fig. 5b,e). On the TP, it was 
significant in the 5% quantile regression analyses (Fig. 5c,f). The range of LWC in the three transects exhibited 
different relationships which were represented by different fitted linear regressions. (Fig. 5, Table 2).

Discussion
LWC is a relatively stable trait representing the adaptations and responses of plants.  The 
LWC was relatively stable potentially representing the adaptations and responses of plants13. The LWC of live 
leaves was relatively consistent and comparable, providing a basis from which to investigate this parameter at 
large scales, as with other traits12,21. We suggested that the live leaves of plants maintain a relatively stable LWC 
under extreme drought, but at the cost of most leaves dying or falling to facilitate survival until an opportunity 
for recovery arises5. Thus, our results provided evidence that the distribution of LWC appeared nearly identical in 
all three plateaus (Fig. 6). Although plants make minor sacrifices to safeguard survival under limited or stressed 
environments: similar trade-offs are common for other plant traits and are termed ecological strategies21,22. Con-
sidering the importance of LWC on plant physiological, physical, and ecological functions, the relatively stable 
LWC of live leaves should be considered as an important trait.

Plants in water deficient areas have higher LWC.  Plants in water deficient regions have higher LWC, 
irrespective of the plateau on which they grow. Our study showed that the LWC of desert plants was higher than 
that of other grassland types especially the meadow grassland (Fig. 2), and this difference was significant for MP 
and TP. Water availability is essential for the survival and development of plants. To optimize the functioning of 
plants, for maintenance or survival, relatively stable LWC results from long-term evolution and adaptation, from 
the perspective of physiology or ecology.

Usually, plants in arid ecosystems form fleshy leaves, with thicker leaf cuticles, and shorter stomatal opening 
times10,21,22. Particular forms and structures of the leaves are better adapted to adverse conditions. The LWC of 
plants decreased and then increased from meadow to typical grassland and desert grasslands along the precipi-
tation gradient especially in a precipitation limited environment such as the MP (Fig. 2). The lasso variation of 
LWC, from wet to dry, might be related to the investment of certain traits by plants. Two control systems may exist 
for the two grassland types with relatively higher water content from our results. In high moisture environments, 

Table 1.   Changes to leaf water content (LWC, g g−1) among different plant life forms and different grassland 
types. † Significant differences were tested at P = 0.05, and different lowercase letters indicate significant 
differences. Lowercase letters compare different grassland types on the same plateau, while capital letters 
compare grassland types on different plateaus.

Meadow Typical grassland Desert grassland Legume Gramineae Others

Mongolia plateau (MP)

LWC

 0.699 ± 0.135Aa 0.594 ± 0.197Ab 0.766 ± 0.152Ac 0.601 ± 0.157Aa 0.541 ± 0.167Ab 0.701 ± 0.169Ac

Loess plateau (LP)

LWC

 0.620 ± 0.188Ba 0.634 ± 0.165Ba 0.643 ± 0.182Ba 0.598 ± 0.155Aa 0.457 ± 0.171Bb 0.672 ± 0.156Bc

Tibetan plateau (TP)

LWC

 0.674 ± 0.162Aa 0.687 ± 0.136Cab 0.728 ± 0.130Ab 0.711 ± 0.101Ba 0.560 ± 0.139Ab 0.702 ± 0.148Aa
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plants are free to grow and develop without water limitation. Thus, plants do not need to invest much to maintain 
LWC23,24. In contrast, plants must maintain appropriate LWC in extreme drought environments to safeguard 
physiological activities. This phenomenon is achieved by increasing investment to maintain a relatively stable 
LWC by auxiliary organization (e.g., thick cuticle). Consequently, plants in arid areas have evolved diverse struc-
tures to avoid water loss, with the result that plants occupying desert grasslands have higher LWC. However, when 
water is scarce, plants must consume more energy to access or retain LWC, probably by regulating the structure 
and function of plants, or through community structure. Our results showed that LWC is barely connected with 
the climate gradient, except in arid areas (Fig. 4). Under conditions of limited precipitation, plants should invest 
more in physiological functioning, and reduce investment as precipitation increases along a gradient.

Precipitation has a small effect on LWC in natural communities at large scales.  Although cli-
matic factors are guaranteed to affect variation in traits25,26, the effect of environment on LWC tends to be over-
estimated, to some extent. The Pearson correlation and RDA analyses showed that environmental factors only 
exerted a weak influence on the LWC of grassland plants on the three plateaus (Figs. 3, S1, S2, and S3). In all three 
transects, along a decreasing precipitation gradient from meadow to desert, a simple linear regression failed to 
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Figure 2.   Changes to leaf water content (LWC) in different grassland types. Panels (a), (b) and (c) show the 
LWC on the Mongolia Plateau (MP), Loess Plateau (LP), and Tibetan Plateau (TP). Red dotted lines present the 
mean in each plateau, and blue dotted lines present virtual trends. Figures were done by SigmaPlot version 10.0.
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capture the relationships between LWC and precipitation, except for a weak link on the MP (Fig. 4). Our results 
demonstrated that precipitation only had a small effect on LWC in natural communities at a large scale, which 
contrasted with our predictions. Our study found that lasso variation might occur in areas with water limitation 
(Fig. 4). Previous studies showed that species that experienced greater damage from heatwaves and stress are 
more sensitive to changing environment than species that experienced less heatwave damage and stress27. Plant 
LWC was more responsive to water changes in the water limitation region (MP).
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Figure 3.   Results of redundancy analysis between leaf water content (LWC) and influencing factors. Numbers 
in circles represent the interpretation rate of the factor for LWC. MAT, mean annual temperature; MAP, mean 
annual precipitation; C/N, C/N ratio of soil.
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Evolutionary history is considered to be a profound factor influencing plant functional traits at the biome 
scale28–33. However, LWC was minimally affected by phylogeny in this study (Table S3); instead, LWC appeared to 
be regulated by extreme environmental conditions, such as extreme drought. Community structure adjusts with 
the changes to the environment, with the “range” in LWC changing with the shift in community structure across 
environments. Plant species are hypothesized to differ with respect to range size, partly because of differences 
in environmental tolerance34,35. In communities that are restricted by different factors, the “range” changes in 
different ways. For instance, water was the main restrictive environment factor on the MP, and strongly influ-
enced changes to LWC, as well as its distribution. The LWC evolved and adjusted strictly in accordance with the 
physiological requirements of water. In comparison, soil nutrients were the limiting factor on the LP (Fig. 5b,e). 
Changes to LWC were relatively weak and were affected by the higher boundary at which plants had higher 
LWC. Temperature was the main limiting factor on the TP (Fig. 5c,f), with the lower boundary of plants that 
had low LWC being affected by changes to the “range.” Therefore, plants with high LWC have better resistance 
to lower temperatures. When extreme temperatures occur, the community might adopt a sacrifice stratagem to 
eliminate species with high input and low income to ensure the energy balance of the community. Thus, shifting 
climates and more extreme climate events are expected to have a stronger negative impact on the performance 
and habitat suitability of species with small, rather than large, range sizes27,36–38.

Underlying mechanisms in the spatial variation of LWC at the biome scale.  Although LWC was 
weakly correlated with precipitation gradients at the biome scale, plant communities had similar investment-
return strategies of LWC across plateaus that had different main limiting factors. These strategies arise as a 
consequence of trade-offs between resource acquisition and survival, as documented for the leaf economic spec-
trums and other traits39–41. Interestingly, lasso variation of LWC with a decreasing precipitation gradient was 
recorded on all plateaus. This phenomenon is explained by the fact that, in moist environments, plants do not 
need to invest in the water-retaining properties of leaves. As a result, LWC initially decreased with precipitation 
gradient in meadows. However, conservative investment has a base line, represented by the minimum LWC 
for normal photosynthesis, respiration and other functions. Consequently, with increasing drought pressure 
along the gradient, the LWC would drop below this tolerance threshold, with plants needing to increase invest-
ment to survive. As a result, LWC was lower, but relatively stable, in typical grasslands. In such areas, plants 
might develop certain traits, such as the thickening of cuticle and fleshy leaves, which are beneficial for water 
retention10. With increasing drought conditions (i.e., in deserts), most plants cannot survive, and eventually die, 
unless they have special mechanisms to retain moisture, which require the highest investment.

When plants live in drought for long periods of time, they adapt to the environment they are in. Thus, pre-
cipitation can reflects the relatively stable environment state of a region, and it is possible to compare different 
regions on a large scale. Compared with the Loess Plateau and the Tibet Plateau, the Mongolia Plateau is arid. 
Therefore, precipitation is the most intuitive representation of this arid environment, which is the main reason 
why we chose MAP. The relationship between LWC and decreasing precipitation gradients could be divided into 
four stages, as shown in Fig. 6. In stage I, LWC is relatively stable, with plants showing a low investment for water 
retention. Even if the LWC of plants decreases with decreasing precipitation, to some extent, it does not affect 
individual or community structure. In stage II, LWC declines rapidly and stabilizes, with a water conservation 
mechanism gradually forming to enhance the ability of plants to retain moisture, with a gradual increase in 
investment. When LWC decreases to the minimum tolerance threshold, some species with high investment and 
low income are lost, whereas species with low investment and high income are beneficial for maintaining the 
community. In stage III, LWC gradually increases as a result of high investment and the competitive advantage 
of the community. Some plants invest highly in water conservation and become dominant through competition. 
In comparison, some plants are lost, or lose dominance, because of a lower ability to retain moisture. In stage IV, 
plants have the highest LWC with the highest investment. When it is extremely dry, only plants with higher LWC, 
or a special ability to retain moisture, can survive. The community structure remains relatively stable, but simple.

Figure 6 demonstrates the importance of exploring the adaptive mechanisms of plants to changing environ-
ments in the future. What are the two thresholds (high threshold and low threshold) in natural communities? 
What is the actual investment of plants and how do they realize it (e.g., through regulating stomata, anatomy, 

Table 2.   Boundary analyses and significance tests for the spatial variation of leaf water content. † 95th and 5th 
represented 95% upper boundary and 5% lower boundary. Range is the fluctuation to leaf water content (LWC) 
between the upper and lower boundaries.

Leaf water content (LWC) Quantiles Fitted equations Significance

Mongolia plateau (MP)

95th LWC =  − 0.00038MAP + 1.00 P < 0.001

5th LWC = 0.00002MAP2 − 0.012MAP + 1.85 P < 0.001

Range LWC =  − 0.00002MAP2 − 0.01162MAP − 0.85 –

Loess plateau (LP)

95th LWC =  − 0.0002MAP + 0.94 P < 0.001

5th LWC = 0.3980 –

Range LWC =  − 0.0002MAP + 0.5420 –

Tibetan plateau (TP)

95th LWC = 0.9575 –

5th LWC =  − 0.00061MAP + 0.63 P < 0.001

Range LWC = 0.00061 + 0.3275 –
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solutes)? What is the significance for the spectrum regarding the distribution frequency of LWC in natural com-
munities? Through analyzing LWC in combination with environmental information, research on plant traits 
can be expanded. Understanding how LWC responds to the environmental gradient and how mechanisms vary 
could help to develop new research directions and concepts on more complex communities. Therefore, we believe 
that LWC is important and could enhance analyses on the responses and adaptations of community structure 
to changing environments.

Conclusions
Leaf water content (LWC) plays an important role in plant physiological and ecological functions. The three grass-
land transects surveyed in the northern hemisphere showed that the LWC of live leaves is relatively stable, with 
LWC in water restricted regions being higher and significantly responding to the precipitation gradient. Unex-
pectedly, precipitation and genetic evolution had weak effects on LWC. Lasso variation of LWC with a decreasing 
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Figure 5.   Range of leaf water content (LWC) in the community correlated with mean annual precipitation 
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precipitation gradient was documented on all three plateaus. Plants exhibited similar investment-return strategies 
for LWC across plateaus with different main limiting factors. This phenomenon was the consequence of trade-
offs between resource acquisition and survival. Our results provide new insights on the mechanisms underlying 
variability in LWC in response to environmental gradients among plant species. It is necessary to obtain more 
data on the specific range, threshold, and investment inflection points of the regulating mechanisms in future. 
Considering the importance of LWC on plant physiological, physical, and ecological functions, the relatively 
stable LWC of live leaves should be considered as an importance trait in future studies conducted at large scales, 
especially when exploring the responses and adaptations of plants to climate change.

Materials and methods
Study site.  Based the spatial distribution of grasslands in the northern hemisphere, we selected three major 
plateaus to conduct our experiment: namely the Mongolia Plateau (MP), Loess Plateau (LP), and Tibetan Plateau 
(TP) (Fig. 7). The MP, LP, and TP cover the largest extent of Eurasian grasslands, and encompass the world’s larg-
est loess deposition area, and the highest alpine grasslands. Consequently, these areas provide the opportunity to 
conduct unique but similar “natural controlled experiments” to explore spatial variation in LWC and influencing 
factors at the biome scale.

We setup precipitation gradient transects from east to west, covering meadows, typical grassland, and desert 
grasslands on the MP, LP, and TP (Fig. 7). This approach was used because transects are economical and scientific, 
as stipulated by the International Geosphere-Biosphere Programme (IGBP)42. Mean annual precipitation (MAP), 
mean annual temperature (MAT), and soil carbon and nitrogen ratio (C:N ratio) of the three plateaus were sig-
nificantly different (Fig. 7). MAP was lowest on the MP, C:N ratio was highest in LP, and MAT was lowest on the 
TP. Based on previous studies43–45, we assumed that different primary limiting factors operate at MP, LP and TP, 
which were, respectively, environmental water limitation (water shortage), soil nutrient limitation (low nutrient), 
and environmental limitation (low temperature) (Fig. 7). Thus, the three transects were regulated by different 
factors, despite being set up along a similar precipitation gradients. Gramineae and legumes were the dominant 
species in most of the sampling sites. The specific families and quantities of plant samples are shown in Table S1.

Each transect spanned more than 1000 km. Ten sites were established from east to west based on the spatial 
distribution types of grasslands for each plateaus. MAT ranged from 0.1 to 5.8 °C on the MP, from 5.2 to 11.8 °C 
on the LP, and—6.8 to 0.4 °C on the TP (Table S4). MAP ranged from 168.3 to 448.5 mm on the MP, 215.5 to 
591.2 mm in LP, and from 191.7 to 619.9 mm in TP (Table S4). Climate data including MAP and MAT were 
derived from the interpolation of records from meteorological stations across China during 1961–2010.

Figure 6.   Underlying mechanism for spatial variation in leaf water content (LWC) among environmental 
gradients (investment vs. competition mechanism). LWC was relatively stable, with plants that are stabilized 
with low investment for water retention (I); LWC declined rapidly and stabilized, with the water conservation 
mechanism gradually forming to enhance moisture retention, while investment gradually increased (II); LWC 
gradually increased as a result of high investment and community competitive advantage (III); in phase IV, 
plants built the highest LWC with the highest investment. Four questions (Q1–Q4) require exploring in the 
future: What are the two thresholds in natural communities? What is the real investment of plants and how is it 
realized (e.g., stomata, anatomy, solutes)? What is the significance for the spectrum of the distribution frequency 
of LWC?
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Field sampling.  First, we set up eight 1 m × 1 m quadrats at each site along the three transects. We inves-
tigated the species composition of the community and above-ground biomass for each plant species12. Then, 
we collected leaf samples from all plant species in a 1 km × 1 km area to measure LWC. The plants in our study 
were identified in the field by senior plant taxonomists, and the plant species were further revised and proofread 
by Flora Reipublicae Popularis Sinicae (http://​www.​iplant.​cn/​frps). Previous studies demonstrated that using 
dominant species alone is not sufficient to make objective interpretations46. Our approach may have allowed us 
to analyze the data from different perspectives across all species.

Field sampling was conducted from mid-July to late August in 2018. Collected plant leaves were refrigerated 
with an ice-bag and transferred to the laboratory within two hours. The LWC of complex leaves for each species 
was then measured in the laboratory (three replicates). Following Cornelissen et al. (2003)47 the fresh weight of 
leaves (FW) was first measured using an analytical balance. Then, the leaves were transferred to the oven to a 
constant weight for 48 h at 70 °C. Then, drought weight (DW) was measured, and LWC was calculated as (Eq. 1):

Dominant species were identified using the relative-importance value, which is a combination of the relative 
frequency, relative number, and relative coverage of each plant species in the eight 1 m × 1 m quadrats. The plant 
species of each sample point was considered as dominant species when the importance value exceeded 10%48,49. 
Overall, we measured the LWC of 1365 plant species along the three transects.

Construction of the phylogenetic tree and calculation of the phylogenetic signal K value.  To 
explore how evolution has influenced LWC, the Plant List was used to confirm species names (htQTP://www.​
thepl​antli​st.​org). Then “S.PhyloMaker” was used to generate a phylogeny50. We calculated Blomberg’s K51 and its 

(1)LWC =

FW − DW

FW

(

gg−1
)

Figure 7.   Experimental design and spatial distribution of sampling sites. We established three comparative 
transects in the Mongolia Plateau (MP), Loess Plateau (LP), and Tibetan Plateau (TP). These regions have 
different primary limitations for plant growth, representing meadow, typical grassland, and desert grassland, 
respectively. These comparative transects are expected to provide information on spatial variation in leaf water 
content (LWC) and the underlying mechanisms that influence it. The land cover data used in our study were 
collected from the Land Cover Type Climate Modelling Grid (CMG) product (MCD12C1) in 2012 (LP DAAC; 
https://​lpdaac.​usgs.​gov). Figures were done by ERSI ArcGIS software (Version 10.1; Redlands, CA, USA).

http://www.iplant.cn/frps
http://www.theplantlist.org
http://www.theplantlist.org
https://lpdaac.usgs.gov
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significance using the ‘Picante’ package in R. Then, we evaluated the strength of the phylogenetic signal of LWC 
for each species in families containing more than 10 species.

Data analyses.  The LWC of plant species from specific sites was represented as mean ± SD. Variation to 
LWC across sites and transects were compared using one-way analyses of variance (ANOVA). The relationships 
between LWC and environmental factors was assessed using Pearson’s correlation coefficient. The interpreta-
tion rate of the environmental factors (MAT, MAP, C:N ratio) to LWC was explored using redundancy analyses 
(RDA), with pure and joint effects being calculated. Our data passed the normality test. Quadratic regression 
analysis (with lower AIC compared to linear regression) was used to explore the relationship between MAP and 
LWC using SigmaPlot version 10.0, from Systat Software, Inc., Point Richmond, CA, www.​systa​tsoft​ware.​com. 
Data analyses were conducted using SPSS 13.0 (Chicago, IBM Corp, USA) and R (version 3.14.3, R Development 
Core Team, Vienna, Austria, 2012, https://​www.R-​proje​ct.​org). Graphs were drawn using SigmaPlot (Systat Soft-
ware, Point Richmond, CA), and ERSI ArcGIS software (Version 10.1; Redlands, CA, USA).

Additional information.  We state that all plant materials involved in the study were collect with the per-
mission of the Institute of Geographic Sciences and Natural Resources Research and the local authorities. Our 
study protocol comply with relevant institutional, national, and international guideline and legislation. We would 
like to express our heartfelt thanks to the following four researchers for their contributions to our research: Pro-
fessor Huanhu Dong (Shanxi Agricultural University), professor Wenjun Gao (Shanxi Agricultural University), 
professor Yaozhi Zhou (Tebit University) and professor Chuantao Song (Northeast Normal University).” Pro-
fessor Dong and professor Gao have been engaged in plant classification in the Loess Plateau region for many 
years, and have a full understanding of the plants in the Loess Plateau. Professor Song has long been engaged 
in plant research in the grasslands of northern China, especially in the Mongolian Plateau region, and has rich 
experience in plant identification. Professors Zhou has been engaged in the research of alpine grassland for many 
year, and has carried out grassland surveys on Tibetan Plateau for many times, so he has very rich experience in 
identifying plants. We did not deposit the voucher specimen of these materials in a publicly available herbarium.

Data availability
All data for this paper are included in the manuscript and supporting information.
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