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Abstract: Plants need water and energy for their growth and reproduction. However, how water and
energy availability influence dryland plant diversity along the aridity gradient in water-limited re-
gions is still lacking. Hence, quantitative analyses were conducted to evaluate the relative importance
of water and energy to dryland plant diversity based on 1039 quadrats across 184 sites in China’s
dryland. The results indicated that water availability and the water–energy interaction were pivotal
to plant diversity in the entire dryland and consistent with the predictions of the water–energy
dynamic hypothesis. The predominance of water limitation on dryland plant diversity showed a
weak trend with decreasing aridity, while the effects of energy on plants were found to be significant
in mesic regions. Moreover, the responses of different plant lifeforms to water and energy were
found to vary along the aridity gradient. In conclusion, the study will enrich the limited knowledge
about the effects of water and energy on plant diversity (overall plants and different lifeforms) in the
dryland of China along the aridity gradient.

Keywords: aridity gradient; dryland; plant diversity; plant lifeforms; water–energy dynamics

1. Introduction

The growth and reproduction of plants are dependent on water availability and envi-
ronmental energy [1,2]. Environmental energy (heat) is the basic requirement of all plants
needed to perform the different functions and activities of their lives, such as photosynthe-
sis. Water is an integral part of plant tissues and without it, plants cannot perform many
physiological activities [3,4]. Environmental energy and water are interrelated [3]; for ex-
ample, energy can increase the water-use efficiency of plants to promote photosynthesis,
as snow can reduce the freezing effect on plants [1,5]. However, excessively high or low
energy may change the water into vapor or ice, and these physical processes could result
in the limitation of a plant’s growth and development [6,7]. In contrast, when energy is
abundant, water restriction (e.g., limiting water metabolic processes and closing of the
stomata) also prevents plants from using the energy for photosynthesis [8–10].

The effects of water and energy on constraining the physicochemical and physio-
logical processes of plants might generate and maintain a broad gradient of plant diver-
sity [1,6,11–13]. The water–energy dynamic hypothesis emphasizes that the large-scale
gradient of species diversity is related to both water and energy [11,13–15]. It provides
theoretical support to understand the environmental capacity to support greater plant-
species richness [6,16]. The relative importance of water and energy maintenance to plant
diversity may depend on climatic regions [17,18]. For example, water is a limiting factor
in warm regions, where the energy is sufficient; while energy becomes more important

Plants 2021, 10, 636. https://doi.org/10.3390/plants10040636 https://www.mdpi.com/journal/plants

https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0003-3025-1217
https://orcid.org/0000-0003-1422-3726
https://orcid.org/0000-0002-0219-5054
https://doi.org/10.3390/plants10040636
https://doi.org/10.3390/plants10040636
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/plants10040636
https://www.mdpi.com/journal/plants
https://www.mdpi.com/2223-7747/10/4/636?type=check_update&version=1


Plants 2021, 10, 636 2 of 15

in cold regions, where inputs of energy are low [15]. Conversely, the richness–energy
relationship depends on water availability [6]. Species diversity also has shown the strong
effects of energy and water on woody plant species [1]. Nevertheless, how water and
energy availability interact to influence dryland plant diversity in local communities along
the water gradient in water-limited regions is still an open question.

The United Nations Environmental Program (UNEP) defines drylands as arid regions
where the aridity index (the ratio of annual precipitation to annual potential evapotran-
spiration) is less than 0.65 [19]. Based on the aridity index, drylands can be classified
as dry-subhumid regions, semiarid regions, arid regions, and hyperarid regions [20,21].
Approximately 45% of Earth’s land-surface area is arid [22]. In China’s dryland, ephemeral
plants, annual herbs, perennial herbs, and woody plants (including shrubs, sub-shrubs,
and small trees) are the dominant plant lifeforms, but tall trees are rare. Different lifeforms
have distinct physiological attributes and growth forms [23–25]. For example, ephemeral
plants are a special group of dryland herbaceous plants that typically depend on tran-
sient precipitation and temperature, consequently growing fast and adapting to the dry
environment [23,24]. Shrubs have a strong rooting system to effectively extract moisture
in low-moisture environments [2,26]. Different lifeforms have distinct adaptive strate-
gies to survive in severe environmental conditions [25], which may lead to their different
responses to water and energy along the aridity gradient.

In this study, 184 sites were surveyed and 1039 quadrats were sampled along the arid-
ity gradient in the entire dryland (including hyperarid, arid, semiarid, and dry-subhumid
regions) of China. The objectives of the present study were: (1) to assess the relative
importance of water and energy to overall plant diversity along the aridity gradient;
and (2) to evaluate whether the effects of water and energy on plant diversity of different
lifeforms vary along the aridity gradient. In the light of distinct adaptive strategies of
different plant lifeforms, it is predicted that water and energy might influence the lifeform
diversity differently.

2. Materials and Methods
2.1. Study Region

The region is located in the northwestern dryland of China (36.01◦~50.70◦ N and
76.62◦~122.40◦ E) and occupies approximately 2.44 million square kilometers (Figure 1).
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The climate of the study region is characterized by a dry temperate continental climate
with relatively low precipitation (ranging from 25 to 485 mm) and strong temperature het-
erogeneity (mean annual temperature ranging from −3.79 to 12.64 °C) (Table S1). The whole
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area spans hyperarid to dry-subhumid regions. These long-term drought differences have
formed different plant communities and unique vegetation landscapes. From hyperarid
regions to dry-subhumid regions, the vegetation types in study regions range from typically
temperate desert vegetation to temperate desert steppe to temperate arid steppe.

2.2. Sampling Survey

At each site, vegetation was surveyed using the nested sampling design. The nested
samples were started from 0.5 m × 0.5 m for grassland vegetation types, or 1 m × 1 m for
desert vegetation types (layer by layer) to sample until 30 m × 30 m, or 100 m × 100 m
by nested smaller quadrats within larger quadrats. For example, 10 m × 10 m quadrats
contained a nested subquadrat of 5 m × 5 m, and the 5 m × 5 m subquadrat contained
a further nested subquadrat of 1 m × 1 m. To reduce the area-effect on species diversity,
the quadrat of 30 m × 30 m scale was used at each study site. In each quadrat, the scientific
name of every plant was noted and species identification was conducted by taxonomists.
At each site, we divided all plants into different plant lifeforms such as annual herbs, peren-
nial herbs, and woody plants (including shrubs, sub-shrubs, and small trees) according
to the stem texture and lifespan of the plants, following the Flora Reipublicae Popularis
Sinicae (http://www.iplant.cn/frps, accessed on 5 December 2020).

In dryland, there are a special group of herbs called “ephemeral plants” that tend to
grow fast, thereby completing their life cycles faster than other herbaceous plants [23,24,27].
In temperate desert ecosystems, spring ephemerals play an important role in the com-
munity structure [28,29]. They are characterized by specific biological traits that helped
them to adjust and adapt to deserts [30]. As compared to other plants such as annual and
perennial herbs, ephemerals grow very fast and show greater light-use efficiency, and al-
locate a greater percentage of their biomass to reproduction [30,31]. Spring ephemerals’
aboveground phenology is adapted to a narrow window of favorable environmental condi-
tions, and they maximize photosynthetic gain by taking advantage of intense light [32,33].
They accelerate leaf senescence with warmer spring temperatures [34]. Ephemeral sampling
is difficult because of their short lifespan and limited above-ground activity period [33].
Moreover, spring ephemerals are extremely sensitive to climate changes and grow only in
favorable environmental conditions (in the presence of adequate moisture) [31].

In this study, ephemeral plants were referred to as spring ephemeral plants, which
germinate in early spring and generally complete their life cycle in 60–70 days (before the
arrival of summer drought, dying before or in July) [27,28,35–37]. Therefore, according
to their life history, these special plants were distinguished from the other long-lived
herbaceous plants, following the Flora Reipublicae Popularis Sinicae (http://www.iplant.
cn/frps, accessed on 5 December 2020). From 2013 to 2017 (sampling was carried out from
early June to late July), in total, 184 sites were surveyed and 1039 quadrats were sampled
for plant species during the growing season.

2.3. Environmental Factors

According to the water–energy dynamic hypothesis, water refers to the variables repre-
senting precipitation, and energy refers to the variables representing heat [13]. Many stud-
ies also often use annual potential evapotranspiration (PET, mm) and annual actual evap-
otranspiration (AET, mm) to represent energy and actual water consumption, respec-
tively [12,17,38]. Therefore, the frequently used water and energy variables were selected
to assess the relative importance of water and energy on dryland plant diversity. The water
variables included mean annual precipitation (MAP, mm), annual actual evapotranspira-
tion (AET, mm), precipitation of the wettest quarter (PWQ, mm), and precipitation of the
driest quarter (PDQ, mm). The energy variables were mean annual temperature (MAT, ◦C),
annual potential evapotranspiration (PET, mm), mean temperature of warmest quarter
(MTWQ, ◦C), and mean temperature of coldest quarter (MTCQ, ◦C). MAP, PWQ, PDQ,
MAT, MTWQ, and MTCQ were taken from the WorldClim (http://worldclim.org/version2,
accessed on 31 July 2017) [39]; and AET, PET, and the aridity index (i.e., AI= annual pre-
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cipitation/annual potential evapotranspiration) were extracted from the Consortium for
Spatial Information (CGIAR-CSI) (http://www.cgiar-csi.org/data, accessed on 31 July
2017). All variables were derived at a resolution of 30 s × 30 s (ca 1 km × 1 km at the
equator). The mean values and range of the environmental variables are shown in Table S1.

2.4. Data Analysis

First, the aridity index (AI) was used to divide the study area into four different
regions, including hyperarid regions (aridity index <0.05), arid regions (aridity index from
0.05 to <0.2), semiarid regions (aridity index from 0.2 to <0.5), and dry-subhumid regions
(aridity index from 0.5 to <0.65) [19]. The location map was generated with ArcMap 10.3
(ESRI, Redlands, CA, USA).

Then, a principal components analysis (PCA) was used for water and energy vari-
ables to eliminate collinearity among variables (Pearson correlation coefficients >0.7,
see Table S2). The major water (water PC) and energy gradients (energy PC) were ex-
tracted according to a broken-stick stopping rule [1].

To evaluate the relationship between plant diversity and water availability or environ-
mental energy along the aridity gradient, linear mixed-effects models were used to model
the plant diversity (represented by the number of plant species) considering water and
energy variables. The linear mixed-effects models and PCA were conducted in R using the
“lme4” and “vegan” packages, respectively. To eliminate the potential annual variability on
plants that may result from sampling in different years, “year” as a random intercept and
“water” and “energy” as fixed effects were used in the models. To obtain a nearly normal
distribution, the plant diversity was transformed by taking its square root. Nonlinear
models such as quadratic models were used for a better fit relative to the linear models via
the Akaike information criterion (AIC). The models with minimal AIC and the regression
significance, which were tested by F- and T-tests, respectively, were selected. Theoretically,
the effect of energy on species diversity is unimodal because of the water effect [11,13],
so the quadratic terms with a negative sign were accepted. Partial residual regression was
also used to obtain an estimate of the effects of water availability or environmental energy
on plant diversity that was not confounded by environmental energy or water availability.

Variation partitioning [40] was used to estimate the common and unique contribution
of water availability and environmental energy to the variation in plant diversity. Moreover,
variation partitioning was also used to divide the total variation of plant diversity into three
different parts (independent components, covarying effects between water and energy,
and unexplained variability) to reveal the impact of change in water and energy for plant
diversity. All the statistical analyses were carried out in R software (version 3.6.0) [41].

3. Results
3.1. Water, Energy, and Plant Diversity in Dryland

Based on the principal components analysis, the first principal components (PC1)
had the maximum proportion of variance for both water (76.50%) and energy groups
(80.57%) (Table 1). In this study, the correlations among water variables and among energy
variables were found to be positive (Table S2). Moreover, the water and energy variables
had positive loadings on the PC1 (Table 1), which suggested that water availability and
environmental energy increased with the increasing value of PC1. Therefore, the first
principal components were selected to represent the major water (water PC1) and energy
gradients (energy PC1) (Table 1).

Water availability significantly increased from hyperarid regions to dry-subhumid
regions (Figure 2a), but the opposite trend was noted for environmental energy (Figure 2b).
The plant diversity of dryland in 900 m2 of quadrats significantly increased as the aridity
lessened across the studied regions (Figure 2c).

http://www.cgiar-csi.org/data
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Table 1. The loadings, proportion, and cumulative proportion of the first four principal components
for the principal component analysis (PCA) of water and energy predictors.

Climatic Variables PC 1 PC 2 PC 3 PC 4

Water
Annual precipitation (mm) 0.568 −0.079 0.387 0.722

Annual actual evapotranspiration (mm) 0.563 −0.069 −0.823 −0.009
Precipitation of wettest quarter (mm) 0.552 −0.259 0.406 −0.681

Precipitation of the driest quarter (mm) 0.236 0.960 0.083 −0.125
Proportion explained 76.50% 22.47% 0.95% 0.08%

Cumulative proportion 76.50% 98.97% 99.92% 100.00%
Energy

Mean annual temperature (◦C) 0.554 0.006 −0.321 −0.768
Annual potential evapotranspiration (mm) 0.538 0.030 0.842 0.037
Mean temperature of warmest quarter (◦C) 0.435 −0.748 −0.270 0.421
Mean temperature of coldest quarter (◦C) 0.463 0.662 −0.340 0.481

Proportion explained 80.57% 17.02% 2.33% 0.08%
Cumulative proportion 80.57% 97.59% 99.92% 100.00%

3.2. Relative Importance of Water and Energy on Overall Plant Diversity along the Aridity Gradient

In the entire dryland, the diversity of overall plants increased with the increase of
water PC1 (r2 = 0.40; p < 0.001), while it decreased with energy PC1 (r2 = 0.10; p < 0.001)
(Figure 3a,k). However, when the effect of energy was controlled in partial residual
regressions, the relationship of plant diversity and water remained significant and positive,
but the variation in diversity explained by water was strongly reduced (r2 only was 0.09)
(Figure 3f). Moreover, the shared effect of water and energy explained 30% of the variation
in plant diversity in the entire dryland (Figure 4). More interestingly, the effects of energy
on plant diversity were absent when the effects of water were controlled (Figure 3p).

In different arid regions, the relationship of plant diversity and water also kept its
trends with water PC1 (Figure 3b–e), as well as in partial residual regressions (Figure 3g–j).
However, the slope was decreased (from 9.0 to 2.5) with the decrease in aridity (Figure 3b–e).
Energy did not show any effects on plant diversity in each arid region (Figure 3l–o).
However, a negative effect of energy was seen on plant diversity after the removal of the
water effect in the dry-subhumid regions (Figure 3t).

3.3. The Responses of Different Plant Lifeforms to Water and Energy along the Aridity Gradient

The effects of water and energy on the diversity of different lifeforms varied along
the aridity gradient (Figures 5 and 6, and Figure S1). Specifically, the influences of water
and energy on plant diversity for ephemeral plants were not found to be significant,
except in the dry-subhumid regions, where the energy showed a negative effect on plant
diversity (Figure 5a–d). Water played a key role in the plant diversity of annual herbs
and perennial herbs in the entire dryland and most arid regions (Figure 5e,f,i,j). However,
in the dry-subhumid regions, regardless of whether the water or energy effects were
removed, energy exhibited a significant positive effect on plant diversity for annual herbs
(Figures 5h and 6h), while water limitation was not found significant (Figures 5f and 6f).

For perennial herbs, water explained the greater variation in plant diversity in the dry-
subhumid regions (r2 was 0.46) when the effect of energy was controlled as compared with
the uncontrolled effect of energy (r2 was 0.18) (Figures 5j and 6j). Moreover, the negative
effects of energy became significant in the dry-subhumid regions when the effects of water
were controlled (Figure 6l). Water had no significant contributions to the plant diversity of
woody plants (Figure 5m,n), and the diversity–water relationships still were not prominent
when the effect of energy was controlled (Figure 6m,n). However, the diversity–energy
unimodal relationship of woody plants became significant in the entire dryland after
the removal of the water effect (Figure 6o). As in the case of other lifeforms, energy
also had a noteworthy influence on woody plant diversity in the dry-subhumid regions
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(Figures 5p and 6p). Furthermore, there were similar results to those of the partial residual
regressions when the variation-partitioning analyses were used (Figure S1).
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4. Discussion
4.1. The Effects of Water-Energy Dynamics on Dryland Plant Diversity

Among the numerous environmental factors, water and energy are considered to be
the two most important factors affecting the pattern of plant diversity [11]. The results indi-
cated that water is a main limiting resource in dryland plant communities (Figure 3) [40,42].
Energy is less important than water as a driver of both broad-scale and fine-scale plant
diversity in the dryland of China (Figure 3). Moreover, the study revealed that the effects of
energy on plant diversity were mainly shared with water in dryland (Figure 4) because high
energy (such as high temperature) can enhance the rates of evapotranspiration [17]. This is
why a strong negative relationship was observed between plant diversity and energy in
the entire dryland (Figure 3k), which suggests that high temperature restricted the plant
diversity in areas with strong water deficits [1,6]. This analysis of dryland plant diversity
in China has followed the water–energy dynamic hypothesis, and can be used to explain
the broad-scale plant diversity in temperate drylands (Figure 4) [11,13–15].

However, the strong limitations of water on plants make it difficult to assess the
specific effect of energy on plant diversity in dryland. In this study, when the water effect
on plant diversity was controlled by partial residual regressions, the diversity–energy
relationships were not found to be significant in the entire dryland and the regions with
severe water limitations (Figure 3q–s). In contrast, the influence of water on plant diversity
became stronger with increasing aridity (Figure 3b–e) [1], which suggests that drought
was a critical limitation of dryland plant diversity. Based on these observations, it can
be predicted that water deficits drove physiological damage (such as injuring plant cells
and inhibiting photosynthetic rate, etc.) that may have much stronger control of plants
than energy in the dryland of China [10]. Plant evolutionary history of diversification and
speciation can provide an explanation for this observation [43]. Earlier studies on plant
diversification and speciation in the dryland of China make it clear that aridification could
promote plant diversification and speciation in temperate deserts and steppes [43–45].
In addition to habitat fragmentation, desert expansion and environmental aridification also
could cause population isolation of plant species, potentially promoting the diversification
and speciation of desert plant species [44,46].

4.2. The Different Responses of Plant Lifeforms to Water and Energy along the Aridity Gradient

As predicted, the effects of water and energy on plant diversity were different among
plant lifeforms. The results showed that the influence of water on ephemeral plant diversity
was not significant (Figure 5a,b and Figure 6a,b), which can be attributed to the characteris-
tics of the ephemeral plants that complete their life cycle in short periods (by reproducing
and growing very fast) [23]. Moreover, ephemeral plants are largely distributed in the
Gurbantunggut Desert, where the snowmelt and melting of glaciers from mountains (like
the Tianshan Mountains) are the main water sources for plant germination and growth
in the spring season [47]. The herbaceous plants (after removing ephemeral plants; i.e.,
annual herbs and perennial herbs in this study) were greatly affected by water limitation
in dryland (Figures 5 and 6). Specifically, the study analyses indicated that the effect of
water limitation on perennial herbs was stronger than that on annual herbs, which can be
explained by their different reproductive strategies [48,49]. In addition, in the hyperarid
regions, water had no significant effect on the plant diversity of each lifeform. Of course,
hyperarid regions are characterized by extreme drought with very little precipitation.
The survival of herbaceous plants may mainly benefit from the microhabitats (with higher
soil fertility and increased water availability) created by woody plants [50,51] because
woody plants have deeper root systems to obtain groundwater [2,23]. This is also the
explanation for the weak effect of water on woody plant diversity.

The results indicated that the influence of energy on plant diversity often became impor-
tant in dry-subhumid regions where water limitations are low for dryland (Figures 5 and 6).
Notably, the responses of distinct plant lifeforms to energy varied (Figure 6). For ephemeral
plants, the significant effect of energy on their diversity was not considered, because the
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only three species were in the sites of dry-subhumid regions. For the varied effects of
energy on plant diversity for annual and perennial herbs, this phenomenon can be ex-
plained by the vertical structure of the community. In this study, the vegetation type in
dry-subhumid regions was the meadow steppe (Hulunber Meadow Steppe), which was
dominated by the perennial graminoid [52]. The temperature in this area was extremely
high and low in summer and winter, respectively [52]. Perennial herbs, mostly in the
upper part of the communities, can receive more energy (heat) than annual herbs, which
mostly create the lower layer. Too much energy (a high temperature in summer) means
that tissue damage is reinforced, photosynthetic activity is inhibited, and growth is limited
for perennial herbs [8,9]. Conversely, provision of energy for annual herbs was likely not
sufficient for their growth. Therefore, the response of perennial herbs was negative to
energy, while the response of annual herbs was positive. Indeed, a study on the effects of
warming on plant diversity in grassland detected a significant reduction of diversity of the
perennial herbs, while diversity of annual herbs increased with warming [53].

The effects of low temperature on herbaceous plants were excluded in accordance
with our preliminary yet unpublished study about distribution and determinants of plants
in this region. It has shown that the cold temperature in winter does not affect herbaceous
plants, while it has a unimodal relationship only with woody plants [54]. This may be due
to winter snow that can protect the underground parts of perennial herbs by weakening
the effects of soil freezing [5]. However, the aboveground parts of woody plants must be
frost-tolerant. A study on plant phylogeography in arid Northwest China has shown that
major Quaternary glaciations were absent in the region, and the plant species can tolerate
extreme cold [43]. In summary, these findings show that growth strategies have significant
effects on the response of plant lifeforms to water–energy dynamics.

In addition, although human influence was not included in this study, we believe that
it had no perverse effects on the results. As far as possible, the samples were collected
from the sites with relatively little human disturbance (e.g., enclosed grasslands and nature
reserves, etc.) to minimize human impact. Second, some studies have shown that grazing
reduces vegetation cover to a low extent only, and does not significantly reduce the number
of perennial herbs [55,56]. Most important of all, these results indicated that the effect
of water became stronger when the effect of energy was controlled in the dry-subhumid
regions (Figures 5j and 6j), which means that energy itself must have had a significantly
negative influence on the plant diversity of perennial herbs, compared with the effect
of water. Certainly, in addition to water and energy, many other factors also may affect
plant diversity in the dryland. For instance, soil factors, anthropogenic activities, climatic
variables, and different interspecific interactions are all likely to influence large-scale plant
diversity patterns. This could be reflected in unexplained parts of the variation partitioning
in this study, but this was not the main focus of the present study. Future research can
further explore the effects of these factors.

5. Conclusions

This study demonstrated that the broad-scale patterns of dryland plant diversity de-
pend mainly on the effects of water availability and the water–energy interaction. However,
the water-limitation effects on plants were found to be much stronger than energy in the
severe drought regions and decreased along with aridity, while the effects of energy on
plant diversity stood out in the dry-subhumid regions. The effects of water and energy var-
ied in different plant lifeforms because of distinct growth strategies. Moreover, this study
supports the water–energy dynamic hypothesis and highlights the relative importance of
water and energy availability in determining plant diversity of overall plant and different
lifeforms in the dryland of China. These findings will be a benefit to conservation planning
for reducing effects of future climate change on the plants in the dryland of China.

Supplementary Materials: The following materials are available online at https://www.mdpi.com/
article/10.3390/plants10040636/s1, Table S1: Summary of the environmental variables examined
in this study, Table S2: Correlation matrix among various water and energy variables at the study
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sites, Figure S1: The variation of water and energy effects on plant diversity for lifeforms by variation
partitioning. The left value is the explained variability by the independent components of water,
the middle value represents variability explained by the covarying component of water and energy,
and the right value is the explained variability by the independent components of the environment.
Residuals represent unexplained variability. All of the variation values were adjusted by coefficient of
determination. In Figure S1b, NaN represents the only three sites for ephemeral plants in hyperarid
regions, so it is not operable by variation partitioning.
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