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ABSTRACT

The responses of ecosystem nitrogen (N) and phosphorus (P) to drought are an important component of global
change studies. However, previous studies were more often based on site-specific experiments, introducing a sig-
nificant uncertainty to synthesis and site comparisons. We investigated the responses of vegetation and soil nutri-
ents to drought using a network experiment of temperate grasslands in Northern China. Drought treatment (66%
reduction in growing season precipitation) was imposed by erecting rainout shelters, respectively, at the driest,
intermediate, and wettest sites. We found that vegetation nutrient concentrations increased but soil nutrient con-
centrations decreased along the aridity gradient. Differential responses were observed under experimental
drought among the three grassland sites. Specifically, the experimental drought did not change vegetation and
soil nutrient status at the driest site, while strongly reduced vegetation but increased soil nutrient concentrations
at the site with intermediate precipitation. On the contrary, experimental drought increased vegetation N concen-
trations but did not change vegetation P and soil nutrient concentrations at the wettest site. In general, the differ-
ential effects of drought on ecosystem nutrients were observed between manipulative and observational
experiments as well as between sites. Our research findings suggest that conducting large-scale, consistent, and
controlled network experiments is essential to accurately evaluate the effects of global climate change on terrestrial
ecosystem bio-geochemistry.
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1 Introduction

The direct and indirect effects of global climate change on Earth’s primary biogeochemical cycles
represent a crucial aspect of environmental change research [1]. Nitrogen (N) and phosphorus (P) are the
key essential nutrients that play a critical role in regulating plant growth, maintenance, and reproduction
within terrestrial ecosystems [2–4]. Plant N is an essential component of many macromolecules, including
proteins and nucleic acids [2,5]. Plant P is a vital component of genetic processing, energy storage, and
membrane structure [2,6]. Identifying their changes in the ecosystem to climate change therefore has
significant implications for the stability of ecosystem structure and functions [5,7–9].

Precipitation is an important driver of biogeochemical cycles in many terrestrial and grassland
ecosystems [10–12]. Therefore, the prolonged drought periods projected to intensify and become more
severe in numerous regions worldwide by the century’s end, as a result of climate change [13], have
significantly reshaped the dynamics of ecosystem nutrients, thereby impacting their processes and
functions [5,14–16]. Reduction in soil moisture can depress plant growth, maintenance, and reproduction
by reducing nutrient acquisition [6,14]. The acquisition of inorganic nutrients by roots from soils depends
on soil nutrient availability, but also on the ability and physiological efficiency of nutrient uptake and
translocation systems [6,17]. Drought can decrease microbial activity and the mobilization or
immobilization of nutrients, thereby the nutrient availability for vegetation [18,19]. Drought-induced soil
moisture reduction can have a detrimental impact on the mass flow or diffusion of nutrients, limiting
nutrient transport from roots to shoots and subsequently affecting nutrient uptake [17,20]. A reduction in
vegetation nutrient uptake without dependence on soil nutrient mineralization may then result in soil
nutrient accumulation [20]. Despite increased soil nutrient availability, plants are unable to absorb these
nutrients due to limited water availability [11,21].

Experimental precipitation manipulations have been identified as a way to explore the responses and
adaptation of ecosystems to drought [5,14]. The growing number of these field manipulative experiments
has significantly enhanced our understanding of the plastic responses of ecosystem nutrient cycles to
short-term precipitation changes [6,22–24]. Regrettably, manipulative drought experiments are typically
conducted at a single location within limited time and space constraints. It remains uncertain whether the
observed responses can be generalized to broader temporal and spatial scales [4,25,26]. Currently, there is
a significant gap in our understanding of how local mechanisms influencing ecological responses to
climate change can be extrapolated to a regional level [5]. This is one of many challenges ecologists face
when moving beyond the scale on which most climate change experiments are conducted (i.e., the plot
scale) [6]. Natural precipitation gradient provides the opportunity to study adjustments and adaptations of
ecosystem nutrient cycles to long-term drought trends [23,27]; however, these experiments offer limited
insights into the underlying mechanisms and may be influenced by additional covariate variables [22–24].
Combining manipulative control experiments with gradient observation studies would be valuable in
identifying the key responses to water availability reduction and understanding how processes transition
from short-term to long-term scales [6,28–30].

To examine the in situ responses of ecosystem nutrient dynamics to experimental drought, we have
carried out coordinated and comparative drought experiments, respectively, at the driest (170 mm per
year, close to desert and shrubland ecosystem), intermediate (334 mm per year), and wettest (400 mm per
year, closed to forest ecosystem) grassland sites in Northern China. The wettest site received over twice
the amount of precipitation as the driest site. We hypothesized that i) vegetation and soil nutrient
concentrations would reduce with increased drought in the manipulative experiment and would be lower
in the drier site than the wetter site in the gradient experiment, but ii) the magnitude of the response
would differ between the two approaches [29,31] and among the three grassland sites in the manipulative
experiment [26,32].
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2 Materials and Methods

2.1 Site Descriptions
We, respectively, selected the driest, intermediate, and wettest sites in the temperate grasslands of

Northern China to conduct the manipulative drought experiment (Fig. S1). This temperate grassland is a
significant community within the Eurasian steppe region, known as the most extensive grassland area
globally [33]. While the region features a continental climate throughout, there is a precipitation gradient
that increases from west to east, varying from around 150 mm in the western desert steppe to
approximately 400 mm in the eastern meadow steppe, as evidenced by long-term data collection [5,21].
Productivity reaches its annual peak in the middle of August due to the high availability of soil water. All
three sites feature calcic-orthic aridisols as per the US soil taxonomy classification and are categorized as
chestnut soils in the Chinese soil classification system.

The driest site, close to the desert and shrublands, was located on the western edge of the temperate
grassland distribution. This particular ecosystem represents the driest habitat within our surveyed
temperate grasslands, receiving an annual precipitation of around 170 mm, with a significant portion
occurring during the growing season. The experimental plots were situated in an area where grazing was
restricted. The plant composition was predominantly characterized by the perennial bunchgrass Stipa
breviflora, along with Allium mongolicum and Peganum harmala, collectively contributing to over 90%
of the total canopy cover in this habitat. The medium precipitation site was located in the middle of our
studied temperature grasslands, where the mean annual precipitation is 334 mm per year, with 90% of the
precipitation distributed from May to October. The research site has been enclosed with fencing to
prohibit all livestock grazing activities since 1983. The prevailing climatic conditions have fostered a
plant community primarily characterized by the dominant perennial rhizome grass Leymus chinensis,
alongside several perennial bunchgrasses such as S. grandis, Achnatherum sibiricum, and Potentilla
tanacetifolia, collectively contributing to over 85% of the total plant canopy cover in this habitat. The
wettest site, close to the forest ecosystem, was located on the eastern edge of the temperate grassland
distribution. This ecosystem is considered the wettest habitat in our studied temperate grasslands and
receives approximately 400 mm of precipitation annually, much of which falls during the growing season.
The temperate ecosystem at this station was historically heavily grazed by sheep and cattle. However, for
the past 30 years, livestock grazing has been prohibited at the site. The landscape is now characterized by
a dominance of perennial rhizome grass L. chinensis, along with Pulsatilla turczaninovii, Iris ventricosa,
and Artemisia laciniata, collectively contributing to over 70% of the total plant canopy cover in this habitat.

2.2 Experimental Treatments
A significant reduction in the precipitation during the growing season (−66% of the ambient) occurred in

2015 and 2016. This is about 50% reduction of total annual precipitation.

At each site, we established replicate 6 m × 6 m experimental plots (n = 6 control and drought treatment)
in a relatively homogeneous area. At each site, all experimental plots were positioned more than 2 m apart,
with a separation of 1 m, and enclosed by a 6 mil plastic barrier to isolate them hydrologically from
neighboring plots. The 6 m × 6 m plot size included an external buffer of 1 m to minimize the edge effects.

We passively manipulated the precipitation reaching the plots via a version of rainout shelters of
transparent polyethylene [34]. The rain shelters had small effects on the light environment and permitted
>90% of photosynthetically active radiation [6,26,34].

The steel frame comprised four corner posts securely anchored in the soil to a depth of 1 m. The roof was
sloped at a 15° angle towards the plot’s edge, forming a central peak 6 m long, flanked by two lower edges of
the same length equipped with gutters to channel rainwater away from the plots. The rainout shelters were
elevated 2 m above the ground surface and the peaked roof allowed for quick drainage of the ambient
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precipitation. The rain shelters were not closed to the ground to reduce unwanted influences of the
experiments on wind and temperature. The soil moisture content was significantly decreased due to the
imposed drought (Fig. S2).

2.3 Sampling and Measurements
In August 2016, we placed four subquadrats (50 cm × 50 cm) within a primary quadrat (1 m × 1 m) in

each plot. We randomly sampled the plant foliar of the dominant species as well as the topsoil (0–10 cm)
within two diagonally arranged subquadrats.

In the manipulative experiment, the foliar samples were pooled by species and plot. Plant and soil
samples are ground to a fine powder (Retsch MM 400, Retsch GmbH and Co KG, Haan, Germany). We
determined plant and soil N concentrations using an elemental analyzer. The plant and soil samples
underwent acid digestion using a mixture of acids in a microwave oven. This process allowed the sample
to dissolve into a clear solution. Plant and soil (available) P concentrations were then colorimetrically
analyzed using the ammonium molybdate-vanadate reagent.

2.4 Data Analyses
The nutrient concentrations of vegetation were determined by calculating the mean values of all the

dominant species selected in each plot. We employed linear mixed models to examine the impact of
drought on vegetation and soil nutrient levels. The models incorporated drought treatment (control,
drought), site, and their interaction as fixed factors, with species nested within a block considered as a
random effect. We conducted pairwise comparisons between control and drought treatments within each
site. Here, we used drought treatment as a fixed factor and species nested within a block as a random
factor. We conducted comparisons of vegetation and soil nutrient concentrations across the three sites
using one-way ANOVAs, followed by Duncan’s Test for post-hoc analysis of multiple comparisons.

We tested all data for homogeneity of variance and normality of distribution. Since all data met model
assumptions, untransformed data were utilized for statistical analysis. We performed all the statistical
analyses in the nlme package of R 3.2.4 (R Foundation for Statistical Computing, Vienna, Austria).

3 Results

The manipulative experiment showed that, when all data were combined in three sites, vegetation N
concentration did not change and vegetation P concentration was significantly reduced, while soil total N
and available P concentrations did not show any variations under drought treatment (p < 0.001, Fig. 1).
Differently, the gradient experiment showed that the vegetation N and P concentrations were higher and
soil total N and available P concentrations were lower at the drier versus wetter site (p < 0.05, Figs. 2 and 3).

Significant interactive effects of drought treatment and site on vegetation nitrogen (N) and phosphorus
(P) concentrations were observed (p < 0.05), indicating that the effects of experimental drought on vegetation
N and P concentrations varied between sites (Table 1). Experimental drought did not change the N and P
concentrations of vegetation in the driest site and significantly reduced the N and P concentrations in the
site with intermediate precipitation (Fig. 2). Experimental drought increased the vegetation N
concentration from 16 to 21 mg g−1 (p < 0.001) but did not influence the P concentration at the wettest
site (Fig. 2).

The interactive effects of drought treatment and site on soil total N and available P concentrations were
significant (p < 0.05), indicating that the responses of soil total N and available P concentrations to
experimental drought varied among sites (Table 1). Soil total N and available P concentrations did not
significantly change during drought at the driest and wettest sites, while the total N and available P
concentrations significantly increased (p < 0.05) under drought treatment at the site with intermediate
precipitation (Fig. 3).
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Figure 1: Responses of vegetation and soil nutrients (foliar N and P concentrations and soil total N and
available P concentrations) to experimental drought in grasslands. The error bars represent the standard
errors of the mean. The significant p-value (p < 0.05) is shown

Figure 2: The mixed model analysis of variance results for vegetation nitrogen (N) and phosphorus (P)
concentrations at each grassland site in Northern China. Lowercase letters denote significant differences
among the sites. The error bars represent the standard errors of the mean. A significant p-value (p < 0.05)
is shown
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4 Discussion

We assessed the responses of vegetation and soil nutrient status to a crossed design of a natural aridity
gradient and an experimental drought treatment. In the observational experiment, we observed an increase in
vegetation nitrogen (N) and phosphorus (P) contents, whereas soil N and P contents decreased as aridity
levels increased from the wettest to the driest grassland sites. In contrast, in the manipulative experiment,
we noted a decrease in vegetation N and P, while soil N and P contents increased with drought conditions
at the grassland site with intermediate aridity. This suggests that the impacts of drought on ecosystem
nutrient cycles were different between manipulative and observational experiments, which are consistent
with our hypotheses and some previous studies [6,24,29]. These differences between long-term (gradient
observation) and short-term (manipulative experiments) studies can result from the changes in the relative
contributions of variations within vs. among species on ecosystem nutrient composition in the context of
climatic drought [35]. In observational studies along the natural gradient, changes in ecosystem
biogeochemistry reflect processes linked to the effect of resilience and marked responses to long-term
drought changes. Over an extended period, the ecosystem has undergone evolution, leading to the
introduction of new species and the decline of resident species across various sites along the aridity

Figure 3: The mixed model analysis of variance results for soil total N and available P concentrations for
each grassland site with different precipitation levels in temperate grasslands of Northern China. Lowercase
letters signify significant differences among the respective sites. The bars indicate the standard errors of the
mean. The significant p-value (p < 0.05) is shown

Table 1: Results from the mixed model analysis of variance for vegetation and soil nutrient levels (foliar N
and P concentrations, soil total N, and available P concentrations) in temperate grasslands of Northern China
are presented. The p-values are displayed, with statistically significant values (p < 0.05); n = 6

Vegetation N Vegetation P Soil N Soil P

Treatment 0.643 0.021 0.715 0.139

Site <0.001 <0.001 <0.001 <0.001

Treatment × Site 0.002 0.049 0.039 0.043
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gradient [21,24]. In this phase, shifts in ecosystem nutrient composition provide information on what
organisms must change in organisms to optimize their structure and functions to live under contrasting
precipitation conditions. However, nutrient variations within species play a more marked role in the
resistance and stability of ecosystem nutrient dynamics to short-term drought changes in experimental
studies [24,29]. The ecosystem community evolves over a short period, with significant changes in the
abundance of resident species, but little in species composition. In this phase, changes in ecosystem
nutrient composition provide evidence of how ecosystems cope with drought when they are displaced
from their optimum.

In line with our hypotheses, differential directions and magnitudes of the nutritional responses of
the ecosystem to experimental drought were observed among temperate grasslands in Northern China [5].
The concentrations of nutrients in the soil and vegetation exhibited remarkable stability even under the
conditions of experimental drought at the driest site, implying that the ecosystem had developed adaptive
mechanisms to cope with prolonged dry spells, thereby maintaining a delicate balance in nutrient levels
within the ecosystem (Figs. 2 and 3). The greater resistance to drought at the driest site can be explained
by the ‘previous exposure’ hypothesis [36], which suggests that The ecosystem’s resilience to climate
change is influenced by its past climatic history and ecosystems frequently exposed to climate extremes
may exhibit greater resistance to similar future extremes [16,37,38]. In this region, the ecosystem has a
long history of drought because periodic drought occurs regularly during the growing season. Therefore,
its species may be better adapted to cope with drought than other wetter habitats [18,39,40]. The
enhanced resilience to drought in the arid ecosystem can also be attributed to the ‘functional composition’
hypothesis, which suggests that stress-tolerant traits of organisms play a crucial role in shaping their
responses to climate change and other environmental stressors [18,36,41]. Plant species serve as an
example; to adapt to water stress, they have evolved sets of functional traits such as slow growth rates,
high nutrient concentrations, long tissue lifespans, and high root-to-shoot ratios in this drought-
susceptible habitat [42,43].

Vegetation and soil nutrient concentrations changed the most with experimental drought at the site with
intermediate precipitation, suggesting the least resistance to drought. Consistent with this result, Paruelo et al.
demonstrated that grasslands with moderate precipitation levels exhibited the highest sensitivity to changes
in precipitation [44]. There are two potential reasons for this interesting pattern. First, the habitat with
intermediate precipitation neither has abundant soil water for organism growth as the wettest habitat nor
has stress-tolerant organisms capable of withstanding strong environmental variation as the driest habitat
[15]. Second, drought reduced microbial and vegetational nutrient uptake more strongly than microbial
activity and litter decomposition rate, leading to an increase in a higher nutrient pool in soils at this site
[11,15]. The elevated soil nutrient accumulation observed in this context could heighten the risk of
nutrient loss through leaching or erosion, leading to short- to medium-term nutrient depletion [20].

5 Conclusions

Our findings carry several significant implications that must be taken into account for predicting the
extent of ecological responses to anticipated climate disturbances. Firstly, both experimental and gradient
methods yielded varying responses of ecosystem nutrients to heightened aridity. Experimental studies
offer valuable insights into the immediate and medium-term responses of ecosystem nutrients to
environmental shifts. In contrast, gradient observational studies unveil the anticipated long-term responses
in ecosystem biogeochemistry. Secondly, there is considerable variation in the nutritional reactions of
ecosystems to drought across sites experiencing differing water conditions within the biome. The
inconsistency among sites highlighted that site-specific mechanisms that elucidate ecological responses to
climate change may not directly translate at a regional level. This underscores the need for coordinated
multisite studies with controlled driver magnitudes. Finally, the intricate nutritional responses of
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ecosystems to projected climate shifts underline the necessity for future experiments to enhance our
comprehension of ecosystem dynamics within the grassland biome.
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Supplementary Materials

Figure S1: (A) Large rainout shelters were established at three grassland sites in Northern China. During the
growing season (May–Aug.) 66% of incoming precipitation is passively reduced by these shelters. The
drought treatment reduced aboveground net primary production across six sites, including wettest (B),
intermediate (C), and driest steppe (D)
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Figure S2: Seasonal dynamics of soil moisture at 10-cm depth in control and drought plots at three sites
along an aridity gradient in Northern China
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