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There is mounting evidence from experimental studies that drought and nutrient 
enrichment can interact to impact the biodiversity and productivity of terrestrial eco-
systems. Whether such interactive effect influences plant diversity and the temporal 
stability of community productivity of natural ecosystems is unknown. To fill this 
knowledge gap, we combined a field survey of plant diversity and soil conditions with 
remote sensing temporal estimates of primary productivity in grasslands along a natu-
ral gradient in northern China. We found that aridity and soil ammonium (NH4

+-N) 
interacted to influence temporal stability of NDVI. That is, the relationship between 
ammonium and temporal stability of NDVI shifted from positive to negative due to 
increased standard deviation of NDVI with increasing aridity. Species richness was 
not related to temporal stability because it influenced the mean and standard devia-
tion of NDVI proportionally. As a result, soil fertility outweighed the contribution of 
species richness to temporal stability. Our study demonstrates the synergistic effect of 
aridity and soil fertility, but not species richness, on temporal stability along a large 
natural gradient. Predicting how environmental drivers affect diversity and the stable 
provisioning of ecosystem services in real-world ecosystems therefore requires a better 
understanding of the complex interactions among environmental drivers.

Keywords: aridity, global changes, interactive effects, NDVI, soil fertility, species 
richness, temporal stability

Introduction

Global environmental changes induced by human activities are reducing the diver-
sity and stability of grassland ecosystems (Cardinale et al. 2012, Hautier et al. 2015). 
Previous studies focusing on the temporal stability of primary productivity have estab-
lished that global changes can impact grassland stability directly but also indirectly by 
changing plant diversity or by changing the diversity–stability relationship (Hautier 
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and Van der Plas 2022). Importantly, global environmental 
changes may interact to affect the diversity and functioning of 
ecosystems (Ren et al. 2017, Yahdjian et al. 2011). However, 
our current knowledge about the impact of interactive global 
changes on grassland diversity and stability is mostly derived 
from experimental studies (Bai et al. 2008, Adair et al. 2009, 
Ren et al. 2017, Ma et al. 2020). Whether aridity and soil 
nutrients interact to influence plant diversity and the tempo-
ral stability of community productivity of natural ecosystems 
is not well established (Hu et al. 2018).

Aridity, defined as the ratio of precipitation and poten-
tial evapotranspiration, is a major abiotic driver of ecosystem 
structure and functioning in global drylands (Maestre et al. 
2016). Increased aridity predicted by the end of this cen-
tury will increase the total area of drylands covering half of 
the land surface globally. These changes will lead to reduced 
carbon sequestration and enhanced regional warming, 
which will exacerbate land degradation and desertification 
(Huang  et  al. 2016). Aridity can decrease plant productiv-
ity as plants change their traits to adapt to water shortage 
at the expense of raw photosynthesis (Berdugo et al. 2020). 
Extreme aridity can decrease plant cover and richness aris-
ing from either changes in community composition (e.g. 
fast-growing, resource acquisitive species being replaced by 
stress-tolerant, slow-growing species), an increase in fungal 
diseases (Berdugo et al. 2020), or a reduction in the cover of 
the dominant species (Evans et al. 2011).

Changes in plant productivity, cover and richness in 
response to aridity may impact the temporal stability of com-
munity productivity. Temporal stability of productivity is 
defined here as the inverse of the coefficient of variation (i.e. 
the temporal mean of productivity divided by its temporal 
standard deviation), which is a commonly used metric to 
measure stability (Tilman 1999, Lehman and Tilman 2000). 
Therefore, temporal stability can be increased by increasing 
the mean more than the standard deviation, or by decreas-
ing the standard deviation more than the mean. For example, 
increased precipitation (i.e. decreased aridity) can increase the 
temporal stability of productivity without changing species 
richness, by increasing species richness (Hallett et al. 2014), 
or by increasing the temporal mean of productivity regulated 
by species richness (Chi et al. 2019). Additionally, changes 
in species richness and productivity induced by changes in 
precipitation may not impact the temporal stability of pro-
ductivity (Ma et al. 2017).

Nutrient enrichment is another major driver of biodi-
versity and community temporal stability. Human activities 
produce approximately as much reactive nitrogen as natu-
ral processes and the global human contributions to reac-
tive nitrogen flows is predicted to increase by 64% between 
1999 and 2050 (Duraiappah et al. 2005). Nitrogen addition 
usually reduces the temporal stability of primary productiv-
ity (Hautier et al. 2014, Zhang et al. 2019, Hautier et al. 
2020). This can be through a reduction of the positive 
effect of plant diversity on stability (Hautier et al. 2014), or 
independent of changes in plant diversity (Liu et al. 2019, 
Huang et al. 2020).

Different type of nitrogen, including ammonium 
(NH4

+-N) and nitrate (NO3
−-N), can have different impacts 

on diversity and ecosystem functioning (Boudsocq  et  al. 
2012, Midolo  et  al. 2019, Ren  et  al. 2021). For example, 
ammonium may result in greater loss of plant diversity 
compared to nitrate because ammonium tends to cause soil 
acidification and disadvantage the acid sensitive species (van 
den Berg et al. 2008, Midolo et al. 2019). This could lead to 
reduced positive diversity contribution to stability. Nitrate is 
more mobile than ammonium and subject to leaching and 
denitrification. Soils with high amount of ammonium rela-
tive to nitrate may exhibit higher primary productivity and 
stability (Boudsocq et al. 2009).

Soil organic carbon may also influence biodiversity and 
ecosystem functioning. Soil organic carbon may positively 
relate to community productivity and temporal stability by 
increasing the mean productivity more than the standard 
deviation. For example, the addition of organic carbon can 
increase community temporal stability by increasing the bio-
mass of sedges (Zhang  et  al. 2020a). Gilbert  et  al. (2020) 
showed that soil conditions especially with high soil organic 
matter increased stability by increasing the mean aboveg-
round community biomass.

Aridity can also impact ecosystem functioning via co-lim-
itation with nutrient enrichment. Experimental studies have 
shown that precipitation and nitrogen can co-limit produc-
tivity (Ren et al. 2017). Nitrogen addition can improve the 
positive relationship between precipitation and productivity 
(Ma  et  al. 2017, Yu  et  al. 2021), or increase rain-use effi-
ciency (the ratio of aboveground net primary production to 
precipitation) (Bai et al. 2008). A meta-analysis across arid to 
subhumid ecosystems showed that both water and nitrogen 
availability limit primary production with frequency of nitro-
gen limitation increasing and frequency of water limitation 
decreasing as annual precipitation increases (Yahdjian et al. 
2011). Based on water or/and nutrient manipulation experi-
ments, nitrogen addition was found to generally decrease the 
stability of community productivity in both wet and arid 
grasslands (Wang et al. 2017). However, in semi-arid grass-
lands, this negative effect may be offset by the increase in 
precipitation (Xu et al. 2015). Therefore, the negative effect 
of nitrogen on temporal stability may be inferred to be stron-
ger in arid conditions. Current evidence about how aridity, 
nutrient enrichment and their interaction impact diversity 
and community temporal stability has mostly emerged from 
manipulated experiments (Xu et al. 2015, Wang et al. 2017). 
Whether and how natural aridity gradient and soil fertility 
impact plant diversity and temporal stability of community 
productivity remain unclear (Hu et al. 2018).

Moreover, studies related to the effects of aridity or/and 
soil fertility on community stability have focused on rela-
tively small spatial scales with limited environmental hetero-
geneity (Xu et al. 2015, Ma et al. 2017, Huang et al. 2020). 
Due to the capacity of remote sensing observations to capture 
global land surface changes with daily to monthly interval 
at a spatial resolution between decimeters and 500 m, they 
can provide suitable spatial and temporal monitoring data. 

 16000706, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.10086 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2023]. 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



Page 3 of 13

Recently, remote sensing observations, complemented with 
field measurements, have become more widely used to assess 
the influence of biodiversity on ecosystem functioning across 
climate gradients (van Rooijen et al. 2015, Oehri et al. 2017, 
García-Palacios et al. 2018, Chen et al. 2021). For example, 
García-Palacios et al. (2018) reported a strong climate depen-
dency of the biodiversity–ecosystem stability relationship 
across the global aridity gradient, with diversity of leaf traits 
driving ecosystem stability at low aridity levels and species 
richness playing a greater stabilizing role at high aridity levels. 
Based on time-series of remotely sensed ecosystem productiv-
ity, van Rooijen et al. (2015) showed that the negative effect 
of drought on productivity was stronger with a higher species 
richness, indicating a stabilizing role of plant species diver-
sity on biomass production through time. However, whether 
aridity and soil fertility (e.g. nitrogen, carbon and phospho-
rus) influence temporal stability by influencing species rich-
ness, and whether the interactive effects of aridity and soil 
fertility influence temporal stability was not considered in 
these studies. More research is needed to explore the role of 
aridity gradient and soil fertility in influencing temporal sta-
bility of plant community productivity at larger scales.

In this study, we constructed a field survey of plant diver-
sity and soil conditions combined with remote sensing esti-
mates of primary productivity in grasslands along an aridity/
soil fertility gradient in northern China. We explore the 
influence of aridity, soil fertility and their interactive effects 

on plant diversity and temporal stability of plant productiv-
ity in the real-world ranges of environmental conditions. 
Specifically, we hypothesize that along the aridity/soil fer-
tility gradient: 1) plant diversity and temporal stability of 
productivity decrease with increased aridity and soil fertility 
because of water limitation and nutrient enrichment; 2) arid-
ity and soil fertility influences temporal stability directly and 
indirectly by influencing species richness, mean or standard 
deviation of productivity; 3) the reduction in temporal stabil-
ity of productivity with soil fertility is stronger at high aridity 
(interaction).

Material and methods

Study sites and sampling

We surveyed 30 grassland sites during the peak growing sea-
son (July–August) in 2020 in northern China, at elevations 
ranging from 134 to 2894 m a.s.l., mean annual tempera-
tures between 0.8 to 9.2°C, and precipitation ranging from 
30 to 453 mm from 1970 to 2000 (Fick and Hijmans 2017) 
(Fig. 1). The 30 sites represent a strong gradient in aridity 
and soil fertility (Supporting information). Vegetation at our 
sites represents three main types of grassland ecosystems, i.e. 
mesic meadow steppe, semi-arid typical steppe and xeric des-
ert steppe (DAHV and GSAHV 1996). Specifically, desert 

Figure 1. Locations of the 30 sampling sites in grasslands of northern China. The inset at the bottom right shows the spread of mean annual 
temperature (x-axis) and mean annual precipitation (y-axis) spanned by these sites.
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steppe is characterized with short xerophytic species (mainly 
short shrubs and semi-shrubs), sparse cover and poor spe-
cies richness. Vegetation in typical steppe (mainly xerophytic 
tufted perennial grasses) have a higher height, cover and 
diversity than that in the desert steppe. Plants in meadow 
steppe (mainly rhizomatous and tufted perennial grasses) are 
much taller with highest coverage and biodiversity (DAHV 
and GSAHV 1996, Hu et al. 2018).

At each site, a 20 × 20 m plot was established and three 
subplots of 5 × 5 m were randomly selected from the four 
corners of the plot. Then four quadrats of 1 × 1 m each in 
size were selected at the four corners of each of the three sub-
plots, for a total of twelve 1 × 1 m quadrats for the 20 × 20 
m plot at each site. We recorded the latitude and longitude 
information at about the center of each plot. We recorded 
species richness in each quadrat and used the total number of 
the species found in these twelve quadrats as the species rich-
ness for this site. We also calculated Shannon diversity and 
Simpson diversity for each site using Hill numbers with the 
hill_taxa function in the ‘hillR’ package (Chao et al. 2014). 
The sum of the biomass for each species across quadrats at 
each site was collected as a proxy of species abundance for 
Shannon and Simpson diversity calculation. Shannon diver-
sity and Simpson diversity are highly correlated to species 
richness (Supporting information), and the relationships 
between Shannon diversity or Simpson diversity and tempo-
ral stability, mean of NDVI or standard deviation of NDVI 
are similar to that of species richness (Fig. 2d–f, Supporting 
information). Therefore, we used species richness as the single 
proxy for species diversity in our models in the main text. In 
each subplot, five soil cores (5 cm in diameter and 10 cm in 
depth) were collected, resulting in a total of 15 soil samples 
at each site. All soil cores of the same site were combined and 
analyzed at the laboratory for their pH, soil moisture (H2O), 
soil organic carbon (SOC), nitrate nitrogen (NO3

−-N; mg 
kg–1), ammonium nitrogen (NH4

+-N; mg kg–1) and avail-
able phosphorus (AP; mg kg–1). pH was measured using a 
pH analyzer (PHS-3C pH meter, China) at the supernatant 
of a 1:5 dry soil-to-water mixture. NH4

+-N and NO3
−-N 

were measured using flow injection analysis with an AA3 
Continuous Flow Analyzer (Seal Analytical, Germany). AP 
was measured with an ultraviolet-visible spectrophotometer 
(UV-754 N, APL, Shanghai, China). SOC was measured by 
potassium dichromate heating method with an automatic 
titrator (Brand Titrette, Germany).

Satellite-based temporal stability

We used the Normalized difference vegetation index (NDVI) 
derived from the red: near-infrared reflectance ratio (reflected 
by the vegetation and captured by the sensor of the satellite) 
as an approximation of plant aboveground biomass produc-
tion (Pettorelli  et  al. 2005). We used data from the USGS 
Landsat satellite mission, which provides global observations 
continuously since the 1970s with a spatial resolution of 30 
m (Cohen and Goward 2004). We used NDVI from the 30 
× 30 m pixel to represent the productivity of the 20 × 20 

m field survey plot. In order to reduce the spatial mismatch 
of the inconsistent area, we tried to select the field plots in 
a homogeneous grassland and extracted the NDVI data at 
each site according to its latitude and longitude information 
(Chen et al. 2021). NDVI data between 2013 and 2020 for 
each site were extracted from two Landsat missions (7 and 
8) and Landsat Tier 1 surface reflectance (SR) products to 
evaluate time-series dynamics of plant productivity over the 
8-year period. We obtained NDVI values from Google Earth 
Engine (Gorelick et al. 2017) as follows: 1) pixels flagged as 
cloud, snow or shadow in the per pixel quality assessment 
(QA) layer were masked in the individual images; 2) NDVI 
was computed for each image in the Landsat 7 and Landsat 
8 collection; 3) a harmonic curve was fitted for pixels in the 
NDVI across years to filter outliers and fill the missing data 
resulting for example from cloud cover (Shumway and Stoffer 
2000) (Supporting information). The harmonic model is as 
follows:

p t Acos t et t� � � �� � �� � �� �0 1 2

where pt is a scalar pixel at time t, et is a random error, A is 
amplitude, ω is frequency, and φ is phase.

We used NDVIratio method to determine the start (SOS), 
end (EOS), and length of the growing season from remote 
sensing data of each year as follows (White et al. 1997):

NDVI NDVI NDVI
NDVI NDVIratio

min

max min
� �

�

SOS and EOS were defined as the first day of the year at 
which NDVI first exceeded and fell below the mean of its 
annual minimum (NDVImin) and maximum value (NDVImax), 
respectively (Oehri et al. 2017). The average NDVI in SOS 
and EOS time span was estimated and used as the proxy of 
primary productivity of the year. We calculated temporal sta-
bility as the inverse of coefficient of variation, i.e. the ratio of 
the annual mean NDVI from 2013 to 2020 (mean NDVI) to 
the standard deviation of the annual NDVI (SD NDVI) over 
this period (Lehman and Tilman 2000).

Topography and climate

For each site, we recorded altitude, longitude and latitude. We 
also collected monthly air temperature and precipitation data 
from 2013 to 2020 (except 2018 and 2019) from meteoro-
logical stations (China Meteorological Data Service Center; 
http://data.cma.cn/). Potential evapotranspiration was esti-
mated based on the Thornthwaite evapotranspiration equa-
tion (Thornthwaite 1948) using the thornthwaite function in 
the ‘SPEI’ package in R (www.r-project.org, Beguería et al. 
2017). We calculated the aridity index (AI) of a year as annual 
precipitation/potential evapotranspiration and calculated the 
average value of aridity across years. For the ease of interpre-
tation, we used 1-AI to represent the aridity level with higher 
values for drier conditions (Delgado-Baquerizo et al. 2013b).

 16000706, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.10086 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2023]. 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



Page 5 of 13

Statistical analyses

We used Pearson correlation coefficient and principal compo-
nent analysis (PCA) to test the collinearity among abiotic vari-
ables (Supporting information). We removed mean annual 
temperature (MAT) and mean annual precipitation (MAP) 
in the following analyses as they were highly correlated with 
aridity (r = 0.80 and −0.98 respectively; Supporting informa-
tion). We fitted linear model regressions to assess the effect of 
aridity on temporal stability, mean and SD of NDVI, species 
richness and soil factors. We fitted linear model regressions 

to assess the effect of species richness and soil factors on tem-
poral stability, mean or SD of NDVI, respectively. We also 
considered the effect of interaction between aridity and soil 
fertility (i.e. soil organic carbon, nitrate nitrogen, ammo-
nium nitrogen and available phosphorus) on species richness, 
temporal stability, mean or SD of NDVI, respectively.

To avoid spurious interactions on temporal stability due 
to correlated explanatory variables and unmodelled non-
linear relationships in our observational study, we included 
nonlinear relationships by fitting generalized additive mod-
els that allow for smooth nonlinear relationships following 
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Figure 2. The influence of (a–c) aridity, (d–f ) species richness and (g–i) ammonium (NH4
+-N) on temporal stability, mean of NDVI and 

SD of NDVI respectively in all sites (n = 30). Temporal stability, mean and SD of NDVI, species richness and NH4
+-N were logarithm 

transformed.
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Duncan and Kefford (2021). Specifically, we fitted two gen-
eralized additive models (GAM) for the interactive effects 
between aridity (x1) and soil fertility (x2) on temporal sta-
bility. One model is in the form of y = β1x1 +β2x2 + β3x1x2 
specifying gaussian errors. The other one is in the form 
of y = s(x1) + s(x2) + β3x1x2, where s(x1) and s(x2) specified 
smooth terms for the relationships between the two pre-
dictors and the outcome variable, and β3x1x2 was a linear 
interaction term (Duncan and Kefford 2021). Note that 
we did not fit the third model proposed by Duncan and 
Kefford (2021) with a smooth nonlinear interaction in the 
GAM due to the limited number of observations. Given 
the strong correlation between aridity and species rich-
ness (r = −0.75; Supporting information), and aridity and 
ammonia (r = 0.70), we used variation partitioning analy-
sis (Borcard  et  al. 1992) to identify the confounding and 
separate variance in temporal stability explained by aridity, 
ammonia and their interactions and explained by aridity, 
ammonia, the interaction between aridity and ammonia, 
and species richness. We used the adjusted R2 to estimate 
the percentage of variation attributed to independent and 
joint fractions, which does not depend on the differences 
between the numbers of parameters used in the models 
(Peres-Neto  et  al. 2006). In addition, we used sensitiv-
ity analysis to reassess the effect estimates of ammonium, 
nitrate, species richness and aridity in all the different mod-
els with different predictor combinations and quantify if 
estimated effects are similar across models or if they depend 
on inclusion of other variables in the model.

Then we constructed a full model with temporal stabil-
ity, mean or SD of NDVI as response variables, and aridity, 
species richness and soil factors as predictors. We included 
altitude, longitude and latitude in the models to account for 
the spatial autocorrelation. Before the model selection, we 
used step-wise selection of geographical and soil factors using 
variance inflation factors (VIF) and removed collinear vari-
ables (VIF > 5.0; removing H2O, altitude and longitude). 
We considered the interactive effects between aridity and 
soil fertility (i.e. NO3

−-N, NH4
+-N, SOC and AP) which 

might colimit ecosystem functioning according to previ-
ous studies (Ren  et  al. 2017, García-Palacios  et  al. 2018). 
Finally, we performed a model selection procedure based on 
AICc selection on the full model to select the best predic-
tors (Buckland et al. 1997) using the glmulti function in the 
‘glmulti’ package in R (www.r-project.org, Calcagno and de 
Mazancourt 2010). All possible models were ranked by their 
AICc values and the importance value for each predictor in 
the average models was calculated. Before model selection, all 
independent and response variables were standardized using 
the Z-score to interpret model coefficients on a comparable 
scale. To improve normality, temporal stability, mean and SD 
of NDVI, species richness and soil factors were logarithm 
transformed before Z-score transformation.

Structural equation modelling (SEM) (Shipley 2016) was 
used to assess how aridity, soil fertility and their interactive 
effects influence temporal stability and its two components 
through species richness. We first constructed a priori model 

(Supporting information), then improved the model fit by 
eliminating non-significant predictors and obtained the final 
model. The goodness-of-fit test of the model was assessed 
by Fisher’s C and p-value. All analyses were conducted in R 
(www.r-project.org), using interact_plot function in ‘interac-
tions’ package for plotting two-way interactions with contin-
uous variables (Cohen et al. 2014, Long 2021), psem function 
in ‘piecewiseSEM’ package for SEM (Lefcheck 2016), and 
varpart function in ‘vegan’ package for variation partitioning 
analysis (Oksanen et al. 2007).

Results

Linear model regressions using a single explanatory vari-
able showed that, aridity was negatively related to the mean 
(Fig. 2b, Supporting information) and SD (Fig. 2c) of NDVI, 
but was not related to temporal stability (Fig. 2a). Species 
richness, NH4

+-N, H2O and SOC were positively related to 
mean (Fig. 2e, h, Supporting information) and SD (Fig. 2f, 
i, Supporting information) of NDVI, but were not related 
to temporal stability (Fig. 2d, g, Supporting information). 
pH and AP showed marginally positive relationship with 
the mean, but were not related to SD of NDVI or temporal 
stability (Supporting information). NO3

−-N was negatively 
related to the mean and SD of NDVI, but was not related to 
temporal stability (Supporting information).

The relationship of NH4
+-N with the SD of NDVI and 

temporal stability depended on aridity (Fig. 3a, c, Supporting 
information). SD of NDVI was negatively related to NH4

+-N 
at low aridity, but positively related to NH4

+-N at neutral or 
high aridity (Fig. 3c). There was no interactive effect between 
aridity and NH4

+-N on mean of NDVI (Fig. 3b). Therefore, 
temporal stability was positively related to NH4

+-N at low 
aridity, but negatively related to NH4

+-N at neutral or high 
aridity level (Fig. 3a). There was no interactive effect between 
aridity and NO3

−-N (Supporting information), or between 
aridity and AP (Supporting information) on temporal stabil-
ity, mean or SD of NDVI. The relationship of SOC with the 
SD of NDVI depended on aridity (Supporting information). 
SD of NDVI was negatively related to SOC at low aridity, 
but was marginally positively related to SOC at high arid-
ity. But there was no interactive effect between aridity and 
SOC on mean of NDVI or temporal stability (Supporting 
information).

The results of generalized additive models showed that 
the models including smooth nonlinear relationships of arid-
ity and soil fertility were very similar to the linear models. 
This indicates that the relationship of temporal stability with 
aridity and soil fertility are both essentially linear and thus 
likely to capture the interactive effect between aridity and 
soil fertility on temporal stability after excluding the non-
linear effects of aridity or soil fertility (Supporting informa-
tion). The results of variation partitioning analyses showed 
that aridity, NH4

+-N and their interaction explained 5.8, 
11.1 and 13.9% variance of temporal stability alone respec-
tively (Fig. 4a), among which the interaction explained the 
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largest variance of temporal stability. This was mainly attrib-
uted to the explained variance of the interaction of aridity 
and NH4

+-N on SD of NDVI (8.9%; Fig. 4b), rather than 
mean of NDVI (< 0.1%; Fig. 4c). The results of sensitivity 
analysis showed that the effect estimates of NH4

+-N changed 
in different models with different combinations with aridity 
(model 1c and model 2b, model 1c and model 3a, model 1c 
and model 3c, model 1c and model 4; Supporting informa-
tion), suggesting that the effect of NH4

+-N on temporal sta-
bility depended on aridity in the model.

Model selection showed that the interactive effect 
between aridity and NH4

+-N was the best predictor explain-
ing temporal stability (Fig. 5a). Aridity was the best predic-
tor explaining both the mean NDVI (Fig. 5b) and the SD of 
NDVI (Fig. 5c).

SEM showed that high NH4
+-N led to high temporal 

stability. Aridity influenced temporal stability by shifting 

the relationship between NH4
+-N and temporal stability 

(Supporting information) from positive to negative. Higher 
aridity was related to lower species richness. Higher SOC 
was related to higher species richness. Species richness was 
outweighed by the other factors, so it did not explain vari-
ance in mean or SD of NDVI thus temporal stability that 
could not be explained by the others. When considering the 
two components of temporal stability (i.e. mean and SD of 
NDVI) in SEM, aridity and soil fertility influenced tem-
poral stability through multiple ways (Fig. 6). First, higher 
aridity led to lower temporal stability by directly decreas-
ing mean of NDVI, but led to higher temporal stability by 
directly decreasing SD of NDVI. The approximately pro-
portional changes in mean and SD of NDVI resulted in 
no effect of aridity on temporal stability (Fig. 2a). Second, 
higher NO3

−-N led to higher temporal stability by decreas-
ing SD of NDVI. Third, higher NH4

+-N led to higher 
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Figure  3. Interaction plots depicting how the relationships between (a) ammonium (NH4
+-N) and temporal stability, (b) ammonium 

(NH4
+-N) and mean of NDVI, (c) ammonium (NH4

+-N) and SD of NDVI are altered with aridity in all sites (n = 30). High aridity is defined 
as being greater than the average value + standard deviation whereas the low aridity is lower than the average value − standard deviation.
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Figure 4. Variation partitioning analyses (adjusted R2) for multiple linear regressions represented by Venn diagrams. Shown are the percent-
age of variance in (a) temporal stability, (b) mean of NDVI and (c) SD of NDVI explained by aridity, ammonium (NH4

+-N) and their 
interaction (aridity* NH4

+-N) independently and jointly.
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temporal stability by decreasing SD of NDVI. The interac-
tion between aridity and NH4

+-N influenced temporal sta-
bility by changing SD of NDVI, with aridity strengthening 
the positive relationship between NH4

+-N and SD of NDVI 
at high aridity level. To further disentangle contributions 
from aridity, ammonia, the interaction between aridity 
and ammonia, and species richness on temporal stability, 
the variation partitioning analysis for the multiple lin-
ear regression showed that the interaction between aridity 
and NH4

+-N alone explained most of the variance (14.3%; 
Supporting information) of temporal stability compared 
to aridity (3.8%), NH4

+-N (11.6%) or species richness  
(< 0.1%) alone or jointly.

Discussion

In this study, we investigated the influence of aridity and its 
interaction with soil fertility on temporal stability of com-
munity productivity at a larger spatial scale along a natural 
gradient. Studies related to how global change drivers impact 
temporal stability of community productivity were usually 
based on manipulated experiments at a single site with lim-
ited variance in environmental conditions (Xu  et  al. 2015, 
Ma et al. 2017, Huang et al. 2020). Therefore, these studies 
were not able to assess how aridity and soil fertility impact 
community stability along natural gradients at a larger spa-
tial scale. Here, we combined remote-sensing based estimates 
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Figure 5. Importance values of species richness (SR), aridity, soil fertility, and interactive effects between aridity and soil fertility across the 
average models for (a) temporal stability, (b) mean and (c) SD of NDVI in all sites (n = 30). ***p < 0.001; **p < 0.01; *p < 0.05; .p < 0.1. 
NO3

−-N = nitrate nitrogen; NH4
+-N = ammonia nitrogen; SOC = soil organic carbon; SR = species richness, available phosphorus (AP).
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Figure 6. Structural equation models for the causal links among aridity, soil fertility and temporal stability of plant productivity and its two 
components in all sites (n = 30). Red and solid lines: significant negative; Black and solid lines: significant positive. Numbers on arrows are 
standardized path coefficients (scaled by their mean and standard deviation), and asterisks indicate statistical significance (***p < 0.001; **p < 
0.01; *p < 0.05; .p < 0.1). Percentages next to endogenous variables indicate the variance explained by the model (R2). Overall model: Fisher’s 
C = 22.489, p = 0.758, AIC = 56.489, d.f. = 28. NO3

−-N = nitrate nitrogen; NH4
+-N = ammonia nitrogen; SOC = soil organic carbon.
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of primary productivity with observed measures of biodiver-
sity in natural communities within their real-world ranges of 
environmental conditions. We demonstrated the interactive 
effects of aridity and ammonium (NH4

+-N) on temporal 
stability. The relationship between ammonium and tempo-
ral stability of NDVI shifted from positive to negative due 
to increased standard deviation of NDVI with increasing 
aridity. Species richness was not related to temporal stabil-
ity because it influenced the mean and standard deviation of 
NDVI proportionally, and soil fertility outweighed the effect 
of species richness in the SEM.

Productivity can both impact and respond to soil fertility. 
Previous studies have proposed a causality of productivity on 
soil fertility (Li et al. 2020), and of soil fertility on productiv-
ity (Chen et al. 2021). Here, we focused on how productivity 
changes as a function of soil fertility and aridity. Consistent 
with the study of Hu et al. (2021) in grasslands in northern 
China, aridity was negatively related to soil nutrient avail-
ability including soil organic carbon, ammonium (NH4

+-N) 
and available phosphorus. This may be because of reduced 
litter inputs and soil microbial activity under arid conditions 
(Hu  et  al. 2021). Inconsistent with the result of Hu  et  al. 
(2021), but consistent with results from many arid and semi-
arid ecosystems (Hook and Burke 1995, Erskine et al. 1996, 
Cookson et al. 2006), our results show that aridity was posi-
tively related to nitrate (NO3

−-N). The accumulated nitrate 
in arid conditions can happen due to several reasons. First, 
nitrate in the soil can increase because of the decrease in 
plant absorption with less root in aridity (Deng et al. 2021). 
Second, soil microorganisms like ammonia-oxidizing archaea 
may dominate and carry out nitrification due to their high 
resistance to water and nutrient stress conditions (Delgado-
Baquerizo et al. 2013a). Third, nitrate accumulation can arise 
from a decrease in soil microorganisms related to denitrifica-
tion and nitrogen emission (N2 or N2O) because of limited 
soil water availability (Dannenmann et al. 2008). Our results 
showed that nitrate is a strong predictor of temporal stabil-
ity (Fig. 5, Supporting information). Although plants prefer 
ammonium due to lower uptake energetic cost compared 
to nitrate (Salsac  et  al. 1987), ammonium can cause soil 
acidification and associated species loss (van den Berg et al. 
2008, Midolo et al. 2019). Nitrate addition may moderate 
soil acidification and species loss induced by ammonium, 
because plants release hydroxide through nitrate uptake (van 
den Berg et al. 2008). Plants prefer nitrate to balance the elec-
tric charge from cations such as potassium (K+) and calcium 
(Ca2+) (Boudsocq et al. 2012). Therefore, nitrate is likely to 
stabilize community productivity by decreasing standard 
deviation of productivity (Supporting information, Fig. 6).

Studies based on nitrogen addition experiments reported 
a negative impact of nitrogen on temporal stability of pro-
ductivity (Xu et al. 2015, Zhang et al. 2016, Hautier et al. 
2020, Huang  et  al. 2020). We found a negative relation-
ship of ammonium with temporal stability of productiv-
ity at high aridity, but the opposite pattern at low aridity 
(Fig. 3a). This was attributed to the positive effect of ammo-
nium on the standard deviation of NDVI at high aridity, but 

the opposite pattern at low aridity (Fig. 3c). Our findings 
at low aridity contrast with previous evidence showing the 
negative effect of nitrogen on temporal stability (Xu et  al. 
2015, Zhang et al. 2016, Hautier et al. 2020, Huang et al. 
2020). This suggests that manipulated experiments may not 
directly transpose to natural communities. One potential 
explanation is that the simulated gradients in experimen-
tal studies are much larger compared to the gradient found 
in our natural ecosystems. For example, nitrogen addition 
experiments in an alpine meadow (Huang et al. 2020) and 
a temperate grassland (Zhang et  al. 2016) span a range of 
nitrogen addition treatments between 0 and 15 g m−2 year−1, 
and 0 and 50 g m−2 year−1 respectively. It leads to maximally 
higher levels of soil ammonium (45.35 ± 6.2 mg kg–1 in the 
alpine meadow, Zhang et al. 2020b; 87.52 ± 17.0 mg kg–1 
in the temperate grassland, Li et al. 2020) and nitrate (17.63 
± 2.7 mg kg–1 in the alpine meadow, Zhang et al. 2020b; 
97.90 ± 33.6 mg kg–1 in the temperate grassland, Li et al. 
2020) in these experiments compared to those found in our 
natural gradient at low aridity (ammonium: 13.01 ± 1.27 
mg kg–1; nitrate: 13.43 ± 1.93 mg kg–1). Higher nitrogen 
especially higher ammonium is likely to lead to more spe-
cies loss and low temporal stability regardless of aridity. The 
relationship of ammonium with temporal stability of pro-
ductivity depending on aridity in our study may be because 
aridity changes plant–plant interactions as predicted by the 
stress-gradient hypothesis (Bertness and Callaway 1994). 
The stress-gradient hypothesis proposes that positive biotic 
interactions (i.e. facilitation) are unusually common forces 
in harsh environmental conditions (e.g. arid conditions) 
because primary space-holders frequently buffer neighbors 
from potentially limiting stresses (Bertness and Callaway 
1994, Armas  et  al. 2011). That is, at low aridity, species 
competition for nutrients is strong. For example, increased 
precipitation could increase competition between woody 
and herbaceous plants (Xu  et  al. 2015). Competition and 
species asynchrony may increase as ammonium increases, 
thereby leading to a decrease in temporal standard deviation 
of productivity. Consistent with a previous study conducted 
in Inner Mongolia grassland, the proportion of shrubs in the 
communities increases with aridity in our study (Supporting 
information). Shrubs can increase nutrient availability and 
have facilitative effects on their neighbor herbaceous veg-
etation (Segoli et al. 2012). We inferred that the facilitative 
effects of shrubs on herbaceous vegetation may increase at 
high aridity, and competition and species asynchrony may 
decrease as ammonium increases, thereby leading to a stron-
ger increase in temporal standard deviation of productivity.

Similar to previous studies (García-Palacios  et  al. 2018, 
Li  et  al. 2020), we found a marginally significant interac-
tion between aridity and species richness on mean of NDVI 
(Supporting information). This indicates that at high aridity 
(and low species richness), adding an additional species to the 
community is related to a higher increase in mean of NDVI 
compared to adding an additional species at low aridity (and 
high species richness). It may also support the stress-gradi-
ent hypothesis (Bertness and Callaway 1994) given that the 
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relative species richness of shrubs increased with aridity in our 
study (Supporting information), thus the facilitative effects of 
shrubs on herbaceous vegetation increased. Although facilita-
tive interactions were strong in arid conditions, species rich-
ness and productivity were lower under arid compared to less 
arid conditions because few species can tolerate the abiotic 
stress with insufficient water and nutrients (Fraser et al. 2015).

In our study, species richness was not related to tempo-
ral stability along the aridity gradient. This resulted because 
the increase in mean NDVI with species richness was pro-
portional to the increase in standard deviation in the linear 
models (Fig. 2e–f ). However, our SEM showed that species 
richness was not related to temporal stability, mean or stan-
dard deviation of NDVI (Fig. 6). This suggests that aridity 
and soil fertility outweighed species richness and explained 
additional variance of temporal stability and its two com-
ponents compared to species richness. However, soil fertil-
ity and species richness were strongly correlated with aridity 
in our study (Supporting information). The effects of species 
richness or ammonia on temporal stability depended on arid-
ity (Supporting information). However, the results of varia-
tion partitioning analysis further identified the confounding 
and separate variance in temporal stability explained by arid-
ity, ammonia, the interaction between aridity and ammo-
nia, and species richness. The results confirmed that aridity 
and ammonia outweighed the effect of species richness on 
temporal stability, with the interaction between aridity and 
ammonia explaining the largest variance of temporal stabil-
ity (Supporting information). This is inconsistent with many 
studies reporting a positive relationship between species rich-
ness and temporal stability in response to manipulated global 
changes (Hautier et al. 2020, Valencia et al. 2020), but con-
sistent with the results from Dee et al. (2022) showing that 
most observational studies found no relationship between 
biodiversity and ecosystem functioning. It may be because 
species richness may not fully represent plant diversity over 
large areas, and the fact that landscape properties, including 
dispersal, are more likely to related to ecosystem functioning 
(Manning  et  al. 2019). Besides, confounding variables like 
soil fertility can influence the causal relationship between bio-
diversity and ecosystem functioning (Dee et al. 2022). Our 
result that species richness was not related to temporal stabil-
ity is also inconsistent with the results of many studies at large 
spatial scales (Oehri et al. 2017, García-Palacios et al. 2018, 
Gilbert et al. 2020). For example, a recent worldwide dryland 
study showed that species richness may have a greater stabiliz-
ing role under arid conditions (García-Palacios et al. 2018). 
However, in these studies based on large scales along arid-
ity gradients, like the study of García-Palacios et al. (2018), 
soil fertility (i.e. soil organic carbon) was not considered. It is 
unknown whether the soil fertility will outweigh biodiversity 
in affecting temporal stability. Finally, abrupt decays of soil 
fertility and plant richness occurred at aridity of around 0.69 
and 0.83, respectively (Berdugo et al. 2020). There may be 
more of our sampling sites experiencing soil nutrients reduc-
tion (10 sites with aridity more than 0.69) than that experi-
encing species loss (five sites with aridity more than 0.83), 

making soil nutrients more influential predictors for ecosys-
tem functioning.

However, the productivity of the shrubs was likely to 
be overestimated in our study. Because the total aboveg-
round biomass at each site was badly correlated with NDVI 
(R2 = 0.02; Supporting information), but the variance 
explained by the linear model increased to 0.47 after exclud-
ing the shrub biomass at each site (Supporting information).

Our results highlight the role of soil fertility instead of 
species richness in influencing temporal stability and its 
two components at a larger spatial scale in aridity. Specially, 
ammonium was more positively related to standard deviation 
of NDVI and more negatively related to temporal stability 
of productivity at arid conditions. Our study investigated 
the interaction effects of aridity and soil fertility on temporal 
stability in naturally assembled communities and their cor-
responding environmental gradients, and suggests that to gain 
a deeper understanding of the relationship between biodiver-
sity and ecosystem stability, it is necessary to investigate in 
the ‘real-world’ ecosystem considering both biotic and abiotic 
aspects including biodiversity, climate factors and soil fertility.

Acknowledgements – We thank Xumao Zhao and Zhongmin Lian 
for help in collecting data, and Junsheng Ke for help in plotting 
the map.
Funding – This study was supported by the National Natural Science 
Foundation of China (31830009 to SZ) and the Fundamental 
Research Funds in Hainan University (KYQD (ZR) -20081 to 
SZ). Mengjiao Huang is also supported by the Chinese Scholarship 
Council (CSC) joint PhD scholarship.

Author contributions

Mengjiao Huang: Conceptualization (equal); Formal analy-
sis (equal); Writing – original draft (lead); Writing – review 
and editing (equal). Job de Vries: Investigation (equal); 
Writing – review and editing (equal). Shurong Zhou: 
Conceptualization (equal); Data curation (lead); Funding 
acquisition (lead); Investigation (equal); Writing – review and 
editing (equal). Yann Hautier: Conceptualization (equal); 
Formal analysis (equal); Writing – review and editing (equal).

Data availability statement

Data are available from the Dryad Digital Repository: https://
doi.org/10.5061/dryad.m905qfv46 (Huang et al. 2023).

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Adair, E. C., Reich, P. B., Hobbie, S. E. and Knops, J. M. H. 2009. 
Interactive effects of time, CO2, N, and diversity on total below-
ground carbon allocation and ecosystem carbon storage in a 
grassland community. – Ecosystems 12: 1037–1052.

 16000706, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.10086 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2023]. 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



Page 11 of 13

Armas, C., Rodríguez-Echeverría, S. and Pugnaire, F. I. 2011. A 
field test of the stress-gradient hypothesis along an aridity gradi-
ent. – J. Veg. Sci. 22: 818–827.

Bai, Y., Wu, J., Xing, Q., Pan, Q., Huang, J., Yang, D. and Han, 
X. 2008. Primary production and rain use efficiency across a 
precipitation gradient on the Mongolia plateau. – Ecology 89: 
2140–2153.

Beguería, S., Vicente-Serrano, S. M. and Beguería, M. S. 2017. 
Package ‘spei’. Calculation of the standardised precipitation–
evapotranspiration index. – R package ver. 1.7. https://cran.r-
project.org/web/packages/SPEI/index.html.

Berdugo, M., Delgado-Baquerizo, M., Soliveres, S., Hernández-
Clemente, R., Zhao, Y., Gaitán, J. J., Gross, N., Saiz, H., Maire, 
V., Lehmann, A., Rillig, M. C., Solé, R. V. and Maestre, F. T. 
2020. Global ecosystem thresholds driven by aridity. – Science 
367: 787–790.

Bertness, M. D. and Callaway, R. 1994. Positive interactions in 
communities. – Trends Ecol. Evol. 9: 191–193.

Borcard, D., Legendre, P. and Drapeau, P. 1992. Partialling out the 
spatial component of ecological variation. – Ecology 73: 
1045–1055.

Boudsocq, S., Lata, J.-C., Mathieu, J., Abbadie, L. and Barot, S. 
2009. Modelling approach to analyse the effects of nitrification 
inhibition on primary production. – Funct. Ecol. 23: 220–230.

Boudsocq, S., Niboyet, A., Lata, J. C., Raynaud, X., Loeuille, N., 
Mathieu, J., Blouin, M., Abbadie, L. and Barot, S. 2012. Plant 
preference for ammonium versus nitrate: a neglected determi-
nant of ecosystem functioning? – Am. Nat. 180: 60–69.

Buckland, S. T., Burnham, K. P. and Augustin, N. H. 1997. Model 
selection: an integral part of inference. – Biometrics: 603–618.

Calcagno, V. and de Mazancourt, C. 2010. glmulti: an R package 
for easy automated model selection with (generalized) linear 
models. – J. Stat. Softw. 34: 1–29.

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, 
C., Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, 
D. A., Kinzig, A. P., Daily, G. C., Loreau, M., Grace, J. B., 
Larigauderie, A., Srivastava, D. S. and Naeem, S. 2012. Biodi-
versity loss and its impact on humanity. – Nature 486: 59–67.

Chao, A., Chiu, C.-H. and Jost, L. 2014. Unifying species diversity, 
phylogenetic diversity, functional diversity, and related similar-
ity and differentiation measures through Hill numbers. – Annu. 
Rev. Ecol. Evol. Syst. 45: 297–324.

Chen, L., Jiang, L., Jing, X., Wang, J., Shi, Y., Chu, H. and He, J. 
S. 2021. Above-and belowground biodiversity jointly drive eco-
system stability in natural alpine grasslands on the Tibetan Pla-
teau. – Global Ecol. Biogeogr. 30: 1418–1429.

Chi, Y., Xu, Z., Zhou, L., Yang, Q., Zheng, S. and Li, S.-P. 2019. 
Differential roles of species richness versus species asynchrony 
in regulating community stability along a precipitation gradi-
ent. – Ecol. Evol. 9: 14244–14252.

Cohen, P., West, S. G. and Aiken, L. S. 2014. Applied multiple 
regression/correlation analysis for the behavioral sciences. – Psy-
chology Press.

Cohen, W. B. and Goward, S. N. 2004. Landsat’s role in ecological 
applications of remote sensing. – BioScience 54: 535–545.

Cookson, W. R., Müller, C., O’Brien, P. A., Murphy, D. V. and 
Grierson, P. F. 2006. Nitrogen dynamics in an Australian sem-
iarid grassland soil. – Ecology 87: 2047–2057.

DAHV (Department of Animal Husbandry and Veterinary, Min-
istry of Agriculture) and GSAHV (General Station of Animal 
Husbandry and Veterinary, Ministry of Agriculture) 1996. 

Rangeland and resources of China (in Chinese). – China Sci-
ence and Technology Press.

Dannenmann, M., Butterbach-Bahl, K., Gasche, R., Willibald, G. 
and Papen, H. 2008. Dinitrogen emissions and the N2: N2O 
emission ratio of a Rendzic Leptosol as influenced by pH and 
forest thinning. – Soil Biol. Biochem. 40: 2317–2323.

Dee, L. E., Kimmel, K. and Hayden, M. 2022. Biodiversity and 
ecosystem functioning in observational analyses. – In: Loreau, 
M., Hector, A. and Isbell, F. (eds), The ecological and societal 
consequences of biodiversity loss. Wiley, pp. 119–144.

Delgado-Baquerizo, M., Gallardo, A., Wallenstein, M. D. and 
Maestre, F. T. 2013a. Vascular plants mediate the effects of arid-
ity and soil properties on ammonia-oxidizing bacteria and 
archaea. – FEMS Microbiol. Ecol. 85: 273–282.

Delgado-Baquerizo, M. et  al. 2013b. Decoupling of soil nutrient 
cycles as a function of aridity in global drylands. – Nature 502: 
672–676.

Deng, L., Peng, C., Kim, D.-G., Li, J., Liu, Y., Hai, X., Liu, Q., 
Huang, C., Shangguan, Z. and Kuzyakov, Y. 2021. Drought 
effects on soil carbon and nitrogen dynamics in global natural 
ecosystems. – Earth Sci. Rev. 214: 103501.

Duncan, R. P. and Kefford, B. J. 2021. Interactions in statistical 
models: three things to know. – Methods Ecol. Evol. 12: 
2287–2297.

Duraiappah, A. K. et al. 2005. Ecosystems and human well-being: 
biodiversity synthesis; a report of the Millennium Ecosystem 
Assessment. – World Resources Institute.

Erskine, P. D., Stewart, G. R., Schmidt, S., Turnbull, M. H., Unk-
ovich, M. and Pate, J. S. 1996. Water availability – a physio-
logical constraint on nitrate utilization in plants of Australian 
semi-arid muiga woodlands. – Plant Cell Environ. 19: 
1149–1159.

Evans, S. E., Byrne, K. M., Lauenroth, W. K. and Burke, I. C. 
2011. Defining the limit to resistance in a drought-tolerant 
grassland: long-term severe drought significantly reduces the 
dominant species and increases ruderals. – J. Ecol. 99: 
1500–1507.

Fick, S. E. and Hijmans, R. J. 2017. WorldClim 2: new 1-km 
spatial resolution climate surfaces for global land areas. – Int. 
J. Climatol. 37: 4302–4315.

Fraser, L. H. et al. 2015. Plant ecology. Worldwide evidence of a 
unimodal relationship between productivity and plant species 
richness. – Science 349: 302–305.

García-Palacios, P., Gross, N., Gaitán, J. and Maestre, F. T. 2018. 
Climate mediates the biodiversity–ecosystem stability relation-
ship globally. – Proc. Natl Acad. Sci. USA 115: 8400–8405.

Gilbert, B.  et  al. 2020. Climate and local environment structure 
asynchrony and the stability of primary production in grass-
lands. – Global Ecol. Biogeogr. 29: 1177–1188.

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D. 
and Moore, R. 2017. Google Earth Engine: planetary-scale geo-
spatial analysis for everyone. – Remote Sens. Environ. 202: 
18–27.

Hallett, L. M., Hsu, J. S., Cleland, E. E., Collins, S. L., Dickson, 
T. L., Farrer, E. C., Gherardi, L. A., Gross, K. L., Hobbs, R. J., 
Turnbull, L. and Suding, K. N. 2014. Biotic mechanisms of 
community stability shift along a precipitation gradient. – Ecol-
ogy 95: 1693–1700.

Hautier, Y. and Van der Plas, F. 2022. Biodiversity and temporal 
stability of naturally assembled ecosystems across spatial scales 
in a changing world. – In: Loreau, M., Hector, A. and Isbell, 

 16000706, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.10086 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2023]. 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



Page 12 of 13

F. (eds), The ecological and societal consequences of biodiversity 
loss. Wiley, pp. 189–209.

Hautier, Y. et al. 2014. Eutrophication weakens stabilizing effects 
of diversity in natural grasslands. – Nature 508: 521–525.

Hautier, Y., Tilman, D., Isbell, F., Seabloom, E. W., Borer, E. T. 
and Reich, P. B. 2015. Plant ecology. Anthropogenic environ-
mental changes affect ecosystem stability via biodiversity. – Sci-
ence 348: 336–340.

Hautier, Y. et al. 2020. General destabilizing effects of eutrophica-
tion on grassland productivity at multiple spatial scales. – Nat. 
Commun. 11: 5375.

Hook, P. and Burke, I. 1995. Evaluation of methods for estimating 
net nitrogen mineralization in a semiarid grassland. – Soil Sci. 
Soc. Am. J. 59: 831–837.

Hu, Z., Guo, Q., Li, S., Piao, S., Knapp, A. K., Ciais, P., Li, X. 
and Yu, G. 2018. Shifts in the dynamics of productivity signal 
ecosystem state transitions at the biome-scale. – Ecol. Lett. 21: 
1457–1466.

Hu, W. et al. 2021. Aridity-driven shift in biodiversity–soil multi-
functionality relationships. – Nat. Commun. 12: 5350.

Huang, J., Yu, H., Guan, X., Wang, G. and Guo, R. 2016. Accel-
erated dryland expansion under climate change. – Nat. Clim. 
Change 6: 166–171.

Huang, M., Liu, X. and Zhou, S. 2020. Asynchrony among spe-
cies and functional groups and temporal stability under per-
turbations: patterns and consequences. – J. Ecol. 108: 
2038–2046.

Huang, M., de Vries, J., Zhou, S. and Hautier, Y. 2023. Data from: 
Aridity and soil fertility, not species richness, interact to affect 
temporal stability of primary productivity along a natural gradi-
ent in northern China. – Dryad Digital Repository, https://doi.
org/10.5061/dryad.m905qfv46.

Lefcheck, J. S. 2016. piecewiseSEM: piecewise structural equation 
modelling in r for ecology, evolution, and systematics. – Meth-
ods Ecol. Evol. 7: 573–579.

Lehman, C. L. and Tilman, D. 2000. Biodiversity, stability, and 
productivity in competitive communities. – Am. Nat. 156: 
534–552.

Li, Z., Li, Z., Tong, X., Zhang, J., Dong, L., Zheng, Y., Ma, W., 
Zhao, L., Wang, L., Wen, L., Dang, Z., Tuvshintogtokh, I., 
Liang, C. and Li, F. Y. 2020. Climatic humidity mediates the 
strength of the species richness–biomass relationship on the 
Mongolian Plateau steppe. – Sci. Total Environ. 718: 137252.

Liu, J., Li, X., Ma, Q., Zhang, X., Chen, Y., Isbell, F. and Wang, 
D. 2019. Nitrogen addition reduced ecosystem stability regard-
less of its impacts on plant diversity. – J. Ecol. 107: 2427–2435.

Long, J. A. 2021. Package ‘interactions’: comprehensive, user-
friendly toolkit for probing interactions. – R package ver. 1.1.5. 
https://cran.r-project.org/web/packages/interactions/index.
html.

Ma, Z., Liu, H., Mi, Z., Zhang, Z., Wang, Y., Xu, W., Jiang, L. 
and He, J. S. 2017. Climate warming reduces the temporal 
stability of plant community biomass production. – Nat. Com-
mun. 8: 15378.

Ma, Z., Chen, H. Y., Li, Y. 2020. Interactive effects of global change 
factors on terrestrial net primary productivity are treatment 
length and intensity dependent. – J. Ecol. 108: 2083–2094.

Maestre, F. T., Eldridge, D. J., Soliveres, S., Kéfi, S., Delgado-
Baquerizo, M., Bowker, M. A., García-Palacios, P., Gaitán, J., 
Gallardo, A., Lázaro, R. and Berdugo, M. 2016. Structure and 
functioning of dryland ecosystems in a changing world. – 
Annu. Rev. Ecol. Evol. Syst. 47: 215–237.

Manning, P. et al. 2019. Transferring biodiversity–ecosystem func-
tion research to the management of ‘real-world’ ecosystems. – 
Adv. Ecol. Res. 61: 323–356.

Midolo, G., Alkemade, R., Schipper, A. M., Benítez-López, A., 
Perring, M. P. and De Vries, W. 2019. Impacts of nitrogen 
addition on plant species richness and abundance: a global 
meta-analysis. – Global Ecol. Biogeogr. 28: 398–413.

Oehri, J., Schmid, B., Schaepman-Strub, G. and Niklaus, P. A. 
2017. Biodiversity promotes primary productivity and growing 
season lengthening at the landscape scale. – Proc. Natl Acad. 
Sci. USA 114: 10160–10165.

Oksanen, J., Kindt, R., Legendre, P., O’Hara, B., Stevens, M. H. 
H., Oksanen, M. J. and  Suggests, M. A. S. S. 2007. The vegan 
package.  Commun. Ecol. Package 10, pp. 631–637, https://
cran.r-project.org/web/packages/vegan/vegan.pdf.

Peres-Neto, P. R., Legendre, P., Dray, S. and Borcard, D. 2006. 
Variation partitioning of species data matrices: estimation and 
comparison of fractions. – Ecology 87: 2614–2625.

Pettorelli, N., Vik, J. O., Mysterud, A., Gaillard, J. M., Tucker, C. 
J. and Stenseth, N. C. 2005. Using the satellite-derived NDVI 
to assess ecological responses to environmental change. – Trends 
Ecol. Evol. 20: 503–510.

Ren, H., Xu, Z., Isbell, F., Huang, J., Han, X., Wan, S., Chen, S., 
Wang, R., Zeng, D.-H., Fang, Y. and Jiang, Y. 2017. Exacer-
bated nitrogen limitation ends transient stimulation of grass-
land productivity by increased precipitation. – Ecol. Monogr. 
87: 457–469.

Ren, Z., Zhang, Y. and Zhang, Y. 2021. Nitrogen deposition mag-
nifies the positive response of plant community production to 
precipitation: ammonium to nitrate ratio matters. – Environ. 
Pollut. 276: 116659.

Salsac, L., Chaillou, S., Morot-Gaudry, J.-F., Lesaint, C. and Jolivet, 
E. 1987. Nitrate and ammonium nutrition in plants. – Plant 
Physiol. Biochem. (Paris) 25: 805–812.

Segoli, M., Ungar, E. D., Giladi, I., Arnon, A. and Shachak, M. 
2012. Untangling the positive and negative effects of shrubs on 
herbaceous vegetation in drylands. – Landscape Ecol. 27: 
899–910.

Shipley, B. 2016. Cause and correlation in biology: a user’s guide 
to path analysis, structural equations and causal inference with 
R. – Cambridge Univ. Press.

Shumway, R. H. and Stoffer, D. S. 2000. Time series analysis and 
its applications vol. 3. – Springer.

Thornthwaite, C. W. 1948. An approach toward a rational classifi-
cation of climate. – Geogr. Rev. 38: 55–94.

Tilman, D. 1999. The ecological consequences of changes in bio-
diversity: a search for general principles. – Ecology 80: 
1455–1474.

Valencia, E. et al. 2020. Synchrony matters more than species rich-
ness in plant community stability at a global scale. – Proc. Natl 
Acad. Sci. USA 117: 24345–24351.

van den Berg, L. J., Peters, C. J., Ashmore, M. R. and Roelofs, J. 
G. 2008. Reduced nitrogen has a greater effect than oxidised 
nitrogen on dry heathland vegetation. – Environ. Pollut. 154: 
359–369.

van Rooijen, N. M., de Keersmaecker, W., Ozinga, W. A., Coppin, 
P., Hennekens, S. M., Schaminée, J. H., Somers, B. and Hon-
nay, O. 2015. Plant species diversity mediates ecosystem stabil-
ity of natural dune grasslands in response to drought. – Ecosys-
tems 18: 1383–1394.

Wang, J., Knops, J. M. H., Brassil, C. E. and Mu, C. 2017. 
Increased productivity in wet years drives a decline in ecosystem 

 16000706, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.10086 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2023]. 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



Page 13 of 13

stability with nitrogen additions in arid grasslands. – Ecology 
98: 1779–1786.

White, M. A., Thornton, P. E. and Running, S. W. 1997. A conti-
nental phenology model for monitoring vegetation responses to 
interannual climatic variability. – Global Biogeochem. Cycles 
11: 217–234.

Xu, Z., Ren, H., Li, M. H., van Ruijven, J., Han, X., Wan, S., Li, 
H., Yu, Q., Jiang, Y. and Jiang, L. 2015. Environmental 
changes drive the temporal stability of semi-arid natural grass-
lands through altering species asynchrony. – J. Ecol. 103: 
1308–1316.

Yahdjian, L., Gherardi, L. and Sala, O. E. 2011. Nitrogen limita-
tion in arid-subhumid ecosystems: a meta-analysis of fertiliza-
tion studies. – J. Arid Environ. 75: 675–680.

Yu, H., Ma, Q., Liu, X., Li, Y., Li, L., Qi, M., Wu, W., Wang, Y., 
Xu, Z., Zhang, F. and Zhou, G. 2021. Resistance, recovery, and 
resilience of desert steppe to precipitation alterations with nitro-
gen deposition. – J. Cleaner Prod. 317: 128434.

Zhang, Y., Loreau, M., Lü, X., He, N., Zhang, G. and Han, X. 
2016. Nitrogen enrichment weakens ecosystem stability 
through decreased species asynchrony and population stability 
in a temperate grassland. – Global Change Biol. 22: 1445–1455.

Zhang, Y., Feng, J., Loreau, M., He, N., Han, X. and Jiang, L. 
2019. Nitrogen addition does not reduce the role of spatial 
asynchrony in stabilising grassland communities. – Ecol. Lett. 
22: 563–571.

Zhang, T., Chen, X., Guo, R., Degen, A. A., Kam, M., Zhao, J., 
Wang, X., Bai, Y., Wang, W., Zhang, R., Li, Y., Liu, Y., Long, 
R., Xie, Z. and Shang, Z. 2020a. Natural primary production 
mediates the effects of nitrogen and carbon addition on plant 
functional groups biomass and temporal stability in the Tibetan 
alpine steppe-meadow. – Agric. Ecosyst. Environ. 302: 107080.

Zhang, L., Zhu, T., Liu, X., Nie, M., Xu, X. and Zhou, S. 2020b. 
Limited inorganic N niche partitioning by nine alpine plant 
species after long-term nitrogen addition. – Sci. Total Environ. 
718: 137270.

 16000706, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/oik.10086 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [03/11/2023]. 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


