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Grasslands are one of the largest coupled human-nature terrestrial ecosystems on Earth, and severe anthropogenic-
induced grassland ecosystem function declines have been reported recently. Understanding factors influencing
grassland ecosystem functions is critical for making sustainable management policies. Canopy structure is an
important factor influencing plant growth through mediating within-canopy microclimate (e.g., light, water, and
wind), and it is found coordinating tightly with plant species diversity to influence forest ecosystem functions.
However, the role of canopy structure in regulating grassland ecosystem functions along with plant species diver-
sity has been rarely investigated. Here, we investigated this problem by collecting field data from 170 field plots
distributed along an over 2000 km transect across the northern agro-pastoral ecotone of China. Aboveground
net primary productivity (ANPP) and resilience, two indicators of grassland ecosystem functions, were measured
from field data and satellite remote sensing data. Terrestrial laser scanning data were collected to measure canopy
structure (represented by mean height and canopy cover). Our results showed that plant species diversity was
positively correlated to canopy structural traits, and negatively correlated to human activity intensity. Canopy
structure was a significant indicator for ANPP and resilience, but their correlations were inconsistent under dif-
ferent human activity intensity levels. Compared to plant species diversity, canopy structural traits were better
indicators for grassland ecosystem functions, especially for ANPP. Through structure equation modeling analy-
ses, we found that plant species diversity did not have a direct influence on ANPP under human disturbances.
Instead, it had a strong indirect effect on ANPP by altering canopy structural traits. As to resilience, plant species
diversity had both a direct positive contribution and an indirect contribution through mediating canopy cover.
This study highlights that canopy structure is an important intermediate factor regulating grassland diversity-
function relationships under human disturbances, which should be included in future grassland monitoring and
management.
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1. Introduction

Grasslands are one of the most widely distributed and the largest
coupled human-nature terrestrial ecosystems on Earth [1,2], comprising
80% of agriculturally productive lands and supporting around 40% of
global agricultural domestic products [3]. Sustainably delivering grass-
land ecosystem functions and services is of great importance to humans
and wildlife subsisting on them [2]. However, human activities (e.g.,
overgrazing, inappropriate agricultural practices, urbanization, mining)
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have led to severe grassland degradation, threatening their capabili-
ties to reliably provide functions and services to humanity [4,5]. Un-
derstanding the change of grassland ecosystem functions in face of hu-
man activities is therefore critical for making sustainable management
policies.

Aboveground net primary productivity (ANPP) and stability (the
ability of ecosystems to maintain or restore their own structure and func-
tions, which can be expressed as resistance, i.e., the magnitude of change
after disturbances, or resilience, i.e., the ability returning to its original
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state after disturbances) are two key indicators of grassland ecosystem
functionality [6,7]. Anthropogenic-induced plant species diversity loss
is believed to be a major pathway influencing grassland ANPP and sta-
bility [8,9]. It is generally hypothesized that the increase of human ac-
tivity intensity can reduce plant species diversity and therefore reduce
grassland ANPP and stability [9-11]. Although the decrease of plant
species diversity with the increase of human activity intensity has been
widely reported by previous studies [12-14], the observed diversity-
function relationships are inconsistent [2,15-19], leading to contradic-
tory understandings on the effect of human activity intensity on grass-
land ecosystem functions [20]. Although ecological theories, e.g., the
complementary effect and the insurance effect, have been successfully
used to explain these inconsistent observations [2,16,19], we still lack
a complete understanding on the exact processes leading to various
anthropogenic-induced diversity-function relationships, limiting our ca-
pabilities to make appropriate management policies to enhance grass-
land ecosystem functionality.

Canopy structure, the three-dimensional morphological characteris-
tic of vegetation canopy elements, is an important factor directly influ-
encing grassland ecosystem functions [21-23]. Communities with more
complex canopy structures intercept light more efficiently and conserve
more water by reducing transpiration loss, and therefore generally re-
sult in higher ANPP [24,25]. For grasslands, where strong wind occurs
frequently, the canopy with a higher surface roughness can also act as a
physical barrier to resist wind-induced mechanical stress and therefore
influences grassland stability [26,27]. With the change of plant species
compositions and human activity intensity, canopy structure can be al-
tered greatly [28,29]. Therefore, here we hypothesize that the influ-
ence of human activities on grassland ecosystem functions is a super-
position effect of anthropogenic-induced plant species diversity changes
and their corresponding canopy structure changes, and canopy structure
may serve as an intermediate factor linking plant species diversity and
grassland ecosystem functions under human activities. This hypothesis
has been proven in forest ecosystems where increases in plant species
diversity can increase canopy structure complexity and therefore lead
to a higher productivity [30]. However, how grassland canopy struc-
ture varies with plant species diversity under human activities has been
rarely investigated, and whether canopy structure serves as a “bridg-
ing” factor mediating grassland diversity-function relationships under
different human activity intensities remains unclear.

This study aims to test the abovementioned hypothesis by addressing
the following three specific questions. (1) What are the correlations be-
tween grassland plant species diversity and canopy structural traits un-
der different human activity intensities? (2) Can canopy structural traits
and plant species diversity be used as predictors for grassland ANPP and
stability under different human activity intensities? (3) How do canopy
structural traits vary with plant species diversity to mediate grassland
ecosystem ANPP and stability under human activities? A total of 170
field plots of 77 study sites distributed across the northern agro-pastoral
ecotone of China with large latitude and longitude gradients were sur-
veyed to collect plant species diversity and ANPP measurements. More-
over, the state-of-the-art terrestrial laser scanning (TLS) technique was
used to quantify their canopy structural traits, and over 20-year monthly
Moderate Resolution Imaging Spectroradiometer (MODIS) images with
a resolution of 250 m were collected to quantify stability.

2. Materials and methods
2.1. Field measurements

In this study, we randomly selected 77 study sites across the north-
ern agro-pastoral ecotone of China (36°2'34"-49°41’11”N, 104°20'25"—
123°49’43”E) (Fig. 1), covering various grassland vegetation types (e.g.,
meadow steppe, typical steppe, and desert steppe). This region is in the
arid and semi-arid transition climate zone with an average mean an-
nual temperature (MAT) of around 2.5 °C and an average mean annual
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precipitation (MAP) of around 370 mm. It is characterized as an area
with intense agricultural and pastoral activities and is highly sensitive to
global climate change [31]. Maintaining grassland ecosystem functions
under the background of global climate change has been a research and
management focus of the region [31,32].

Within the 77 study sites, a total of 170 plots (1 m x 1 m) were ran-
domly selected to collect field measurements (Fig. 1 and Table S1). The
28 plots in the eastern section of the region (zone A in Fig. 1) were sur-
veyed in 2017, the 74 plots in the western section (zone B in Fig. 1) were
surveyed in 2018, and the 68 plots in the northern section (zone C in
Fig. 1) were surveyed in 2020. These plots were visited during the peak
growing season (July and August) of each survey year, and each plot was
ensured to be representative of the vegetation condition of its surround-
ing areas before being set up. Within each plot, plant species composi-
tions were visually identified by experienced ecologists, and the number
of individuals was manually counted for each plant species. Correspond-
ingly, species richness, defined as the number of species in a community
or habitat, was calculated to represent the plant species diversity of each
plot. The location of each plot was recorded by a CHCNAV Global Nav-
igation Satellite System receiver, which can provide a centimeter-level
positioning accuracy through the aid of Qianxun continuously operating
reference stations [33].

2.2. TLS data and canopy structural traits extraction

Within each plot, we collected TLS data using either a RIEGL VZ-400
laser scanner (RIEGL Laser Measurement System GmbH, Horn, Austria;
in sections A and B) or a FARO Focus S70 3D laser scanner (Faro Tech-
nologies, Inc., Lake Mary, FL, US; in section C) (Fig. 1). RIEGL VZ-400
has a maximum measurement range of 400 m and a ranging accuracy
of around 0.5 ¢cm, and FARO Focus S70 3D has a maximum measure-
ment range of 70 m and a ranging accuracy of up to 0.5 cm. Both TLS
scanners have been used to extract grassland canopy structural traits
accurately [23,33]. To match TLS data with field plot measurements,
four high-reflectance targets were manually set up at the four corners
of each plot, which were then visually identified from the collected TLS
data and used as references to clip the data. The clipped TLS data of each
plot were then preprocessed following the same streamlined procedure,
including steps of denoising, filtering, and normalization [35,36]. De-
noising aims to remove noise points caused by wind, high-flying objects
(e.g., powerlines, birds), etc., and a k-nearest neighboring denoising al-
gorithm described in Rusu and Cousins [37] was used in this study.
Filtering aims to identify ground points, and a local minimum filtering
algorithm described in Xu et al. [23] was adopted. Normalization aims
to remove the influence of terrain on TLS height measurements by sub-
tracting the height of a point by the height of its corresponding ground
point [33]. The abovementioned preprocessing steps were all performed
in the LiDAR360 software (GreenValley International Inc.).

From the normalized TLS data, two canopy structural traits (i.e.,
mean height and canopy cover) were extracted for each plot, because
they were reported to be two important indicators for grassland canopy
structural complexity in the vertical and horizontal dimensions and to be
highly sensitive with grassland ecosystem function changes [23,33]. To
calculate mean height and canopy cover, each plot was first divided into
regular cells with a size of 5 cm x 5 cm [22,23]. Then, mean height was
calculated as the average height of canopy surface points (i.e., points
with maximum normalized heights in each cell) [33], and canopy cover
was calculated as the ratio of vegetated cells (i.e., cells with more than
1 nonground points) to the total number of cells.

2.3. Grassland ecosystem functions

Two key indicators of grassland ecosystem functionality, i.e., ANPP
and stability, were derived in this study. ANPP was represented by the
dry weight of plant organs in each plot [38], which was obtained by first
harvesting all plants falling inside a plot and then drying them at 65 °C
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Fig. 1. An illustration of the study area location and the study site distribution. Zone A, B, and C represent eastern, western, and northern sections with study
sites surveyed in 2017, 2018, and 2020, respectively. HMc in the background represents the 2015 cumulative human modification index with values ranging from 0
to 1 (1 represents the largest proportion of a landscape being modified by human activities, indicating a high human activity intensity) [34]. The maps were drawn
based on the standard base map provided by the National Platform for Common Geospatial Information Service (GS (2020)1044).

until reaching a constant weight. Grassland stability was represented
by resilience, the ability to return to the original state of an ecosystem
after disturbances [6,7]. Because we did not have time-series field mea-
surements, a method based on time-series satellite-derived normalized
difference vegetation index (NDVI) was used, which assessed resilience
through a composite of NDVI-derived early warning indicators [39]. In
this study, the MOD13Q1.061 NDVI images from January 2000 to De-
cember 2020 (with a spatial resolution of 250 m and a temporal reso-
lution of one day) were downloaded from the Google Earth Engine and
used to calculate a resilience product covering the study area [41]. The
calculation procedure of resilience can be found in Feng et al. [39] and
is not described in detail here. Note that the NDVI values of each plot
were temporally detrended before calculating resilence as suggested by
Feng et al. [39] and Forzieri et al. [40]. The resilience of each plot was
extracted from the calculated product based on its field-recorded lo-
cation (Table S1). Although there was a scale mismatch between field
measurements and satellite images (1 m x 1 m vs. 250 m x 250 m), the
average coefficient of variation of NDVI values (derived from cloud-free
Sentinel-2 images) within MODIS pixels was only 0.12, and 50% of the
plots had a coefficient of variation smaller than 0.07 (Fig. S1a), indicat-
ing that vegetation conditions within plots were spatially homogeneous.
In addition, there was a strong correlation (R? = 0.91) between MODIS-
derived NDVI values and Sentinel-2 derived NDVI values (means within
MODIS pixels) (Fig. S1b). Therefore, we believe that the MOD13Q1.061
NDVI images could be used to reflect the vegetation resilience of each
plot.

2.4. Ancillary datasets

Two ancillary datasets were collected to evaluate the human activ-
ity intensity and climate conditions of each plot. Human activity inten-
sity was represented by the 2015 cumulative human modification index
(HMc) produced by Kennedy et al. [34]. HMc is presented as a continu-
ous 0-1 metric considering 13 anthropogenic stressors that can directly
or indirectly alter and impact natural lands, including human settlement
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(population density, and build-up area), agricultural (cropland, and live-
stock), transportation (major road, minor road, two-track, and railroad),
mining and energy production (mining, oil well, wind turbine) and elec-
trical infrastructure (powerline, and nighttime light) [34]. It was pro-
vided at a spatial resolution of 1 km, and a value closer to 1 represented
a higher human activity intensity. In addition to directly using the orig-
inal HMc value, we also categorized HMc into three groups, which were
low intensity (HMc < 0.10), moderate intensity (0.10 < HMc < 0.40),
and high intensity (HMc > 0.40) (Fig. 1), following the suggestion by
Kennedy et al. [34]. There were 25, 95 and 50 plots in the groups of
low, moderate and high intensities, respectively.

Climate conditions were derived from the WorldClim product, a
widely used 1-km resolution climate surface for global land surfaces
[42]. Here, we downloaded all available (the period from 1970 to
2000) monthly data for mean temperature and precipitation from the
web (http://www.worldclim.org/), and calculated the average MAT and
MAP from them to represent the climate conditions of the study area.
The human activity intensity and climate conditions of each plot were
extracted based on its field-recorded locations.

2.5. Statistical analyses

The simple linear regression method was used to investigate the re-
lationships between plant species diversity and canopy structural traits.
All 170 plots and plots from the low, moderate, and high human activ-
ity intensity groups (determined by HMc as described in Section 2.3)
were fed to the simple linear regression models to evaluate how their
correlations changed with human activity intensity, and the coefficient
of determination (R?) and the p-value (P) were reported for each model.

The simple linear regression method was also used to evaluate the
correlations of grassland ecosystem functions with plant species diver-
sity and canopy structural traits under different human activity intensity
levels. Moreover, random forest was further used to determine nonlinear
multivariate contributions of plant species diversity, canopy structural
traits, and climate conditions to grassland ecosystem functions. Random
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Fig. 2. The conceptual framework of structural equation models. The models evaluate the coordinated influence of plant species diversity, canopy structural
traits, and climate conditions on grassland ecosystem functions under human disturbances.

forest is a non-parametric ensemble learning method for classification
and regression tasks and can examine variable importance through a
random permutation approach [43]. In this study, the number of trees
and the number of variables tried at each split of each model were set
as 500 and 2, and the relative variable importance was evaluated by the
percentage increase of mean-squared error. Similar to simple linear re-
gression analyses, eight random forest models (four for ANPP and four
for resilience) were built by feeding all plots and plots from different hu-
man activity intensity groups using the R RandomForest package [43].

The structure equation modeling (SEM) method was used to examine
how canopy structural traits mediate the grassland diversity-function re-
lationships. SEM refers to a set of statistical modeling techniques aiming
to measure and analyze casual relationships between observed and la-
tent variables [44]. In this study, all obtained variables were used to
build two separate SEM models (one for ANPP and one for resilience)
using the R lavaan package [45], following the hypothesis that the in-
fluence of human activities on grassland ecosystem functions is a super-
position effect of anthropogenic-induced plant species diversity changes
and their corresponding canopy structure changes (Fig. 2). Standardized
path coefficients and their P values were calculated to examine direct
and indirect effects on grassland ecosystem functions. Insignificant paths
(P > 0.05) were removed from the original SEM models to build two
final models, and their adequacies were evaluated by P, the ratio of chi-
square to degrees of freedom (y2/df), and the root mean square error
of approximation (RMSEA). A large P (>0.05), a small y2/df (<3), and
a small RMSEA (<0.08) indicate that there is no significant difference
between the observed and modeled covariances, and the corresponding
SEM model can be accepted [46].

3. Results

3.1. Relationships between grassland plant species diversity and canopy
structural traits under human disturbances

Both mean height and canopy cover had significant positive corre-
lations with species richness (P < 0.001), and the correlation of species
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richness with mean height was slightly stronger than that with canopy
cover (Fig. 3). With species richness valued greater than 10, canopy
cover stayed around 90% with small fluctuations, indicating there was
a saturation effect in the relationship between them (Fig. 3b). Correla-
tions of species richness with both mean height and canopy cover were
the strongest in the moderate human activity intensity group (R? = 0.25
and 0.19, P < 0.001) (Fig. 3). With human activity intensity increas-
ing from moderate to high, their correlations became weaker, and the
drop of R? for canopy cover was much higher than that for mean height
(Fig. 3). There were no significant correlations between species richness
and mean height and canopy cover in the low human activity intensity
group (Fig. 3).

3.2. Relationships of grassland ecosystem functions with plant species
diversity and canopy structural traits under human disturbances

Both canopy structural traits and plant species diversity showed sig-
nificant positive correlations with ANPP (P < 0.001), and mean height
had the strongest correlation with ANPP (R? = 0.53), followed by
canopy cover (R?2 = 0.33) and species richness (R2 = 0.29) (Fig. 4a-c).
The correlation between canopy cover and ANPP became strongly sat-
urated after ANPP reached around 100 gm~2-yr~! (Fig. 4b). ANPP had
the strongest correlations with mean height, canopy cover, and species
richness in the moderate human activity intensity group, followed by the
high human activity intensity group and low human activity intensity
group (Fig. 4a—c). Mean height was the only factor having significant
positive correlations with ANPP in all three human activity intensity
groups (Fig. 4a).

Different from ANPP, resilience had no significant correlations with
mean height and species richness overall, and it only had a weak positive
correlation with canopy cover (Fig. 4d—f). However, in the moderate hu-
man activity intensity group, species richness and both canopy structural
traits (i.e., mean height and canopy cover) had significant positive cor-
relations with resilience, although their R? values were relatively small,
ranging from 0.14 to 0.23 (Fig. 4d—f). Canopy cover was the only factor
having a significant positive correlation with resilience in the low hu-
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Fig. 3. Scatter plots (a) between species richness and mean height and (b) between species richness and canopy cover. Low, moderate, and high human
activity intensity groups contain plots with a HMc < 0.10, 0.10-0.40, and >0.40, respectively, and all represent results using all plots. R? represents the coefficient
of determination, and P represents the p-value of statistical tests. The solid line of each human activity intensity group is the fitted line. Note that only fitted lines

with a P < 0.05 are presented here.
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Fig. 4. Scatter plots (a-c) between ANPP and mean height, canopy cover, and species richness, and (d-f) between resilience and mean height, canopy
cover, and species richness. ANPP represents aboveground net primary productivity. The solid line of each human activity intensity group is the fitted line. Note

that only fitted lines with a P < 0.05 are presented here.

man activity intensity group (Fig. 4e), and both mean height and species
richness had significant negative correlations with resilience in the high
human activity intensity group (Fig. 4d,f). With the increase of human
activity intensity, the correlation between resilience and species rich-
ness and mean height became stronger, while the correlation between
resilience and canopy cover became weaker (Fig. 4d—f).

Based on random forest analyses, canopy structural traits were the
most influential factors on ANPP, followed by MAP, species richness,
and MAT (Fig. 5a). With human activity intensity increasing from low
to high, mean height kept being one of the most important factors in-
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fluencing ANPP, and the variable importance of canopy cover increased
significantly (Fig. 5a); while the variable importance of species rich-
ness decreased with human activity intensity (Fig. 5a). The influence
of climate conditions on ANPP stayed relatively stable with the varia-
tion of human activity intensity (Fig. 5a). As to resilience, canopy struc-
tural traits (i.e., mean height and canopy cover) and climate conditions
(i.e., MAT and MAP) were the more influential factors (Fig. 5b). MAP
kept being one of the most important factors influencing resilience in
all human activity intensity groups (Fig. 5b). The variable importance
of canopy cover increased significantly with human activity intensity,
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and that of species richness decreased (Fig. 5b). The variable impor-
tance of mean height was the highest in the moderate human activity
intensity group.

3.3. Coordinated influence of plant species diversity and canopy structural
traits on grassland ecosystem functions under human disturbances

The coordinated influence of species richness and canopy structural
traits on grassland ANPP and resilience under human disturbances were
evaluated using the SEM method. The SEM models for both ANPP and
resilience had a P value larger than 0.05, a y2/df smaller than 3, and a
RMSEA smaller than 0.08, indicating that they were statistically sound
(Fig. 6). Both climate conditions and human activity intensity had a di-
rect influence on species richness, and the contribution of MAT was the
strongest (Fig. 6). Species richness decreased with human activity in-
tensity and MAT, while increased with MAP (Fig. 6). Both species rich-
ness and human activity intensity had direct positive contributions to
mean height and canopy cover, but the contributions of species richness
were much stronger than human activity intensity (Fig. 6). In addition
to the direct contribution, human activity intensity also indirectly con-
tributed to mean height and canopy cover by altering species richness,
and interestingly the indirect contribution (negative) was opposite to
the direct contribution (positive) (Fig. 6). Climate conditions mainly in-
directly contributed to mean height and canopy cover through altering
species richness, and only MAP had a weak direct positive contribution
to mean height (Fig. 6).

The coordination of species richness and canopy structural traits as
well as the direct influence of climate conditions explained 62% of vari-
ations of grassland ANPP under human disturbances (Fig. 6a). Mean
height had the greatest direct contribution to ANPP (positive), followed
by MAP (positive), canopy cover (positive), and MAT (negative) (Fig. 6a
and Table S2). Species richness did not have a direct influence on ANPP.
Instead, it contributed to ANPP by mediating canopy structural traits, es-
pecially by altering canopy height (Fig. 6a). The coordination of species
richness and canopy structural traits as well as the direct influences of
climate conditions and human activities explained 42% variations of
grassland resilience (Fig. 6b). MAP had the strongest direct contribu-
tion to resilience (negative), followed by human activity intensity (posi-
tive), canopy cover (positive), species richness (positive), and MAT (neg-
ative) (Fig. 6b and Table S3). Species richness had a direct influence
on resilience and it also contributed to resilience by mediating canopy
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cover (Fig. 6b). Mean height did not have a direct influence on resilience
(Fig. 6b).

4. Discussion

In this study, we evaluated the influence of plant species diver-
sity and canopy structural traits on grassland ecosystem functions (i.e.,
ANPP and Resilience) under human disturbances using field measure-
ments and TLS data distributed across the northern agro-pastoral eco-
tone of China with large latitude and longitude gradients. The study area
is in the arid and semi-arid transition climate zone, which is highly sen-
sitive to climate change [4,32,47]. The plant species diversity of the re-
gion is mainly controlled by climate conditions, especially MAT (Figs. 6
and S2). MAP contributes to species richness positively (Figs. 6 and S2),
which is possibly caused by the fact that this region is water-limited,
and the increase of water availability may improve the site condition
for plant growth [48-50]. MAT contributes to species richness nega-
tively, and its contribution is stronger than MAP (Figs. 6 and S2). This
might be caused by the fact that the variation of MAP in the study area is
relatively small (Fig. S3), and the decrease of MAT possibly reduces the
magnitude of water loss through the evapotranspiration process [51—
53]. Human activity can lead to plant species diversity loss (Fig. 6),
similar to findings from previous studies [9].

Mean height and canopy cover are two important grassland canopy
structural traits that can represent the canopy horizontal and vertical
structural information, which have been used as indicators for plant
species diversity [29]. In this study, we did observe significant posi-
tive correlations between species richness and mean height and canopy
cover (Figs. 3 and 6), but their correlations varied with human activity
intensity (Fig. 3). The strongest correlations were observed in the mod-
erate human activity intensity group (Fig. 3). The relatively low cor-
relations in the high human activity group are possibly caused by the
phenomenon of a few plant species dominating an area to form a tall
and closed canopy (Figs. 3 and S4). Fundamentally, in areas with high
human activity intensity, site conditions (e.g., soil) might have been
altered greatly due to severe grassland degradation [54], and certain
plant species (e.g., Artemisia L., a widely distributed plant species in
severely degraded grassland) might be better adapted to these changes
[51], leading to a higher frequency of occurrence for this phenomenon.
The positive direct contributions of human activity intensity to mean
height and canopy cover in SEM models might be caused by this phe-
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Fig. 6. The coordination effect of species richness, canopy structural traits, and climate conditions on (a) ANPP and (b) resilience under human distur-
bances. Black and red solid lines denote significant positive and negative paths (P < 0.05), and the numbers on them represent standardized path coefficients. y2/df
represents the ratio of chi-square to degrees of freedom, and RMSEA represents the root mean square error of approximation. Information on unstandardized path

coefficients is provided in Tables S2 and S3.

nomenon as well (Fig. 6). The insignificant correlations in the low hu-
man activity intensity group might be caused by the fact that plots of
this group are mainly clustered in the northern section (zone C in Fig. 1),
which have similar plant species compositions with relatively small vari-
ations in species richness (Table S1). Moreover, in the study area, cli-
mate conditions have relatively weak or insignificant direct contribu-
tions to mean height and canopy cover and mainly indirectly influence
them through altering species richness (Fig. 6), which further manifests
the importance of plant species diversity in regulating canopy structure
in degraded grasslands.

Canopy structural traits have the strongest direct contributions to
grassland ANPP (Fig. 6a), and mean height is the only factor having a
significant positive correlation with ANPP under all human activity in-
tensity levels (Fig. 4a), indicating they could be used as reliable indica-
tors to predict ANPP [23,55]. Although species richness has a significant
positive correlation with ANPP, their correlation varies with human ac-
tivity intensity and its contribution is indirect (Figs. 4a and 6a). This
might explain the inconsistent observations between plant species di-
versity and ANPP in previous studies [15,17-19]. Human activities can
lead to losses in plant species diversity, and therefore reduce grassland
ANPP by reducing mean height and canopy cover (Fig. 6a). However,
when the reduction of mean height and canopy cover exceeds a certain
tipping point, it may lead to severe grassland degradation (e.g., deser-
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tification) in the arid and semiarid regions [56]. Then as mentioned
above, the appearance of certain plant species adapted to these changes
can still generate high ANPP by forming tall and closed grassland canopy
(Fig. S4), leading to inconsistent correlations between plant species di-
versity and ANPP. The increasing variable importance of canopy struc-
tural traits with human activity intensity in the random forest analyses
further suggests the importance of canopy structure in regulating the
anthropogenic-induced grassland diversity-ANPP relationship (Fig. 5a).
Besides the coordinated effect of anthropogenic-induced plant species
diversity and canopy structure changes on grassland ANPP, climate con-
ditions also have direct contributions to ANPP, but their contributions
are modest (Fig. 6a).

Ecosystem stability can be expressed as the resistance to disturbances
(i.e., the magnitude of change after disturbances) or the resilience af-
ter disturbances (i.e., the ability returning to its original state) [6,7].
Considering the fact that the calculation of resistance requires a spe-
cific disturbance event that can be hardly specified in this study and the
study area is dominated by annual plants that are easily influenced by
climate conditions [52], resilience might be a more appropriate indi-
cator for grassland ecosystem stability in this study. The contributions
of species richness and canopy structural traits to resilience vary signif-
icantly among human activity intensity groups with a similar pattern,
and their overall contributions are weak or insignificant (Fig. 4d—f). The
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positive contribution of species richness and canopy structural traits to
resilience in the low/moderate human activity intensity group might be
explained by the insurance effect. Increases in plant species diversity
can raise the spatial asynchrony (in terms of both species and canopy
structure) through the insurance effect, which therefore improves re-
silience [2]. The insurance effect may be also the reason for species rich-
ness having both direct and indirect (through mediating canopy cover)
contributions to resilience in the SEM analysis (Fig. 6b). However, in
an extremely degraded grassland with high human activity intensity,
it significantly altered site condition may not have enough resources
to support the growth of a complex grassland ecosystem, and therefore
reducing ecosystem complexity (in both species and structure) may be
beneficial for maintaining its ecosystem stability [57]. The insignificant
contribution of mean height to resilience in the SEM analysis might be
caused by the superposition effect of the two abovementioned phenom-
ena (Fig. 6b). Moreover, climate conditions have much stronger direct
contributions to resilience than to ANPP. The negative direct contri-
butions of MAT and MAP to resilence indicate that areas with better
site conditions (higher MAP and MAT) might be more easily influenced
by disturbance events (Fig. 6b), and the positive direct contribution of
human activity intensity to resilience might be related to intermediate
disturbance hypothesis [58].

Grassland diversity-function relationship in face of human activities
is a key to making sustainable management policies, but inconsistent
relationships have been reported in different studies [2,15-19]. This
study highlights that canopy structure plays a critical role in mediating
the diversity-function relationship in areas with different human activ-
ity intensities. Nevertheless, the mediating role of canopy structure (i.e.,
differences in regression slopes of their correlations with species rich-
ness and functional traits) might be contaminated by climate conditions.
To address this issue, the Chow test, a statistical test that can examine
whether two regression slopes between multiple sets of data have sig-
nificant differences [59], is used to evaluate whether the influence of
human activity intensity on regression slopes was significant. Detailed
information on the Chow test is provided in Box S1. Without consider-
ing climate conditions, regression slopes of correlation between canopy
structural traits and species richness and functional traits have signifi-
cant differences in at least one pair of human activity intensity groups,
except those between canopy cover and species richness (Table S4). Af-
ter considering climate conditions, six out of the eight correlations be-
tween canopy structural traits and species richness and functional traits
still have significant differences in regression slopes (Table S5). These
suggest that human activity intensity is a significant factor influencing
the correlations between canopy structural traits and species richness
and functional traits, it is not contaminated by climate conditions.

Considering the critical role of canopy structure in mediating grass-
land diversity-function relationship, here we argue that the inclusion of
canopy structure measurements in grassland monitoring is highly neces-
sary not only for understanding grassland ecosystem processes in face of
human activities, but also for grassland ecosystem monitoring and man-
agement. Although the recent development of light detection and rang-
ing technology (lidar) enables accurate nondestructive measurements
of canopy structural traits [55,60,61], there are still several limitations
that need to be addressed in future studies. Firstly, the accuracy of lidar-
based canopy structural traits measurements still needs to be improved,
especially for certain traits that have been reported to be important fac-
tors influencing ecosystem processes, e.g., canopy structural complexity
[25,57]. Secondly, large spatial/temporal scale mismatches are com-
monly seen between lidar measurements and field and satellite mea-
surements, which is also the case in this study. Recently, there are high-
resolution satellite images with high temporal frequency commercially
available, e.g., PlanetScope, which may provide a solution to address the
scale-mismatch issue. However, their capabilities in quantifying grass-
land resilience still need further investigations, especially considering
their inconsistencies in digital number scaling [62,63]. Moreover, con-
ducting repeated field surveys (including lidar) and developing meth-
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ods to measure large-scale time-series grassland plant species diversity
and canopy structure through the fusion of multisource remote sensing
datasets (e.g., spaceborne lidar, hyperspectral data, radar data) are also
urgently needed.

5. Conclusion

This study investigated the coordinated influence of plant species
diversity and canopy structural traits on grassland ecosystem functions
by surveying and analyzing data from 170 field plots distributed across
the northern agro-pastoral ecotone of China. Overall, the plant species
diversity of the study area is mainly controlled by climate conditions.
Canopy structural traits have significant positive correlations with plant
species diversity, but their correlations may vary with human activity
intensity. Canopy structural traits, especially mean height, are stronger
indicators for grassland ANPP than plant species diversity in all human
activity intensity groups, but their correlations with grassland resilience
are relatively weak and may vary with human activity intensity. Plant
species diversity contributes to grassland ANPP indirectly through me-
diating canopy structural traits under human disturbances, and con-
tributes to grassland resilience both directly and indirectly through
mediating canopy cover. This study manifests that canopy structure
is an important factor correlated to grassland plant species diversity
and ecosystem functions and works as an intermediate factor regulating
grassland diversity-function relationships under human disturbances.
We argue that canopy structural traits should be considered in the for-
mulation process of grassland management policies.
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