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Can remotely sensed vegetation patterns signal dryland
restoration success?
Yanning Qiu1,2 , Zhiwei Xu3, Chi Xu4, Milena Holmgren1,2
Active restoration is frequently implemented to restore degraded drylands globally, yet predicting the overall success of these
restoration projects remains challenging. Here, we aim to explore if vegetation spatial patterns can be used to monitor ecosystem
recovery and anticipate the success of restoration practices. We combined ﬁeld surveys and high-resolution drone images to
analyze how vegetation spatial patterns change after the large-scale straw checkerboards restoration projects in the sand dune
systems of the Tengger Desert in northern China. We found that vegetation cover, plant species richness, and diversity increased
rapidly, approaching the level of the naturally vegetated sand dunes, after 5 years of restoration. Soil fertility remained low
despite the positive vegetation change. Along with the recovery process, we found a larger diversity of patch sizes (i.e. spatial
variance) with an increasing proportion of large-size patches. These patterns, combined with a constant positive recovery rate
in vegetation cover, are consistent with theoretical predictions used to anticipate transitions to alternative ecosystem states.
Although some indicators may be masked by the artiﬁcial planting scheme and community succession process during recovery,
our results show that vegetation spatial patterns can be used to forecast and monitor the possible recovery of drylands.
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Implications for Practice

•
•
•

Vegetation spatial patterns can serve as indicators of dryland recovery.
Linking changes in vegetation spatial patterns and plant
species composition improves the assessment of restoration success.
Vegetation cover and plant diversity increase fast after
straw checkerboards restoration approaches in sand
dunes.

Introduction
Drylands cover about 40% of the Earth’s terrestrial surface and are
home to more than 38% of the human population (Millennium
Ecosystem Assessment 2005; Reynolds et al. 2007). Currently,
about 20% of drylands worldwide are considered severely
degraded (Reynolds et al. 2007; D’Odorico et al. 2013) due to
the combination of unsustainable land uses (Klintenberg &
Verlinden 2008; Bestelmeyer et al. 2015; Wang et al. 2018) and
climate changes (Piao et al. 2015; Belala et al. 2018; Yao
et al. 2020). Large-scale restoration projects have been initiated
in many drylands, yet predicting the overall success of ecological
restoration remains challenging.
Dryland ecosystems often respond to external disturbances
in nonlinear ways (Walker et al. 1981; Scheffer et al. 2001;
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D’Odorico et al. 2013). During a dryland degradation process,
once a certain threshold of a driver or stressor is passed, such as
herbivory pressure or water stress, a small perturbation may trigger
an abrupt shift in dryland condition characterized by low plant
cover and productivity. The recovery to the original state is often
slow and requires substantial reductions in the stressor levels, a
phenomenon coined as hysteresis (Scheffer & Carpenter 2003;
Dakos et al. 2019). These abrupt transitions in dryland ecosystem
state result from disruptions of strong positive feedbacks that tend
to stabilize the different ecosystem states (Schlesinger et al. 1990).
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Plant–plant facilitation is an important positive feedback (Kéﬁ
et al. 2007, 2016; Xu et al. 2015a, 2015b). The presence of established plants can facilitate the establishment and growth of new
individuals by ameliorating abiotic stress, improving resource
acquisition, and reducing herbivore damage (Holmgren
et al. 1997; Callaway 2007). By facilitating the establishment of
new vegetation, plants create a positive feedback that maintains
and increases vegetation cover. On the other hand, bare soils,
where vegetation cover has been lost, have environmental conditions that reduce the establishment success of vegetation. Bare
soils are exposed to higher heat, evaporation, and runoff that
increase abiotic stress and reduce water and nutrient availability
for plant germination and growth (Walker et al. 1981; D’Odorico
et al. 2007). In some drylands, young establishing plants may also
be more vulnerable to herbivores in open patches than closer
to unpalatable plants (Barbosa et al. 2009). As a result, degraded
drylands may remain poorly vegetated or bare until the feedbacks
that maintain these harsh environmental conditions preventing
vegetation reestablishment are broken.
Active restoration aims to reestablish the original positive feedbacks that maintain a state of higher vegetation cover (Suding &
Hobbs 2009; Suding 2011). Often, active restoration introduces a
certain amount of vegetation by seeding and planting, which once
well established, it may naturally break the positive feedbacks
that kept the earlier bare condition, and further rebuild the positive
feedbacks that facilitate future plant regeneration. In the context
of alternative stable state theory, active restoration mimics a
“reversed” perturbation that is sufﬁciently strong to push the system across the unstable equilibrium into the basin of attraction of
a high-vegetation-cover state. In drylands, such recovery transitions have been documented especially under the combination
of appropriate climatic windows of opportunity and restoration
actions (Holmgren & Scheffer 2001; Holmgren et al. 2006; Sitters
et al. 2012; Xu et al. 2018). However, inappropriate management
approaches can fail to reestablish dryland biodiversity and functioning (Chen et al. 2015; Wang et al. 2020).
Predicting the outcome of restoration projects is difﬁcult.
However, incorporating ecological theory can help anticipating
the trajectories of drylands under restoration and management.
Theory of alternative stable states and resilience indicators have
been used intensively to anticipate dryland degradation (Kéﬁ
et al. 2007, 2014; Maestre & Escudero 2009; Génin et al. 2018;
Smith et al. 2022). Vegetation spatial patterns may show characteristic changes as the system gradually loses resilience and
approaches a tipping point, and therefore serve as useful indicators of critical transitions (Rietkerk et al. 2004; Scheffer
et al. 2009, 2015). For instance, the frequency distribution of
vegetation patch sizes can be a promising indicator of dryland
degradation (Kéﬁ et al. 2007; Scanlon et al. 2007). During a degradation process, large vegetation patches break down and
become fragmented as environmental conditions deteriorate
and fail to provide sufﬁcient resources to maintain high plant
biomass. Therefore, the changes in the proportion of large-size
patches can signal the risk of a transition toward a degraded
dryland with less large vegetation patches (Kéﬁ et al. 2007; Berdugo
et al. 2017). Other, more generic indicators such as increasing spatial
autocorrelation and variance, can also signal environmental
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deterioration (Kéﬁ et al. 2014). In addition, nonspatial indicators
of resilience, such as slow recovery rate from external perturbations,
may signal a system that is approaching a critical transition. There is
also increasing awareness that combining these different resilience
indicators of regime shifts with a better understanding of the species
composition of ecological communities is needed to better anticipate
ecosystem changes (Kadowaki et al. 2018).
Although most studies have used resilience indicators to anticipate the risk of a transition toward a degraded ecosystem state,
theoretically, these indicators are predicted to be present regardless of the direction of the ecosystem trajectory. In other words,
changes in resilience indicators are expected to unfold critical
transitions preceding both the degradation and the recovery of
complex systems (Kéﬁ et al. 2013). Therefore, these resilience
indicators could also be potentially useful tools for monitoring
the trajectories of ecosystem recovery. However, to the best of
our knowledge, this has never been validated in the ﬁeld.
Here, we assess how remotely sensed resilience indicators
change after active restoration of sand dune systems and discuss
the implications within the framework of alternative stable states
theory. Active sand dunes and vegetated stabilized dunes can
coexist in the same location under the same environmental conditions. Such phenomenon has been interpreted as an example of
alternative stable states in dune systems (Xu et al. 2020; Chen
et al. 2021). Active restoration may force the dunes to switch
from a mobile bare state to a stabilized vegetated state. The sand
dunes of the southeast Tengger Desert in China have undergone
intensive large-scale restoration practices during past decades
(Li et al. 2006, 2013) and recent research found clear remote
sensing signals of greening after restoration (Wang et al. 2022).
However, the changes in vegetation patterns associated to the
recovery process and their potential to anticipate the long-term
recovery of these drylands have never been explored.

Methods
Study System

This research was conducted in the sand dunes at the southeast
margin of the Tengger Desert (104 230 E, 37 310 N; 1,340 m
above mean sea level) in northern China (Fig. 1A & 1B). The
dune sands are loose, poor in nutrients, and easily blown by
the wind. Mean annual temperature is 10 C, with a minimum
temperature of 25.1 C and a maximum temperature of 38.1 C
(Li et al. 2006). Mean annual precipitation is 180 mm with an
annual potential evaporation of 2,800 mm (Li et al. 2007a). Rainfall is highly seasonal, with 80% of the precipitation concentrated
in the summer period between May and September.
Sand dunes show two distinctive vegetation states (Figs. 1 &
S1). Stabilized dunes have relatively dense vegetation, often
higher than 40% cover. Shrub species such as Ceratoides latens
and Artemisia ordosica dominate the plant community of stabilized dunes. In contrast, active sand dunes have very low vegetation cover (often lower than 5%). The scarce vegetation of
these active dunes is dominated by perennial grasses such as
Pugionium cornutum and Psammochloa villosa. These two
different plant communities coexist in the same area, under
Restoration Ecology
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Figure 1. Sand dune system in the Tengger Desert, China. (A) Location of the restoration projects; (B) distribution of study sites; (C) active bare sand dunes;
(D) naturally stabilized dunes; (E) sand dunes stabilized by straw checkerboards restoration practices. Sites along transect 1 were sampled in 2018, 2019, and
2020, sites along transect 2 were sampled in 2020.

the same environmental conditions, and can be viewed as
alternative stable states of sand dune condition (Fig. S1).

Restoration Projects

The southeast margin of the Tengger Desert has a long history of
ecological restoration. During the 1950s, straw checkerboards
were implemented to stabilize sand dunes in order to facilitate
the construction and operation of the Baotou-Lanzhou Railway
(Li et al. 2006). Since 2013, a large-scale active restoration project using straw checkerboards has been implemented
on 259 km2 of active dunes to increase vegetation cover and
avoid desert expansion, as well as to reduce sandstorm intensity
and frequency (Ningxia Desertiﬁcation Control and Ecological
Protection Project, Ningxia Forestry Project Management
Center 2020).
Straw checkerboards combine substrate stabilization using
straws, plant seeding or planting, and herbivore exclusion
(Li et al. 2006, 2013). Straw checkerboards are usually made of
dry wheat straw, and are about 1 m2 size, with half of the straw
buried in the sand (Fig. 1E). After the placement of straw, a variety
of plants were either planted or seeded. The plant species used in
this project mainly include shrub species Caragana korshinskii
and Hedysarum scoparium (both planted), shrub species,
e.g. Artemisia sphaerocephala and grass species Agriophyllum
squarrosum (Fig. 1E; both seeded, Li et al. 2006). The restored
area was then left unattended, under grazing prohibition, for vegetation to grow. Straw helps stabilize the substrate, maintain soil
moisture, and provide nutrients (Li et al. 2007b, 2013).
Restoration Ecology

Site Selection

To assess the restoration trajectories, we selected sites under
same hydrological conditions and with clearly known boundaries and management history where straw checkboards restoration practices had been implemented in different years (2015,
2016, and 2018). We monitored these sites during the peak of
the growing season, in July of 2018, 2019, and 2020 to compile
a chronosequence of observations 0 (right after restoration),
1, 2, 3, 4, and 5 years after restoration. We compared these sites
with non-restored active dunes sites and naturally stabilized dunes
(Table S1; Figs. 1 & S2). All the restored sites had been active
bare dunes before the same restoration methods were applied.

Aerial Imagery and Vegetation Patches Analysis

We took surface digital photographs at each site, during every
monitoring year, using a drone (DJI Phantom 4 UAV with
GPS RTK and DJI Mavic 2 Pro UAV) ﬂying at a height of
30–60 m. The aerial images had an original spatial resolution
of circa 1–2 cm, which was sufﬁcient for the identiﬁcation of
vegetation patches. The pictures were analyzed by DJI Terra
version 2.1.4. For each site in every monitoring year, we
selected ﬁve quadrats of 30  30 m to perform the aerial
imagery and spatial pattern analysis.
We used a combination of visual interpretation and machine
recognition to analyze the vegetation patch features and patterns. Vegetated and non-vegetated land show signiﬁcant differences in aerial images (Fig. 3), which allowed the extraction of
the vegetated patches of each quadrat via unsupervised
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Figure 2. Vegetation changes and recovery rate along a restoration chronosequence compared to NS (naturally stabilized dunes). (A) Vegetation cover (VC);
(B) log(VCNS)  log(VCyr); (C) species richness (SR); (D) Simpson’s index (SI). Fitting performance of linear regression in panel (B): y = 3.04–0.62  x, r2 = 0.87,
p < 0.01. The error bars  SE for each of the parameter (i.e. vegetation cover in A panel, species richness in C panel and Simpson’s index in D panel).

classiﬁcation and visual interpretation. Speciﬁcally, we ﬁrst
used threshold segmentation to distinguish between vegetation
and nonvegetation (threshold set between 128 and 150 depending on the aerial image), then we eliminated the small noise
patches using sieving function in QGIS (Version 3.8). Visual
interpretation and correction were performed afterward to
ensure the classiﬁcation accuracy exceeded 95%. Figure S3
shows a schematic sample workﬂow of the machine recognition.
A total of 80 binary images (vegetated/non-vegetated) were
compiled for further cover estimation and spatial pattern
analysis.

Vegetation Survey and Soil Sampling

To assess vegetation composition along the restoration process,
we placed eight 45-m-long line transects at each site during
every monitoring survey. The transects ran perpendicular to
the sand dunes to account for vegetation changes between bottom and top of the dunes, and were separated at least 10 m apart.
We recorded the species name, cover, height, and position of
each plant intersecting the transect line. A total of 128 transect
lines were surveyed throughout the 3 years monitoring
(Fig. S4). Biodiversity indices (Species Richness [SR] and
Simpson’s Index [D]) of each transect were calculated to estimate the community level diversity based on the transect data.
Dunn’s test was further conducted to compare changes along
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the recovery trajectory. We also used the Jaccard distance to
compare the similarity of species composition among transects
under a same time since restoration with the vegetation of
natural stabilized patches (Faith et al. 1987).
In all sites, we collected soil samples from microsites with
distinct topographical (i.e. interdunes and dune crests) and
vegetation (i.e. under shrub canopy, outside shrub canopy)
conditions. We also collected soil from below patches of
biocrust that were formed by algae and lichens. Biocrusts
develop in stabilizing dunes and can signal the improvement
in soil conditions (Li et al. 2002; Phillips et al. 2022). From
each microsite, we took a soil sample from the ﬁrst 5 cm of
the topsoil. For each site, ﬁve replicates of every microsite
were taken (Fig. S4). Soil samples were taken in July
2020, dried at room temperature, and analyzed for total soil
organic carbon content using the K2Cr2O7 oxidation–
reduction titration method (Agriculture Chemistry Council,
Soil Science Society of China 1983) at Nanjing University,
China.

Spatial Pattern Analysis

We calculated a set of commonly used spatial indicators for each
of the 80 drone-obtained quadrats: (1) patch-based indicators
(i.e. area ratio of large size patches, ﬂuctuation of patch sizes,
and heavy-tailed patch size distribution ﬁtting) and (2) generic
Restoration Ecology
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Figure 3. Patch size distribution in unrestored sites, restored sites, and naturally stabilized sand dunes. Each panel shows an example of the aerial image, the
vegetation spatial patterns extracted from the aerial image, the vegetation cover in percentage, and the heavy-tailed distribution ﬁtting results. (A) Unrestored
active dunes; (B) right after restoration; (C) 1 year since restoration; (D) 2 years since restoration; (E) 3 years since restoration; (F) 4 years since restoration; (G)
5 years since restoration; (H) Naturally stabilized dunes.

spatial indicators (i.e. spatial autocorrelation, spatial variance,
and spatial skewness). We calculated vegetation cover as the
proportion of all vegetated pixels to the quadrat total pixels as
a metric of vegetation recovery.

Patch-Based Indicators. Patch size distributions can signal
critical transitions and ecosystem degradation (Kéﬁ et al. 2007;
Scanlon et al. 2007). To identify how patch size distribution
changes along the restoration process, we ﬁrst calculated the
area ratio of large-size patches (deﬁned as patch size larger than
2 m2, usually formed by at least two plant individuals) to total
vegetation cover in each quadrat along restoration. Theoretically, an increased area ratio of large size patches indicates more
favorable conditions for vegetation growth and expansion,
which could result from stronger plant facilitative feedbacks
which enhances further plant establishment.
We also analyzed the patch size ﬂuctuations (χ) in each quad2
rat, calculated as χ ¼ bσ N, where b
σ 2 is the variance of the patch
A2

size within a quadrat, N is the number of patches, and A is the
total area of the quadrat (Meloni et al. 2019). The ﬂuctuation
Restoration Ecology

of patch sizes is closely related to the ecosystem state changes.
For instance, along with improvement of environmental conditions and increased vegetation cover, patch coalescence and
formation process may result in an increasing χ in the Mediterranean drylands (Meloni et al. 2019).
Furthermore, we ﬁtted and compared different heavy-tailed
distribution functions to each quadrat, which is a more accurate
way to quantify patch size distributions. Speciﬁcally, two
heavy-tailed distribution functions reﬂecting different potential
ecosystem processes were selected as candidates in this
research, that is, power-law distribution and truncated powerlaw distribution. Previous studies have shown that power-law
distribution is usually detected under high local facilitation situation, and truncated power-law distribution is normally associated under harsh environmental conditions that the system
cannot support as much large-size patches as usual (Kéﬁ et al.
2007). In empirical studies, it is common that only patches above
a certain size (xmin) resemble a power-law (Berdugo et al. 2017).
Therefore, it is important to determine from which minimal
value (xmin) the scaling relationship of the power-law begins
before the ﬁtting process. Here, we estimated the xmin value for
each quadrat by minimizing the Kolmogorov–Smirnoff statistic
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following Berdugo et al. (2017). Then, we separately ﬁtted
different candidate distributions and selected the best ﬁt using
likelihood ratios to each quadrat (Clauset et al. 2009; Alstott
et al. 2014). Considering one quadrat might not have sufﬁcient
number of patches and compromise the model reliability, we
also put all the patches in each quadrat with same year of restoration together and ﬁtted the two distributions.

Generic Spatial Indicators. We further assessed three generic
indicators (i.e. spatial autocorrelation, spatial variance, and spatial skewness) that have been proposed as effective spatial signals for anticipating ecosystem transitions (Kéﬁ et al. 2013;
Eby et al. 2017). Although generic indicators have been developed for systems in an equilibrium condition and cannot be
directly used for systems in a transient trajectory imposed by a
restoration process, they can still be useful for quantifying the
system spatial structure and plausibly inferring the strength of
plant–plant interactions. To calculate these generic indices, we
ﬁrst divided each quadrat into 30  30 subgrids, that each subgrid has an area of 1  1 m2. Considering that most plant individuals in the study area have sizes smaller than 1 m, the size
of subgrids used is appropriate for the identiﬁcation of vegetation aggregation at individual scale. Spatial autocorrelation at
lag-1 (Moran’s I value), variance, and skewness were calculated

for each quadrat as standard deﬁnition using the method
proposed by Génin et al. (2018).
Recovery Rate Estimation

We calculated the recovery rate of vegetation cover to further
assess the recovery process of the system and the potential future
trajectories. Theoretically, during a successful transition, the
state variable will show an exponential decay toward the equilibrium (Van Nes & Scheffer 2007). In such situation, the
recovery rate can be calculated by linear regression of logtransformed data of state variable changes. In our study, we
calculated the difference of the selected state variables
(i.e. vegetation cover) between the system at certain observed
time and the desired reference state (i.e. the vegetated sand
dunes state in our system). Then, we performed logtransformation on these calculated difference, and ﬁtted linear
regression afterward. For a system under critical transition process, we expect a positive and constant recovery rate, so that
the linear ﬁtting should have a fair ﬁtting performance. In such
cases, the recovery rate can be roughly estimated as a, where
a represents the slope of the linear regression model.
All data analysis was performed using R 3.6.1 (R Development Core Team 2019) and Python 3.6.3. Python package
“powerlaw” was used for patch size distribution quantiﬁcation

Figure 4. Patch-based indicators along the dryland restoration process. (A) Large size patches/total area (L/T); (B) (L/T)NS  (L/T)yr; (C) ﬂuctuation of patch
sizes (χ); (D) χ NS  χ yr.

6 of 12

Restoration Ecology

Spatial patterns as vegetation recovery indicators

(Alstott et al. 2014), R package “spatialwarnings” was used
for generic spatial indicators computation (Génin et al. 2018),
and “vegan” was used for biodiversity indices calculation
(Oksanen et al. 2020).

Results
Vegetation and Soil Changes After Restoration

Vegetation cover, plant species richness, and diversity
increased signiﬁcantly approaching the level of the naturally
vegetated sand dunes after 5 years of restoration (Fig. 2).

We found 33 plant species growing in our study sites, with signiﬁcant difference among active dunes, naturally stabilized
dunes, and restored sites (Table S2). Native local plant species,
from naturally stabilized dunes, gradually colonized the
restored sites as recovery progressed (Table S2; Fig. S5).
Native herbaceous species, not seeded or planted, started colonizing the sites just after 2 years after the straw checkerboards
restoration project started (e.g. Echinops gmelinii, Artemisia
frigida, and Ajania achilleoides). Native shrub species started
colonizing a bit later, usually after 3 or 4 years of restoration
(e.g. Oxytropis aciphylla and Artemisia ordosica). Surprisingly, we did not ﬁnd seedlings from artiﬁcially planted shrubs

Figure 5. Generic spatial indicators along the dryland restoration process. (A) Spatial variance; (B) VarianceNS  Varianceyr; (C) spatial autocorrelation
(Moran’s I); (D) Moran’s INS  Moran’s Iyr; (E) spatial skewness; (F) SkewnessNS  Skewnessyr.
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in the restored sites. As restoration progressed, the species
composition of restored sites became increasingly more similar
to the vegetation of the naturally stabilized dunes, reﬂected by
a more rapid increase of non-planted, naturally colonizing
plant species, and a drop of Jaccard distance at circa 2 years
after restoration (Fig. S5).
Soil organic carbon also increased after restoration but at a
slower pace than vegetation, and remained at a much lower level
than those observed in naturally stabilized dunes (Fig. S6). Generally, soil organic carbon content was highest under biocrust,
and lowest in open bare areas. However, the soil organic carbon
does not show signiﬁcant difference among restored sites with
different years since restoration within the observation period
of our study.
Patch-Based Indicators After Restoration

The frequency distribution of vegetation patch sizes shows a
dominant proportion of relatively small vegetation patches and
fewer relatively large patches (for sample ﬁtting results, see
Fig. 3). Active dunes and sites with short restoration time
(<3 years) usually have a dominant patch size between 0.1 and
3 m2, mostly formed by shrubs (Figs. 3 & S7). A signiﬁcant

increase of large-size patches (>2 m2) was found as time since
restoration progressed, reaching circa 40 m2 after 5 years of restoration, and circa 100 m2 in the naturally stabilized dunes
(Fig. 3). The proportion of large-size patches to total vegetation
cover increased, despite considerable variance of it among quadrats, from circa 30% before restoration to circa 60% after 4 or
5 years of restoration, yet still lower than those observed in naturally stabilized dunes (circa 80%, Fig. 4).
The ﬂuctuation of patch sizes (χ) showed a slow exponential
increase within the ﬁrst 3 years since restoration and remained a
large difference with the naturally stabilized dunes. However,
after 4 years of restoration, χ increased rapidly, and the difference with naturally stabilized dunes became much smaller.
The changes of the two patch-based indicators (i.e. the area ratio
of large-size patches and the ﬂuctuation of patch sizes) show that
plants were small and discretely scattered at the start of the restoration, but 4 years later, patch coalescence became more
prominent as plant canopies overlapped with each other and
formed larger size vegetation clusters.
The changes in vegetation patch distribution can further be
quantiﬁed through heavy-tailed distribution pattern ﬁtting
(Table S3). In our study, we observed that the patch distribution
of most quadrats (67/80) did not differ signiﬁcantly between a

Figure 6. Conceptual model showing ecological transitions between active dunes and stabilized dunes triggered by active restoration. Active dunes are
maintained in a bare soil condition by positive feedbacks that prevent vegetation establishment (left panel). Restoration using straw checkerboards and planting
stabilizes the sediments and increases vegetation cover (middle panel). This further facilitates the establishment and growth of vegetation, triggering a transition
toward the stabilized dunes state (right panel). These two stable states of the sand dune system (i.e. active-bare vs. stabilized-vegetated) are illustrated by the
valleys in the stability landscape of the panel below. These two valleys are positioned along a plant biomass gradient (x-axis). The active bare state is very
persistent as high abiotic stress prevents plant establishment. Active restoration unfolds a transition process from the bare state to the stabilized vegetated
condition. This is represented by a dash ball moving toward the stabilized vegetated dune state (right valley). The vegetation spatial patterns we computed aimed
to anticipate the trajectory of this ecosystem, and assess if the restoration efforts have been sufﬁcient to break the positive feedbacks maintaining the bare state,
and facilitate the transition to the vegetated state.
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power-law and a truncated power-law distribution. Only 9/80
quadrats ﬁtted a truncated power-law distribution signiﬁcantly better than a power-law distribution (i.e. 8 restored sites and 1 active
dunes). There were also 4 of 80 quadrats that ﬁtted a power-law
distribution signiﬁcantly better than a truncated power-law distribution (all belong to restored sites). When we separately ﬁtted
the two types of distributions to all the patches in quadrats of active
dunes and that of natural stabilized dunes, we found that both
active dunes and naturally stabilized dunes ﬁtted a power-law distribution better than a truncated power-law distribution. When we
ﬁtted the two types of distributions to patches in all quadrats with a
same time since restoration, we found that only the patches in
quadrats sampled right after restoration ﬁtted a power-law distribution better than a truncated power-law distribution, whereas all
others (quadrats with 1, 2, 3, 4, 5 years since restoration) ﬁtted a
truncated power-law distribution better than a power-law distribution (Fig. S7). These results are not consistent with the theoretical
prediction that the system will change from a truncated power-law
distribution to a power-law distribution along with vegetation
cover increase.
Generic Spatial Indicators After Restoration

Spatial variance showed a signiﬁcant increase with time since
restoration (Fig. 5A). Spatial autocorrelation, represented by
the Moran’s I value, stayed positive, indicating a strong positive
spatial vegetation clustering. Yet only a slight and statistically
insigniﬁcant increase of spatial autocorrelation was found with
time since restoration. Spatial skewness showed a strong
decrease as restoration progressed. Although the decrease of spatial skewness, the increases of spatial variance and spatial autocorrelation may partially be a result of vegetation cover
increase, these changes, especially that of spatial variance and
spatial autocorrelation, may also indicate increased positive feedbacks among plants as recovery progressed. We also observed
that the difference between restored dunes and vegetated dunes
became smaller as recovery progressed (Fig. 5B, 5D, & 5F),
which plausibly indicate a more similar vegetation spatial structure between restored dunes and naturally stabilized dunes.
Recovery Rate After Restoration

The difference in vegetation cover between restored dunes and
naturally vegetated dunes followed strong linear relationships
with year since restoration after log-transformation (r2 = 0.87,
p < 0.01). The estimated recovery rate for vegetation cover is
0.62 year1. This may plausibly indicate that the system follows
a theoretically continuous recovery trajectory during our
monitoring period.
Conceptual Model—Bridging Practice and Theory

We propose a conceptual model to explain the possible implications of active restoration within the framework of theory of
alternative stable states (Fig. 6). In stability landscapes, built
by theoretical ecologists, a system is represented by a ball. Stable states correspond to valleys stabilized by positive feedbacks.
Restoration Ecology

In our studied system, active bare dunes and vegetated stabilized
dunes are two different stable states (Fig. 6). Active restoration
can be an effective way to force a transition from the active bare
state to the stabilized vegetated one (i.e. pushing the ball across
the hill to reach a new basin of attraction). We used widely
applied resilience indicators, obtained from both ﬁeld and drone
images, to anticipate the trajectory of a system transitioning
from a bare state to a new vegetated condition imposed by active
restoration.
Discussion
We found notable changes in sand dune vegetation cover and
species composition that coupled to distinct spatial patterns
can be used as promising indicators for anticipating the success
of the ecological restoration.
Vegetation cover and plant species diversity increased rapidly
during the early stages of the recovery process, and approached
comparable levels to those of naturally vegetated sites. In contrast, soil recovery had a much slower pace with practically no
difference in soil carbon content detected between unrestored
dunes and those 5 years since the start of restoration practices.
Our results are strongly consistent with patterns described for
nearby sand dunes after more than 40 years of restoration based
on ﬁeld monitoring (Li et al. 2006, 2013; Chen et al. 2019) and
also recent satellite assessments (Wang et al. 2022). Straw
checkerboards remain in place for only about 4 years before
fully decomposed, yet they are effective in stabilizing the land
surface and reducing near-surface wind speed (Li et al. 2007a,
2007b). They also contribute to increasing soil nutrients and
water-holding capacity (Li et al. 2007b). As a result, straw
checkboards can reduce abiotic stress and facilitate plant colonization and establishment. As restoration progressed, the plant
species composition of the restored dunes became increasingly
more similar to the naturally vegetated dunes. A set of native
local species, from naturally stabilized dunes, gradually colonized the restored dunes, pioneered by annual grasses from
Asteraceae and Poaceae families. Although the observation
period of this research was restricted to the ﬁrst 5 years of ecological restoration, the observed changes in vegetation cover
and plant community composition indicate that the system is
changing from an extreme harsh environment of active dunes
to less stressful steppe-like stabilized dunes.
The increase in vegetation cover and possible transition process was associated with a set of characteristic changes in vegetation spatial patterns that can be captured by various resilience
indicators. The patch size distribution changed signiﬁcantly
along restoration, characterized by the increased area ratio of
large size patches and increased ﬂuctuations of patch sizes.
Early studies have suggested that changing patch size
distribution patterns can serve as a useful indicator of dryland
degradation (Kéﬁ et al. 2007; Scanlon et al. 2007). As drylands
degrade, large vegetation clusters cannot be supported by the
deteriorating environment and therefore gradually break and
fragment, resulting in decreased patch size and a lower proportion of large-size patches. During a recovery process, we may
anticipate that patches gradually aggregate and form larger size
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clusters due to the improvement of environmental conditions.
Indeed, we observed an increase of large-size vegetation patches
that is strongly consistent with this prediction. These large
patches were mostly formed by shrubs. Surprisingly, in most
quadrats of our study, there is no signiﬁcant difference between
power-law and truncated power-law ﬁtting of patch size distribution. This may be explained by a system undergoing relatively
rapid changes and not reaching equilibrium yet to present
the characteristic patch size distribution pattern predicted
theoretically. In addition, the colonization of herbaceous species
introduced large amount of small patches that may mask the
heavy-tailed distribution ﬁtting as well. Nevertheless, patchbased indicators suggest strong vegetation patch formation and
coalescence process during the recovery process (Kéﬁ et al.
2007; Meloni et al. 2019).
The application of generic indicators for describing a system
trajectory after ecological restoration is more challenging, as
they were not initially developed for rapidly changing transient
systems. These generic indicators were developed based on the
critical slowing down phenomenon when a system approaches
a transition (Guttal & Jayaprakash 2008, 2009; Kéﬁ et al.
2014; Scheffer et al. 2015). As the ecosystem gradually
approaches a bifurcation point preceding a critical transition to
an alternative state, the system recovers more slowly from
stochastic perturbations, and neighboring units become more
like each other, and increasingly correlated to each other,
due to the existence of strong spatial coupling (Van Nes &
Scheffer 2007; Dakos et al. 2010; Kéﬁ et al. 2014). As a consequence, spatial autocorrelation and variance are expected to
increase during such process (Guttal & Jayaprakash 2008,
2009; Kéﬁ et al. 2014; Scheffer et al. 2015). In systems under
intensive restoration efforts, the recovery trajectory should be
recognized as a transient process rather than a stable state, and
therefore these generic indicators cannot be simply applied and
interpreted to signal critical transitions. However, the generic
indicators still quantify the spatial conﬁguration of the system,
which can be linked to the system functions and behaviors.
The generic indicators may show that the spatial structure of
restored dunes is becoming more similar to naturally vegetated
dunes after restoration as the difference of these indicators
between restored dunes and naturally stabilized dunes is getting
smaller. During the recovery process, the initial positive feedbacks of active dunes are rapidly broken due to a combination
of engineering substrate stabilization and planting or seeding
practices. After the initial setup of the restoration project, the
subsequent vegetation growth shows strong spatial coupling,
as plants facilitate each other and build the new positive feedbacks of a vegetated state. These dynamics can be reﬂected by
increased spatial variance and autocorrelation as they can signal
the potential positive feedbacks that anticipate the system recovery. Increasing variance signaled this more clearly, as autocorrelation may be more sensitive to the spatial distribution of
individuals and partially masked by the uniform artiﬁcially
planting scheme. The change of spatial skewness mostly reﬂects
the vegetation cover increase, so it may be redundant to have
spatial skewness as an indicator when vegetation cover data
are already available.
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The recovery rate is a more direct indicator that measures the
speed of a system recovery (Van Nes & Scheffer 2007). Intuitively, a positive constant recovery rate may lead to a successful
recovery, whereas a zero or decreasing recovery rate may lead to
failure. In the dune systems we studied, we found a positive constant recovery rate of vegetation cover toward naturally stabilized
dunes after restoration, indicating a successful restoration. It is
important to understand the differences in the meaning of the
recovery rate concept across disciplines. In critical transition theory, the recovery rate measures the speed at which a system
returns to its initial state after a perturbation. For instance, the rate
of the dune system returning to its bare state after climatic ﬂuctuations. In contrast, recovery rate, for restoration practitioners,
measures the speed at which a system approaches a reference target state instead. These distinctions should be kept in mind when
using and interpreting resilience indicators.
Future Perspectives

Overall, our work demonstrates how vegetation spatial patterns
can provide useful information for monitoring ecological restoration trajectories and anticipating their long-term success. Recent
studies have started to acknowledge the importance of human
interventions in measuring system resilience and monitoring
recovery trajectory (Rietkerk et al. 2021), especially during an
era that land dynamics are largely determined by human inﬂuences (Bestelmeyer et al. 2015; Wang et al. 2018). Achieving this
will require further developing the theoretical framework of how
to assess the resilience of ecological systems in a transient condition such as systems that have been intervened by restoration projects. For instance, some widely applied resilience indicators for
critical transitions (e.g. generic indicators and recovery rate) cannot be applied incautiously to these transient systems as they
were initially developed for systems at equilibrium. There is
much need of expanding the theory and the instruments to assess
the resilience of transient systems after ecological restoration
projects. Our results are a promising start and emphasize the
importance of further investigating the coupling of spatial indicators with changes in community assemblages to better anticipate
ecological transitions and inform ecosystem restoration actions.
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