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ARTICLE INFO ABSTRACT

Keywords: A low-cost restoration action in patchy drylands worldwide is the installation of obstructions (hereafter, resource

Restoration sinks) to break runoff pathways and retain resources. Field-works have studied how the effectiveness of this

segrada}non action depends on the materials installed. However, the influence and effectiveness of the cover and spatial
egetanmf pa,ttems organization of resource sinks have not been widely investigated. In this work, we use a well-known dryland

Self-organization . s . o . .

Dynamical modelling model to study how different initial cover and spatial organization of installed resource sinks affect the recovered

Recovery ecosystem. In agreement with field-work studies, our results confirm that the installation of resource sinks can

restore degraded drylands that would not recover naturally. More importantly, a very small cover of resource
sinks was sufficient to trigger vegetation recovery, while a high cover would lead to complete failure. Higher
plant densities were reached when distribution and cover were similar to that of spatial self-organized vegetation
in the reference healthy system (i.e., regular spatial distribution in our study system). Given the effectiveness of
low cover installations, suggested by our work, combined with the low-cost materials needed, resource sinks
have the potential to be a key contributor to the large restoration efforts needed to achieve land-degradation

neutrality, particularly in developing countries.

1. Introduction

Halting land degradation and restoring degraded ecosystems in
drylands is one of the main challenges for sustainable development (UN
DESA, 2018). In recognition of this challenge, the UN has declared
2021-2030 the Decade on Ecosystem Restoration, aiming to massively
scale up the restoration of degraded and destroyed ecosystems as a
proven measure to fight climate change, enhance food security, water
supply and biodiversity. Recent estimates suggest that restoration rates
would need to exceed land degradation rates by one third to achieve
land degradation neutrality aimed by the UNCCD (Ye et al., 2019). This
need for widespread restoration calls for an improved efficiency of
restoration actions. This is particularly true for simple low-cost resto-
ration options that can be applied in developing countries, as these are
the world’s regions most affected by land degradation and climate
change (Bathiany et al., 2018; Pravalie, 2016).

One such simple low-cost restoration action in patchy drylands is the
installation of resource sinks in the degraded target area. The main goal
of this option is to recover the ability of the ecosystem to capture and
store water and nutrients, by installing obstructions that break runoff
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pathways and retain these resources. In this way, the positive feedback
loops between vegetation loss and resource loss that underly most
desertification processes and that keep the system resilient to restora-
tion, can change in direction and foster ecosystem recovery (i.e., from
vegetation loss and resource loss to vegetation gain and resource gain)
(Mayor et al., 2013; Suding et al., 2004). Several field experiments in
patchy drylands worldwide including Acacia woodlands in Australia and
Kenia, and xerophytic Chaco forests in Argentina, have tested the effi-
ciency of this restoration action (Cavallero et al., 2019; Kimiti et al.,
2017; Tongway and Ludwig, 2011). All the experiments took place in
degraded areas that had not shown recovery signs for decades. Resource
sinks in these studies were built in different ways, mainly using piles of
locally available branches and woody debris, sometimes accompanied
with seeds, litter and/or nutrients, and/or reinforced with burlap
sacking or nylon mesh. In all cases, the installed resource sinks retained
sediments and nutrients, and increased water infiltration, facilitating
favourable habitats for the establishment of perennial vegetation, as
well as for several groups of macroinvertebrates such as ants and ter-
mites. Furthermore, Kimiti et al. (2017) provided figures demonstrating
the low cost of this restoration action at the management scale. These
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experimental field works showed that the ability of the installed
resource sinks to retain runoff and sediments varied depending on the
materials used in their construction. However, the spatial organization
of a given resource sink can also affect the effectiveness of the restora-
tion action, as much as the spatial organization of vegetation controls
the ability of a dryland landscape to retain resources (e.g., Bautista et al.,
2007; McCallum et al., 2018).

Nevertheless, the existing works have primarily focused on studying
the effectiveness of different types of resource sinks, paying much less
attention to aspects related to the spatial design of the restoration.
Spatially-explicit mathematical models of drylands are particularly
suitable for this task. However, despite the immense potential to eval-
uate and predict dryland dynamics shown by these models in the last
two decades (e.g., Kéfi et al., 2007; Mayor et al., 2019; Gilad et al., 2004;
Rietkerk et al., 2002, see Borgogno et al., 2009 and Meron, 2012 for
overviews), modelling efforts have only rarely been directed to inves-
tigate dryland restoration (James and Carrick, 2016; Saco and
Moreno-de las Heras, 2013). In this study, we aim at developing this
modelling potential and at contributing to knowledge on the spatial
design of restoration by using a well-known dryland model to investi-
gate the role of spatial organization of installed resource sinks in the
restoration of degraded drylands. In particular, we investigated how
different initial amounts of cover and spatial distribution of installed
resource sinks (i.e., random or regular) affected the density and spatial
pattern of vegetation at steady state.

2. Methods
2.1. The model

For the present study, we modified the model of Rietkerk et al. (2002;
hereafter also referred to as “the original model”) for vegetation dy-
namics in a water-limited ecosystem, to include infiltration-enhancing
structures (hereafter, resource sinks) in order to mimic a restoration
action. This model was chosen as it is widely studied and represents well
dryland ecosystems where the cover of vegetation forms self-organized
patterns, capturing the essential mechanism of increased surface water
infiltration with increased vegetation cover (Rietkerk et al., 2002).

The model represents the spatial dynamics of vegetation over a flat
two-dimensional domain of 200 x 200 grid cells, where a cell has
dimension 2 m x 2 m. The model describes the continuous time dy-
namics of three state variables: surface water (O; mm), soil water (W;
mm) and plant density (P; gm™~2). The dynamics of these state variables
are described by the following three partial differential equations:
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W, O and P interact and affect one another by water flows and by
changing several properties. Plant growth and soil water uptake are
dependent on plant density (P; linearly) and on soil water (W; with a
saturation function), see first term on the right-hand side (r.h.s.) in 1a
and second in 1b. Infiltration rates increase with plant density, asymp-
totically reaching a maximum (Rietkerk and van de Koppel, 1997), this
in turn increases soil water (first term on the r.h.s. in eq. (1b)) and de-
creases overland flow (second term on the r.h.s in eq. (1¢)). Vegetation
decay (second term on the r.h.s., eq. (1a)) and water losses (third term
on the r.h.s. in eq. (1b)) are linear terms. D,AP, D,yAW and D,AO (last
terms in eq. la-c) represent diffusion terms, where A is the Laplacian
operator for the horizontal surface coordinates. For the name and values
of all parameters used see Table 1, and for further details Rietkerk et al.
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(2002). Important parameters for this study are rainfall (R; mm d! ; first
term on the r.h.s. in eq. (1c)), determining water availability, and
infiltration rate (Wiy¢) for its role in soil infiltration rate variation.

To investigate the role of the cover and spatial pattern of installed
resource sinks in the recovery of a degraded dryland, we modified the
original model to include resource-sink cells with relatively high infil-
tration rates, as this can be considered the most important effect of
resource sinks in a water-limited system (Ludwig and Tongway, 1996).
To simulate this, a fraction of the soil (Fracg,k) was initialised with a
resource sink cover. These areas had a higher infiltration rate than bare
soil areas in the absence of plants. Specifically, Wiy¢ (eq. 1b and c), was
equal to Wy sink = 0.6 in the area with resource-sink installations, cor-
responding to three times the infiltration in the bare soil (W = 0.2). This
was a conservative estimate compared to the up to ten-fold increase of
the soil infiltration rate measured by Tongway and Ludwig (1996) for
resource sinks made out of branches. In all cases, as for the original
model, the infiltration rate under plants was larger than these baseline
values, and it increased saturating towards a maximum for large biomass
(eq. (1b), first term on the r.h.s.).

To enable vegetation to colonise the landscape, we included a non-
local seed bank term. In the original model, plant dispersal is approxi-
mated by a diffusion term. Yet, non-local seed dispersal is also a common
reproduction strategy in drylands (Pueyo et al., 2008), and seed avail-
ability is not found to be limiting (Beukes and Cowling, 2003; Ludwig
et al., 1994). We thus included the third term on the r.h.s. of equation
(1a) (Pgeeq): in a fraction of the spatial domain (Fracgeeq) a small amount
of biomass Pgeeq was introduced at each time step, to represent the
emergence of seedlings from a seed bank; Ps..q was zero elsewhere. The
cells affected by seedling germination were chosen randomly across the
landscape. Due to the inhospitality of the bare soil and the dominance of
the diffusion term (Padilla and Pugnaire, 2006), the seed dispersal term
mostly played a role in the beginning of the simulations, allowing new
seedlings to grow in sink areas.

2.2. Analyses

We studied the effect of varying cover (from 0 to 100%) and spatial
pattern (random and regular) of installed resource-sinks on the recovery
of the system, measured by the average density and spatial pattern of
plants at equilibrium.

In the random distribution, resource-sink cells were chosen
randomly across the field (Fig. 1A). In the regular distribution, resource-
sink cells were introduced following a regular geometrical structure,

Table 1

Parameter symbols, units, values and definitions. Parameter values are from
Rietkerk et al. (2002), with the exception of Pgeeq and W sink (see explanation in
the text).

Symbol (units) value  Definition

c(@gmm 'm™2 10 The conversion of water uptake by plants to plant

growth.

Zmax (mm g~ ! 0.05 Maximum specific water uptake
m2dh
ki (mm) 5 Half-saturation constant of specific plant growth and
water uptake
dd™ 0.25 Specific loss of plant density due to mortality
Peea(gm2dh) 4 Non local seed dispersal
Dy m?d™hH 0.1 Plant dispersal
ad™h 0.2 Maximum infiltration rate
k2 (g m2) 5 Saturation constant of water infiltration
Wing () - Water infiltration rate of the soil in the absence of
plants; it can be equal to: Wy (=) or Wo ginkc—)
Wo (-) 0.2 Bare soil infiltration
Wo,sink (=) 0.6 Resource sink infiltration
ry (@1 0.2 Specific soil water loss due to evaporation and drainage
Dy, (m?2d™ 1) 0.1 Diffusion coefficient for soil water
R(mmd™") - Rainfall
D, (m?>d™1) 100 Diffusion coefficient for surface water
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aiming at recreating regular patterns (Fig. 1D, G, J). The regular dis-
tribution was created by choosing an arrangement where the distance
between neighbouring patches were equal across the lattice in the x and
y directions from the core of the patch, while the patch size would vary
between runs (Fig. 1D, G, J). For patch distances, we repeated the
analysis in a range similar to what observed in the original model for the
distances between plant patches (Rietkerk et al., 2002). The exact value

Resource Sinks

Plant Density
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of the distance between resource-sink patches proved not to be of major
influence on plant density at equilibria (see Appendix A). To simulate a
range of resource-sink covers between 0 and 100%, the regular distri-
bution increased the size of resource-sink patches from single-cell up to
square patches of NxN cells (with N being an odd number between 3 and
25). To verify that our results did not depend on the specific geometry
chosen for the regular distribution, we repeated the simulations also
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Fig. 1. Different spatial distribution and cover of resource sinks lead to different final vegetation and soil water patterns. A, D, G, J, spatial distribution of resource
sinks (brown), within a bare soil matrix, following: A, random distribution (Fracgnx = 10%); D, G, J, regular distributions. With patch sizes of 3 x 3 cells (Fracsink =
1.5%) (D), 11 x 11 cells, (Fracgink = 20%) (G) and 21 x 21 cells patches, (Fracsink = 60%) (J). B, E, H, K, the plant density at the end of the simulation. C, F, I, L, the
soil water patterns at the end of the simulation. Both B, E, H, K and C, F, I, L for the corresponding resource sink distribution shown on the left in each row. See
colorbars for scale: for plant density, yellow represents bare soil and green the maximum density (g m~2); for soil moisture (mm) blue represents wetter soil and
yellow dry soil. In all simulations R = 0.75 mm d~'; see Table 1 for other parameter values. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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with a second regular distribution of resource-sinks, where the size of
the resource sink patches was kept constant, chosen to be close to the
average vegetation patch size in the original model. To increase the
cover of resource sinks, the number of resource-sink patches was
increased between simulations (see Appendix A).

We also performed a sensitivity analysis for a few different values of
Wosink (Appendix B) to verify the influence of the exact value of this
parameter on the results.

We run the simulations for a time period of 9000 days (approxi-
mately 25 years), with a time step of 0.005 days. Such long runs enabled
vegetation to reach a stable state (Appendix C). Simulations were run in
Matlab R2016b. Each simulation started with a flat two-dimensional
domain of 200 x 200 grid cells of bare soil with no vegetation. A frac-
tion Fracgink of the bare soil was covered with resource sinks (with either
random or regular distribution).

We repeated the analysis for three values of rainfall R = 0.6, 0.75 and
0.9 mm d ™. We chose this range since there the original model has two
stable states: bare and vegetated. The vegetated state can only be
maintained or reached if at the beginning of the simulations spikes of
high plant density are introduced, i.e. for healthy ecosystem conditions,
while if the model starts off with low homogeneous plant density (rep-
resenting degraded conditions) all the vegetation dies out and bare soil
is the final outcome of the model (Rietkerk et al., 2002). The latter state
is alternatively stable to the original vegetation pattern state, or, in other
words, hysteresis locks the system into this degraded state. This range of
rainfall is thus appropriate to investigate whether the application of
resource sinks can lead to a recovery of the system from the degraded to
the vegetated state.

3. Results

In our simulations, the addition of resource sinks in a bare landscape,
spatially distributed either randomly or regularly, could trigger the re-
covery of the system to a vegetated landscape (Figs. 1-2, Appendix A).
Technically, the resource sinks destabilized the bare landscape into an
alternative stable state with vegetation growing in spatial patterns,
while vegetation would not grow without the presence of resource sinks
for the rainfall values analysed (Fig. 2, a resource sink cover of 0%

— — Random
—— Regular
—— R=0.9 mmd"
——— R=0.75 mmd"
R=0.6 mmd"

Plant Density (gm)
S

N
0 | \ I I | A
[ 10 20 30 40 50 60 70 80 90 100
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Fig. 2. Average plant density at equilibrium obtained for different sink cover
(Fracgink, %) and rainfall (R, mm d~!). The almost vertical lines close to the Y-
axis represent the shift from bare soil to a vegetated state, already observable
for sink cover values < 0.5%. Note that for Fracsnx = 0%, plant density is close
to zero. The dashed lines represent random distribution, solid lines regular
distribution. The colour of the lines indicates the average annual rainfall; red, R
=0.9mmd % blue, R = 0.75mm d}; green, R = 0.6 mm d~L. See Table 1 for
other parameter values. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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means in all cases a plant density close to zero). Thus, not surprisingly,
our model displayed a similar bi-stability of vegetated and bare soil
states found in the original model (Rietkerk et al., 2002).

A small cover of installed resource sinks was sufficient to promote
the recovery of the vegetation. However, the system did not recover
when large covers of resource sinks were installed (Figs. 1-2). Larger
applied resource sink cover generally led to a decrease in biomass,
reaching zero for resource-sink cover above 50-75% (with the exact
value depending on the rainfall level). The specific characteristics of this
decline varied depending on the spatial distribution of the resource
sinks. From the minimum cover of resource sinks that promote the re-
covery of the system, plant density decreases more or less linearly with
resource-sink cover for random distributions, while it follows a unim-
odal response for regular distributions, peaking at intermediate values of
resource-sink cover (Fig. 2; see also Appendix A).

For a random distribution small (single-cell) resource sinks were
scattered across the entire domain (Fig. 1A), which generally prevented
the existence of large sink patches. The vegetation self-organized in a
spatial pattern (Fig. 1B), which started from the expansion of a few of
the resource sink cells with favourable high soil water conditions across
the lattice (Fig. 1C). The final vegetation pattern resembled the regular
vegetation patterns observed with the original model (Rietkerk et al.,
2002), yet they were less symmetric, seemingly because vegetation
tended to conglomerate around as many sink cells as possible. Some of
the applied sink cells did not develop vegetation, but actively subtracted
water from vegetated patches, as displayed by their high soil moisture
content (Fig. 1C). The number of applied sink cells between the vege-
tated patches inherently increased with larger applied resource-sink
cover, potentially explaining the almost linear decline (Fig. 2).

With regular resource sink distribution, plant density followed a
hump-shaped pattern, with a maximum value for sink cover Fracgini of
approximately 27% (R = 0.9 mm d 1), 19% (R = 0.75 mm d~}) and 13%
(R = 0.6 mm d~1). For larger Fracsink, a sharp decline in plant density
was observed, reaching zero around 50%-75% (with the specific value
increasing with rainfall R). Vegetation developed completely over the
resource sink area (Fig. 1E, H). However, if the resource sink areas were
large, the sinks stopped supporting vegetation at the edges of the patch
(Fig. 1K). These edges would end up subtracting part of the scarcely
available water (Fig. 1L), leading to the observed plant density decline
with Fracsink (Fig. 2). Small Fracgink values could support a relatively
high amount of plant density. Circular vegetation patches developed
around the resource-sink cells, which would support higher plant den-
sity than the rest of the vegetation patch. Noticeably, vegetation trig-
gered by small sink patches (Fig. 1D) developed towards a vegetation
patch size (Fig. 1E) similar to the Fracgnk patches which triggered the
maximum plant densities (Fig. 1G and H).

Regularly distributed resource-sink applications generated in all
cases a higher biomass than the random distribution, for equal applied
area (Fig. 2). This was a direct consequence of the higher water losses by
evaporation and drainage in the random distribution, as more resource-
sink areas remained outside the vegetation patches and the water
infiltrated therein was out of reach for plants (Fig. 1C). The results
presented here held within the sensitivity analyses performed for
different values of Wy sink (Appendix B) and for different regular spatial
distributions (Appendix A).

4. Discussion

In agreement with field-work studies, our model results confirm that
the installation of resource sinks can restore degraded drylands that are
not able to recover naturally. More importantly, our results show the
importance for the success of the restoration of both the cover and the
spatial organization of resource sinks (i.e., piles of woody debris,
sometimes accompanied with seeds), two factors that were not investi-
gated in concert before. Regarding cover, we found that a very small
cover of resource sinks was sufficient to trigger the recovery of
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vegetation. However, a high cover of resource sinks could lead to a
complete failure of vegetation recovery. While the former results were
observed for both random and regular spatial distributions of resource
sinks, a distribution similar to that of vegetation in the reference healthy
system (i.e., regular distribution in our study system) was more effec-
tive: higher plant densities were reached for a given initial cover of
resource sinks.

As a recent modelling work describes, the installation of resource
sinks in a restoration action can facilitate the recovery of a degraded
dryland by breaking the positive feedback between resource loss and
vegetation loss and, at the same time, intensify the negative feedback
between resource concentration and vegetation growth (Mayor et al.,
2019). Indeed, the displacement of surface water towards a given
resource sink (i.e., installed resource sinks and/or vegetation patches) is
maximized when the sink cover is low, as there are more areas with low
infiltration (i.e., bare soil) leading to a higher net displacement of sur-
face water to the existing sinks (Mayor et al., 2019; Urgeghe et al., 2010;
Urgeghe and Bautista, 2015). This maximized source-to-sink transfer of
surface water strongly enhances plant growth, and probably explains
why our system was able to recover when resource sinks were installed
only in a small part of the space. We estimated the cover of resource
sinks used in field work experiments whenever that was possible and
found out that, in agreement with our results, a very small cover (e.g.,
<1% of erosion barriers in Kimiti et al., 2017 and Cavallero et al., 2019)
could indeed trigger the restoration of the ecosystem under field
conditions.

While a low cover of resource sinks suffices to recover vegetation in a
degraded ecosystem, our model results showed that high covers could be
counterproductive and even lead to the complete failure of vegetation
recovery. This is again related to the key role of vegetation patchiness,
and its associated redistribution of surface water from runoff sources to
runoff sinks, in the sustenance of dryland vegetation, which was already
pointed out by the seminal work of Noy-Meir (1973) and later showed
by modelling works (Aguiar and Sala, 1999; Boer and Puigdefabregas,
2005; Rietkerk et al., 2002). These models show that plant productivity
decreases or even collapses if the plant density of a given patchy dryland
is distributed homogeneously in space, as in this way surface runoff is
not produced. Installing high covers of resource sinks in our model had a
similar impact than distributing plant density more homogeneously in
space: the net displacement of surface water to vegetation patches
decreased, and when a certain cover of resource sinks was reached there
is not enough concentration of surface water anywhere that allowed
plants to establish at that level of aridity.

Unimodal responses of plant density to variation in resource-sink
cover were observed for both random and regular distributions of
resource sinks, however, regular distributions generally allowed higher
plant densities than random distributions for a given resource-sink
cover. This is explained by the tendency of vegetation in our system to
form regular patches, as observed in a significant proportion of patchy
drylands worldwide (Berdugo et al., 2019; Deblauwe et al., 2008). Thus,
when resource sinks were applied randomly and regular vegetation
patterns emerged, some of the (installed) resource sinks were left in the
areas between vegetation patches, where water infiltrated at a higher
rate than in bare soils, lowering the net displacement of surface water
towards vegetation patches, and ultimately leading to decreased plant
density.

Interestingly, for regular distributions of resource sinks in our model
simulations, despite equilibrium plant density decreased when the cover
of resource sinks increased beyond the optimal, equilibrium plant cover
remained similar, and at a similar value than the optimal cover of
resource sinks (i.e., the cover of resource sinks that allowed the highest
plant density, ~20% in Fig. 2). Furthermore, this plant cover value was
in the same range as the one in the reference healthy system of the
original model when using the same parameterization (Rietkerk et al.,
2002). These results are in line with previous works suggesting the ex-
istence of an optimal vegetation cover in patchy drylands for which the
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capture and use of water resources is maximized (Aguiar and Sala, 1999;
Ludwig et al., 1994; Puigdefabregas et al., 1999; Urgeghe et al., 2010).
Of course, this optimal cover value would depend on the dryland biome
and its level of aridity (Berdugo et al., 2017; Ludwig et al., 1994).
Nevertheless, our modelling results suggest that it should not be
exceeded when installing resource sinks to restore a degraded area, in
order to achieve an optimal cost-effective action.

One of the simplifications in our model was that resource sinks did
not degrade. In reality, the durability of these structures largely depends
on the materials used to build them, from a relatively fast degradation of
organic materials (Austin and Vivanco, 2006) to practically no degra-
dation when stones are used (Li, 2003). Field experiments testing
different types of resource sinks with biodegradable materials found that
robustly-built sink structures remained intact after three years despite
trampling from domestic or wild animals (Kimiti et al., 2017; Ludwig
and Tongway, 1996; Mando and Stroosnijder, 1999). Three years was
also the time frame for plant establishment in our model (Appendix C),
similarly to field observations (e.g., Kimiti et al., 2017). In this way, even
if resource sinks decayed in our model, plants would still establish and
start to form patterns from the initial resource sinks cover, and thus the
hump-backed response of plant density to variation in resource-sink
cover would remain. However, the hump of this response curve might
become wider in time, as the degradation of the resource sinks would
remove the differences in equilibrium plant density for a larger range of
resource-sink cover. Another simplification of our modelling study is
that it represented a flat landscape. In this way, runoff was displaced
from bare soils towards vegetation patches and (installed) resource
sinks, and did not run off from the landscape. In sloped terrains, runoff
pathways are aligned with the slope and runoff losses from the land-
scape increase with the spatial connectivity of the bare-soil areas (e.g.,
Mayor et al., 2008; Saco and Moreno-de las Heras, 2013), particularly
when high runoff velocities can be expected (Boer and Puigdefabregas,
2005). In this situation, a staggered regular distribution of resource sinks
would reduce runoff losses with respect to the square regular distribu-
tion used in our work, preventing runoff pathways of the length of the
slope.

Our modelling work gave new applied information about the spatial
design of a simple low-cost restoration action for drylands: the instal-
lation of resource sinks or resource barriers in severely degraded dryland
landscapes. Several field experiments have proved the efficiency of this
restoration action in drylands worldwide, and have provided useful in-
formation on the efficacy of different materials that can be used to build
these structures. Our work added that the most effective cover and
spatial arrangement of resource sinks were those that were character-
istics of the reference healthy state, but most importantly, that a very
low cover of resource sinks can already trigger the recovery of the sys-
tem. Furthermore, if reference plant cover is unknown, our results
showed that it is safer to choose lower than higher covers of installed
resource sinks. Using too-high covers of resource sinks may disrupt the
necessary redistribution of surface water towards vegetation patches
that allows dryland vegetation to survive aridity, and thus compromise
the success of the restoration. Even though the installation of resource
sinks can be a relatively low-cost restoration measure (Kimiti et al.,
2017), it is still labor intensive when applied in large areas (Beukes and
Cowling, 2003). Given the high efficiency of low covers of resource sinks
suggested by our work, combined with the low-cost materials needed,
the installation of resource sinks in severely degraded drylands has the
potential to be a key contributor to the large restoration efforts needed
to achieve land-degradation neutrality in the coming decades, particu-
larly in developing countries.
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