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Abstract

Our current planetary crisis moves the need for effective ecosystem restoration centerstage and compels us to explore unusual

options. We here propose exploring combinatorial approaches to restoration practices: management practices are drawn at

random and combined from a locally relevant pool of possible management interventions, thus creating an experimental gradient

in the number of interventions. This will move the current degree of interventions to higher dimensionality, opening new

opportunities for unlocking unknown synergistic effects. In this concept, regional restoration hubs play an important role as

guardians of locally relevant information and sites of experimental exploration. Data collected from such studies could feed into

a global database, which could be used to learn about general principles of combined restoration practices, helping to refine

future experiments. Such combinatorial approaches to exploring restoration intervention options may be our best hope yet to

achieve decisive progress in ecological restoration at the timescale needed to mitigate and reverse the most severe losses.
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Abstract

Our current planetary crisis moves the need for effective ecosystem restoration centerstage and compels us to
explore unusual options. We here propose exploring combinatorial approaches to restoration practices: ma-
nagement practices are drawn at random and combined from a locally relevant pool of possible management
interventions, thus creating an experimental gradient in the number of interventions. This will move the
current degree of interventions to higher dimensionality, opening new opportunities for unlocking unknown
synergistic effects. In this concept, regional restoration hubs play an important role as guardians of locally
relevant information and sites of experimental exploration. Data collected from such studies could feed into
a global database, which could be used to learn about general principles of combined restoration practices,
helping to refine future experiments. Such combinatorial approaches to exploring restoration intervention
options may be our best hope yet to achieve decisive progress in ecological restoration at the timescale
needed to mitigate and reverse the most severe losses.

Our planetary system is in crisis - at least 1.2 million plant and animal species are estimated to be under
threat of extinction (IPBES 2019), many of them before 2100, and global warming is likely to reach 1.5°C
between 2030 and 2052 if it continues to increase at the current rate (IPCC 2022) (IPCC, 2018). As we are
exceeding an increasing number of planetary boundaries (Steffen et al. 2015), the need for effective ecosystem
restoration moves centerstage. The currently unfolding United Nations Decade on Ecosystem Restoration
therefore marks an important occasion to move the conversation on restoration approaches forward.

Restoration is an important tool for reversing biodiversity loss, but also for increasing carbon storage, and for
countering the effects of global change, and ideally all three. Restoration has a rich and increasing toolkit of
individual measures that generally serve to accelerate the movement of the system to later successional stages
(Harris 2009). These consist of abiotic interventions (addressing substrate adversity, inappropriate nutrient
content, or poor structure), and biotic interventions (addition of desired species, soil biota transplants, or
removal of invasive species). While having made huge strides, in practice many restoration efforts do not
fully succeed (Duguma et al. 2020), and there is even chronic under-reporting of failure (Hobbs 2009).

Add to this that ecosystems face ever-increasing human-caused challenges (Bowler et al. 2020), with the list of
factors of global change steadily going up. We now know that an increasing number of human-caused factors
impinging on an ecological system simultaneously can trigger responses not seen when just a few factors
are active, including loss in functions and biodiversity (Rillig et al. 2019; Speißer et al. 2022; Zandalinas et
al. 2021). The problems facing ecosystems are multifactorial and are becoming increasingly so, and research
has not even fully grappled with this fact, as an analysis of the number of experimental factors included in
global change experiments shows: over 98% of published studies use only one or two such factors (Rillig et
al. 2019).
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Fig. 1 (a) Restoration projects currently only take advantage of a small number of practices or management
interventions, as shown by these data on the number of restoration practices per study, collected from a meta-
analysis (Benayas et al. 2009) of restoration studies. (b) Proposed combinatorial approach to experiments
with larger numbers of factors. A gradient in the number of restoration actions is achieved by random
sampling from a pool of possible actions. (c ) The proposed three-step workflow from establishing a regional
pool of measures, to the combinatorial experimental testing approach (see panel b) to the reconciliation with
local realities, leading to local implementation.

Similarly, in the vast majority of cases restoration projects are either focused on a single issue (e.g., missing
trees or herbivores or presence of a soil contaminant) or a general approach consisting of a small set of
standard interventions (Benayas et al. 2009), rarely looking at anything other than vegetation establishment,
let alone whole ecosystem assessment and intervention (Cross et al. 2019). In fact, the number of particular
combinations of these individual measures that has been experimentally tested is relatively small (Fig. 1a)
and pales in comparison to the vast space formed by all possible combinations that could be applied, let
alone the combination of pressures at a variety of scales (Walker et al. 2014), and encompassing approaches
which have been largely ignored, such as increasing complexity, both trophically and structurally (Bullocket
al. 2022). Furthermore the effect of intensity of intervention is difficult to assess for more than a single factor
(Li et al.2022). In other words, there is a clear gap between the parameter space of restoration measures
that is possible and the space that has been explored so far. This is a situation similar to agricultural
measurement, where only a small percentage of management combinations have ever been experimentally
tested (Rillig & Lehmann 2019).

Factorial experiments, where factors (here management actions) are combined with each other into treat-
ments, are fundamentally unsuited for dealing with a very large number of factors because of the combinato-
rial explosion problem (Katzir et al. 2019): the number of combinations increases rapidly with the number of
factors to consider. This partly explains why so few management practices have been tested in combination
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(Fig. 1a). A combinatorial approach, inspired from earlier work on the role of the number of species in
biodiversity-ecosystem functioning experiments, namely randomly picking management actions from a pool
of site-filtered options, is a possible solution, since this uses far fewer experimental units.

How could this work in practice (Fig. 1b,c)? Ecological restoration researchers and practitioners first need
to agree on a pool of management interventions that are generally viable for a site and problem at hand,
a list that in many cases will already be available. The research phase would then entail a pilot study in
which treatments are picked from this pool of possible actions at random (Rillig et al. 2019), and combined
into a gradient of the number of actions, ideally from 1 to n, with n being the pool size of management
actions. Each replicate within this gradient of ‘number of management interventions’ will have a different,
randomly chosen combination of actions. From this, an optimal number of interventions, both biotic and
abiotic (sensu (Hobbs & Harris 2001)) could be identified to deliver accelerated gains in biodiversity and
ecosystem functions. We postulate the existence of such an optimal number of interventions, since beyond a
certain point there likely will be no further worthwhile gains; and it is very unlikely that a very low number
of actions would already deliver successful restoration, as past experience shows (Duguma et al.2020). This
result will then need to be reconciled with logistical and economic feasibility before being more widely applied
at individual sites. Furthermore, combinations of treatment could be tuned to particular goals (e.g. wildlife,
carbon sequestration), and challenges within particular sites, regions and biomes. We envision regional hubs
that serve as centers for this kind of combinatorial testing, similar to agricultural experiment stations, which
would also be able to test and secure cultural engagement. These regional hubs would hold and continually
refine knowledge about locally relevant site conditions that provide important context for any restoration
endeavor, such as soil properties or climate, and such hubs would also keep indigenous and local knowledge.

Funding, logistics, and availability of land or buy-in of land-owners will likely be major obstacles for this idea.
Land-owners will be disinclined to offer their land for experimentation, and would need to be offered monetary
compensation. We also envision that this will not work for all situations, but rather where relatively small
plots could be informative for restoration outcomes (e.g. grasslands rather than forests). Clearly, situations
in which large plot sizes are required would be unlikely to be suitable for this approach.

With data accumulating and being curated at regional hubs or a central, global data platform, it will
be possible to learn important lessons about the nature of the management factor combinations that are
successful, offering opportunities to constrain random draws of any future studies. For example, will it
be more advantageous to have several rather similar practices (targeting particular features of the restored
ecosystem, for example the soil); or would it be better to have a spread of interventions targeting as many
different ecosystem components as possible? For this purpose a trait-based classification of management
interventions, as already proposed for environmental factors (Rillig et al. 2021), may prove useful. In
addition to such a ‘bird’s eye’ view on factor combinations, research lines should also mechanistically explore
successful factor combinations to understand better why they produce synergistic effects. In some cases this
synergism is already clear, such as in co-application of biochar and fertilizer (Bai et al. 2022), but many
such synergisms still await discovery.

Restoration practitioners routinely include multiple interventions in their efforts to reinvigorate ecosystems.
While they do not do this in the context of formal experimentation, this may be a source of information
that could be leveraged for the approach we propose here. In addition to the experimental focus we propose
here, observational data could also be brought to bear on this question: analysis of data from practitioners
on combinations they have used (especially their number) might also carry a signature that supports the
premise of using combinatorial approaches.

We believe that testing this increased number of potential management interventions will unlock unprece-
dented advantages and restoration successes that are currently difficult to achieve or predict from single
or few-factor management approaches. Such combinatorial approaches to exploring restoration intervention
options, especially when conducted in the context of international restoration research networks, may be our
best hope yet to achieve decisive progress in ecological restoration at the timescale needed to mitigate and
reverse the most severe losses (Weise et al. 2020).

4



P
os

te
d

on
5

M
ay

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

49
42

28
.8

10
27

79
3/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Acknowledgements

The authors declare that there are no conflicts of interest to report.

M.C.R acknowledges financial support from an ERC Advanced Grant. JH acknowledges financial support
from NERC Grant NE/V006444/1 Restoring Resilient Ecosystems (RestREco)

References

Bai, S.H., Omidvar, N., Gallart, M., Kämper, W., Tahmasbian, I., Farrar, M.B., et al. (2022). Combined
effects of biochar and fertilizer applications on yield: A review and meta-analysis. Sci. Total Environ. , 808,
152073.

Benayas, J.M.R., Newton, A.C., Diaz, A. & Bullock, J.M. (2009). Enhancement of Biodiversity and Ecosys-
tem Services by Ecological Restoration: A Meta-Analysis. Science , 325, 1121–1124.

Bowler, D.E., Bjorkman, A.D., Dornelas, M., Myers-Smith, I.H., Navarro, L.M., Niamir, A., et al. (2020).
Mapping human pressures on biodiversity across the planet uncovers anthropogenic threat complexes.People
Nat. , 2, 380–394.

Bullock, J.M., Fuentes-Montemayor, E., McCarthy, B., Park, K., Hails, R.S., Woodcock, B.A., et al. (2022).
Future restoration should enhance ecological complexity and emergent properties at multiple scales. Ecog-
raphy , 2022.

Cross, S.L., Tomlinson, S., Craig, M.D., Dixon, K.W., Bateman, P.W., Cross, S.L., et al. (2019). Overlooked
and undervalued: the neglected role of fauna and a global bias in ecological restoration assessments. Pac.
Conserv. Biol. , 25, 331–341.

Duguma, L., Minang, P., Aynekulu, E., Carsan, S., Nzyoka, J., Bah, A.,et al. (2020). Tree Planting to
Tree Growing: Rethinking Ecosystem Restoration Through Trees. In: , ICRAF Working Paper. World
Agroforestry, Nairobi, Kenya.

Harris, J. (2009). Soil Microbial Communities and Restoration Ecology: Facilitators or Followers? Science
, 325, 573–574.

Hobbs, R. (2009). Looking for the Silver Lining: Making the Most of Failure. Restor. Ecol. , 17, 1–3.

Hobbs, R.J. & Harris, J.A. (2001). Restoration Ecology: Repairing the Earth’s Ecosystems in the New
Millennium. Restor. Ecol. , 9, 239–246.

IPBES. (2019). Global assessment report on biodiversity and ecosystem services of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services . IPBES secretariat, Bonn, Germany.

IPCC (Ed.). (2022). Summary for Policymakers. In: Global Warming of 1.5degC: IPCC Special Report on
Impacts of Global Warming of 1.5degC above Pre-industrial Levels in Context of Strengthening Response to
Climate Change, Sustainable Development, and Efforts to Eradicate Poverty . Cambridge University Press,
Cambridge, pp. 1–24.

Katzir, I., Cokol, M., Aldridge, B.B. & Alon, U. (2019). Prediction of ultra-high-order antibiotic combina-
tions based on pairwise interactions.PLOS Comput. Biol. , 15, e1006774.

Li, T., Wu, M., Duan, C., Li, S. & Liu, C. (2022). The effect of different restoration approaches on vegetation
development in metal mines. Sci. Total Environ. , 806, 150626.

Rillig, M.C. & Lehmann, A. (2019). Exploring the agricultural parameter space for crop yield and sustain-
ability. New Phytol. , 223, 517–519.

Rillig, M.C., Ryo, M. & Lehmann, A. (2021). Classifying human influences on terrestrial ecosystems. Glob.
Change Biol. , 27, 2273–2278.

5



P
os

te
d

on
5

M
ay

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
71

49
42

28
.8

10
27

79
3/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Rillig, M.C., Ryo, M., Lehmann, A., Aguilar-Trigueros, C.A., Buchert, S., Wulf, A., et al. (2019). The role
of multiple global change factors in driving soil functions and microbial biodiversity.Science , 366, 886–890.

Speisser, B., Wilschut, R.A. & van Kleunen, M. (2022). Number of simultaneously acting global change
factors affects composition, diversity and productivity of grassland plant communities. Nat. Commun. , 13,
7811.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, I., Bennett, E.M., et al. (2015). Planetary
boundaries: Guiding human development on a changing planet. Science , 347, 1259855.

Walker, L.R., Holzel, N., Marrs, R., del Moral, R. & Prach, K. (2014). Optimization of intervention levels
in ecological restoration.Appl. Veg. Sci. , 17, 187–192.

Weise, H., Auge, H., Baessler, C., Barlund, I., Bennett, E.M., Berger, U., et al. (2020). Resilience trinity:
safeguarding ecosystem functioning and services across three different time horizons and decision contexts.
Oikos , 129, 445–456.

Zandalinas, S.I., Sengupta, S., Fritschi, F.B., Azad, R.K., Nechushtai, R. & Mittler, R. (2021). The impact
of multifactorial stress combination on plant growth and survival. New Phytol. , 230, 1034–1048.

6


