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ABSTRACT

Sustainable conversion of uneconomic rubber monocultures is essential for restoring degraded tropical rainforests and
achieving the goals of the UN Decade on Ecosystem Restoration (2021-2030). Here, we discuss existing ecological restoration
approaches that may be applicable to converting rubber monocultures in protected and marginal areas with high conservation
value but less economic potential. Before selecting restoration interventions, practitioners should conduct comprehensive
assessments of landscape context, land-use history, forest regeneration status, and resource availability. Natural forest regen-
eration is typically a low-cost restoration option for rubber monocultures that have encroached into protected areas, where
nearby natural forest fragments can provide seed sources. In other marginal areas, assisted natural regeneration and active
planting can promote more rapid recovery. The restoration strategies outlined here can support the restoration of 1,900,000 ha
of rubber monocultures in marginal zones and other economically unsustainable monoculture plantation crops, thereby
making a significant contribution to global restoration targets by 2030.
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Summary

Rubber plantations have replaced vast areas of tropical
rainforests, harming biodiversity, and often failing to
deliver economic benefits in marginal or protected areas.
This paper explores practical ways to restore these mono-
culture plantations to healthy and diverse forests. Key
strategies include:

(1) Letting forests regrow naturally where possible, espe-
cially near existing forest fragments.

(2) Assisting recovery by removing invasive species or
thinning rubber trees to help native plants thrive.

(3) Active planting of key tree species to speed up resto-
ration, particularly in heavily degraded areas.

Restoration success depends on involving local communi-
ties along with compensating landowners for lost income.
Governments, businesses, and conservation programs can
help by funding restoration or supporting agroforestry sys-
tems that blend rubber production with biodiversity pro-
tection. By combining these approaches, we can restore
degraded lands, protect wildlife, and contribute to meet
global restoration goals by 2030.

+ Practitioner Points

> Tailored Restoration Strategies: Natural regenera-
tion is typically a low-cost restoration option for
rubber monocultures that have encroached into pro-
tected areas, where nearby remnant natural forest
fragments can provide seed sources. In other marginal
areas, assisted natural regeneration and active plant-
ing can promote more rapid recovery.

> Economic Incentives and Community Engage-
ment: Restoration efforts must address landowners’
economic concerns to ensure long-term success.
Compensation for ecosystem services (e.g., carbon
sequestration, water security, etc.) through govern-
ment policies, market mechanisms, or payments for
ecosystem services can incentivize participation.
Some smallholder farmers may prefer agroforestry
transitions if direct rainforest restoration lacks
immediate financial benefits.

1 | Introduction

Tropical rainforests harbor high levels of biodiversity, store
approximately 30% of the global gross forest carbon pool, and
provide timber and non-timber forest products (NTFPs) (Myers
et al. 2000; Pan et al. 2024). Despite global conservation efforts,
tropical rainforests continue to be replaced by plantation crops
such as rubber (Hevea brasiliensis (Willd. ex A. Juss.) Miill.Arg.)
(Grogan et al. 2018). According to FAOSTAT (2023), rubber
plantations cover more than 13.58 million hectares in tropical
regions, primarily in Southeast Asia and sub-Saharan Africa
(Earthsight 2018; Hurni and Fox 2018). This expansion has
resulted in massive ecological loss, valued at up to $1.34 trillion
in Southeast Asia alone, which accounts for around 90% of
global rubber production (Wang and Zhang 2025). Fagan et al.
(2022) estimated that, in the humid tropics, tree plantations
have encroached upon 9.2% of accessible protected areas. A

more recent study in Southeast Asia reported that over 1 million
hectares of rubber monocultures are located within Key Bio-
diversity Areas (Wang et al. 2023). The spread of monocultures
into protected areas poses a serious threat to biodiversity, as
these areas serve as the last refuges for threatened species and
ecosystems (Laurance et al. 2012).

Previous research from the same region found that between
2005 and 2010, approximately 1.9 million hectares of rubber
monocultures were established in environmentally unsuitable
marginal areas, such as at higher elevations, on steeper slopes,
and in regions with more frost and lower temperatures
(Ahrends et al. 2015). Rubber monocultures in these marginal
areas are economically unsustainable due to reduced yields,
prolonged maturation times, shorter harvesting periods, and
greater susceptibility to disease (Rao et al. 1998; Ahrends
et al. 2015; Chen et al. 2016). This highlights that the conversion
of tropical rainforests to rubber monocultures in protected and
marginal areas has detrimental effects on biodiversity and fails
to deliver expected economic returns (Yi et al. 2014). There is an
urgent need to restore these monocultures to rainforest eco-
systems to improve tropical biodiversity integrity, ecosystem
functions, and associated services.

Global analyses have identified significant restoration oppor-
tunities across the tropics (Brancalion et al. 2019; Edwards
et al. 2021), and various restoration strategies, such as natural
regeneration, assisted natural regeneration, applied nucleation,
and planting, have shown potential (Uebel et al. 2017; Holl
et al. 2020; Elliott et al. 2022; Williams et al. 2024). However,
successful examples of rainforest restoration from tropical
plantation crops remain limited and fragmented (Paterno
et al. 2024; Zemp et al. 2023; Liu and Qi 2025). Most current
research has examined the ecological impacts of rainforest
conversion to rubber monocultures, with findings consistently
advocating for agroforestry systems as a sustainable alternative
(Huang et al. 2022; Liu and Qi 2025). However, agroforestry has
different restoration goals and is unlikely to reverse the bio-
diversity loss caused by monocultures (Gibson et al. 2011; Liu
et al. 2021).

Here, we explore a range of ecological restoration strategies that
may be applied to restore rubber monocultures in protected and
marginal areas to semi-natural forest ecosystems that, as far as
possible, resemble the biodiversity and ecological functions of
the primary tropical rainforests. We also highlight the key
challenges that must be addressed to implement these restora-
tion strategies effectively.

2 | Restoration Framework

As with other degraded forest ecosystems, tropical rainforest
restoration in rubber monocultures can adopt one or a combi-
nation of the following three approaches: (1) natural regener-
ation, (2) assisted natural regeneration, and (3) tree planting
(Lamb 2011), which represent an increasing gradient of resto-
ration intervention intensity (Chazdon et al. 2021). Elliott et al.
(2013) emphasized that the choice among these approaches
should be guided by the degree of forest degradation at the
landscape level. The expansion of rubber monocultures over
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large areas has led to extensive degradation, including the
replacement of multispecies forests with monospecies forests
dominated by a single canopy layer and the fragmentation of
native forest patches (Xu et al. 2014). This has also resulted in
widespread soil degradation, characterized by nutrient
imbalance due to chronic fertilization, increased bulk density
due to compaction, and reduced soil water content resulting
from elevated surface runoff and evapotranspiration (Tan
et al. 2011; Li et al. 2012). On steep slopes and at high eleva-
tions, these effects are intensified by substantial surface runoff
and erosion (Li et al. 2013).

Restoring rubber monocultures in protected and marginal areas
can be organized in two different phases: (1) the identification
and prioritization of restoration sites using remote sensing and
field surveys, followed by an assessment of degradation levels,
and (2) the implementation of appropriate restoration inter-
ventions based on assessment outcomes (Figure 1). National-
level data on protected areas are generally well maintained,
enabling the identification of rubber monocultures in protected
areas through analyses of temporal changes in remote sensing
imagery (Chen et al. 2016). For example, Wang et al. (2023)
successfully applied a plant phenology-based remote sensing
method to distinguish monocultures from other forest types.
Similarly, monocultures on steep slopes and at higher eleva-
tions can also be detected using remote sensing data (Liu
et al. 2023), which can be complemented by field surveys and
interviews with smallholder farmers to locate low-yielding
areas. Generating maps that highlight priority conservation
zones and potential restoration sites would be valuable in
guiding these efforts.

Given their high conservation value, rubber monocultures
within protected areas should be prioritized for restoration.
Restoring these areas can immediately provide suitable sites for
high plant diversity, particularly when adjacent to remnant
forests. Restoration can also reconnect fragments of natural
forests (Liu et al. 2019), promoting seed dispersal and enhan-
cing the likelihood of restoration success. Increasing landscape
connectivity has been shown to benefit biodiversity (Liévano-
Latorre et al. 2025). Marginal areas at higher elevations and
steeper slopes should also be prioritized, as rubber yields are

1. Identification, assessment and prioritization

Restoration priority
1. Protected areas

generally very low in these regions. However, there is a risk that
farmers may clear such lands to cultivate more profitable cash
crops such as pineapple, banana, or tea (Zhang et al. 2019).
While such land-use changes may support food security and
local economies, rainforest restoration remains feasible if
farmers are compensated for the opportunity costs, which are
often not prohibitive.

Once suitable restoration sites are identified, assessing their
degradation level is key to selecting appropriate restoration
interventions. Important considerations include landscape
context, land-use history, and resource availability (Holl and
Aide 2011). Landscape factors, such as proximity to forest
remnants, the presence of invasive species, seed dispersal
agents, and fire occurrence, will affect both the regeneration
rate and the quality of the regenerated forest and can help
determine the most suitable restoration approach (Bardino
et al. 2023). Land-use history, including monoculture age and
fertilization intensity, affects soil conditions and plant estab-
lishment. Finally, resource availability and infrastructure, such
as financial support, labor, and the capacity of local nurseries to
supply native seedlings, will also determine restoration choices.

2.1 | Restoration by Natural Regeneration

Among the various approaches for restoring degraded lands,
natural regeneration is one of the most widely applied methods
(Crouzeilles et al. 2017; Chazdon et al. 2021). This approach
involves preventing further disturbance at the site and allowing
the spontaneous recovery of biodiversity, community structure,
and ecological function through natural succession (Chazdon
and Guariguata 2016). Natural regeneration is most suitable
for less degraded sites that are in vicinity of remnant forest
patches, which can serve as sources of propagules (Chazdon
and Guariguata 2016). It is also a low-cost method, making
it especially feasible for large-scale forest restoration. This
approach is appropriate for restoring rubber monocultures and
was shown to increase plant species richness as well as soil
carbon and nitrogen concentrations under specific conditions
(Zeng et al. 2021; Figure 2a,b). Monocultures that have en-
croached into protected areas are often adjacent to natural

2. Implementation
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FIGURE 1 | Stepwise restoration framework for rubber monocultures in protected and marginal areas.

30f9

ASUAIT suowwo)) aanear) a[qesridde ay) Aq pausaA0T aIe SA[ANIR YO SN JO SA[NI 10] AIRIQIT UIUQ KJ[IA\ UO (SUONIPUOI-PUR-SULIA) /W0 KI[1M" ATRIqI[auI[uo//:sd1y) SUONIPUOD) pue SWLA], aY) S *[SZ0T/L0/6T] U0 Areiqry autuQ Aopip ‘A TAIIAAHS 40 ALISYTAINN £q STOOL €U/Z00T 01/10p/wiod Kafim’ Areiqijautjuo//:sdny woiy papeoumod ‘0 ‘62€60LLT



FIGURE 2 | (a)Rubber monocultures in early 1993 and (b) current physiognomy after natural regeneration in Xishuangbanna Tropical Botanical
Garden (XTBG); (c) Rubber monocultures in 1993 and (d) current physiognomy after gap replanting in XTBG; (e) Rubber monocultures in 2003 and
(f) current physiognomy developed after standing thinning and plantations in Yourantai of Jinghong, SW China. (Picture sources: a, ¢ by Xiao-Bao
Deng, b, e by Sujan Balami and Gerard Burgermeister, respectively, and d, f by Liang Song).

forests with high plant diversity, which can provide abundant
propagules for forest regeneration, making natural regeneration
a viable strategy for these areas (Du et al. 2024). Likewise,
rubber monocultures at higher elevations are frequently inter-
spersed with remnant natural forests, which can support
regeneration. Natural forest patches are also often retained on
steep slopes due to the difficulty of cultivation, making natural
regeneration feasible in marginal areas near such slopes. Fur-
thermore, recently established rubber monocultures may not
have undergone extensive soil degradation and could retain
viable soil seed banks or propagules, further supporting
restoration through natural regeneration. However, several
environmental (e.g., canopy light conditions, soil moisture,
nutrient content) and biotic (e.g., plant competition, aggressive
weeds, invasive species, absence of mycorrhizal fungi) factors
can inhibit the establishment and growth of native seedlings on

restoration sites (Lamb 2011; Sansevero et al. 2017). Invasive
plants such as Mucuna bracteata, Chromolaena odorata, and
Mimosa pudica are common in rubber monocultures (Sankaran
et al. 2014; Lan et al. 2022). These factors can significantly delay
the regeneration process; in such cases, assisted natural
regeneration or active planting should be considered as alter-
native approaches.

2.2 | Restoration by Assisted Natural
Regeneration

Assisted natural regeneration aims to accelerate the dispersal,
establishment, and growth of native plants in restoration sites that
show some degree of natural regeneration. Simple interventions
such as protection from disturbances (e.g., grazing and fire),
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enhancement of seed dispersal or seedling establishment (e.g.,
irrigation, fertilization), and management of competing vegeta-
tion (e.g., grasses) can accelerate the recovery of native vegetation
at relatively low cost (Chazdon et al. 2021). Several methods of
assisted natural regeneration can be implemented sequentially to
achieve successful restoration (Shono et al. 2007).

In the context of rubber monocultures, pruning and thinning of
rubber strands, along with the removal of weedy and invasive
herbs, vines, shrubs, lianas, and ferns, can support natural
regeneration, provided that financial resources and labor are
available. For instance, removing invasive plants or weeds in
thinned monoculture stands was shown to promote the estab-
lishment and growth of native seedlings (Uebel et al. 2017).
However, in rubber monocultures growing on steep slopes,
intensive weeding may increase the risk of soil erosion (Liu,
Blagodatsky, et al. 2016; Neyret et al. 2020).

If these interventions fail to sufficiently promote natural
regeneration, active planting may be the only viable option for
restoration. Nonetheless, field monitoring of restoration sites
can be helpful for assessing natural regeneration potential and
informing decisions on whether planting is necessary. In some
cases, the choice to plant should not rely solely on the failure of
natural or assisted natural regeneration. When sufficient
resources are available, planting can be a proactive strategy to
accelerate rainforest recovery or to shape the composition of the
restored forest by, for example, increasing the density of en-
dangered tree species, those that disproportionately support
wildlife (e.g., Ficus), or species that provide valuable NTFPs.

2.3 | Restoration by Planting

Restoration by planting can significantly reduce restoration
time, but is usually impractical for large areas unless resources
are abundant (e.g., financial support and the capacity of local
nurseries to supply native tree seedlings). The two major con-
siderations in restoration planting are: (1) which species to
plant, and (2) which planting method to use. We do not rec-
ommend planting single species unless the restoration goal
explicitly requires it (e.g., for timber production). The frame-
work species approach and maximum diversity method are two
widely accepted strategies for selecting species for restoration
planting.

The framework species approach involves planting 6-30 key
native tree species whose flowers and fruits attract wildlife that,
in turn, disperse seeds from nearby natural forests (Elliott

et al. 2022). The maximum diversity method aims to plant as
many species as can successfully establish in degraded forests
(Lamb 2011). This method may include the selection of large-
seeded plant species, often dependent on large mammals for
seed dispersal, or endangered and vulnerable species with high
conservation value. It is particularly suited to sites far from
forest remnants or other sources of propagules. Another
important factor in restoring rubber monocultures is whether to
thin the rubber stand, and if so, to what extent. In dense rubber
plantations, shade-tolerant plant species may be required.

Once appropriate species are selected, planting can be done via
direct seeding or by transplanting nursery-grown seedlings.
Direct seeding allows for a more diverse species mix, while
seedling transplantation typically results in higher seedling
survival rates (Palma and Laurance 2015). If local nurseries
have high production capacity, seedling transplantation is
preferable. An innovative technique—planting vegetative
stakes—can also be used for species that regenerate from stem
cuttings. This method was applied successfully in restoration of
abandoned tropical pastures in Central America (Zahawi and
Holl 2009) and in degraded tropical forest in southwest China
(Dai 2023). It is particularly useful for transplanting keystone
tropical species such as Ficus spp. (Dai 2023; Zahawi and
Leighton Reid 2018), making it suitable for the framework
species approach or applied nucleation (Holl et al. 2020).

Restoration by planting in rubber monoculture can be done either
with or without stand thinning. For example, gap replanting
(Figures 2c,d and 3a) involves planting in natural gaps without
thinning the rubber stand (Joshi et al. 2000; Li et al. 2013,
Figure 2c,d). Alternatively, some rubber monocultures can also be
restored by other innovative planting methods that involve rubber
stand thinning, such as thinning followed by planting, especially
in monocultures with high tree density (Figures 2e,f and 3b), or
the applied nucleation approach (Figure 3c).

In these thinning methods, we do not recommend the complete
removal of rubber trees at the onset. Remaining rubber trees can
continue to yield latex (providing supplementary income to
landowners), contribute to belowground carbon storage, and
function as nurse trees that offer shade and protection to young
seedlings of mid- and late-successional species (Rappaport and
Montagnini 2014; Piotto et al. 2020). Additionally, they may help
suppress herb and liana invasions. In smallholder-managed
farms, where rubber is often densely planted, thinning or prun-
ing the canopy layer may be necessary to facilitate restoration.
Partial prunning can reduce competition for nutrients and water
between rubber trees and new plantings.

FIGURE 3 | Restoration by plantations method: (a) gap replanting, (b) stand thinning and planting, and (c) applied nucleation.
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The applied nucleation method—also known as tree island
planting—involves creating nucleation areas through a combi-
nation of planting and other innovative techniques such as
artificial fauna shelters, seed bank enhancement, or the creation
of specialized establishment sites (Figure 3c). These nucleation
areas promote plant species recruitment and accelerate natural
regeneration, eventually expanding and merging across the
landscape. However, variables such as nuclei size, species
selection, and planting density should be evaluated before wide-
scale implementation. Although this technique has shown
success in forest restoration in the Amazon and Sumatra
(Bechara et al. 2016; Holl et al. 2020; Zemp et al. 2023), it was
not yet applied to rubber monocultures. Nevertheless, it holds
promise, particularly where large-scale planting is unfeasible. In
rubber systems, applied nucleation may be optimized by es-
tablishing patches after stand pruning or thinning, selecting
planting species based on life-history traits (e.g., pioneer vs.
non-pioneer species), and considering seed dispersal mecha-
nisms that enhance plant recruitment.

3 | Key Challenges to Overcome in Implementing
Restoration in Rubber Monocultures

As we work toward ambitious goals for rainforest restoration,
several challenges must be addressed to ensure the successful
implementation of the proposed restoration framework. The
most significant and immediate challenge is how to persuade
landowners of the value of restoring rubber monocultures to
rainforests. Strategies to achieve this vary depending on the type
of landowner. For example, private companies owning
unproductive rubber estates may be incentivized through re-
putational benefits, as they can market the restoration in-
itiatives as environmentally and socially responsible, climate-
positive actions. However, for local smallholder farmers, eco-
nomic considerations are likely to be the decisive factor. Many
smallholders prefer converting monocultures into alternative
agricultural land uses that promise greater economic returns
and food security, rather than restoring rainforest ecosystems.
Therefore, motivating these farmers with realistic and tangible
incentives is crucial.

Restoration costs may potentially be covered through a range of
sources, including corporate actors such as rubber companies
aiming to enhance their environmental and social governance
performance, or rubber sustainability platforms like the Global
Platform for Sustainable Natural Rubber (GPSNR), which has
made public commitments to support the socially equitable
greening of the rubber industry (GPSNR 2025). Government
agencies committed to climate adaptation and mitigation in-
itiatives, or similar policies, may also provide financial support.
Additionally, public funding mechanisms, such as payments for
ecosystem services (e.g., carbon sequestration) offer another
potential avenue for covering restoration expenses (Liu et al. 2023).

These considerations highlight the importance of reducing
restoration costs. One strategy is to focus primarily on restora-
tion via natural regeneration. Another is to integrate native
economic species during planting efforts to generate revenue
that can subsidize restoration costs, incorporating establish-
ment and management costs into broader business plans

(Harrison et al. 2020; Werden et al. 2024). In situations where
smallholder farmers are highly reluctant to pursue proposed
rainforest restoration, transitioning monocultures into rubber-
based agroforestry systems may be a more acceptable option.
This approach incorporates economically valuable intercrops,
potentially offering satisfactory returns to smallholders
while simultaneously supporting biodiversity (Warren-Thomas
et al. 2019). Rubber agroforestry has been found to improve soil
properties, reduce soil erosion, and support local livelihoods
(Guo et al. 2006; Liu, Zhu, et al. 2016; Hua et al. 2021). How-
ever, it is important to acknowledge that the biodiversity
benefits of agroforestry systems are generally more limited
compared to those of rainforest restoration. The broader societal
value of restoration should also be emphasized. For example,
engaging and employing local communities in the restoration of
rubber monocultures can bolster local economies, enhance
ecosystem services (e.g., water security), and increase the suc-
cess of restoration efforts (Elliott et al. 2018).

Other challenges revolve around the logistical requirements for
the implementation of restoration strategies at scale. For
assisted natural regeneration and planting approaches, site
preparation activities, such as weeding, pruning, and stand
thinning, require substantial labor and equipment. Integration
with local labor markets and livelihoods will be necessary.
Additionally, infrastructure for seed collection, storage, and
nursery development is critical for producing large numbers of
seedlings needed for planting. Establishing best practices for
site preparation, native species selection, and large-scale prop-
agation of diverse plant species is essential. In particular,
planting requires careful decision-making regarding species
selection and site-specific methods. Ongoing research and
development efforts are needed to refine and optimize these
restoration practices.

4 | Conclusions

Rubber plantations, which cover over 13 million hectares in
tropical regions, have resulted in significant ecological degra-
dation. A substantial portion of these plantations is located
within priority conservation areas and economically marginal
production sites. Urgent action is thus required to restore these
areas, particularly in light of growing concerns regarding trop-
ical biodiversity conservation and the need to reduce global
carbon emissions.

Governments should enforce strict regulations to prevent fur-
ther expansion of rubber monocultures, especially in protected
and marginal areas, recognizing such encroachments as en-
vironmental offenses. Simultaneously, the rapid recovery of
degraded tropical rainforest from rubber monocultures in these
areas must be prioritized. Governments, research institutions,
and other stakeholders should focus on collecting data to
identify unsustainable rubber monoculture areas and imple-
ment appropriate restoration interventions.

As outlined in this article, the selection of suitable ecological
restoration methods should be informed by assessments of
context-dependent factors such as landscape context, land-use
history, and the availability of resources for restoration. Natural
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regeneration is generally a simple and cost-efficient approach.
However, dispersal limitations and environmental or biotic
barriers can delay forest recovery and may lead to the perma-
nent loss of certain species. In such cases, the framework spe-
cies approach may be more appropriate, especially when it
targets large-seeded, dispersal-limited, or rare and endangered
species to meet their specific conservation needs.

Importantly, the success of each restoration intervention should
be systematically monitored and evaluated to enable adaptive
management and inform any need for additional actions. Net-
worked restoration experiments offer a robust framework for
implementing such evaluations (Gellie et al. 2018). For resto-
ration plans at regional or national scales, participation from
local stakeholders is essential (Holl 2017). Monitoring a
wide range of socioeconomic (e.g., community acceptance and
involvement) and ecological factors (e.g., species composition
across trophic levels, community structure, ecosystem function)
as well as ecosystem services will help to develop effective,
bottom-up restoration measures for monocultures in protected
and marginal areas.
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