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Reforestation is an effective way to alleviate deforestation and its negative impacts on ecosystem
services. In tropical rainforest ecosystem, however, frequent typhoonsandheavy rainfall can result
in landslides and uprooting ofmany seedlings,making reforestation efforts very difficult, especially
within extremely degraded sites where soil conditions cannot support any plant life. Here, we
described a reforestation protocolwhich is basedon tropical rainforest successional processes to
not only prevent landslides and tree uprooting due to frequent typhoon and heavy rain, but also
accelerate tropical forest succession. This protocol first used the slope and soil layer of the
undisturbedold-growth tropical rainforest as a reference to reconstruct slope and soil layers. Then
multiple tropical tree species with high growth and survival rate were separately monocultured in
the reconstructed soil layers. In the year of 2015 and 2016, we tested the effectiveness of this
protocol to recover a 0.2 km2 extremely degraded tropical rainforest which consists of bare rock
and thus does not support any plant life, in Sanya city, China. Our results showed that, both
typhoons and heavy rains did not result in landslide or any tree damages in the area this
reforestation protocol was used. Moreover, our separately monocultured eight fast-growing tree
species have much higher fast-growing related functional traits than those for tree species in the
adjacent undisturbed tropical seasonal forest, which in turn resulted in large soil water and nutrient
losswithin 3 years. This seemed to simulate a quick transition fromprimary succession (consist of
bare rock and cannot support any plant life) to mid-stage of secondary tropical rainforest
succession (many fast-growing pioneer tree species induced high soil water and nutrient loss).
Thus,mixing the late-successional tropical tree species with each of the separatelymonocultured
eight fast-growing tree species can accelerate recovery to the undisturbed tropical rainforest as
soon as possible. Overall, based on tropical rainforest successional processes, our research
provides an effective protocol for quickly and effectively restoring an extremely degraded tropical
rainforest ecosystem. We expect that this work will be important for the future recovery of other
extremely degraded tropical rainforest ecosystems.
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INTRODUCTION

Tropical rain forests are highly important ecosystems due to their
high biodiversity and ability to store large amount of carbon
thereby to play a key role in regulating global climate change
(Houghton et al., 2000; Mitchard 2018). Human disturbances in
tropical rain forests, including mining, and agricultural use have
resulted in heavy deforestation and degradation of these systems
and it has been predicted that tropics will have the most
deforestation in the near future (Laurance et al., 2014). This
degradation, in turn, has led to a global loss in tropical
biodiversity, increased carbon emissions, and excessive water
loss (Aleman et al., 2018; Symes et al., 2018; Taubert et al.,
2018). As a result, it is urgent to develop some effective way
to reduce deforestation and its native influences on tropical rain
forests.

Reforestation has been assumed to be an effective way to
alleviate deforestation and its negative impacts on ecosystem
services (Griscom et al., 2017; Taubert et al., 2018). However,
frequent typhoons and heavy rains in tropical rainforest can
result in landslides and uprooting of many trees (Chang et al.,
2008; Yumul et al., 2012; Acosta et al., 2016; Villamayor et al.,
2016), making reforestation very difficult. In extremely degraded
tropical rainforest (i.e., long ore mining induced extremely
degraded tropical rainforest), only a bare rock environment
can be found and any plant life can be supported. This is
another challenge for performing reforestation that must be
overcome. Extremely degraded tropical rainforest (e.g., the ore
mining induced degraded tropical rainforest) can be comparable
to the initial stage of primary forest succession which originates
from the bare rock environment. Thus, an effective approach to
reforestation in such conditions is to follow the natural forest
successional trajectory (Funk et al., 2008; Johnson andMiyanishi,
2008). However, primary succession usually requires more than
200 years to change the bare rock into the appropriate soil
environments to sustain the colonization and survival of tree
species (Chapin et al., 1994). Thus, it is highly needed to develop a
quick and effective reforestation protocol to not only prevent the
landslide resulting from the frequent typhoon and heavy rain, but
also facilitate quick forest restoration.

The final target for reforestation in the extremely degraded
tropical rainforest is restoring to the undisturbed old-growth
tropical rainforest. Usually, frequent typhoons and heavy rains
are less disruptive in undisturbed old-growth tropical rain forests.
Thus, undisturbed old-growth rainforest in the similar but
adjacent locations to the ore mining sites can be a reference to
reconstruct slope and soil layers to perform reforestation. It has
been found that planting monocultures of fast-growing tree
species with high survival rate can help prevent landslide
(Stokes et al., 2009; Walker et al., 2009; Pang et al., 2018),
thereby to facilitate successfully performing reforestation in
tropics. Additionally, based on the tropical rainforest
successional processes, fast-growing species usually dominate
early succession which in turn may lead to gradually reduced
soil water and nutrients loss (Lohbeck et al., 2014). Planting
monocultures of fast-growing species can quickly cause high soil
nutrient and water loss (Lamb et al., 2005; Wingfield et al., 2015),

and thus it can quickly accelerate tropical rainforest succession
(Lugo, 1997). Here we develop a simple reforestation protocol,
which first uses the slope and soil layer of the undisturbed old-
growth tropical rainforest as a reference to reconstruct slope and
soil layers. Then separately monoculture multiple tropical tree
species with high growth and survival rate in the reconstructed
soil layers to not only prevent landslides and tree uprooting due to
frequent typhoon and heavy rain, but also accelerate tropical
rainforest restoration.

We hypothesized that our protocol could prevent landslides
and tree uprooting due to frequent typhoon and heavy rain, while
at the same time accelerated tropical rainforest succession. Thus,
it can successfully perform reforestation to quickly and effectively
recover extremely degraded tropical rain forests. To test this
hypothesis, we used our reforestation protocol in a 0.2 km2

extremely degraded tropical rainforest in the Baopoling hill
(BPL) in Sanya city, Hainan island. The site has been
extremely degraded due to 20 years of limestone mining
associated with the cement industry and now consists of bare
rock that does not support any plant life. In this study we aim to
quantify whether using our reforestation protocol to recover this
0.2 km2 extremely degraded tropical rainforest can prevent
landslides resulting from frequent typhoon and heavy rain
while also simulating a quick transition from primary
succession to mid-stage of the secondary succession and
thereby accelerate tropical rainforest succession.

MATERIALS AND METHODS

Study Sites
BPL (300 m elevation), is a limestone mountain in Sanya City,
Hainan island, China (110°58′01′′E, 19°38′48′′N) (Figure 1). The
climate of the region is a tropical monsoon oceanic climate with a
mean annual temperature of 28°C. The average annual
precipitation in Sanya city is 1,500 mm, with approximately
91% of the precipitation occurring between June to October
(Luo et al., 2018). The vegetation is described as broad-leaf
tropical rainforest (Guo et al., 2013). Limestone mining
associated with the cement industry lasted from 1995 till 2015,
resulting in a 0.2 km2 extremely degraded area covered by bare
rock (Figure 1). Outside of this degraded area is undisturbed old-
growth tropical rainforest (Figure 1).

Description of Our Reforestation Method
on BPL
We followed our protocol to use the slope and soil layer of the
undisturbed area as a reference to reconstruct slope and soil layers
to plant tree seedlings. Thus, the first step of our reforestation
project is to analyze the slope and soil depth of the adjacent
undisturbed areas of BPL. The slope and soil depth of the adjacent
undisturbed areas were measure by theodolite and soil
compactness measuring instrument (Spectrum SC900, The
United States). Second, the original slope of the highly
degraded 0.2 km2 area was cut so as to match the slope from
the adjacent undisturbed area (Figure 2A). Third, excavators
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were used to dig a lot of holes that approximated the soil depth of
the adjacent undisturbed area to refill the local high nutrient soils to
form eight planted areas form the top to the foot of the 0.2 km2 area
(Figure 2B). Finally, eight fast-growing tropical tree species
(Terminalia neotaliala, Bombax malabarica, Cleistanthus
sumatranus, Ficus microcarpa, Muntingia colabura, Acacia
mangium, Syzygium hainanense and Bougainvillea spectabilis)
are separately mono-planted in the reconstructed soil layers to
quickly perform the reforestation (Figure 2C). These eight fast-
growing tree species are proven good afforestation tropical trees in
Hainan island and they can have high growth rate and surviving
rate after reforestation (Lin et al., 2006; Liu et al., 2017). Moreover,
their seedlings are very easy to get in the local market. Specifically,
the initial height and a diameter at breast height (DBH) for
seedlings of the eight separately monocultured fast-growing
tropical tree species ranged from 2 to 3 m and 3–5 cm
respectively. Planting density was kept at 80–100 stems per
hectare. The entire project was finished in 2016 (Figure 2D)
and we recorded their survival rates from 2016 to 2019 as:

survival rate � Remaining seedings
Original seedings

× 100%

Plant Leaf Sampling and Functional Traits
Measurement
In 2018, 30 plots, each of 20 × 20m2 (an area of 400 m2 for each
plot) that were at least 100–300 m apart from one another, were
randomly sampled across the adjacent undisturbed old-growth
forest. Within each plot, all freestanding trees with diameter of

≥1 cm at breast height (DBH) were measured and identified to
species. We finally found 80 tree species in the undisturbed old-
growth forest and we select the eight tree species (200–300 stems per
hectare) (Bridelia tomentosa, Radermachera frondosa, Lepisanthes
rubiginosa, Rhaphiolepis indica, Pterospermum heterophyllum,
Fissistigma oldhamii, Psychotria rubra and Cudrania
cochinchinensis) as our candidate dominant slow-growing species.
In the maximum growth season (August) of 2019, we measured
plant height and DBH for these eight separately monocultured fast-
growing tropical tree species and the eight dominant old-growth
tropical rainforest tree species found in the undisturbed site.We also
sampled 20 fully expanded and healthy leaves from five individuals
for each of the eight separately monocultured fast-growing tropical
tree species and dominant old-growth tropical tree species in the
undisturbed site, and only individuals with DBH close to the species
mean value were selected (Supplementary Table S1). Leaf samples
were used to measure ten functional traits related to plant growth,
including leaf anatomy traits [palisade tissue (μm), spongy tissue
(μm), leaf thickness (μm), leaf tightness (%), and stomatal density
(numbers mm−2)], specific leaf area (g cm−2), leaf hydraulic
conductivity (kleaf; mmol m−2 s−1 MPa−1), maximum
photosynthesis rate (Amass; μmol m−2 s−1), stomatal conductance
(mmol m−2 s−1), and transpiration rate (μmol m−2 s−1). Traits were
measured following the methods described in Hua et al. (2017) and
Zhang et al. (2018a).

Soil Sampling and Properties
Measurements
In the peak of growing season (August) of 2015, before planting
the seedlings of the eight separately monocultured fast-growing

FIGURE 1 |Map of the study site (Baopoling hill, Sanya city, Hainan island, China) and the surrounding landscape of the 0.2 km2 highly degraded tropical bare hill,
both before (A) and after (B) reforestation efforts.
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FIGURE 2 | The surrounding landscape and detailed procedures regarding the reforestation project in the 0.2 km2 extremely degraded tropical rain forest in
Baopoling mountain (BPL). (A) BPL and the surrounding landscape including the 0.2 km2 area of extremely degraded tropical rain forest and the adjacent undisturbed
old-growth tropical rain forests. (B) the original landscape and slope of the 0.2 km2 extremely degraded tropical rain forest; (C) using the slope, the deep of soil layers as a
reference to reconstructing slope and soil layers, and to refill soils from the undisturbed old-growth tropical forests to form planting area in the extremely degraded
tropical rain forest; (D) separately mono-planting eight fast-growing tropical tree species; (E) the landscape of undisturbed old-growth tropical rain forest and the 0.2 km2

extremely degraded tropical rain forest after reforestation efforts in 2020.
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tropical tree species, we followed the methods described in Burt
(2009) to determine soil available nitrogen (ammonium and
nitrate nitrogen; mg kg−1), soil available phosphorus (mg
kg−1), and soil water content (g kg−1) in randomly collected 24
soil samples at a depth of 0–20 cm of the high nutrient local soils
that are used for reforestation and soils in the adjacent
undisturbed old-growth tropical rain forest. After reforestation,
in the peak of growing season (August) of 2019, three soil samples
were collected randomly at a depth of 0–20 cm around each of the
eight dominant old-growth tropical tree species and
monocultured fast-growing tropical tree species to measure
soil available nitrogen, soil available phosphorus, and soil
water content in the undisturbed old-growth forests. Detailed
procedures for measuring both functional traits and soil
properties can be found in the Supplementary Material.

Statistical Analysis
Since we did not know the detail distribution of all of our data, we
first utilized non-parametric analysis (Wilcoxon signed-rank test)
to quantify whether there were any important differences in plant
height, DBH, and ten growth traits between the eight separately
monocultured fast-growing tropical tree species and eight old-
growth tropical tree species. Then, we used principal component
analysis (PCA) to evaluate which of the ten growth traits best
discriminated between the eight separately monocultured fast-
growing tropical tree species and eight old-growth tropical tree
species. Finally, we also compared differences in soil water
content, available nitrogen, and phosphorus content among
the initial local high nutrient soil before reforestation sampled
in July, 2015 (reforestation soil in 2015), soils in undisturbed old
growth forest sampled in July, 2015 (undisturbed soil in 2015),
soils in reforestation area sampled in July, 2019 (reforestation soil
in 2019) and soils in undisturbed old growth forest sampled in
July, 2019 (undisturbed soil in 2019).

RESULTS

So far both typhoons and heavy rains have not resulted in landslide
or tree damages in this reforestation project (Figure 1). Moreover,
all of the eight separately mono-planting fast-growing have

survived and have had positive growth rates after reforestation.
The survival rates among all separately mono-planting fast-
growing tree seedlings were greater than 92% after 3 years’
reforestation (Figure 1; Table 1). Furthermore, the height and
DBH for the eight separately mono-planting fast-growing tree
seedlings increased 2–6 times in the 3 years’ plantation (from 2 to
3 m and 3–5–13m and 10 cm). In addition, the height and DBH
for the eight monocultured fast-growing tree species were also
1.6–2 times larger than the eight dominant old-growth tree species
(p < 0.001, based on Wilcoxon signed-rank test, Supplementary
Figure S1).

We also found all ten growth trait metrics for the
monocultured tree species were greater than the dominant
old-growth tree species (p < 0.001, based on Wilcoxon signed-
rank test, Figure 3). However, results from the PCA show that
five of the traits were best at discriminating between the mono-
planting tree species and the old-growth tree species. These
include stomatal conductance, stomatal density, leaf water
conductance, maximum photosynthesis rate, and transpiration
rate (Figure 4; Table 2). Thus, stomatal conductance, stomatal
density, leaf water conductance, maximum photosynthesis rate,
and transpiration rate are the key characteristics to facilitate the
much higher growth rate in the monocultured tree species
compared to the dominant old growth tree species.

In addition, we found that our reforestation method could
quickly result in soil water and nutrient loss. That was because
soil water content, soil available nitrogen (ammonium and nitrate
nitrogen), and available phosphorus content in the local high
nutrient soils before reforestation were 1.5–2 times higher than
those for soils in undisturbed old growth forest sampled in the
same time (August, 2015) (Figure 5 and p < 0.05 based on
Wilcoxon signed-rank test in Supplementary Table S2).
However, in 2019, after 3 years of growth, the reforestation
area had merely 1/4 of the available nitrogen (ammonium and
nitrate) and available phosphorus content those for the initial
local nutrient soils before reforestation (Figure 5 and p < 0.05
based on Wilcoxon signed-rank test in Supplementary Table
S2). In contrast, there were no significant variation in soil water
content, soil available nitrogen (ammonium and nitrate
nitrogen), and available phosphorus content in the
undisturbed area from 2015 to 2019 (Figure 5 and p > 0.05
based on Wilcoxon signed-rank test in Supplementary Table
S2). Moreover, soil water content, soil available nitrogen
(ammonium and nitrate nitrogen), and available phosphorus
content in the reforestation area were only 1/2–1/3 of those in
the undisturbed area (Figure 5 and p < 0.05 based on Wilcoxon
signed-rank test in Supplementary Table S2).

DISCUSSION

Here we introduce a reforestation protocol which is based on
tropical rainforest successional processes to quickly and
effectively restore extremely degraded tropical rainforest. Our
approach resulted in a successfully restored 0.2 km2 extremely
degraded tropical rainforest which consists of bare rock and
cannot support any plant life. Importantly this large scale

TABLE 1 | Survival rates for the eight fast-growing tree species (Terminalia
neotaliala (Combretaceae),Bombaxmalabarica (Bombacaceae),Cleistanthus
sumatranus (Euphorbiaceae), Ficus microcarpa (Moraceae), Muntingia colabura
(Elaeocarpaceae), Acacia mangium (Leguminosae), Syzygium hainanense
(Myrtaceae) and Bougainvillea spectabilis (Nyctaginaceae)) after 3°years of
reforestation.

Species Survival rate (%)

Terminalia neotaliala 92
Bombax malabarica 94
Cleistanthus sumatranus 92
Ficus microcarpa 95
Muntingia colabura 93
Acacia mangium 100
Syzygium hainanense 100
Bougainvillea spectabilis 100
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FIGURE 3 | Differences in ten functional traits associated with a fast-growth strategy (i.e., palisade tissue (PT; μm), spongy tissue (ST; μm), leaf thickness (LT; μm),
leaf tightness (LTI; %), stomatal conductance (SD; mmol m−2 s−1), stomatal density (numbers mm−2), specific leaf area (SLA; g cm−2), leaf hydraulic conductivity (kleaf;
mmol m−2s−1 MPa−1), maximum photosynthesis rate (Amass; μmol m−2 s−1) and transpiration rate (μmol m−2 s−1)) between the eight separately monocultured fast-
growing tropical tree species used for reforestation (tree species for reforestation) and the eight dominant tropical tree species in the undisturbed old-growth
tropical rainforest (dominant late-successional tree species). *** indicates p < 0.001 based on Wilcoxon signed-rank tests.
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reforestation project helps to solve the challenge of improving
forest conditions and the negative outcomes (landslides and tree
uprooting) due to frequent typhoon and heavy rain, but also
quickly simulates a transition from primary tropical rainforest
succession (consisting of merely bare rock and no plant can grow
and survive) to mid-stage of secondary tropical rainforest

succession (dominant fast-growing tree species have resulted
in soil water and nutrient loss). Finding the appropriate tree
species in late-stage of secondary tropical rainforest succession
can have high potential to quickly simulate late secondary forest
succession thereby accelerating the forest trajectory towards
undisturbed old-growth tropical rainforest. Ultimately, our
reforestation protocol can be treated as a general protocol to
perform reforestation to recover extremely degraded tropical
rainforest.

The high risk of landslides and uprooting of many trees due to
frequent typhoons and heavy rains in tropical rain forests (Chang
et al., 2008; Yumul et al., 2012; Acosta et al., 2016; Villamayor
et al., 2016) and bare rock environment are two big challenges for
performing reforestation in extremely degraded tropical
rainforest. Here both typhoons and heavy rains did not result
in landslide and any tree damages, when using our reforestation
protocol. Moreover, all separately mono-planting multiple fast-
growing tropical tree species had a very high survival and growth
rate rate (the height and DBH for the eight separately
monocultured tree species were 1.6–2 times larger than the
dominant tree species in the undisturbed old-growth tropical
rain forests after 3 years’ plantation). This confirmed that mono-
planting multiple tree species with high survival and growth rate
could prevent typhoons and heavy rains induced landslide in
tropical rainforest (Stokes et al., 2009; Walker et al., 2009; Pang

FIGURE 4 | Principal component analysis (PCA) of the ten functional traits associated with fast growth between the eight separately monocultured fast-growing
tropical tree species (tree species for reforestation) and the eight dominant tropical tree species in the undisturbed old-growth tropical rain forest (dominant late-
successional tree species).

TABLE 2 | The first two axes of a principal component analysis (PCA) for the eight
fast-growing tree species and eight dominant old-growth tree species, based on
10 plant traits. These include palisade tissue (μm), spongy tissue (μm), leaf thickness
(μm), leaf tightness (%), stomatal conductance (mmol m-2 s-1), stomatal density
(numbers mm-2), specific leaf area (g cm-2), leaf hydraulic conductivity (kleaf;
mmol m-2 s-1 MPa-1), maximum photosynthesis rate (Amass; μmol m-2 s-1) and
transpiration rate (μmol m-2 s-1).

Functional traits PC1 PC2

Palisade tissue 0.08 −0.01
Sponge tissue 0.04 −0.10
Leaf thickness 0.05 −0.06
Leaf tightness 0.03 0.05
Transpiration rate 0.51 −0.16
Maximum photosynthesis rate 0.47 0.67
Stomatal conductance 0.58 −0.19
Specific leaf area 0.12 0.00
Stomatal density 0.11 0.53
Leaf water conductance 0.58 −0.45
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et al., 2018), but also indicated our reforestation protocol is
successful in extremely degraded tropical rainforest.

Photosynthetic rate influences the energy balance of a plant,
with higher photosynthetic rates being associated with a fast
growth rate (Kirschbaum, 2011; Zhang et al., 2018b). Here, we
found that the photosynthetic rates for the eight species were as
much as five times larger than the eight native species. This can
explain why the height and DBH of the initial seedlings of the
species increase 3–5 times merely in 3 years’ plantation (from the
year of 2016 to 2019). Higher photosynthetic rates also result in
higher leaf anatomy traits (Oguchi et al., 2003; He et al., 2017;
Hua et al., 2017), stomatal traits (McAusland et al., 2016; Lawson
and Vialet-Chabrand, 2019), transpiration rate and leaf hydraulic
conductivity (Maherali et al., 2008; Bucci et al., 2019). Indeed, we
found that these traits for the eight fast-growing species were
three to five times greater than for native species. These results
also indicate that these fast-growing tropical tree species likely
developed appropriate leaf traits for maximizing photosynthetic
rates and overall growth.

It is well known that soil available nitrogen, phosphorus, and
soil water content are key constraints on plant maximum

photosynthesis rates (Guan et al., 2015; Riley et al., 2018).
This suggests that the eight fast-growing species may absorb a
large amount of soil water and nutrients needed for maintaining a
higher photosynthetic rate. This, in turn, may decrease soil water
and nutrient storage. Indeed, we found that soil water, available
nitrogen, and phosphorus largely decrease after 3 years’
reforestation. Thus separately monocultures of multiple fast-
growing tree species can indeed result in soil water and
nutrient loss (Lamb et al., 2005; Wingfield et al., 2015).
Generally in the mid-stage (usually more than 40 years) of
secondary tropical rainforest succession, the increased species
richness and abundances for the fast-growing pioneers tree
species will lead to soil water and nutrient loss, and the late-
successional slow-growing but highly resource competitive tree
species will gradually replace the early successional fast-growing
pioneers tree species (Grime, 2006; Mason et al., 2012). As a
result, our reforestation protocol can effectively lead to a
transition from primary tropical rainforest succession (consist
of bare rock and cannot support any plant life) to the mid-stage of
secondary tropical rainforest succession (dominant fast-growing
pioneer tropical trees lead to soil water and nutrient loss).

FIGURE 5 | Variation in soil water content, soil available nitrogen (ammonium and nitrate N), and soil available phosphorus among the initial local high nutrient soil
before reforestation sampled in 2015 (reforestation soil in 2015), soils in undisturbed old-growth tropical rainforest sampled in 2015 (undisturbed soil in 2015), soils in
reforestation area sampled in 2019 (reforestation soil in 2019) and soils in undisturbed old-growth tropical rainforest sampled in 2019 (undisturbed soil in 2019).
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Our PCA results revealed that the eight separately mono-
planting tree species and the eight dominant old-growth tree
species were significantly distinguished by stomatal
conductance, stomatal density, leaf water conductance,
maximum photosynthesis rate and transpiration rate. This
suggests that these five are the key traits related to higher
growth rate in the monocultured fast growing species
compared to the old-growth trees. Thus, these five traits can
be utilized by a recently developed native species screening
framework (Wang et al., 2020) in future to select many late-
successional tropical tree species that are maximally dissimilar
to these eight separately monocultured tropical tree species
from all undisturbed old-growth tropical rainforest in whole
Sanya City. Based on the limiting similarity theory, species that
are functionally dissimilar can stable coexist (MacArthur and
Levins, 1967). However, given the low soil water and nutrient
and the much higher water and soil nutrient demand due to the
eight separately monocultured tropical tree species’ very high
growth rate, these eight separately monocultured tropical tree
species cannot compete with the late-successional tropical tree
species. Thus, mixing these late-successional tropical tree
species with each of the eight separately monocultured
tropical tree species can quickly simulate late successional

forests and thereby accelerate recovery to the undisturbed
tropical rainforest as soon as possible.

CONCLUSION

In summary, based on tropical rainforest successional processes,
we developed a reforestation protocol that includes the
following steps for successfully performing reforestation to
recover extremely degraded tropical rainforest. First, use the
slope, the depth of the soil layers and soil of the adjacent
undisturbed tropical rainforest as a reference to reconstruct
slope and soil layers (Figures 6A,B). Second separately mono-
planting multiple tropical tree species with high growth rate and
surviving rate to prevent landslide and tree uprooting
(Figure 6C). Third, evaluate whether the high fast-growth
rate for these fast-growing species have resulted in large soil
water and nutrient loss. If this these fast-growing species have
indeed resulted in large soil water and nutrient loss, identify key
traits that can be used Wang et al. (2020) to select many
functionally dissimilar tropical tree species from the
undisturbed old-growth tropical rainforest. Finally, we
recommend mixing selected late-successional tropical tree

FIGURE 6 | A protocol for successfully performing reforestation to recover extremely degraded tropical rainforest. (A) Extremely degraded tropical rain
forest and the adjacent undisturbed old-growth tropical rain forests. (B) using the slope, the deep of soil layers as a reference to reconstructing slope and soil
layers, and to refill soils from the undisturbed old-growth tropical forests to form planting area in the extremely degraded tropical rain forest; (C) separately mono-
planting multiple tropical tree species with high growth rate and survival rate; (D)mixing selected late-successional tropical tree species in the undisturbed
tropical rainforest with each of the monocultured tropical tree species; (E) Recovering the extremely degraded tropical rainforest to the undisturbed old-growth
tropical rainforest.
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species with each of the monocultured tropical tree species to
quickly simulate the late succession thereby to recover to the
undisturbed old-growth tropical rainforest as soon as possible
(Figures 6D,E). We expect that this work will be important for
the future recovery of other extremely degraded tropical
rainforest ecosystems.
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