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Abstract
Background Tropical forests are threatened by intensi-
fying natural and anthropogenic disturbance regimes.
Disturbances reduce tree cover and leave the organic
topsoil vulnerable to erosion processes, but when re-
sources are still abundant forests usually recover.
Scope Across the tropics, variation in rainfall erosivity –
a measure of potential soil exposure to water erosion –
indicates that soils in the wetter regions would experience

high erosion rates if theywere not protected by tree cover.
However, twenty-first-century global land cover data
reveal that in wet South America tropical tree cover is
decreasing and bare soil area is increasing. Here we
address the role of soil erosion in a positive feedback
mechanism that may persistently alter the functioning of
disturbed tropical forests.
Conclusions Based on an extensive literature review,
we propose a conceptual model in which soil erosion
reinforces disturbance effects on tropical forests, reduc-
ing their resilience with time and increasing their likeli-
hood of being trapped in an alternative vegetation state
that is persistently vulnerable to erosion. We present
supporting field evidence from two distinct forests in
central Amazonia that have been repeatedly disturbed.
Overall, the strength of the erosion feedback depends on
disturbance types and regimes, as well as on local envi-
ronmental conditions, such as topography, flooding, and
soil fertility. As disturbances intensify in tropical land-
scapes, we argue that the erosion feedback may help to
explain why certain forests persist in a degraded state
and often undergo critical functional shifts.
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Introduction

Tropical forests across the world are disappearing due to
natural and human-related causes (Barlow et al. 2018;
Song et al. 2018). While extreme droughts and wildfires

Plant Soil
https://doi.org/10.1007/s11104-019-04097-8

Responsible Editor: Hans Lambers.

B. M. Flores (*) :M. Hirota : R. S. Oliveira
Department of Plant Biology, University of Campinas, Campinas,
SP 13083-970, Brazil
e-mail: mflores.bernardo@gmail.com

A. Staal
Aquatic Ecology and Water Quality Management Group,
Wageningen University, P. O Box 47, 6700 AAWageningen,
The Netherlands

A. Staal
Stockholm Resilience Centre, Stockholm University, Kräftriket
2B, 10691 Stockholm, Sweden

C. C. Jakovac
International Institute for Sustainability - IIS Rio, Rio de
Janeiro 22460-320, Brazil

M. Hirota
Department of Physics, Federal University of Santa Catarina,
Florianópolis, Brazil

M. Holmgren
Resource Ecology Group, Wageningen University, P.O Box 47,
6700 AAWageningen, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-019-04097-8&domain=pdf
http://orcid.org/0000-0003-4555-5598


are happening more frequently (Alencar et al. 2015;
Brando et al. 2014), agricultural frontiers are expanding,
converting forests into croplands, pastures and planta-
tions (Gibbs et al. 2010), and also spreading more subtle
disturbances deeper into the forest, such as fragmenta-
tion and logging (Barlow et al. 2016; Berenguer et al.
2018). These disturbances reduce biodiversity, alter eco-
system functioning (Hooper et al. 2012; Naeem et al.
2012) and threaten the provision of vital services, such
as carbon storage, rainfall recycling, and food supply for
local societies (Cardinale et al. 2012; Millennium
Ecosystem Assessment 2005). When it comes to tropi-
cal landscapes converted to croplands or pasture,
one important service provided by trees is soil
protection from erosion (Millennium Ecosystem
Assessment 2005).

Erosion is the physical process of topsoil removal,
which degrades soil quality and reduces ecosystem pro-
ductivity (Lal 2001). In all ecosystems, common natural
erosion agents are wind and water (Pimentel and
Kounang 1998). In semi-arid regions for instance, the
vegetation is often patchy because plants retain water
and avoid erosion, facilitating the establishment of new
individuals (Ludwig et al. 2005). Yet, when fires trans-
form plants and soil organic matter into ashes, winds can
easily blow them away (Kauffman et al. 1993). In con-
trast, tropical rainforests are exposed to high rainfall
erosivity, an energy unit that reflects how external rain-
fall conditions can potentially influence erosion
(Panagos et al. 2017). In these ecosystems, vegetation
and litter cover removal may strongly accelerate erosion
(Borrelli et al. 2017; Labrière et al. 2015). Moreover,
soil vulnerability to erosion, known as erodibility (Lal
and Elliot 1994), is usually lower when the soil has more
organic matter, which stabilizes soil aggregates, in-
creases porosity and reduces vulnerability to runoff
(Don et al. 2011; Feller and Beare 1997; Pimentel and
Kounang 1998). Disturbances that expose the soil or-
ganic layer, such as fire or tillage, increase erodibility by
making soils more detached and ready to be removed
(Certini 2005; Lal 2001; Pimentel and Kounang 1998;
Shakesby and Doerr 2006). When topsoils erode, usu-
ally most of the organic matter and nutrients present in
the soil are also lost (El-Swaify et al. 1982; Feller and
Beare 1997; Pimentel and Kounang 1998; Ross et al.
1990), implying that erosion may lead to more erosion,
until soils become highly degraded (Anselmetti et al.
2007; Stocking 2003). Also, erosion can directly alter
vegetation composition via removal of the soil seed

bank (García-Fayos et al. 2010). There are several other
important processes that cause soil degradation, such as
chemical leaching and volatilization of nutrients, salini-
zation, and soil biodiversity loss. Nonetheless, the phys-
ical process of erosion is arguably the degradation
process that has caused most drastic and potential-
ly irreversible changes in ecosystems around the
world (El-Swaify et al. 1982; Lal 2001; Pimentel
and Kounang 1998).

Over geological timescales, erosion-deposition pro-
cesses have contributed to shape natural landscapes.
Humans have accelerated these processes (El-Swaify
et al. 1982; Wilkinson and McElroy 2007) with conse-
quences for ecological systems (Ellis 2015). Erosion has
been a societal and ecological problem since the start of
sedentary agriculture (Lowdermilk 1953; Middleton
1930; Olson 1981). In pre-Classic Maya landscapes,
for example, extensive deforestation exposed shallow
fertile soils to long-term erosion (Beach et al. 2006;
Olson 1981), reducing soil carbon so severely that its
effects persist until today (Douglas et al. 2018). Soil
degradation by erosion has negative consequences for
ecosystem productivity and can lead to economic losses
at local, regional and continental scales (García-Ruiz
et al. 2017; Lal 1998, 2001). More recently, when
humans expanded their industrial agriculture into tropi-
cal forests around 1945, a wave of erosion reached
places where heavy rain events caused the stron-
gest erosion rates ever recorded, such as on steep
slopes in Rwanda and Guatemala (McNeill and
Winiwarter 2004).

Although the impacts of soil erosion on agricultural
productivity and sustainability have been well studied
globally (Lal 1998; Lawrence et al. 2010; Song et al.
2005), we still do not understand how it affects the
resilience of tropical heterogeneous forests under inten-
sifying disturbance regimes. Some tropical forest soils
are exposed to very high rainfall, which makes them
particularly at risk (Fig. 1a). Most of these soils have
remained protected by tropical forest during the
Holocene, especially in the Neotropics (Nolan et al.
2018). Current human activities, however, are
expanding areas with bare soil and low tree cover (Fig.
1b-i), particularly in South America (Fig. 1b, f). The
Millennium Ecosystem Assessment (2005) states that
BSevere depletion of soil fertility results in a spiral of
soil degradation that can eventually render the land
unsuitable for crop production.^ In this article, we ask:
could tropical forests exposed to varying forms of
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disturbance, such as wildfires and logging, also undergo
such a downward spiral of soil degradation? What
would be the consequences for forest resilience? One
possibility is that forests may undergo compositional
and functional changes. However, as erosion gradually
depletes soil fertility, forest resilience may drop so se-
verely (Fig. 2) that the ecosystem could collapse into an
alternative savanna-like state (Hirota et al. 2011) or an
open degraded forest state (Ghazoul et al. 2015). Here
we define resilience as the ability to maintain current
functioning and interactions while facing repeated dis-
turbances, or in other words, the size of the forest basin
of attraction relative to the alternative one (Holling

Fig. 1 Rainfall erosivity vs. trends in land-cover change. a. Global
rainfall erosivity map (MJ mm ha−1 h−1 yr.−1) showing regions with
highest erosivity in blue, and with lowest in red. The colour-scale is
cut at 15,000MJmm ha−1 h−1 yr.−1. Changes in bare soil from 2000
through 2015 for (b) South America, (c) Africa, (d) Australia-Asia
and (e) the whole tropics (between 15°N and 35°S). Changes in tree
cover from 2000 through 2015 for the (f) South America, (g) Africa,
(h) Australia-Asia and (i) whole tropics. In all plots (b-i), red curves
indicate 5th and 95th percentiles. They show that tropical soils are
being increasingly exposed to high rainfall erosion due to

deforestation and degradation, especially in South America. Land
cover data were resampled to 30 arcsecond resolution to match
erosivity data (Panagos et al. 2017). High temporal resolution
rainfall data from 3540 stations across the world were calculated
for the R-factor (rainfall erosivity) considering spatial variations in
rainfall regimes (duration, magnitude and intensity) with the
Revised Universal Soil Loss Equation (RUSLE), and erosivity
was extrapolated globally based on correlations with climatic data.
Land-cover changes were extracted fromMODIS VCF 5 (DiMiceli
et al. 2011)

Fig. 2 Soil erosion may reshape the resilience of disturbed
tropical forests. Over ecological time-scales, erosion may alter soil
fertility and reduce the forest’s basin of attraction (vertical arrows),
increasing the probability of shifting to an alternative stable state
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1973). These questions seem relevant when tropical
forests are becoming increasingly trapped by short
disturbance return intervals (Barlow and Peres
2008; Berenguer et al. 2018; Flores et al. 2016).
Moreover, climate change may alter rainfall ero-
sivity across the tropics (Panagos et al. 2017), as
suggested for instance by the recent intensification
of the Amazonian hydrological cycle (Gloor et al.
2013), potentially accelerating erosion in disturbed
forest sites. In this conceptual article, we explore
existing evidence and discuss how future distur-
bance regimes, involving different types of anthro-
pogenic and natural forest disturbances, may accel-
erate soil erosion, alter ecosystem functioning and re-
shape tropical forest resilience.

Disturbance as a window for soil erosion

When disturbances reduce vegetation cover, they open a
window of opportunity for soil erosion as geomorpho-
logical activities intensify (Prosser and Williams 1998;
Shakesby and Doerr 2006). By studying native
Australian eucalyptus forests, Prosser and Williams
(1998) found that the destruction of vegetation and litter
cover by fire reduced soil infiltration and increased
runoff during strong rain events, making soils vulnera-
ble to erosion. Only when the vegetation started to
recover did erosion rates return back to normal.
Intense fires, in addition to destroying the vegetation
and litter, causing severe nutrient losses through volatil-
ization, may also increase soil hydrophobicity, contrib-
uting to make it more vulnerable to water erosion
(Certini 2005; DeBano 2000; Kauffman et al. 1995).
Similar processes have been observed in temperate eco-
systems across the world (Shakesby and Doerr 2006),
and reveal that when disturbances expose more than
60% of the soil, sediment yield rates increase abruptly
(Johansen et al. 2001; Pimentel and Kounang 1998).
Most of our knowledge on how disturbances accelerate
erosion processes comes from temperate and semi-arid
ecosystems (Lal 2001; Pimentel and Kounang 1998),
where wildfires and deforestation for crop production
are well-studied disturbances (Pimentel and Kounang
1998; Shakesby and Doerr 2006).

In the tropics, large-scale conversion of forests into
croplands and pastures in recent decades has increasing-
ly exposed soils to erosion (Borrelli et al. 2017). When
such activities persist over decades, soils become de-
graded and unproductive (Celentano et al. 2017; Nesper

et al. 2015; Pimentel et al. 1995), forcing land owners to
expand their activities deeper into the forest (Gibbs et al.
2010). Several studies have also investigated how the
intensification of small-scale shifting agriculture may
impact forest regrowth capacity (e.g. Chazdon 2014;
Jakovac et al. 2015; Lawrence et al. 2010). When the
regrowth phase of the cultivation cycle is postponed to
enhance short-term profits, nutrient losses from leaching
and erosion increase, while atmospheric nutrient inputs
via canopy trapping decrease, threatening the system’s
sustainability (Cunningham 1963; Fearnside 1980;
Jakovac et al. 2016a; Jordan and Herrera 1981; Lal
1998, 2001; Lawrence et al. 2007; Pellegrini et al.
2018; Pimentel et al. 1995).

Studies addressing the impacts of land-use on tropi-
cal forests commonly consider the process of soil deg-
radation by erosion (e.g. Borrelli et al. 2017; Lawrence
et al. 2010). Yet, when it comes to more subtle forest
disturbances the elusive temporal changes in the soil are
often overlooked (Table 1) (Boardman 2006; Pimentel
and Kounang 1998). For instance, severe drought events
can cause the death of large trees (Phillips et al. 2009;
Rowland et al. 2015), which contribute strongly to soil
infiltration (Celentano et al. 2017). Therefore, the loss of
these large trees from the system may potentially en-
hance soil erosion rates. Interestingly, when local people
manage their land over generations, they usually realize
when soils are degrading (Jakovac et al. 2016a). Soil
degradation due to erosion and leaching can be an
important legacy of past disturbances, with potentially
far-reaching implications for vegetation dynamics
(Chazdon 2003). For example, at the core of the
Amazon, far from the agricultural frontier, wildfires in
intact floodplain forests are resulting in severe topsoil
erosion (Flores et al. 2017). In Indonesia, conversion of
tropical forest into oil-palm and rubber-tree plantations
is resulting in large losses of soil organic carbon due to
topsoil erosion (Guillaume et al. 2015). Selective log-
ging in slope forests of Malaysia triggers the formation
of gullies along logging roads and trails, which may
eventually cause landslides (Douglas et al. 1999). In
seasonally dry tropical forests of Mexico and Brazil,
studies found that after fire, nutrients converted into
ashes were immediately eroded by water (Maass et al.
1988) and wind (Kauffman et al. 1993). Agroforestry
practices that involve opening the canopy and cleaning
the understory (Levis et al. 2018) may also increase
topsoil erosion (Brandt 1988; Guillaume et al. 2015;
Labrière et al. 2015).
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Although some of these disturbances may cause sub-
tle and ephemeral impacts on forest structure, they are
also becoming more pervasive in tropical forests
(Alencar et al. 2015; Barlow et al. 2016), increasing
bare soil area and decreasing forest cover (Fig. 1b-i).
Different disturbances (Table 1) also happen in synergy,
trapping ecosystems in relatively open vegetation states
(Barlow and Peres 2008; Berenguer et al. 2018; Flores
et al. 2016) persistently vulnerable to topsoil erosion
(Fig. 3). In the wet tropics where rainfall erosivity is
high (Panagos et al. 2017), disturbances that expose bare
soils, such as logging, can increase erosion rates more
than hundredfold (Labrière et al. 2015). Considering
that the area of tropical forests exposed to selective
logging is comparable or even larger than the area
deforested annually (Asner et al. 2005), soil erosion
rates in these ecosystems may be much higher than we
imagine.

The erosion positive feedback loop

The resilience of tropical forests depends on their ability
to deal with disturbances while maintaining similar
functioning (Holling 1973; Scheffer et al. 2001).
Particularly, feedbacks between vegetation and environ-
ment play a crucial role (DeAngelis et al. 1986). Awell-
known feedback is the interaction between trees and
fire, in which dense forest cover suppresses flammabil-
ity, allowing trees to recruit (Hoffmann et al. 2012).
Other examples involve the interaction between trees
and rainfall recycling at the regional scale (Staal et al.
2018a; Zemp et al. 2017), and the capture of atmospher-
ic phosphorus at the local scale, which adds external P

inputs to the ecosystem increasing forest resilience
(Lawrence et al. 2007). However, after disturbances,
small changes in ecosystem functioning may suddenly
accentuate, often propelled by positive (self-reinforcing)
feedbacks, and initiate abrupt transitions in the system
(DeAngelis et al. 1986; Scheffer et al. 2001). For exam-
ple, in the tree-fire feedback case, forests are usually not
flammable, but when disturbances reduce forest cover
below 60%, flammability increases steeply, allowing
fires to trap the ecosystem in an open vegetation state
(van Nes et al. 2018).

Normally in undisturbed forests, tree-soil interactions
enhance forest resilience (black arrows in Fig. 4) (Paiva
et al. 2015; Silva et al. 2013; Staal and Flores 2015).
Trees produce litter with high nutrient content, which is
quickly recycled back to the soil and re-absorbed by
their roots, as shown in forests and woodlands of trop-
ical South America (Bond 2010; de Oliveira et al. 2017;
Paiva et al. 2015; Silva et al. 2013; da Silva et al. 2018).
Tree litter production may also contribute to soil organic
matter accumulation and topsoil formation (Cotrufo
et al. 2015). However, when disturbances reduce tree
cover, forests becomes vulnerable to changes in impor-
tant feedbacks. The plant-soil feedback is weakened as
young recruiting trees often produce less litter biomass
and of lower nutrient quality (da Silva et al. 2018),
hence reducing organic soil formation (Cotrufo et al.
2015). In addition, erosion rates are expected to increase
(Fig. 3; Table 1) (Allen 2007; Labrière et al. 2015; Reid
et al. 1999), removing organic matter and nutrients
(Feller and Beare 1997; Lal 2001; Pimentel and
Kounang 1998). As soils become gradually less fertile,
forest recovery slows-down, until the ecosystem is

Table 1 Disturbance types and their influences on tropical forest cover and soil erosion

Disturbance Impact on forest
cover

Duration of impact
on forest cover

Frequency Erosion (t ha−1 y−1) References

Undisturbed forest – – – 0–1.2 Borrelli et al. 2017;
* Sidle et al. 2006

Agroforestry low decades-millennia persistent 0.2–107 Labrière et al. 2015;
* Sidle et al. 2006

Extreme drought low months-years aperiodic no data –

Logging w/ roads/trails medium years-decades cyclic 0.03–15.5 Labrière et al. 2015

Wildfire medium decades-centuries stochastic 17.1 Goldammer 1990

Shifting cultivation high years-decades cyclic 1–10 Borrelli et al. 2017

Large-scale croplands high decades-centuries persistent 5–50 Borrelli et al. 2017

* Based on data reported for forests above 0o to 12o slopes
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eventually trapped in a state of persistently high soil
erosion rates and low soil fertility (Fig. 4). This erosion
feedback loop is formed by a series of interactions,
resulting in a net self-amplifying effect that may poten-
tially push the ecosystem to an alternative state (Fig. 2).

In semiarid and Mediterranean ecosystems, the ero-
sion feedback is a well-known mechanism that deter-
mines where plants can establish (Ludwig et al. 2005).
Combined with wildfires, this feedback has driven the
collapse of cork oak forests and the expansion of
shrublands (Acácio et al. 2009). In disturbed tropical
forests, the erosion feedback has often been neglected,
with only a few examples indicating that it may poten-
tially push the ecosystem to a degraded forest (Jakovac
et al. 2016b) or savanna-like state (Flores et al. 2017).
Although our simple conceptual model (Fig. 4) does not
account for spatial heterogeneity, we expect that variation
in disturbance regimes and resource availability might
influence how the erosion feedback will affect forest

resilience. For instance, in logged forests erosion may
be heterogeneous; faster on logging roads and trails, but
slower where trees and litter are preserved (Labrière et al.
2015), and resilience will depend on factors such as
topography, with slope forests being particularly vulner-
able to landslides (Douglas et al. 1999). Natural soil
fertility gradients may also affect forest vulnerability to
the erosion feedback. On fertile soils, disturbed forests
are expected to recover faster, because nutrients remain
available even when erosion is intense. In contrast, on
highly weathered soils, most nutrients are retained in the
forest, litter and soil organic matter, implying that erosion
may severely reduce forest resilience (Fig. 2).

Examples from central Amazonian forests

To illustrate how the erosion feedback may reshape the
resilience of disturbed tropical forests (Fig. 2), we com-
pare two distinct ecosystems in central Amazonia;

Fig. 3 Hypothetical temporal dynamics of forest tree cover, soil
erosion rates, and soil fertility in two tropical forests with different
disturbance regimes. Black lines represent a repeatedly disturbed
forest, for instance by fire or shifting cultivation. Brown lines
represent a persistently disturbed forest, for example by conver-
sion into cropland. Soil erosion rates mirror tree cover; they
increase when the forest is disturbed, and decrease as forests
recover their crown and litter cover (after Shakesby and Doerr

2006). During the time that forests are open, soils erode and lose
fertility cumulatively, making the ecosystem gradually less pro-
ductive. In the persistently disturbed site (brown lines), while
forest cover remains low, erosion rates decrease slowly as mature
forest soils lose finer sediments, also causing soil fertility losses to
slow-down (Stocking 2003). Nonetheless, soil fertility decreases
much faster than in the repeatedly disturbed site (black lines)
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uplands (terra firme) and blackwater floodplains
(igapó). In both cases, the forest has experienced de-
cades of repeated disturbance events. We analysed
changes in tree basal area recovery rates and in the
topsoil clay fraction. Because clay fraction often corre-
lates with organic matter, it is a good indicator of soil
fertility (Feller and Beare 1997). For floodplain ecosys-
tems, data were collected from the middle Negro river
region, where in extremely dry years wildfires spread
from campfires and swiddens to undisturbed floodplain
forests (Flores et al. 2014). We obtained data for 15
forest sites burnt once or twice in the past 40 years.
For upland forests, data were collected from the lower
Tefé river region, where most disturbances are

associated with small-scale shifting agriculture
(Jakovac et al. 2015). We obtained data for 33 forest
sites disturbed multiple times (1–7) by slash-and-burn
practices for manioc plantation. In this system, each
cycle lasts on average seven years; two for cultivation,
and five for secondary forest regrowth. For all study
sites, we obtained data from all trees >1 cm of diameter
at breast height (DBH) and superficial soil. We pro-
duced chronosequences (space-for-time substitution) to
analyse temporal changes in tree basal area based on the
time after the latest disturbance, and for clay fraction
based on the time after the first disturbance event. In this
way, we could observe how forest recovery rates
changed after each disturbance event, and how this

Fig. 4 Diagram of forest-soil interactions, revealing two overlap-
ping feedback loops that may contribute to either stabilize tropical
forests, or accelerate the loss of resilience. In black: tree cover
enhances soil fertility by supplying nutrient-rich litter that is
quickly recycled (de Oliveira et al. 2017; Paiva et al. 2015), and
soil fertility accelerates forest recovery after disturbances (Bond
2010; Silva et al. 2013). In blue: high tree cover protects the soil

from erosion (Pimentel and Kounang 1998), but when a distur-
bance reduces tree cover, erosion rates increase, removing the
topsoil rich in organic matter and reducing soil fertility (Feller
and Beare 1997; Lal 2001; Pimentel and Kounang 1998). Loss of
soil productivity slows down forest recovery after disturbances,
trapping the ecosystem in a low tree cover state. Illustration
adapted from Staal and Flores (2015)

Plant Soil



related to soil changes that accumulated since the start of
the disturbance regime (as shown in Fig. 3).

In Fig. 5 (left panels), we show how recovery rates of
tree basal area in floodplain and upland forests change after
each disturbance event. Floodplain forests already recover
more slowly than upland forests after the first fire event,
yet after a second fire, recovery slows-down even more.
Upland forests recover faster than floodplain forests, but
with each disturbance event, recovery slows-down as well.
In both cases, loss of forest recovery capacity seems to be
linked with a reduction in soil fertility. Figure 5 (right

panels) shows that clay is lost from the soil, suggesting
that both ecosystems are also losing organic matter (Feller
and Beare 1997). Such gradual loss of soil fertility is
expected to reduce forest recovery capacity, as shown in
the left panels (Fig. 5). Because clay fraction seems to
erode faster in floodplains than in uplands, floodplain
forests should be more vulnerable to the erosion feedback.
The slowing-down of forest recovery by itself can be
interpreted as an indicator of approaching collapse (van
de Leemput et al. 2018), and the soil erosion feedback loop
may be an important underlying mechanism (Fig. 4).

Fig. 5 Field evidence from central Amazonian forests of how
ecosystem dynamics changes when it is disturbed repeatedly. (a,
b in blue-scale) Floodplain forests were disturbed bywildfires, and
(c, d in gray-scale) upland forests by slash-and-burn shifting
agriculture. Left panels show how recovery rates of tree basal area
change after each fire event. Because in both cases, disturbances
caused near 100% tree mortality (Flores et al. 2016; Jakovac et al.

2015), we forced the intercept at time = 0. Letters D indicate the
sequence of disturbances: from one to two in floodplain forests,
and from one to more than five in upland forests. Right panels
show how clay fraction changes after the first disturbance event.
Note how forest recovery rate decreases faster in floodplains than
on uplands, suggesting that erosion is more intense on these
ecosystems
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Spatial heterogeneity in soil erosion risk

As our study cases illustrate, following disturbances,
changes in forest dynamics will depend on environmental
conditions that affect erosion. At continental scales, soil
erosion risk varies in response to rainfall, with soils in
wetter regions being more exposed to storms (Panagos
et al. 2017) (Fig. 1). At the landscape scale, it varies with
other environmental factors that interfere with how water
and wind will act upon the soil (Lal 2001; Pimentel and
Kounang 1998). Arguably the most striking factors are
topography and flooding, which may enhance particular-
ly water erosion (Pettit and Naiman 2007). Spatial differ-
ences in these landscape features may not be so important
when forest cover is intact, but may become relevant after
disturbances. We illustrate this in Fig. 6, for which we
have selected three classical tropical forest ecosystems
that represent well how some of these factors may influ-
ence soil erosion risk: (1) upland (non-flooded) forests,
(2) floodplain forests, and (3) white-sand forests. We also
show some variations among them that may be relevant
for erosion risk.

In disturbed upland forests (Fig. 6a), soils erode by
water runoff during heavy rain events, by trade winds
and also by wind storms such as blowdowns (Certini
2005; Lal 2001; Pimentel and Kounang 1998). Runoff
impact is more severe on steep slopes, where it can lead
to rill and gully erosion, and in extreme cases causing

landslides (Fig. 6b). This has been shown in forests that
were damaged for instance by logging roads and trails
(Douglas et al. 1999; Pettit and Naiman 2007). On
windward slopes, wind erosion removes light sedi-
ments, such as clay and silt, as well as nutrients (Tao
2004). This process is well-known in dune ecosystems
(Moeslund et al. 2013), yet it may also affect other forest
landscapes with marked topography. In addition to re-
moving clay and nutrients, winds may transport heavier
sand particles (Moeslund et al. 2013; Tao 2004), con-
tributing to reduce soil fertility in the places where sand
is deposited (Anderson 1981; Martinelli et al. 1999).
Sand deposition by wind has been shown as a mecha-
nism for the expansion of deserts in drylands (Shi et al.
2004; Tao 2004; Tomasella et al. 2018), and of white-
sand ecosystems in the Amazon (Anderson 1981;
Carneiro Filho et al. 2002).

Close to streams, in disturbed valley and gallery
forests (Fig. 6c), soils are eroded not only by runoff
and wind, but also by flood events that occur in aperi-
odic pulses (Junk et al. 2011), carrying sediments and
nutrients to stream channels (Luizão et al. 2004; Pettit
and Naiman 2007). Flooding can be a strong erosion
agent, as we have shown in our study case (Fig. 5),
implying that floodable forests may be particularly vul-
nerable to the erosion feedback loop. Forests that are
seasonally flooded by nutrient-poor blackwater or clear-
water rivers (Fig. 6d) are perhaps among the most

Fig. 6 Tropical forests in different environmental conditions that
may determine erosion risk after disturbances. The main erosion-
deposition processes are: (a) and (b) sheet and rill erosion from

runoff, (c) and (d) flood erosion, (e) high clay deposition, (f) vertical
water erosion, flood erosion and wind erosion/deposition
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vulnerable, because flooding waters provide few nutri-
ent inputs for tree growth (Schöngart et al. 2005). In
contrast, forests that are flooded by white water rivers
rich in nutrients and fine sediments (Fig. 6e), such as
those along the Amazon river, are expected to be more
resilient to disturbances, because they periodically re-
ceive new deposits of fertile soil from the Andes (Aalto
et al. 2003; Wittmann et al. 2004).

In landscapes where the water-table moves vertically
with the seasons, water may carry clay and nutrients
deep, far from tree roots (Anderson 1981; Heyligers
1963; Janzen 1974). In the long-term, this process cre-
ates white-sand soils known as podzols (Klinge 1965;
Richards 1941), which are also vulnerable to erosion
(Heyligers 1963; Sauer et al. 2007) (Fig. 6f). A large
fraction of these white-sand forests is seasonally flooded
by blackwater rivers and streams (Klinge 1965; Junk
et al. 2011), which may enhance erosion rates. Trees in
these ecosystems are known to form thick (10–30 cm)
root mats that retain hummus and nutrients dissolved in
the water (Stark and Jordan 1978). These root mats are
also common in blackwater floodplains (dos Santos and
Nelson 2013), suggesting that both ecosystems share
this functional characteristic as a way maximise nutrient
acquisition. Yet, when disturbances destroy the root mat,
sediments become vulnerable to be transported to other
areas (Carneiro Filho et al. 2002; Sauer et al. 2007).

Conclusions and implications

In this conceptual article, we argue that when tropical
forests are disturbed repeatedly, low vegetation cover and
high soil erosion rates interact in a self-reinforcing feed-
back loop that reduces forest resilience (Fig. 4) and
increases the risk of ecological transitions (Fig. 2). We
provide empirical evidence from two distinct forest types
in Central Amazonia, supporting the idea that erosion
may be a key underlying mechanism for resilience loss
(Fig. 5). Therefore, analyses of the erosion feedback in
disturbed ecosystems may help us understand, for in-
stance, why certain forests persist degraded, and how
biomes expand and retract. Although the erosion feed-
back is a process that involves interactions between soils
and plants at the local scale, its implications may extend
to landscapes and broader regions. For instance,
Amazonian forests along the deforestation frontier may
have been losing resilience due to this feedback, which
may cascade further west into the basin through reduced

rainfall recycling (Staal et al. 2018a). Also, in other
tropical regions exposed to disturbances over centuries,
entire forest biomes may have lost resilience, for example
due to limited arrival of propagules, and recovery now
depends on active restoration (e.g. Cavelier et al. 1998;
Mendes et al. 2018).

One important change caused by erosion in disturbed
forests is that new environmental filters start to emerge,
reshaping plant species composition (e.g. Jakovac et al.
2016b) and altering ecosystem functioning (Hoffmann
et al. 2012). Erosion reduces not only soil fertility, but
also soil infiltration and storage capacity (Pimentel and
Kounang 1998), thus altering fine scale water availability.
Nutrient and water availability are factors that may deter-
mine variations in tree composition and functioning
across tropical landscapes (Baldeck et al. 2013; Cosme
et al. 2017; Ter-Steege et al. 2006). Usually, trees adapted
to low nutrient and water availability have a conservative
physiological strategy (Diaz et al. 2004; Wright et al.
2010), involving small and tough leaves (Wright et al.
2004), as well as other adaptations that provide high
hydraulic safety (Anderegg et al. 2016; Oliveira et al.
2019; Santiago et al. 2018). Thus, when nutrient and
water availability are reduced due to erosion, slow-
growing trees are expected to dominate, potentially alter-
ing forest dynamics (Diaz et al. 2004; Quesada et al.
2012; Wright et al. 2010). With reduced soil water avail-
ability, small trees are more likely to survive and recruit
because they tend to be more drought-resistant than tall
trees, which could result in the development of shorter
forests (Rowland et al. 2015). Reduced soil water storage
capacity in eroded sites may also indirectly increase
ecosystem flammability (Chen et al. 2013), which is
already high in most landscapes with low tree cover
(van Nes et al. 2018). As a result, fires may add another
filter to the system, selecting for plants with thick barks
and high resprouting ability (Bond and Midgley 2001;
Jakovac et al. 2016b). Another indirect mechanism asso-
ciated with erosion that can determine changes in vege-
tation composition is the removal of soil seed banks,
which excludes seed-dependent tree species and favours
resprouters (García-Fayos et al. 2010).

Changes in environmental filters associated with ero-
sionmay not only alter forest functioning, but also trigger
more drastic shifts in ecosystems. It is now well accepted
that across the tropics, forests and savannas can be alter-
native vegetation states in regions with intermediate
levels of mean annual rainfall (Hirota et al. 2011; Staver
et al. 2011; Staal et al. 2018b). In these bistable
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landscapes, forests are commonly found on soils with
higher resource availability, whereas savannas tend to
occur where soil conditions are more limiting
(Hoffmann et al. 2012; Lehmann et al. 2014;
Veenendaal et al. 2015). This spatial pattern suggests that
shifts between both states might involve changes in soil
conditions, and the erosion feedback loop that we de-
scribe seems to be a potential underlying mechanism.
There is some evidence suggesting that soil erosion can
indeed facilitate the expansion of savanna vegetation
(Cavelier et al. 1998; Flores et al. 2017), although in
most cases, repeatedly disturbed tropical forests tend to
persist in a degraded state dominated by forest trees that
tolerate fire, low nutrient and water availability, as well as
exotic invasive grasses (Barlow and Peres 2008;
Berenguer et al. 2018; Devisscher et al. 2016; Jakovac
et al. 2016a; Silvério et al. 2013; Veldman and Putz
2011). Considering that tropical forests are increasingly
exposed to disturbances, understanding how erosion may
act as a resilience drain in these systems may help soci-
eties to manage the risk of ecological transitions (Scheffer
et al. 2015), for instance by promoting fast recovery and
restoration.

Acknowledgments We thank Carolina Levis and Marten
Scheffer for constructive comments, and four anonymous reviewers
for their criticism and suggestions that helped improve this manu-
script. B.M.F. is funded by São Paulo Research Foundation Grant
FAPESP 2016/25086-3.

References

Aalto R, Maurice-Bourgoin L, Dunne T, Montgomery DR,
Nittrouer CA, Guyot JL (2003) Episodic sediment accumu-
lation on Amazonian flood plains influenced by El Nino/
southern oscillation. Nature 425:493–497

Acácio V, Holmgren M, Rego F, Moreira F, Mohren GM (2009)
Are drought and wildfires turning Mediterranean cork oak
forests into persistent shrublands? Agrofor Syst 76:389–400

Alencar AA, Brando PM, Asner GP, Putz FE (2015) Landscape
fragmentation, severe drought, and the new Amazon forest
fire regime. Ecol Appl 25:1493–1505

Allen CD (2007) Interactions across spatial scales among forest
dieback, fire, and erosion in northern New Mexico land-
scapes. Ecosystems 10:797–808

Anderegg WR, Klein T, Bartlett M et al (2016) Meta-analysis
reveals that hydraulic traits explain cross-species patterns of
drought-induced tree mortality across the globe. Proc Natl
Acad Sci 113:5024–5029

Anderson AB (1981) White-sand vegetation of Brazilian
Amazonia. Biotropica 13:199–210

Anselmetti FS, Hodell DA, Ariztegui D, Brenner M, Rosenmeier
MF (2007) Quantification of soil erosion rates related to
ancient Maya deforestation. Geology 35:915–918

Asner GP, Knapp DE, Broadbent EN, Oliveira PJ, Keller M, Silva
JN (2005) Selective logging in the Brazilian Amazon.
Science 310:480–482

Baldeck CA, Harms KE, Yavitt JB et al (2013) Soil resources and
topography shape local tree community structure in tropical
forests. Proc R Soc B 280:20122532

Barlow J, Peres CA (2008) Fire-mediated dieback and composi-
tional cascade in an Amazonian forest. Philosophical
Transactions of the Royal Society of London B: Biological
Sciences 363:1787–1794

Barlow J, Lennox GD, Ferreira J, Berenguer E, Lees AC, Mac
Nally R, Parry L (2016) Anthropogenic disturbance in trop-
ical forests can double biodiversity loss from deforestation.
Nature 535:144–147

Barlow J, França F, Gardner TA, Hicks CC, Lennox GD,
Berenguerrika, Castello L, Economo EP, Ferreira J, Guénard
B, Leal CG, Isaac V, Lees AC, Parr CL,Wilson SK, Young PJ,
Graham NAJ (2018) The future of hyperdiverse tropical eco-
systems. Nature 559(7715):517–526

Beach T, Dunning N, Luzzadder-Beach S, Cook DE, Lohse J
(2006) Impacts of the ancient Maya on soils and soil erosion
in the central. Maya Lowlands Catena 65:166–178

Berenguer E, Gardner TA, Ferreira J, Aragão LEOC,MacNally R,
Thomson JR, Vieira ICG, Barlow J (2018) Seeing the woods
through the saplings: using wood density to assess the recov-
ery of human-modified Amazonian forests. J Ecol 106:2190–
2203. https://doi.org/10.1111/1365-2745.12991

Boardman J (2006) Soil erosion science: reflections on the limita-
tions of current approaches. Catena 68:73–86

Bond WJ (2010) Do nutrient-poor soils inhibit development of
forests? A nutrient stock analysis. Plant Soil 334:47–60

Bond WJ, Midgley JJ (2001) Ecology of sprouting in woody
plants: the persistence niche. Trends Ecol Evol 16:45–51

Borrelli P, Robinson DA, Fleischer LR, Lugato E, Ballabio C,
Alewell C, Meusburger K, Modugno S, Schütt B, Ferro V,
Bagarello V, Oost KV, Montanarella L, Panagos P (2017) An
assessment of the global impact of 21st century land use
change on soil erosion. Nat Commun 8:2013

Brando PM, Balch JK, Nepstad DC, Morton DC, Putz FE, Coe
MT, Silverio D, Macedo MN, Davidson EA, Nobrega CC,
Alencar A, Soares-Filho BS (2014) Abrupt increases in
Amazonian tree mortality due to drought–fire interactions.
Proc Natl Acad Sci 111:6347–6352

Brandt J (1988) The transformation of rainfall energy by a tropical
rain forest canopy in relation to soil erosion. J Biogeogr 15:
41–48

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C,
Venail P, Narwani A, Mace GM, Tilman D, Wardle DA,
Kinzig AP, Daily GC, Loreau M, Grace JB, Larigauderie
A, Srivastava DS, Naeem S (2012) Biodiversity loss and its
impact on humanity. Nature 486:59–67

Carneiro Filho A, Schwartz D, Tatumi SH, Rosique T (2002)
Amazonian paleodunes provide evidence for drier climate
phases during the Late Pleistocene–Holocene. Quat Res 58:
205–209

Cavelier J, Aide T, Santos C, Eusse A, Dupuy J (1998) The
savannization of moist forests in the Sierra Nevada de Santa
Marta, Colombia. J Biogeogr 25:901–912

Plant Soil

https://doi.org/10.1111/1365-2745.12991


Celentano D, Rousseau GX, Engel VL, ZelarayánM, Oliveira EC,
Araujo ACM, de Moura EG (2017) Degradation of riparian
forest affects soil properties and ecosystem services provision
in eastern Amazon of Brazil. Land Degrad Dev 28:482–493

Certini G (2005) Effects of fire on properties of forest soils: a
review. Oecologia 143:1–10

Chazdon RL (2003) Tropical forest recovery: legacies of human
impact and natural disturbances. Perspectives in Plant
Ecology, Evolution and Systematics 6:51–71

Chazdon RL (2014) Second growth: the promise of tropical forest
regeneration in an age of deforestation University of Chicago
Press

Chen Y, Velicogna I, Famiglietti JS, Randerson JT (2013) Satellite
observations of terrestrial water storage provide early warn-
ing information about drought and fire season severity in the
Amazon. J Geophys Res Biogeosci 118:495–504

Cosme LH, Schietti J, Costa FR, Oliveira RS (2017) The impor-
tance of hydraulic architecture to the distribution patterns of
trees in a central Amazonian forest. New Phytol 215:113–
125

Cotrufo MF, Soong JL, Horton AJ, Campbell EE, Haddix ML,
Wall DH, Parton WJ (2015) Formation of soil organic matter
via biochemical and physical pathways of litter mass loss.
Nat Geosci 8:776–779

Cunningham RK (1963) The effect of clearing a tropical forest
soil. J Soil Sci 14:334–345

da Silva WB, Périco E, Dalzochio MS, Santos M, Cajaiba RL
(2018) Are litterfall and litter decomposition processes indi-
cators of forest regeneration in the neotropics? Insights from
a case study in the Brazilian Amazon. For Ecol Manag 429:
189–197

de Oliveira B, Junior BHM, Mews HA, Valadão MBX, Marimon
BS (2017) Unraveling the ecosystem functions in the
Amazonia–Cerrado transition: evidence of hyperdynamic
nutrient cycling. Plant Ecol 218:225–239

DeAngelis DL, Post WM, Travis CC (1986) Positive feedback in
natural systems. Springer, Berlin

DeBano LF (2000) The role of fire and soil heating on water
repellency in wildland environments: a review. J Hydrol
231:195–206

Devisscher T, Malhi Y, Landívar VDR, Oliveras I (2016)
Understanding ecological transitions under recurrent wild-
fire: a case study in the seasonally dry tropical forests of the
Chiquitania, Bolivia. For Ecol Manag 360:273–286

Diaz S, Hodgson JG, ThompsonK et al (2004) The plant traits that
drive ecosystems: evidence from three continents. J Veg Sci
15:295–304

DiMiceli CM, Carroll ML, Sohlberg RA, Huang C, Hansen MC
(2011) Annual global automated MODIS vegetation contin-
uous fields (MOD44B) at 250 m spatial resolution for data
years beginning day 65, 2000–2010, collection 5 percent tree
cover. Univ of Maryland, College Park, MD

Don A, Schumacher J, Freibauer A (2011) Impact of tropical land-
use change on soil organic carbon stocks–a meta-analysis.
Glob Chang Biol 17:1658–1670

dos Santos AR, Nelson BW (2013) Leaf decomposition and fine
fuels in floodplain forests of the Rio Negro in the Brazilian
Amazon. J Trop Ecol 29:455–458

Douglas I, Bidin K, Balamurugan G, Chappell NA, Walsh RPD,
Greer T, Sinun W (1999) The role of extreme events in the
impacts of selective tropical forestry on erosion during

harvesting and recovery phases at Danum Valley, Sabah.
Philosophical Transactions of the Royal Society B:
Biological Sciences 354:1749–1761

Douglas PM, Pagani M, Eglinton TI et al (2018) A long-term
decrease in the persistence of soil carbon caused by ancient
Maya land use. Nat Geosci 11:645–649

Ellis EC (2015) Ecology in an anthropogenic biosphere. Ecol
Monogr 85:287–331

El-Swaify SA, Dangler EW, Armstrong CL (1982) Soil erosion by
water in the tropics. Hawaii Institute of Tropical Agriculture
and Human Resources (USA)

Fearnside PM (1980) The prediction of soil erosion losses under
various land uses in the Transamazon highway colonization
area of Brazil. Tropical Ecology and Development Part 2:
1287–1295

Feller C, Beare MH (1997) Physical control of soil organic matter
dynamics in the tropics. Geoderma 79:69–116

Flores BM, Piedade MTF, Nelson BW (2014) Fire disturbance in
Amazonian Blackwater floodplain forests. Plant Ecology
Diversity 7:319–327

Flores BM, Fagoaga R, Nelson BW, Holmgren M (2016)
Repeated fires trap Amazonian Blackwater floodplains in
an open vegetation state. J Appl Ecol 53:1597–1603

Flores BM, Holmgren M, Xu C, van Nes EH, Jakovac CC,
Mesquita RCG, Scheffer M (2017) Floodplains as an
Achilles’ heel of Amazonian forest resilience. Proc Natl
Acad Sci 114:4442–4446

García-Fayos P, Bochet E, Cerdà A (2010) Seed removal suscep-
tibility through soil erosion shapes vegetation composition.
Plant Soil 334:289–297

García-Ruiz JM, Beguería S, Lana-Renault N, Nadal-Romero E,
Cerdà A (2017) Ongoing and emerging questions in water
erosion studies. Land Degrad Dev 28:5–21

Ghazoul J, Burivalova Z, Garcia-Ulloa J, King LA (2015)
Conceptualizing forest degradation. Trends Ecol Evol 30:
622–632

Gibbs HK, Ruesch AS, Achard F, Clayton MK, Holmgren P,
Ramankutty N, Foley JA (2010) Tropical forests were the
primary sources of new agricultural land in the 1980s and
1990s. Proc Natl Acad Sci 107:16732–16737

Gloor MR, Brienen RJ, Galbraith D et al (2013) Intensification of
the Amazon hydrological cycle over the last two decades.
Geophys Res Lett 40:1729–1733

Goldammer JG (1990) Fire in the tropical biota. In symposium on
fire ecology 1989: Freiburg University) springer-Verlag

Guillaume T, DamrisM, Kuzyakov Y (2015) Losses of soil carbon
by converting tropical forest to plantations: erosion and de-
composition estimated by δ13C. Glob Chang Biol 21:3548–
3560

Heyligers PC (1963) Vegetation and soil of a white-sand savanna
in Suriname NVNoord-Hollandsche Uitgevers Maatschappij
1-148

Hirota M, Holmgren M, Van Nes EH, Scheffer M (2011) Global
resilience of tropical forest and savanna to critical transitions.
Science 334:232–235

Hoffmann WA, Geiger EL, Gotsch SG, Rossatto DR, Silva LCR,
Lau OL, Haridasan M, Franco AC (2012) Ecological thresh-
olds at the savanna-forest boundary: how plant traits, re-
sources and fire govern the distribution of tropical biomes.
Ecol Lett 15:759–768

Plant Soil



Holling CS (1973) Resilience and stability of ecological systems.
Annu Rev Ecol Syst 4:1–23

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK, Hungate BA,
Matulich KL, Gonzalez A, Duffy JE, Gamfeldt L, O’Connor
MI (2012) A global synthesis reveals biodiversity loss as a
major driver of ecosystem change. Nature 486:105–108

Jakovac CC, Peña-Claros M, Kuyper TW, Bongers F (2015) Loss
of secondary-forest resilience by land-use intensification in
the Amazon. J Ecol 103:67–77

Jakovac CC, Peña-Claros M, Mesquita RC, Bongers F, Kuyper
TW (2016a) Swiddens under transition: consequences of
agricultural intensification in the Amazon. Agric Ecosyst
Environ 218:116–125

Jakovac CC, Bongers F, Kuyper TW, Mesquita RC, Peña-Claros
M (2016b) Land use as a filter for species composition in
Amazonian secondary forests. J Veg Sci 27:1104–1116

Janzen DH (1974) Tropical Blackwater rivers, animals, and mast
fruiting by the Dipterocarpaceae. Biotropica 6:69–103

Johansen MP, Hakonson TE, Breshears DD (2001) Post-fire run-
off and erosion from rainfall simulation: contrasting forests
with shrublands and grasslands. Hydrol Process 15:2953–
2965

Jordan CF, Herrera R (1981) Tropical rain forests: are nutrients
really critical? Am Nat 117:167–180

Junk WJ, Piedade MTF, Schöngart J, Cohn-Haft M, Adeney JM,
Wittmann F (2011) A classification of major naturally-
occurring Amazonian lowland wetlands. Wetlands 31:623–
640

Kauffman JB, Sanford RL Jr, Cummings DL, Salcedo IH,
Sampaio EVSB (1993) Biomass and nutrient dynamics as-
sociated with slash fires in neotropical dry forests. Ecology
74:140–151

Kauffman JB, Cummings DL, Ward DE, Babbitt R (1995) Fire in
the Brazilian Amazon: 1. Biomass, nutrient pools, and losses
in slashed primary forests. Oecologia 104:397–408

Klinge H (1965) Podzol soils in the Amazon Basin. J Soil Sci 16:
95–103

Labrière N, Locatelli B, Laumonier Y, Freycon V, Bernoux M
(2015) Soil erosion in the humid tropics: a systematic quan-
titative review. Agric Ecosyst Environ 203:127–139

Lal R (1998) Soil erosion impact on agronomic productivity and
environment quality. Crit Rev Plant Sci 17:319–464

Lal R (2001) Soil degradation by erosion land degradation. Land
Degrad Dev 12:519–539

Lal R, Elliot W (1994) Erodibility and erosivity. Soil erosion
research methods 1:181–208

Lawrence D, D’Odorico P, Diekmann L, DeLonge M, Das R,
Eaton J (2007) Ecological feedbacks following deforestation
create the potential for a catastrophic ecosystem shift in
tropical dry forest. Proc Natl Acad Sci 104:20696–20701

Lawrence D, Radel C, Tully K, Schmook B, Schneider L (2010)
Untangling a decline in tropical forest resilience: constraints
on the sustainability of shifting cultivation across the globe.
Biotropica 42:21–30

Lehmann CE, Anderson TM, Sankaran M et al (2014) Savanna
vegetation-fire-climate relationships differ among continents.
Science 343:548–552

Levis C, Flores BM, Moreira PA, Luize BG, Alves RP, Franco-
Moraes J, Lins J, Konings E, Peña-Claros M, Bongers F,
Costa FRC, Clement CR (2018) How people domesticated
Amazonian forests. Front Ecol Evol 5:171

Lowdermilk WC (1953) Conquest of the land through seven
thousand years. USGovernment Printing Office,Washington

Ludwig JA, Wilcox BP, Breshears DD, Tongway DJ, Imeson AC
(2005) Vegetation patches and runoff–erosion as interacting
ecohydrological processes in semiarid landscapes. Ecology
86:288–297

Luizão RC, Luizão FJ, Paiva RQ,Monteiro TF, Sousa LS, Kruijt B
(2004) Variation of carbon and nitrogen cycling processes
along a topographic gradient in a central Amazonian forest.
Glob Chang Biol 10:592–600

Maass JM, Jordan CF, Sarukhan J (1988) Soil erosion and nutrient
losses in seasonal tropical agroecosystems under various
management techniques. J Appl Ecol 25:595–607

Martinelli LA, Piccolo MC, Townsend AR, Vitousek PM, Cuevas
E, McDowell W, Robertson GP, Santos OC, Treseder K
(1999) Nitrogen stable isotopic composition of leaves and
soil: tropical versus temperate forests. Biogeochemistry 46:
45–65

McNeill JR, Winiwarter V (2004) Breaking the sod: humankind,
history, and soil. Science 304:1627–1629

Mendes MS, Latawiec AE, Sansevero JB et al (2018) Look
down—there is a gap—the need to include soil data in
Atlantic Forest restoration. Restor Ecol 27:361–370

Middleton HE (1930) Properties of soils which influence soil
erosion. Soil Sci Soc Am J B11(2001):119

Millennium Ecosystem Assessment 2005 Ecosystems and Human
Well-being: Synthesis Island Press, Washington, DC

Moeslund JE, Arge L, Bøcher PK, Dalgaard T, Svenning JC
(2013) Topography as a driver of local terrestrial vascular
plant diversity patterns. Nord J Bot 31:129–144

Naeem S, Duffy JE, Zavaleta E (2012) The functions of biological
diversity in an age of extinction. Science 336:1401–1406

Nesper M, Bünemann EK, Fonte SJ et al (2015) Pasture degrada-
tion decreases organic P content of tropical soils due to soil
structural decline. Geoderma 257:123–133

Nolan C, Overpeck JT, Allen JR et al (2018) Past and future global
transformation of terrestrial ecosystems under climate
change. Science 361:920–923

Oliveira RS, Costa FR, van Baalen E et al (2019) Embolism
resistance drives the distribution of Amazonian rainforest tree
species along hydro-topographic gradients. New Phytol 221:
1457–1465

Olson GW (1981) Archaeology: lessons on future soil use. J Soil
Water Conserv 36:261–264

Paiva AO, Silva LCR, Haridasan M (2015) Productivity-
efficiency tradeoffs in tropical gallery forest-savanna transi-
tions: linking plant and soil processes through litter input and
composition. Plant Ecol 216:775–787

Panagos P, Borrelli P, Meusburger K, Yu B, Klik A, Lim KJ,
Sadeghi SH (2017) Global rainfall erosivity assessment
based on high-temporal resolution rainfall records. Sci Rep
7:4175

Pellegrini AF, Ahlström A, Hobbie SE et al (2018) Fire frequency
drives decadal changes in soil carbon and nitrogen and eco-
system productivity. Nature 553:194–198

Pettit NE, Naiman RJ (2007) Fire in the riparian zone: character-
istics and ecological consequences. Ecosystems 10:673–687

Phillips OL, Aragão LE, Lewis SL et al (2009) Drought sensitivity
of the Amazon rainforest. Science 323:1344–1347

Pimentel D, Kounang N (1998) Ecology of soil erosion in ecosys-
tems. Ecosystems 1:416–426

Plant Soil



Pimentel D, Harvey C, Resosudarmo P, Sinclair K, Kurz D,
McNair M, Blair R (1995) Environmental and economic
costs of soil erosion and conservation benefits. Science 267:
1117–1123

Prosser IP, Williams L (1998) The effect of wildfire on runoff and
erosion in native Eucalyptus forest. Hydrol Process 12:251–
265

Quesada CA, Phillips OL, Schwarz M, Czimczik CI, Baker TR,
Patiño S, Fyllas NM, Hodnett MG, Herrera R, Almeida S,
Alvarez Dávila E, Arneth A, Arroyo L, Chao KJ, Dezzeo N,
Erwin T, di Fiore A, Higuchi N, Honorio Coronado E,
Jimenez EM, Killeen T, Lezama AT, Lloyd G, López-
González G, Luizão FJ, Malhi Y, Monteagudo A, Neill DA,
Núñez Vargas P, Paiva R, Peacock J, Peñuela MC, Peña Cruz
A, Pitman N, Priante Filho N, Prieto A, Ramírez H, Rudas A,
Salomão R, Santos AJB, Schmerler J, Silva N, Silveira M,
Vásquez R, Vieira I, Terborgh J, Lloyd J (2012) Basin-wide
variations in Amazon forest structure and function are medi-
ated by both soils and climate. Biogeosciences 9:2203–2246

Reid KD,Wilcox BP, Breshears DD,MacDonald L (1999) Runoff
and erosion in a Piñon–Juniper woodland influence of vege-
tation patches. Soil Sci Soc Am J 63:1869–1879

Richards PW (1941) Lowland tropical podsols and their vegeta-
tion. Nature 148:129–131

Ross SM, Thornes JB, Nortcliff S (1990) Soil hydrology, nutrient
and erosional response to the clearance of terra firme forest,
Maraca Island, Roraima, northern Brazil. Geogr J 156:267–
282

Rowland L, da Costa ACL, Galbraith DR, Oliveira RS, Binks OJ,
Oliveira AA, Pullen AM, Doughty CE, Metcalfe DB,
Vasconcelos SS, Ferreira LV, Malhi Y, Grace J, Mencuccini
M, Meir P (2015) Death from drought in tropical forests is
triggered by hydraulics not carbon starvation. Nature 528:
119–122

Santiago LS, De Guzman ME, Baraloto C et al (2018)
Coordination and trade-offs among hydraulic safety, efficien-
cy and drought avoidance traits in Amazonian rainforest
canopy tree species. New Phytol 218:1015–1024

Sauer D, Sponagel H, SommerM, Giani L, Jahn R, Stahr K (2007)
Podzol: soil of the year 2007 a review on its genesis, occur-
rence, and functions. J Plant Nutr Soil Sci 170:581–597

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001)
Catastrophic shifts in ecosystems. Nature 413:591–596

Scheffer M, Barrett S, Carpenter SR, Folke C, Green AJ,
Holmgren M, Hughes TP, Kosten S, van de Leemput IA,
Nepstad DC, van Nes EH, Peeters ETHM, Walker B (2015)
Creating a safe operating space for iconic ecosystems.
Science 347:1317–1319

Schöngart J, Piedade MTF, Wittmann F, Junk WJ, Worbes M
(2005) Wood growth patterns of Macrolobium acaciifolium
(Benth) Benth(Fabaceae) in Amazonian black-water and
white-water floodplain forests. Oecologia 145:454–461

Shakesby RA, Doerr SH (2006) Wildfire as a hydrological and
geomorphological agent. Earth Sci Rev 74:269–307

Shi P, Yan P, Yuan Y, Nearing MA (2004) Wind erosion research
in China: past, present and future. Prog Phys Geogr 28:366–
386

Sidle RC, Ziegler AD, Negishi JN, Nik AR, Siew R, Turkelboom
F (2006) Erosion processes in steep terrain—truths, myths,
and uncertainties related to forest management in Southeast
Asia. For Ecol Manag 224:199–225

Silva LC, HoffmannWA, Rossatto DR, Haridasan M, Franco AC,
Horwath WR (2013) Can savannas become forests? A
coupled analysis of nutrient stocks and fire thresholds in
central Brazil Plant and Soil 373:829–842

Silvério DV, Brando PM, Balch JK et al (2013) Testing the
Amazon savannization hypothesis: fire effects on invasion
of a neotropical forest by native cerrado and exotic pasture
grasses. Philosophical transactions of the Royal Society of
London B: Biological sciences 368:20120427

Song Y, Liu L, Yan P, Cao T (2005) A review of soil erodibility in
water and wind erosion research. J Geogr Sci 15:167–176

Song XP, Hansen MC, Stehman SV, Potapov PV, Tyukavina A,
Vermote EF, Townshend JR (2018) Global land change from
1982 to 2016. Nature 560:639–643

Staal A, Flores BM (2015) Sharp ecotones spark sharp ideas:
comment on " Structural, physiognomic and above-ground
biomass variation in savanna–forest transition zones on three
continents–how different are co-occurring savanna and forest
formations?" by Veenendaal et al (2015). Biogeosciences 12:
5563–5566.

Staal A, Tuinenburg OA, Bosmans JHC, Holmgren M, van Nes
EH, Scheffer M, Zemp DC, Dekker SC (2018a) Forest-
rainfall cascades buffer against drought across the Amazon.
Nat Clim Chang 8:539–543

Staal A, van Nes EH, Hantson S, Holmgren M, Dekker SC, Pueyo
S, Xu C, Scheffer M (2018b) Resilience of tropical tree
cover: the roles of climate, fire, and herbivory. Glob Chang
Biol 24:5096–5109

Stark NM, Jordan CF (1978) Nutrient retention by the root mat of
an Amazonian rain forest. Ecology 59:434–437

Staver AC, Archibald S, Levin SA (2011) The global extent and
determinants of savanna and forest as alternative biome
states. Science 334(6053):230–232

Stocking MA (2003) Tropical soils and food security: the next 50
years. Science 302:1356–1359

TaoW (2004) Progress in sandy desertification research of China.
J Geogr Sci 14:387–400

Ter-Steege H, Pitman NC, Phillips OL et al (2006) Continental-
scale patterns of canopy tree composition and function across
Amazonia. Nature 443:444–447

Tomasella J, Vieira RMSP, Barbosa AA et al (2018)
Desertification trends in the Northeast of Brazil over the
period 2000–2016 International Journal of Applied Earth
Observation and Geoinformation 73:197–206

van de Leemput IA, Dakos V, Scheffer M, van Nes EH (2018)
Slow recovery from local disturbances as an indicator for loss
of ecosystem resilience. Ecosystems 21:141–152

van Nes EH, Staal A, Hantson S et al (2018) Fire forbids fifty-fifty
forest. PLoS One 13:e0191027

Veenendaal EM, Torello-Raventos M, Feldpausch TR,
Domingues TF, Gerard F, Schrodt F, Saiz G, Quesada CA,
Djagbletey G, Ford A, Kemp J, Marimon BS, Marimon-
Junior BH, Lenza E, Ratter JA, Maracahipes L, Sasaki D,
Sonké B, Zapfack L, Villarroel D, SchwarzM, Yoko Ishida F,
Gilpin M, Nardoto GB, Affum-Baffoe K, Arroyo L,
Bloomfield K, Ceca G, Compaore H, Davies K, Diallo A,
Fyllas NM, Gignoux J, Hien F, Johnson M, Mougin E,
Hiernaux P, Killeen T, Metcalfe D, Miranda HS, Steininger
M, Sykora K, BirdMI, Grace J, Lewis S, Phillips OL, Lloyd J
(2015) Structural, physiognomic and above-ground biomass
variation in savanna-forest transition zones on three

Plant Soil



continents-how different are co-occurring savanna and forest
formations? Biogeosciences 12:2927–2951

Veldman JW, Putz FE (2011) Grass-dominated vegetation, not
species-diverse natural savanna, replaces degraded tropical
forests on the southern edge of the Amazon Basin. Biol
Conserv 144:1419–1429

Wilkinson BH, McElroy BJ (2007) The impact of humans on
continental erosion and sedimentation. Geol Soc Am Bull
119:140–156

Wittmann F, Junk WJ, Piedade MT (2004) The várzea forests in
Amazonia: flooding and the highly dynamic geomorphology
interact with natural forest succession. For Ecol Manag 196:
199–212

Wright IJ, Reich PB,WestobyM, Ackerly DD, Baruch Z, Bongers
F, Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M,
Flexas J, Garnier E, Groom PK, Gulias J, Hikosaka K,
Lamont BB, Lee T, Lee W, Lusk C, Midgley JJ, Navas

ML, Niinemets Ü, Oleksyn J, Osada N, Poorter H, Poot P,
Prior L, Pyankov VI, Roumet C, Thomas SC, Tjoelker MG,
Veneklaas EJ, Villar R (2004) The worldwide leaf economics
spectrum. Nature 428:821–827

Wright SJ, Kitajima K, Kraft NJ et al (2010) Functional traits and
the growth–mortality trade-off in tropical trees. Ecology 91:
3664–3674

Zemp DC, Schleussner CF, Barbosa HM et al (2017) Self-
amplified Amazon forest loss due to vegetation-atmosphere
feedbacks. Nat Commun 8:14681

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

Plant Soil


	Soil erosion as a resilience drain in disturbed tropical forests
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Disturbance as a window for soil erosion
	The erosion positive feedback loop
	Examples from central Amazonian forests
	Spatial heterogeneity in soil erosion risk

	Conclusions and implications
	References


