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ABSTRACT

Natural forest regrowth is considered the most cost-effective strategy to promote large-scale forest restoration,
but regrowth trajectories and their consequences for nature and people can be highly variable. This uncertainty
may obstruct devoting land, time and resources in promoting this restoration approach. Process-based models
allow to simulate forest regrowth under different scenarios and may thus support decision making to manage
areas in ways that maximize forest restoration based on natural forest regrowth. In the present study, we used the
process-based model LandClim to assess the following questions:1) How does land use intensity affect forest
growth, aboveground biomass (AGB) and tree species diversity in agricultural landscapes in the long term? 2)
How do different land use configurations affect the structure and expansion of second-growth forests? We based
our study on six 4 x 4 km agricultural landscapes, dominated by pastures and sugarcane, in the Brazilian Atlantic
Forest region. We parameterized and validated LandClim for the study region by comparing model outputs with
published estimates and information from field data collected across the six landscapes. We then simulated
natural forest regrowth under different land use intensities in the six landscapes and analyzed how land use
intensity and landscape configuration affect AGB, tree species diversity and the spatial dynamics of second-
growth forests. Our results showed negative effects of increased land use intensity on landscape biomass accu-
mulation due to limited forest cover expansion. Landscapes dominated by sugarcane had lower forest regrowth
potential than pasture-dominated landscapes due to lower likelihood of abandonment, and limited rates of seed
availability and seedling growth. Land use intensity and landscape configuration were also important factors for
tree diversity changes. However, temporal patterns differed, and while AGB reached a plateau after 100-150
years, tree diversity peaked between 30 and 70 years. Thus, the effects of land use intensity and landscape
configuration on forest AGB and tree diversity take decades to be fully expressed, highlighting the importance of
a long-term commitment in restoration projects.

1. Introduction

2016).
Although forests are regenerating naturally across the Neotropics

Natural forest regrowth has generally been promoted as one of the
main paths to achieve large-scale restoration (Chazdon and Guariguata,
2016; Crouzeilles et al., 2017), as it is more cost-effective and scalable
than active restoration approaches (Strassburg et al., 2016; Molin et al.,
2018). Tropical second-growth forests are particularly efficient in
recovering carbon stocks (Poorter et al., 2016, 2021) and tree diversity
(Rozendaal et al., 2019) while improving livelihoods (de Souza et al.,
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(Nanni et al., 2018), it is difficult to predict where and how regrowth
will occur, as it can be driven by a myriad of biophysical and socio-
economic factors at different spatial scales (Arroyo-Rodriguez et al.,
2017; Borda-Nino et al., 2020). For example, at large spatial scales tree
diversity is driven primarily by climate, topography and disturbance
regimes (Arroyo-Rodriguez et al., 2017); yet, at the landscape scale
factors such as connectivity, forest cover, and the size and shape of forest
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remnants become relevant (Arroyo-Rodriguez et al., 2017; Crouzeilles
et al., 2019a). In addition, specific land use practices can have crucial
effects on landscape-wide forest regrowth dynamics (Molin et al., 2017;
César et al., 2021).

After centuries of intense deforestation and the stabilization of native
forest cover in the past two decades, the Atlantic Forest has featured a
net increase of forest cover since 2005 (De Rezende et al., 2015; Rosa
et al.,, 2021), due to large-scale natural regrowth and coordinated
restoration efforts (Crouzeilles et al., 2019b). However, forest regrowth
remains patchy (Ribeiro et al., 2009). Moreover, the regeneration po-
tential on abandoned pastures and marginal agricultural lands has not
yet been realized and management decisions to intensify land use
threaten regrowth (Latawiec et al., 2015; Alves-Pinto et al., 2017). It is
thus important to understand and predict the effect that current and
potential land use management decisions and resulting landscape con-
figurations have on Atlantic Forest regrowth in the long term. This un-
derstanding can inform management decisions that exploit the full
potential of forest regrowth of landscapes and maximize restoration
diversity and ecosystem service outcomes.

Empirically, one can analyze forest cover dynamics under different
land use scenarios by space-for-time substitution, i.e. sampling across
landscapes with different land use configurations (Walker et al., 2010),
remote sensing of time series, or forest inventories. These types of
studies, in the Atlantic Forest, have shown that the extent of remnant
forests and the type of land use significantly affect attributes of sec-
ondary forests, such as biomass and species diversity (Molin et al., 2017;
César et al., 2021).

Forest landscape models can complement empirical research by
exploring temporal and spatial scales that are not accessible by tradi-
tional on-the-ground methods (Bugmann et al., 2014). Such models have
widely been used to simulate the effects of biophysical factors (e.g.,
climate, disturbances; Petter et al., 2020; Elkin et al., 2013) and of
human activities (e.g., forest management Thom et al., 2018; Rammer
and Seidl, 2015) on long-term forest dynamics. These spatially-explicit
models are generally suitable for simulations of complex landscapes in
which forests and other land use types interact dynamically. Hence they
could be valuable to explore the effects of land use management de-
cisions on the structure, biomass accumulation, diversity and expansion
of secondary forests. However, to date they have mainly been applied in
boreal, temperate or Mediterranean regions (Petter et al., 2020).

Here, we present the first application of the forest landscape model
LandClim in tropical forests. We validate the model and simulate the
effects of different land use intensity scenarios and landscape configu-
rations on the recovery trajectories of aboveground biomass (AGB) and
tree diversity in second-growth forests within the Brazilian Atlantic
Forest to assess the following questions: 1) How does land use intensity
affect forest growth, aboveground biomass (AGB) and tree species di-
versity in agricultural landscapes in the long term? 2) How do different
land use configurations affect the structure and expansion of second-
growth forests? Answering these questions can support management
decisions within ambitious restoration programs underway in this re-
gion, such as the Atlantic Forest Restoration Pact (Richards et al., 2015;
Crouzeilles et al., 2019b), as well as other restoration programs across
the tropics.

2. Materials and methods
2.1. Study area

The study area is located in the Corumbatai watershed in the interior
of Sao Paulo State, southeastern Brazil. The basin encompasses an area
of 1,700 km?. The region’s climate is Cwa (dry-winter humid subtropi-
cal) according to the Koppen-Geiger classification system. The basin
receives ~1,350 mm annual precipitation concentrated in the summer
months between November and March (Atlas Ambiental, 2002). A mean
annual temperature of ~20 °C is recorded, with a monthly minimum
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around 15 °C and a maximum around 29 °C (Alvares et al., 2014). The
landscapes of the study area are located at the ecotone between the
Atlantic Forest and Cerrado (42% and 58% of the basin, respectively),
with a range of vegetation types from open grasslands to dense wood-
lands (Durigan and Ratter, 2006). Elevation ranges from 470 to 1,060 m
above sea level. We focused our study on Seasonal Semideciduous For-
ests, which occur both in the Atlantic Forest and the Cerrado. The main
land use types in the basin are sugarcane (43.7%), extensive pastures
(29.4%), native forest remnants (12.4%), and eucalypt plantations
(7.3%) (Ferraz et al., 2014). Forest patches are scattered throughout the
landscape, as native forest areas occur mainly along riparian buffers and
on agriculturally marginal land.

For the simulations, we used six 4 x 4 km landscapes (Fig. 1,
Table S1), which were selected based on a diversity-variability analysis
(Ferraz et al. 2014). This analysis was conducted by dividing the basin
into square grids of different sizes ranging from 1 to 5 km? and applying
the Shannon landscape diversity index to each grid size. The final grid
size was 4 x 4 km because it best captured the diversity of landscape
configurations in the basin. The final selection of the landscapes was
limited to areas that contained > 10% remnant forest to guarantee the
presence of forest patches in the analysis. For a detailed description of
landscape selection see Ferraz et al., 2014.

2.2. Forest landscape model

We employed the spatially explicit forest landscape model LandClim,
which is commonly used to simulate temperate forest dynamics at the
landscape level (~100-100.000 ha) over decades to centuries (Schu-
macher and Bugmann, 2006). In this model, the landscape is divided
into grid cells (here 25 x 25 m) representing local environmental con-
ditions (climate, terrain, and soil). Driven by the abiotic conditions in
each grid cell, the establishment, growth and mortality of tree cohorts
are modelled considering biotic interactions, mainly competition for
light. In addition, spatial interactions between grid cells can be simu-
lated, such as seed dispersal or the spread of fire or pathogens (Temperli
et al., 2013). Each tree species represented in the model is characterized
by a range of parameters specifying the species-specific life history traits
and environmental tolerances.

2.3. Abiotic input data for the simulations

LandClim requires as input data a set of environmental attributes
characterizing each grid cell across the landscape. The minimal set
consists of elevation (m a.s.l.), slope (°), aspect (°), soil water holding
capacity (WHC; cm), monthly mean temperatures (°C), and monthly
precipitation sums (mm). Maps of land use types can also be used as
input, and for each land use category specific model rules can be applied
(e.g., different management rules). We used the land use classification
maps (Fig. 1) developed by Ferraz et al. (2014).

Temperature and precipitation data from 1990 to 2010 were ob-
tained from one weather station close to each study landscape (https://
www.cnpm.embrapa.br/projetos/bdclima/balanco/index/index_sp.
html). We selected a random sample of climate data from this period and
used it as model input. This means that all simulations were conducted
under the current climate and that climate change was not considered,
as we were mainly interested in modelling the effect of landscape
configuration and land use intensities without the interference of cli-
matic effects, which remain difficult to predict.

The WHC describes the maximum amount of plant-available water
that can be stored in the (upper) soil, it influences local soil moisture
dynamics and thus sets the boundaries for the effects of drought stress on
trees (Phillips et al., 2010). The WHC can hence be an important factor
for growth and survival of trees (Ganatsios et al., 2021; Meza et al.,
2018; Phillips et al., 2010). However, the importance of WHC for forest
dynamics varies depending on the climate, edaphic conditions, and the
local forest community. For instance, it has been observed that soil
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Fig. 1. Land use configurations in the six 4 x 4 km study landscapes. Landscapes 1 to 3 feature strong dominance by pastures, whereas in landscapes 4 to 6 sugarcane
dominates. We added a separate coding for pixels surrounding forest that border pasture or sugarcane to model border effects of sugarcane or pasturelands on forests.

See Ferraz et al. (2014) for original land use maps.

water uptake from greater soil depths is an important mechanism to
sustain gross primary productivity during periods of low rain (Nepstad
et al., 1994; Elliott et al., 2006). In forests where trees get most of their
water from deep soil layers, WHC — which describes the capacity in the
upper soil layers - may thus be less important (Broedel et al., 2017).
Since we had no field data for WHC in the six landscapes, we tested the
effect of this factor on simulated forest dynamics through a sensitivity
analysis in which we used different WHC values (10, 20, 30 cm) and
compared simulated forest dynamics. Under the prevailing climatic
conditions, the effect of changes in this parameter in the model was
minor, i.e., changes in WHC values did not have a significant effect on
simulation results. On this basis, we decided to use a constant WHC of
20 cm across and within all landscapes.

In LandClim, terrain data (elevation, slope, aspect) are generally
used to spatially extrapolate point data of temperature and precipitation
based on lapse rates. Here, differences across landscapes are based
exclusively on differences in the land use configuration and do not
include differences in terrain properties, as we were interested in testing
the effect solely of the management scenarios after model validation

2.4. Model parameterization and validation

LandClim has been parameterized and validated for temperate for-
ests in Europe and North America (Schumacher et al., 2004; Temperli
et al., 2013). Therefore, in a first step, we parameterized and validated
the model for the environmental conditions and species in the tropical,
semideciduous Atlantic Forest as a prerequisite for simulating land use
intensity scenarios. The main step in this regard was the determination
of parameter values of a species pool that reflects Atlantic Forest woody
species and with which the structure and dynamics of such forests can be
adequately simulated.

LandClim requires the following species parameters to simulate
forest dynamics: maximum age, age at maturity, maximum biomass
growth rate (Rpax), maximum height, effective and maximum dispersal

distance, leaf habit, foliage type, minimum degree-days, minimum
temperature, vegetative reproduction, tolerance to shade, drought, fire,
browsing and nitrogen, and the presence of serotinous cones (see
Table S2 for a description of each parameter).

Most of these parameters are not known for Atlantic Forest tree
species. Therefore, we set initial parameter ranges that represent the
empirical ranges across the native species based on literature values and
discussions with experts. For those parameters that are not independent
of each other, we also estimated correlations and their strengths (rela-
tive deviation from estimated trends). Maximum age and maximum
biomass were negatively related to maximum growth rate, i.e., the faster
a tree grows, the shorter its life span and the lower its wood density
(Chen et al., 2017). Similarly, age at maturity, age of vegetative repro-
duction, and maximum height were positively correlated with maximum
age. Shade and drought tolerance were positively correlated with
maximum biomass, representing the later successional species. Uncor-
related parameters were allowed to randomly vary within pre-defined
ranges, or they had fixed values (cf. Table S2).

After establishing the value ranges, we generated specific parameter
values for single species by randomly sampling from the value ranges for
all independent parameters. The values of the dependent parameters
were estimated based on their correlations and correlation strength to
the independent parameters within the ranges given. On this basis, we
generated a species pool of 250 species, drawing the same number of
species from each of the five shade tolerance classes (i.e., 50 species
each). We used 250 species as this number represents the average
richness in secondary forests of the study area (based on César et al.,
2018) and initialized the model with the same number of species from
each shade tolerance class

To validate the model, i.e., to test whether Atlantic forests can be
reproduced adequately using the species pool generated, we used a
homogeneous, flat landscape of one km? that consisted of forest as the
single land use type. We did not use the real landscapes where several
land use types coexist (Fig. 1). We carried out simulation runs over 500
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years, and evaluated the results based on the following criteria: (1) Total
aboveground biomass (AGB) in the equilibrium state should be in the
range of 200-350 Mg/ha. This range corresponds to values derived from
studies in old-growth, semi-deciduous Atlantic Forests (Barbosa et al.,
2014; Becknell et al., 2018), and particularly, based on a field sampling
effort of over 3000 trees conducted in the landscapes we simulated
(César et al., 2018); (2) the equilibrium state should be reached after
around 300-400 years (Pugh et al., 2019); (3) the frequency distribu-
tions of age and diameter at breast height (DBH) should be realistically
right-skewed as observed in the field (César et al., 2018); (4) the relative
proportion of species should shift with time in favor of shade-tolerant
species; and (5) species richness at the end of the simulation should be
within the values observed in old-growth Atlantic Forests.

We ran simulations changing the ranges of one parameter at a time,
while keeping all others within their initial value ranges (Table S2). We
repeated the process for each species parameter, except those with fixed
values. We identified four parameters that strongly affected model
outputs: maximum age, maximum growth rate, maximum AGB and
maximum height. Using a full-factorial design, we generated species
pools under several combinations of the ranges of these parameters and
carried out simulation runs. The parameter range combination that
showed the best fit with the validation criteria was selected as the best
set, and it formed the basis for the subsequent scenario simulations.

The process of generating the species pool contains a random
element, and the model itself employs stochasticity to simulate many of
the demographic processes. To assess the influence of these factors on
the simulation results, we generated ten species pools using the best
parameter combination (shown in Table S2) and carried out ten simu-
lation runs per species pool. Relative to the validation criteria (cf.
above), the results differed only marginally. Hence, we randomly
selected one species pool with which all scenario simulations were
carried out.

2.5. Scenario simulations

We defined three scenarios representing low, medium and high land
use intensity. For each scenario, we adapted model parameters (e.g.,
seedling establishment probability, browsing intensity and fire distur-
bance parameters) in the different land use types (forest, pasture,
silviculture, shrubland, sugarcane) to mimic different land use in-
tensities (more details in Table S3).

The low-intensity scenario reflects the abandonment all productive
land uses in the landscapes, i.e., sugarcane, pasturelands and eucalypt
plantations. Seedlings were hence allowed to establish in these land use
types. We used different establishment probabilities per land use to
reflect hurdles for seedling establishment due to the former productive
land use type, such as higher soil compaction on former sugarcane fields
and presence of Eucalyptus stumps in former plantations (Holl, 1999;
Table S3).

In the mid-intensity land use scenario, we simulated selective har-
vesting of eucalypt so that some adult eucalypt trees remained and
natural recruitment of other tree species occurred beneath the planta-
tion, as reported for this area (César et al., 2018). In addition, we
simulated extensive cattle ranching, thus allowing natural tree recruit-
ment to occur on the pastures in spite of grazing. We simulated grazing
by increasing the browsing intensity parameter of LandClim. We also
simulated fire occurrence as this is a common practice on extensive
cattle ranching land, affecting tree recruitment on the pastures and the
edges of forests and shrublands. We did not allow natural recruitment on
sugarcane areas, which remained under cultivation with regular
management-ignited fires extending into the forest-shrubland-border.
This reflects the common past practice of burning the straw and allow-
ing manual harvesting (Table S3).

The high-intensity land use scenario captures mechanized agricul-
tural practices. Thus, we simulated the complete clear-cut of eucalypt
and clearing of all understory vegetation so that no natural recruits
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remained on the plantation areas. The only recruitment allowed in this
scenario was that of eucalypt to simulate regular replanting. In addition,
we mimicked intense cattle grazing on the pastures and on trees in the
border areas of the remnant forests and shrublands by increasing the
browsing intensity parameter. Tree seedlings were not allowed to recruit
neither the pastures due to intense grazing and burning, nor on sugar-
cane areas. Sugarcane fields and pasture lands burned regularly (once a
year) and affected the borders and the core areas of forests and shrub-
lands (Table S3).

We excluded other productive land use types such as citrus planta-
tions from the simulations as they covered small areas (classified as
“Other” in Fig. 1).

In the study landscapes, the maximum age of forest remnants, esti-
mated from remotely sensed data, was 53 years (Ferraz et al., 2014).
However, several fragments had been present before the first remote
sensing images were taken. Thus, we considered an average age of 80
years for older remnant forest patches in the landscape and carried out
spin-up runs over 80 years to generate the remnant forest areas present
across the landscapes. These landscapes served as the starting point to
our scenario simulations, with the simulations running for 200 years
into the future in each landscape under the three scenarios.

2.6. Analysis of simulation results

We evaluated the variations in woody AGB and tree species diversity
across time for each of the six landscapes in each of the three land use
intensity scenarios. We mapped variations in AGB changes per cell and
mapped changes in the Shannon species diversity index, based on the
AGB of the different species in each cell across the landscapes. We used
linear regression to assess the effects of (1) the ratio of forest to sugar-
cane and pasture areas, (2) the ratio of forest border to core areas
(estimated as the number of cells classified as forest core versus forest
border), (3) the intensity scenarios (low, medium, high), and (4) time on
(a) biomass change in time across the landscape (per hectare), (b) tree
species diversity (Shannon index based on average biomass per species
in the landscape), (c) average species number per landscape and (d)
ratio of shade-tolerant to shade-intolerant species aggregated into clas-
ses of shade tolerance (1 to 5). We evaluated all possible explanatory
variable combinations, tested the significance of the relationships using
ANOVA, and compared the models based on the AIC.

3. Results
3.1. Model validation

LandClim yielded aboveground biomass (AGB) values of c. 250-280
Mg/ha in the equilibrium state after decade 30 (Fig. 2A). After an initial
increase, shade-intolerant pioneer species decreased in number during
forest succession (Fig. 2B). The DBH and height distribution of the trees
at the end of the simulation were right-skewed, with most tree in-
dividuals between 5 and 7 m in height and 5 and 10 cm in DBH. Trees
obtained a maximum height of 25 m and a maximum DBH of 60 cm
(Fig. 2C & 2D). The simulated forest at equilibrium retained over 120
species.

3.2. Effects of land use intensity on biomass and tree diversity dynamics

We found a significant effect of land use intensity on AGB and di-
versity changes. In the case of biomass, the effects of increasing land use
intensity became stronger with time (Fig. 3, Table 1). In the low in-
tensity scenario, average AGB across the landscape consistently
increased to reach a peak at around 12 decades, while in the medium
and high intensity scenarios, AGB accumulated progressively less with
time. In the high intensity scenario, AGB remained almost constant or
decreased even slightly through time across all landscapes, regardless of
land use configuration (Fig. 3). In addition, in sugarcane-dominated
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Table 1
ANOVA of best model relating landscape scale AGB and diversity changes across
time for the six landscapes.

Change of AGB per hectare (R? = 0.86)

Source Df MS F P Effect size
Time 1 82,177 520.89  <0.0001  0.193
Core to edge ratio of forest 1 23,024 145.94 <0.0001 0.054
Time x Land use intensity 2 131,239  831.87 <0.0001 0.615
Residuals 373 158

Shannon index (R? = 0.62)

Time 1 3.527 415.48  <0.0001  0.416
Land use intensity 2 0.775 91.34 <0.0001 0.183
Core to edge ratio of forest 1 0.061 7.23  <0.0001 0.022
Forest to sugarcane ratio 1 0.188 22.13 0.007 0.006
Residuals 372 0.008

landscapes, AGB values remained lower through time and AGB accu-
mulated at a lower rate than in landscapes dominated by pasturelands,
regardless of land use intensity. Tree species diversity, expressed as the
landscape-wide Shannon index based on AGB per species, initially
increased regardless of land use intensity, peaked at around three to
eight decades, and decreased thereafter (Fig. 3). Land use intensity and
the dominant land use type across the landscape affected only slightly
the rate of diversity changes and the maximum tree diversity that were
reached per landscape. However, after 15 decades, the differences be-
tween the low and medium land use intensity scenario disappeared in
most landscapes.
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In the high intensity land use scenario, AGB values > 250 Mg/ha
were limited to forest and shrubland remnants that had already been
present in the landscape at the beginning of the simulation, as there was
no natural forest regrowth on pasturelands (Fig. 4). In addition, in the
high intensity scenario fire and grazing in the pasturelands and sugar-
cane fields reduced AGB along the edge of the forest and shrubland
patches (Fig. 4). In the mid land use intensity scenario, trees established
in pastures, but the extensive cattle grazing management regime limited
AGB values to a maximum of 200 Mg/ha in most areas. In the low in-
tensity scenario, which includes the abandonment of all productive land
use types (sugarcane, silviculture, and pastures), trees established across
the landscape and biomass reached values > 200 Mg/ha in most of the
area (Fig. 4, Figs. S1-S5).

We found that early in the succession (<5 decades), tree diversity
increased outside core forest areas in the mid and low intensity sce-
narios, but then showed a decreasing tendency with time. In the high
intensity scenario, tree diversity within forest remnants diminished
through time due to fire and grazing (Fig. 5). Comparing the six land-
scapes, tree diversity was reduced when the dominant land use type was
sugarcane compared to pasture, nearly independent of land use intensity
(Figs. S6 to S10).

3.3. Effects of landscape configuration on biomass and tree diversity
dynamics

Landscape configuration affected AGB and tree diversity. The ratio of
forest core to forest edge was significant in the best models explaining

Decade 1

Time since land use intensity change
Decade 10

Decade 20

High

o,

400

300

200

100

Above-ground biomass (Mg/ha)

Land use intensity
Mid

Low

Fig. 4. Aboveground biomass (AGB) accumulation through natural forest regrowth in landscape 1, for the three land use intensity scenarios and three specific
periods. Maps for the other five landscapes can be found in the Supplementary Material (Figs. S1-S5).
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Fig. 5. Tree diversity across landscape 1 at different time steps under different land use intensity scenarios. Results for the other five landscapes can be found in the

Supplementary Material (Figs. S6 to S10).

the changes of AGB and tree diversity: the larger the core forest area, the
less likely it was that management actions such as fire or grazing
affected AGB or diversity accumulation through time (Table 1). Species
numbers and the ratio of shade-tolerant to shade-intolerant species were
significantly related to the ratio of forest to sugarcane and the land use
intensity scenario (Table S4). Land use intensity and time were also
highly significant in the models, i.e., the overall effects of land use
configuration on AGB accumulation and tree diversity became clearly
evident after multiple decades only.

4. Discussion
4.1. Model validation

Our work presents the first application of LandClim in tropical for-
ests. LandClim was originally parameterized for temperate tree species
and has been tested in several studies across Europe and in the United
States (Briner et al., 2012; Temperli et al., 2012; Schworer et al., 2016;
Thrippleton et al., 2018; Schuler et al., 2019; Petter et al., 2020). We
demonstrated that LandClim can also be applied to simulate the dy-
namics of AGB and tree diversity in tropical forest landscapes, such as
the highly threatened and fragmented Brazilian Atlantic Forest.

We obtained AGB values of around 250 Mg/ha after ~10 decades of
succession, reaching an equilibrium state after approximately 30 de-
cades, is within the range of values for biomass observed in old-growth
Atlantic Forest sites and in other Neotropical forest ecosystems (Aide
et al., 2000; Martin et al., 2013; Poorter et al., 2016; Poorter et al.,
2021). In addition, the simulated AGB values agree with second-growth
remnant forest patches found within the study area (César et al., 2018).

As tropical old-growth forests harbor a higher diversity of species
than temperate forests, another important validation aspect was
whether our simulated forests retained a realistic number of species in
the old-growth stage. Indeed, simulated forests at equilibrium retained
over 120 species after 50 decades, a value within the range of many
estimates from tropical old-growth forests (e.g., Guariguata et al., 1997;

Goosem et al., 2016; Rozendaal et al., 2019). Yet, this value is lower than
the number of species found in the study areas by César et al., (2018),
possibly due to a simulation time of 200 years, compared to an average
age of 50 years for the forest remnants in the study landscapes and thus
the longer effect of community interactions, such as competition, on
species richness.

The reverse J-shaped distribution of DBH, with the highest number
of stems in the smaller diameter classes, i.e., at around 5 to 10 cm
(Fig. 2D), resembles the shape of the distribution observed in old-growth
tropical and subtropical forests (i.e., do Nascimento et al., 2014; Gon-
calvesetal., 2017; Gebeyehu et al., 2019). The simulated stem density in
the equilibrium state of ~620 trees per ha for all trees > 10 cm DBH is in
the range for Neotropical forests, which is typically 500-700 stems per
hectare (Banin et al., 2012,Chao et al., 2008). Likewise, the simulated
stem density of ~230 trees per ha for all trees > 20 cm DBH agrees with
the values reported by César et al. (2018) for reference forests in the
Corumbatai basin. However, the number of simualted trees in the
diameter class 5-20 cm (~2500) is larger than observed by César et al.
(2018). This could be due to the structure of LandClim, in which trees
are introduced into the community not as seedlings but as saplings and
are counted for the first time when they are already slightly above 5 cm
in DBH. This approach results in a disproportionately large fraction of
small trees in the 5-7 cm DBH class. This approach could be improved to
better represent the small size classes in the simulations. However, these
classes represent only a very small fraction of total biomass, and
therefore this inaccuracy does not significantly affect the simulation
results of total AGB and diversity.

Initializing the simulation with the same proportion of shade-
tolerant and intolerant species (50 species each), we observed the ex-
pected shift in biomass of species in different shade tolerance classes
with succession. After an initial increase in the biomass of the shade
intolerant species, the shade tolerant species started to gain dominance
after c. 10 decades, which agrees well e.g. with the Neotropical sec-
ondary forest succession depicted by Guariguata and Ostertag (2001).
Some shade intolerant species were able to persist over time. This
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pattern relates to natural gap dynamics (Tabarelli and Mantovani,
2000), which are characteristic of both the model and reality (Chazdon,
2008; Lohbeck et al., 2014; Marcilio-Silva et al., 2016).

4.2. Effects of land use intensity on biomass and tree diversity dynamics

We observed strong effects of land use intensity on biomass and tree
diversity dynamics in our simulations, both when averaged over the
entire landscape (Fig. 3) and also in terms of the spatial patterns in the
landscape (Figs. 4 and 5).

In the low and mid intensity scenarios, the average AGB values
reached a plateau after 12 decades of simulation. The fastest accumu-
lation and highest AGB values were observed on the abandoned pastures
in the low intensity scenarios, while extensive cattle grazing in the mid
intensity scenarios only allowed forests with low stocking density to
establish. The low seedling establishment probabilities on abandoned
sugar cane fields in the low intensity scenario as a consequence of soil
compaction, which led to low forest biomass on this land use type, even
when land use intensity decreased. The decrease of the average AGB in
the high land use intensity scenarios was a result of the limited area
available for forest regrowth in combination with frequent disturbances
at the forest borders due to cattle grazing (pastures) and fires (sugar-
cane), which typically occur in this area when intensively managed
(César et al., 2021; Rosa et al., 2021). At the start of the simulations, the
forest remnants were undisturbed, and the subsequent forest loss due to
disturbances was higher than forest regrowth, i.e., the overall net AGB
balance was negative.

Differences between the land use intensity scenarios were also
evident with respect to tree diversity. The general increase in tree di-
versity in the first decades was a result of forest expansion and the
colonization of early-successional tree species in the new forest areas,
which were rare in the forest remnants at the beginning of the simula-
tion. Even in the high intensity areas, diversity initially increased as
succession proceeded in the shrubland patches. Increases in diversity
during early succession are typical and have been documented for sites
across the Atlantic Forest (Liebsch et al., 2008). In the low intensity
pasture areas, where forest growth was less restricted, a rich tree com-
munity with species from all shade tolerance classes established in the
first decades, similarly to what was observed in the validation runs
(Fig. 2). In contrast, in the mid intensity pastures and sugarcane fields,
tree diversity was lower since the restrictions to the establishment that
had been imposed in the simulation allowed fewer species to colonize
these areas. After the initial increase, tree diversity decreased in all
scenarios, which can be related to forests reaching an equilibrium,
which in turn resulted in increased competition for light among species
and competitive exclusion of light demanding species. This declining
trend of diversity in the late successional stages agrees with theoretical
expectations (Guariguata and Ostertag, 2001) and was observed in other
studies under both high land use intensity and land abandonment
(Niedrist et al., 2009).

4.3. Effects of landscape configuration on biomass and tree diversity
dynamics

The effect of land use intensity on AGB and diversity changed
depending on the configuration of the land use types. Differences in the
ratio of forest versus sugarcane, as well as the ratio of forest core area
and forest edge were significant factors explaining variations in AGB and
tree diversity in the simulations. In areas with a low forest to pasture
ratio, land use intensity did not affect AGB as much as in areas with a low
forest to sugarcane ratio. Interestingly, this effect was not linear for tree
diversity. Tree diversity stayed between values of 4.4 and 4.8 (Shannon
index) across all six landscapes, regardless of the dominant land use
type. Empirical work in the study areas found that the effect of neigh-
boring land use type, mainly sugarcane, on tree diversity and AGB of
secondary forests was greater than that of other factors such as patch age
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(Molin et al., 2017; César et al., 2021). Our model allowed to elucidate
that these effects become much better visible and significant after
several years, thus emphasizing the importance of a long-term
perspective for planning sustainable management strategies.

Lastly, our simulation showed that, under appropriate land use
conditions, forests can regrow quickly and accumulate biomass, which
corroborates previous research on the role of natural forest regrowth for
achieving large-scale forest restoration and mitigating climate change
(Chazdon et al., 2016, Poorter et al., 2021). However, the spatial pattern
of land use, such as higher or lower prevalence of degraded pasturelands
and the proximity of forest remnants, will strongly co-determine the
temporal development and quality (in terms of AGB and species rich-
ness) of second-growth forests (César et al., 2021).

4.4. Methodological considerations

Using LandClim, we were able to simulate long-term second-growth
forest expansion based on the characteristics of land use types that
currently occur in the Atlantic Forest region, and our simulations yiel-
ded plausible results. However, due to the lack of comparable long-term
experiments for model validation, they should clearly be considered as
scenarios rather than real-world predictions. We had to make several
strong assumptions regarding the factors affecting forest dynamics in the
different land use types, such as establishment probabilities or proba-
bilities of fire disturbances, which influence spatial landscape dynamics.
These assumptions are mainly based on expert knowledge rather than on
empirical data. Accordingly, our simulations can demonstrate forest
dynamics and the effects of land use parameters under the conditions
assumed, but further experiments and more detailed analyses of existing
data are needed to increase the specificity of the predictions.

LandClim allows for simulating forest landscape dynamics across
large spatial and temporal extents, yet our use of LandClim to simulate
Atlantic Forest regrowth relied on several assumptions and simplifica-
tions that may lead to biases. The main challenge was to obtain species
parameters for the Atlantic Forest flora. We generated species pools
based on life history parameter ranges found in the literature and
through discussion with experts. This approach was sufficient to
reproduce the main characteristics of Atlantic Forest remnants, yet it is
obviously not sufficient to estimate the dynamics of specific real-world
species. Consequently, the LandClim application presented here is not
appropriate to provide information for managing specific species, which
is a commonly monitored indicator of restoration success (e.g., Aide
et al., 2000).

In addition, grouping species into five shade tolerance classes sim-
plifies trees life history strategies, as shade tolerance should ideally be
treated as a continuous variable (Lienard et al., 2015). We recommend
further research on species life history traits for the improvement of
model-based predictions of forest regrowth.

We also had to simplify the study landscapes in terms of their
physical properties related to soil, climate and topography. If more ac-
curate measurement data had been available, this could have led to a
more differentiated view on forest regrowth predictions across the
landscapes. We, however, were mainly interested in the effects of land
use intensity and land use type configurations as drivers of change of the
extent and quality of forest regrowth, and therefore we decided to treat
the physical parameters of the landscapes as homogenous.

We used a constant WHC value of 20 cm based on a sensitivity
analysis, in which the WHC had only minor effects on the model results.
In reality, changes in WHC may have a larger effect than in the model.
However, we are not aware of studies from that area analyzing and
quantifying this effect. In our case, we are confident that the choice of a
constant WHC is appropriate, because we were not simulating effects of
climate change, i.e., all simulations were carried out under the pre-
vailing climate conditions, and for these conditions, the model was
validated. If the effects of climate change were to be simulated, the WHC
would be of critical importance and more attention would need to be
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paid to this factor. Lastly, for our scenarios, we assumed that the land-
scape configuration is constant over 200 years, while in reality it is most
likely to be quite dynamic. For example, if biofuel demands continue to
increase, as occurred in the past decades (Durigan and Ratter, 2006),
sugarcane is most likely to replace pastures and thus reduce the
regrowth potential for forests in the Atlantic Forest landscapes.

Overall, we were able to demonstrate that LandClim can be suc-
cessfully employed in tropical forest ecosystems in a restoration context,
yet its application can certainly be improved by expanding research on
tropical trees’ life history traits, biophysical conditions and management
approaches in human-modified tropical landscapes.

5. Conclusions

The Atlantic Forest is a global hotspot for tropical rainforest resto-
ration (Brancalion et al., 2019), yet human-induced disturbances arising
from land use decisions continue to threaten remnant forest areas and
limit forest regrowth (De Lima et al., 2020; Rosa et al., 2021), with
negative impacts for biodiversity and carbon stocks (De Lima et al.,
2020). Our study shows that forest landscape restoration planning must
consider the critical role of human-induced disturbances in shaping
regrowth trajectories and the achievement of environmental benefits.

A model such as LandClim can serve land use planners, restoration
practitioners and managers in general to foresee how different land use
decisions and policies can affect, positively or negatively, natural forest
regrowth. Several recent papers aimed to identify priority areas for
ecosystem restoration (e.g. Brancalion et al., 2019; Strassburg et al.,
2020), but none of them considered land use intensities as disturbance
regimes that can determine restoration success, which highlights the
potential contribution of our study for future prioritization.

Land abandonment and tree expansion have been documented across
the globe, for example in Europe (Lasanta et al., 2017; Janus and Bozek,
2019) and Latin America (Aide et al., 2013; Nanni et al., 2018). Under
current economic and social trends, land abandonment may continue in
marginal agricultural areas in the Atlantic Forest of Brazil, such as those
studied here (Baptista and Rudel, 2006; Walker, 2012; De Rezende et al.,
2015; Bicudo da Silva et al., 2017). This indicates that natural forest
regrowth on abandoned pasturelands is a likely scenario for upscaling
restoration in the Atlantic Forest in the near future. In addition, in-
centives for landowners to allow marginal, less productive pasture areas
to regenerate back to forest can be an important strategy employed to
upscale restoration (Latawiec et al., 2015).

The ability to improve predictions regarding where and how natural
forest regrowth is more likely to occur, and to simulate scenarios under
various land use intensity strategies, is key to prioritize areas for forest
restoration aimed at achieving current global restoration targets, such as
the Bonn Challenge, and other restoration commitments to be made
between 2021 and 2030, during the United Nations Decade on
Ecosystem Restoration.
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