UNIVERSIDAD

NACIONAL

DE COLOMBIA

ACTA BIOLOGICA COLOMBIANA e o de rologl

http://www.revistas.unal.edu.co/index.php/actabiol Sede Bogotd
ARTICULO DE INVESTIGACION / RESEARCH ARTICLE

PRELIMINARY MODEL OF POTENTIAL AREAS FOR

RESTORATION FOR THE INTER-ANDEAN VALLEY

OF CAUCA RIVER (COLOMBIA, SOUTH AMERICA)
BASED ON HABITAT SUITABILITY MODELS

Modelo preliminar de areas potenciales de restauracion
para el valle interandino del rio Cauca (Colombia,
Suramérica) basado en modelos de idoneidad de habitat

Diana Patricia Alvarado-Solano'* , Joel Tupac Otero?> , Bofivoj Sarapatka’

" Department of Ecology and Environmental Sciences, Palacky University Olomouc, Slechtitelt 241/27, 783 71 Olomouc, Czechia,

dpalvarados@unal.edu.co

Departamento de Ciencias Bdsicas, Universidad Nacional de Colombia, Sede Palmira., Cra 32 #12-00, Palmira, Colombia,
jtoteroo@unal.edu.co

Department of Ecology and Environmental Sciences, Palacky University Olomouc, Slechtiteltt 241/27, 783 71 Olomouc, Czechia,
borivoj.sarapatka@upol.cz

* For correspondence

Received: 11 August 2022. Revised: 11* July 2023. Accepted: 15® August 2023.
Associate editor: Xavier Marquinez

Citation/ citar este articulo como: Alvarado-Solano, D.P., Otero, J.T. and Sarapatka, B. (2024). Preliminary Model of Potential Areas for Restoration
for the Inter-Andean Valley of Cauca River (Colombia, South America) based on Habitat Suitability Models. Acta Biol Colomb, 29(1), 26-39. https://doi.
org/10.15446/abc.v29n2.103070

ABSTRACT

Tropical dry forests (TDF) are highly susceptible to land degradation. The inter-Andean Valley of the Cauca River (IVCR) has the most
fragmented Colombian dry forests, and their restoration is essential. Here, potential areas for restoration were identified using a hab-
itat suitability modeling (HSM) approach. TDF vascular plants and bioclimatic predictors were used. Species were selected based on
threatened status, endemism, and priority level for conservation. Two sets of predictors were chosen using Variance Inflation Factor
(VIF) and Principal Component Analysis (PCA). Then, with a maximum entropy algorithm, PCA and VIF models were projected for
the selected species. These models were evaluated via true skill statistics (TSS) and area under the curve (AUC) statistical metrics.
Models with good performance (TSS, AUC, standard deviation, variance) were ensembled, and a preliminary model where areas
with suitable bioclimatic conditions for the selected species were generated. Results show that nearly 45 % of the IVCR has suitable
conditions for the selected species. Although potential conflicts may arise in areas under permanent or semipermanent crops which
represent more than 80 % of the IVCR, cropland mosaics, and natural and seminatural land covers might provide alternative solu-
tions to reduce the land-use conflict. The potential areas for restoration identified in this study may provide a comprehensive frame-
work for environmental impact and regional risk assessments related to the current land use and land cover change dynamics. Also,
they may provide relevant information for designing landscape restoration programs as an adaptive strategy toward climate change.

Keywords: Deciduous forest, ecological niche, landscape management, modeling, sustainable development.

RESUMEN

Los bosques secos tropicales (BsT) son ecosistemas vulnerables a la degradacién. En el Valle Interandino del Rio Cauca (VIRC),
los BsT estan muy fragmentados y necesitan restauracién. Para identificar dreas potenciales de restauracién se aplicé modelacién
de idoneidad del hdbitat (HSM) utilizando plantas vasculares del BsT y predictores bioclimdaticos. Se escogieron especies segtn
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su amenaza, endemismo y prioridad de conservacidn, y las variables segtin el factor de inflacién de varianza (FIV) y el andlisis de
componentes principales (ACP). Usando un algoritmo de maxima entropfa y predictores ACP y FIV seleccionados, se identificaron
areas bioclimaticas idéneas para las especies seleccionadas. Estos modelos se evaluaron a través de las métricas True skill statistic
(TSS) y del area bajo la curva (AUC). Modelos con buen desempefio (TSS, AUC, desviacidn estandar, varianza) se ensamblaron en
un modelo preliminar donde se observé que cerca del 45 % del VIRC tiene condiciones adecuadas. Aunque pueden darse conflictos
potenciales para la restauracién en dreas con cultivos permanentes o semipermanentes (80 % del VIRC), los mosaicos de tierras
de cultivo y las coberturas naturales y seminaturales ofrecen soluciones alternativas para reducirlos. Las dreas potenciales para la
restauracién identificadas en este estudio pueden proporcionar un marco integral para estudios del impacto ambiental y de riesgo
regional relacionadas con el uso actual de la tierra y las dindmicas de cambios de uso. Asimismo, esta investigacién aporta elementos
importantes para el disefio de programas de restauracién del paisaje como estrategia de adaptacién al cambio climatico.

Palabras clave: Bosque deciduo, desarrollo sostenible, gestién del paisaje, nicho ecolégico, modelacion.

INTRODUCTION

Land-use/land-cover change (LULCC) is considered a
major driver of biodiversity loss. As a result of the intensi-
fication of human activities, land degradation has become
one of the main environmental issues that society must face
(Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services [IPBES, 2018]). Nkonya et al,,
2015; LULCC modifies the landscape structure reducing its
species richness and abundance, which leads to erosion,
fertility loss, and salinization (IPBES, 2018). With altered
ecological dynamics, ecosystem services such as biodiversity
maintenance, carbon storage, regulation of water flow, and
local and regional climate patterns cannot be provided or
regulated by the changed landscape conditions (Schild et
al., 2018; van der Plas et al., 2019).

Among the most affected ecosystems by LULCC are those
found in the drylands, which are characterized mainly by pre-
cipitation deficit and variability (Miles et al., 2006; Garcia
et al., 2014; Schild et al., 2018; Siyum, 2020). Tropical dry
forests (TDF) or seasonally dry tropical forests (SDTF) are
commonly found within climatic zones with semi-arid and
sub-humid conditions (Holdridge, 1967). They are distin-
guished by moist deficit, seasonal precipitation pattern, and
temperatures ranging between 17 and 24 °C (Miles et al.,
2006).

By the beginning of the 20" century, 50 % of the world’s
dry forest area was already lost due to deforestation leaving
an estimated global remanent of 17048.700 km?at the start
ofthe 21 century (Miles et al., 2006). However, subsequent
studies have estimated an area of 4°369.695 km? (Pando et
al., 2021). This is of concern because estimating the extent
of biomes such as dry forests always implies further consi-
derations such as the boundaries used to estimate the area
as well as the characteristics that reflect its nature, and with
this, the data needed to calibrate and validate the models
(Pando et al., 2021).

As semi-arid environments are prone to desertification
processes due to the synergies created between intensive an-
thropic land uses and their characteristic drought periods
(IPBES, 2018), ecological restoration may become the most
relevant adaptative strategy to face climate change (Reed
et al., 2016). Nevertheless, defining areas to be restored

is challenging for decision-makers and stakeholders invol-
ved in land-use planning and environmental management
(Bustamente et al., 2019; Torok and Helm, 2017).

Restoration plans have focused traditionally on site-le-
vel recovery (Torok and Helm, 2017) due to the challenges
imposed by human-dominated landscapes (IPBES, 2018;
Reed et al., 2016; van der Plas et al., 2019). From a land-
use management perspective, restoring large extents is more
appealing as is aligned with major international initiatives
such as the Bonn Challenge or the Aichi Targets (Chazdon et
al., 2017; Meli et al., 2019). But ensuring sustainable lands-
capes requires large-scale restoration efforts (Torok and
Helm, 2017). Although restoring large, degraded areas may
prevent intensive land uses in the future, they will contribute
to reducing carbon emissions while assisting in biodiversi-
ty conservation, agricultural production, and provision of
ecosystem services (Chazdon et al., 2017; Meli et al., 2019).

Restoration planning usually requires a reference ecosys-
tem that provides a baseline with the desired species com-
position and their habitat conditions (Térok and Helm,
2017). Therefore, selecting potential areas for restoration
should be based on a species’ habitat requirements (Araujo
etal., 2016).

Different approaches have been developed and used in
conservation planning which include the use of algorithms
to select and prioritize habitats that will become new protec-
ted areas or to complement the existing network. For exam-
ple, in restoration initiatives, habitat suitability modeling
(HSM) or species distribution modeling (SDM) has started
to gain relevance (Miranda et al., 2019; Zellmer et al., 2019;
Zhong et al., 2021), as they provide valuable information to
support the decision-making process for conservation plan-
ning (Mestre et al., 2017).

Selection criteria for restoration areas often involve me-
asuring habitat quality, among others. The habitat reflects
the ecological value of a landscape for a given species in ter-
ms of its suitability (Araujo et al., 2016). In a landscape-res-
toration approach, an ecosystem of reference or a baseline
of species composition to be restored will be ideal, to have
an approximation of the desired habitat conditions (Torok
and Helm, 2017; Maiorano et al., 2019).

SDM is based on the correlation between a species’ oc-
currence and the environmental conditions of the locality
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in which the species was observed (Jarnevich et al., 2015;
Maiorano et al., 2019). Among SDM algorithms, the maxi-
mum entropy (MaxEnt) is one of the most widely used tech-
niques due to its high performance when using presence-only
data (Radosavljevic and Anderson, 2014) and its flexibility
in terms of data requirements (Garcia-Callejas and Araujo,
2016). Furthermore, when technical and human resources
are a constraint for detailed ecological monitoring and as-
sessments, SDM has the potential to assist in this issue.

In this research, the inter-Andean valley of the Cauca
River (IVCR) is used as a study case. This region has lost
most of its dry forest cover because of the intensified agri-
cultural production that took place after the second half of
the twentieth century (Arcila Cardona et al., 2012; Garcia
et al., 2014; Alvarado-Solano and Otero, 2017; Alvarado-
Solano and Otero, 2015). The purpose of this research was
to identify potential areas for restoration using a habitat
suitability modeling approach for a set of vascular plants
as a tool to assist in future landscape-restoration initiati-
ves for the inter-Andean valley of the Cauca River (IVCR) in
Colombia. Furthermore, we aimed to answer the following
questions: (1) How many vascular plants have geographical
distribution within the study area? (2) How do the bioclima-
tic variables predictors differ among the plant species? (3)
Which bioclimatic variables are the most important in pre-
dicting suitable areas for the plant species within the IVCR?
(4) What are the environmental conditions of the bioclima-
tically suitable areas?

MATERIALS AND METHODS

STUDY AREA

The inter-Andean valley of the Cauca River, with an
approximate area of 10605 km? is in the southwes-
tern of the Colombian Andes, between the Western and
Central Cordilleras (3°00°3.9902” N-76°3925.85" W,
7°17°41.4902” N-75°21°32.762” E) (Fig. 1a). It has an
average elevation of 969.65 m, a minimum of 195 m and
a maximum of 1200 m, with the elevation decreasing from
South to North (Fig. 1, NASA-JPL, 2013).

Temperature ranges from 15.3 °C to 32 °C (mean:
23.4 °C) indicating the highly variable regional climate which
is strongly influenced by the precipitation regime (Table S1).
The mean monthly and annual precipitation values are
158.85 mm and 1906 mm respectively, being May and
October as the months with the highest rainfall and January
and July the driest months (Table S1).

The study area encompasses five administrative depart-
ments, which are Antioquia (25 %), Caldas (9 %), Risaralda
(5 %), Quindio (3 %), Valle del Cauca (48 %), and Cauca
(10 %) (Fig. 1). Valle del Cauca is the most populated de-
partment, with 27 of its 42 municipalities located within
the valley of the Cauca River (Santana and Vasquez, 2002).
The population is characterized mainly by living in urban
areas and concentrated in cities such as Cali, Palmira,

Figure 1. Delimitation of the Inter-Andean Valley of the Cauca River in Colombia.
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Table 1. Summary of land cover types where bioclimatic suitable areas for restoration were found for at least half (3 up to 5) of the species

selected in this study.

Land cover type' Percent::g:;)({;'yzl;e study Percenat?f:sczf;os)l.l itable Restoration potential

Continuous urban network 2.04 76.06

Discontinuous urban network 0.37 90.53

Industrial or commercial areas 0.4 83.97

Other transitory crops 0.22 97.82

Cereals 0.32 100

Herbaceous permanent crops 27.91 90.06

Conflicts

Permanent bush crops 0.84 99.62

Permanent tree crops 0.57 97.82

Clean pastures 25.71 96.32

Pasture trees 1.1 94.88

Weedy grasses 7.06 95.38

Crop Mosaic 1.13 96.24

Mosaic-pastures and crops 6.5 87.68

Mosaic-crops, pastures and natural spaces 4.91 88.99

Mosaic-pastures with natural spaces 7.31 96.91

Mosaic-crops with natural spaces 0.56 83.49

Dense forest 0.03 100

Open forest 0.004 100

Fragmented forest 0.15 84.36 Opportunities
Gallery and riparian forest 4.08 95.1

Forest plantation 0.12 93.11

Grassland 2.08 5.45

Shrubland 0.89 98.94

Secondary vegetation or in transition 3.51 98.16

Bare and degraded lands 0.11 99.15

' As defined by IDEAM et al. (2018).

Buga, Tulud, and Cartago, located in the south of the study
area (Corporacién Auténoma Regional del Valle del Cauca
[CVC], 2015), or concentrated in rural settlements (Santana
and Vasquez, 2002). The projected population in the year
2020 for the southern portion of Valle del Cauca was

3,325,070 inhabitants, with 93 % being in the urban areas
(CVC, 2015). The central and northern areas of Valle del
Cauca have shown signs of a decrease in population growth,
although they have a similar trend toward highly populated
urban areas (CVC, 2015).
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SELECTION OF SPECIES

Building a plant-species database

As the current knowledge of plant species with distribu-
tional ranges within or including the study area is limited, an
effort was made to fill that gap by building a vascular plant
database after surveying the Colombian portal of biodiver-
sity (S1). In summary, the steps followed were: (1) retrieving
datasets for which vascular plants were reported in the study
area; (2) data cleaning process in which only records repor-
ted at the species level, geographically referenced or with a
full locality description were kept; (3) updating taxonomic
nomenclature; and (4) eliminating duplicated records under
the same scientific name and authorship.

Species selection

Species were selected based on the following criteria
(Fig. 2): A) Conservation status or threat level: includes
vascular plants threatened at the national level (Table S2)
and the regional level (Table S2); B) Endemism: plant spe-
cies found in the tropical dry forests (TDF) and identified as
endemic at the national level (Table S2) 4); and, C) Level of
prioritization: includes vascular plant species with priority
for conservation at the national level (Table S2), TDF vas-
cular species prioritized at the national level (Table S2); and

TDF vascular plants with high priority for conservation at
regional level (Table S2).

Once the selection criteria were applied, a subset of
species was kept for further refining (Table S3), in which
plant species included in two of the three criteria listed,
were pre-selected for the subsequent modeling process
(Table S4).

HABITAT SUITABILITY MODELING

Species occurrences

Occurrence records for the pre-selected species were retrie-
ved from the Global Biodiversity Information Facility (Table
S2), and a 30-occurrence threshold was applied to choose the
species to be used in the modeling process (Table S4). This
threshold was chosen because it has been proven to produce
effective results when used to calibrate HSM models. (Kaky
et al., 2020). Records with incomplete geographic coordina-
tes, duplicates, and those falling in water bodies (lakes and
oceans) were removed. Afterward, a 10-km radius spatial fil-
tering was applied to each species occurrence dataset to re-
duce spatial autocorrelation and over-predictive performance
(Table S4, Fig. S1) (Kramer-Schadt et al., 2013). All data clea-
ning and pre-processing were performed in QGIS V3.10.0 and
R Studio V2021.9.1.372 (RStudio team, 2021).

Figure 2. Preselection of species for the modeling process based on categories A: status of threat, B: endemism, and C: level of

Prioritization (Species pre-selected in D). Figures in brackets: number of species. SDTF: Seasonally dry tropical forests. 'VP Consv: vascular

plants prioritized for conservation at the national level. 2SDTF sp: SDTF prioritized plant species for conservation at the national and re-

gional levels.
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Environmental predictors

Habitat suitability models are built using a species dis-
tribution modeling technique, which classifies an area in
a landscape as highly suitable or less suitable for a species
based on the species’ occurrences - predictors relationship
(Garcia-Callejas and Aradjo, 2016). In this study, 19 bio-
climatic variables were retrieved from WordClim with a 30
arc-second spatial resolution (Table S2) and then adjusted
to the training area (Fig. S1).

A matrix of occurrences - predictors’ values was prepared for
each species for a screening process using principal component
analysis (PCA) and variance inflation factor (VIF) (Dormann
etal.,2013; Foisetal., 2018; Neves et al., 2015; Poirazidis et
al., 2019). These two techniques are among the most used for
reducing model complexity and the bias generated by multico-
llinearity (Dormann et al., 2013; Neves et al., 2015). As both
techniques work differently, a different set of filtered variables
was expected for each species. For PCA, factors with loadings
> 0.3 were kept from the first three components (Table S5)
(Peres-Neto et al., 2003). In a stepwise procedure, predictors
with VIF < 10 were kept (Table S6) (Poirazidis et al., 2019).
These analyses were performed in Rstudio (RStudio Team,
2021) using the functions prcomp from the Stats R-package
V3.6.3 for PCA, and multicol included in the fuzzySim V2.0
package for VIF (Barbosa, 2015).

Modeling process

To model suitable areas for restoration, the maximum
entropy (MaxEnt) algorithm was used in the R- package
Biomod2 V3.3-7.1 (Thuiller et al., 2019). The modeling
process was performed under the following experimental
settings: 1) models were produced using PCA-selected
variables and VIF-selected variables for each species; 2)
for each of the PCA and VIF models, 10000 background
points were drawn from the bounding box of each species’
occurrences (Fig. S1); 3) models were fitted by using di-
fferent regularization multipliers (REG = 1, 2, 4, 6, 8, 10),
and by predefining the feature classes needed for fitting the
models for each species which is based on the number of
occurrences (Table S4).

The rest of the modeling parameters were adjusted as fo-
llows: 1) 10 replicates; 2) 1000 iterations-a limit set for op-
timizing the algorithm; 3) 70-30 data-split cross-validation
in which 70 % of data was used to calibrate the model and
30 % was left aside to evaluate the algorithm’s performance
(; Maiorano et al., 2019); 4) models were produced under
logistic outputs, which provides interpretable probability
scales of habitat suitability (Phillips and Dudik, 2008; Fois et
al., 2018). After, models were projected over the Colombian
territory extent, to visually examine if the projected suitable
habitats were accommodated within the study area.

Evaluation of model performance

Models’ performance was evaluated using the metrics
area under the curve (AUC) and true skill statistic (TSS)
(Mestre et al., 2017; Kaky et al., 2020). These metrics are
known to be independent of species’ prevalence value which
is frequently unknown (Allouche et al., 2006; Elith et al.,
2011; Liu et al., 2013) and for their capacity to discrimi-
nate presences from background data (Hao et al., 2019;
Liu et al., 2013). AUC measures the discrimination ability
on a scale ranging from zero (the lowest) to one (the hi-
ghest), which is independent of any threshold applied in a
binary classification (presence/absence or suitable/not sui-
table) (Phillips and Dudik, 2008; Somodi et al., 2017). TSS
is calculated from the sum of sensitivity (correctly predicted
presences) and specificity (correctly predicted absences) mi-
nus one (Allouche et al., 2006); it favors binary predictions
when an environment has been ranked as suitable for most
of the species’ presences (Somodi et al., 2017). TSS ranges
from - 1 to +1, from a poor agreement or not better than
random to a perfect agreement (Allouche et al., 2006).

Model selection

First, PCA and VIF models (Tables S5 and S6) were filte-
red using the TSS mean values, only models with TSS values
higher than the mean were ensembled subsequently and bi-
nary maps (suitable/not suitable) were produced by appl-
ying the cutoff value provided during the evaluation of the
ensemble models for each species (Salas et al., 2017). PCA
and -VIF models were obtained for each regularization mul-
tiplier (Thuiller et al., 2019; Liu et al., 2013). This process
was performed for each species.

Afterward, evaluation scores were used as a proxy to filter
models that performed well in terms of their TSS, AUC, and
statistics as standard deviation and variance. The scores were
ranked based on the combination of highest AUC, lowest SD,
lowest variance; intermediate-high AUC, intermediate-high SD,
lowest variance; and intermediate-low variance (Table S6).
After each model was obtained per species (PCA/VIF-REGx),
a qualitative analysis was performed by visually inspecting
each model using the species’ occurrences datasets (Table
S2). Finally, one model per species was selected (Table S6).
A final model was produced by combining all the selected
models to identify the potential areas that could hold suitable
conditions for the highest number of species.

Preliminary conditions of the bioclimatic suitable areas
for restoration

For these areas of interest, information related to the en-
vironmental conditions was obtained in terms of land uses
(Table S2), erosion (Table S2), salinization levels (Table S2),
aridity index (Table S2), climate change risk index (Table S2),
priority areas for conservation (Table S2), and the portfolio
of ecosystems and environmental areas, in which susceptible
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areas to undergo ecological restoration processes have been
identified at the national scale (Table S2).

RESULTS

SELECTED SPECIES

A database with 1326 vascular plant species was built,
where 10 % were pre-selected as potential modeling subjects
(Table S3). Information regarding their conservation status
or threat level, endemism, and level of prioritization was re-
trieved from the consulted datasets (Table S2). It was found
that in the inter-Andean valley of the Cauca River were pre-
sent a considerable proportion (68 %) of the threatened vas-
cular plants listed at a national level (total of 96 spp.). Also,
13 % of the species are classified under some threat category
at the regional level (total of 230 spp.). In total, 78 species
were listed under category A based on their status of threat
(Fig. 2, Table S3).

In category B, related to endemism, in the study area were
found 44 % of the endemic species living in the Colombian dry
forests (Fig. 2, Table S3). With the level of prioritization, the
species have received (category C), only one plant species of
the nine with conservation priority is within the boundaries of
the valley of the Cauca River, while 65 % of the vascular plants
prioritized for Colombia (54 spp.) have been identified in the
study area (Fig. 2, Table S3). In the same category, at the re-
gional level, 35 of the 40 TDF species with priority for conser-
vation proposed by Vargas (2012) were identified. From the
excluded species, Capparidastrum macrophyllum (Kunth) Hutch.
(VU/EN), is known to be found in xerophytic habitats (Vargas,
2012) which is outside of the boundaries defined for the IVCR
in this research. The other species, Couepia sp., Cinnamomum
sp. Nov., Croton sp., and Zygia sp. Nov., were identified up to
the genus level (Vargas, 2012), therefore, they were excluded
early in the species selection process. Finally, in category D
were listed the 142 species pre-selected for the modeling pro-
cess (Fig. 2, Table S3).

HABITAT SUITABILITY MODELLING

Environmental predictors

Bioclimatic predictors chosen via PCA (Table S5) and VIF
(Table S6) showed differences in the variables that were kept
for each of the selected species. Chosen VIF-predictors were
found to be almost homogeneous for all the vascular plants
and mostly related to precipitation (of the wettest month,
of the driest month, the warmest quarter, of the coldest
quarter, and precipitation seasonality), while temperature’s
influence was observed in its mean diurnal range and the
mean value of the wettest quarter. Meanwhile, predominant
PCA-predictors were temperature-related variables (annual
mean temperature, isothermality, the mean and maximum

32— Acta Biol Colomb, 29(2) 26 - 39 Mayo - Agosto 2024

temperature of the warmest month, mean temperature of
the driest quarter, and, of the coldest quarter), while preci-
pitation was only related to its annual values. Nevertheless,
although each species has a distinctive environmental space,
the predictors shared among species show that most of the
selected species are sharing a portion of this space as obser-
ved in the predominant PCA-predictors and VIF-predictors.

Model performance

Both individual and ensembled models’ performance
was generally good (Table S7). However, there are differen-
ces between the performance exhibited by models in which
variables were screened under PCA and VIF, and by the eva-
luation metrics AUC and TSS, independently of the regulari-
zation multiplier (REG) used for building those models and
their beta (B) value.

Variable importance

Based on the combination of the variable selection me-
thod, PCA or VIF, and the value of the regularization mul-
tiplier used, the level of influence of the predictors over the
modeling process differed (Fig. S2 and Fig. S3). For example,
the variables’ contribution per species were similar across
the PCA models but varied when compared between spe-
cies. Meanwhile, the variables’ importance for the modeling
process when using VIF-predictors differed between species
but was homogeneous for all the species.

Selecting models

In total, 96 ensembled models were produced for all the
combinations of PCA and VIF-predictors, and the different
regularization multipliers (REG1, REG2, REG4, REG6, REGS,
REG10). After applying the performance evaluation scores,
and performing a visual inspection of the selected models,
one model per species was selected (Table S7, Fig. S4). A final
map was obtained after combining all the selected models,
where areas with suitable bioclimatic conditions for most
of the selected species were identified, except for one spe-
cies (Fig. 3, Fig. S4). Based on the bioclimatic predictors, no
ensembled model was found to have favorable conditions
within the study area for Crateva tapia, therefore, no model
was included in the final map.

POTENTIAL AREAS FOR RESTORATION

Suitable areas for most of the species (>5) were found to
be on the northern side of the administrative department
of Valle del Cauca, Risaralda, and Caldas, accounting for
about 46.7 % of the study area extent. On the southern side
of the inter-Andean valley, suitable areas (17.7 %) were iden-
tified only for two species (Fig. 3). It is worth noticing that
by increasing the number of species used to define potential
areas for restoration based on bioclimatic conditions, for
example, at least four up to six species, 82 % of the study
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area could be under some type of restoration initiative or
sustainable management.

PRELIMINARY CONDITIONS OF THE BIOCLIMATIC
SUITABLE AREAS FOR RESTORATION

The preliminary analysis of the environmental conditions
in terms of land uses, soil conditions in terms of erosion
and salinization levels, and climatic conditions based on the
aridity index and climate change risk, shows both conflicts
and opportunities for restoration purposes. For example,
there are different land covers with a significant proportion
of areas with suitable bioclimatic conditions for the species
selected to build the preliminary model (Table 1).

Conflicts are represented by land uses such as those for
urban, industrial, and commercial purposes, including per-
manent crops and pastures, which represent about 67 % of
the study area. Overall, the areas under these land uses have
suitable conditions on average, about 93 % of their extent.
However, opportunities for restoration are possible at least

Figure 3. Model showing the bioclimatic suitable areas for res-
toration based on the number of species these areas host from
none and up to six of the species selected for the modeling process,
where: A) assembled model; b) Anacardium excelsum, c) Cedrela odo-
rata, d) Oxandra espintana, e) Sabal mauritiiformis, f) Syagrus sancona, g)
Xylopia ligustrifolia, and h) Zanthoxylum gentry.

in 12 % of the croplands in mosaics with natural spaces, but
it can increase up to 20 % if the other crop mosaics are inclu-
ded. Additionally, it is important to highlight the extent of
the fragmented forests, the secondary vegetation or in tran-
sition, and the bare and degraded lands, which altogether
account for nearly 5 % of the study area.

On the other side, 41.61 % of the inter-Andean valley dis-
plays signs of moderate levels of salinization, followed by
36.14 % that are under low salinity, however, at least 47 % of
the areas under any level of salinity have suitable bioclimatic
conditions to support the species prioritized in this research
(Fig. 4a). As for degradation caused by erosion (IDEAM,
2012), approximately 65 % of the study area is under mo-
derate erosion, followed by 16.7 % with light erosion, and
12.65 % is under severe erosion (Fig. 4b).

Concerning climatic conditions, specifically evaluated in
terms of aridity index (IDEAM, 2015), there is exceeding in
water supply in nearly 25 % of the study area, there are signs
of moderate to excess in water supply by precipitation in 30
% of the IVCR, 27.19 % is under moderate arid conditions
while 16.1 % exhibits from moderate water supply to water
deficit and less than 1 % has water deficit (Fig. 4c). In terms
of climate change risk index (IDEAM, 2017), nearly 85 % of
the territory is facing high and medium risk to climate chan-
ge (41 % and 43 %, respectively), while less than 5 % is under
high risk and the rest of the study area will have low risk (Fig.
4d). According to the ensembled models, 84 % of the area
found under a very high climate change risk are favorable
for most of the species in terms of habitat suitability, 64
% of the areas under high risk have suitable conditions for
four and five species combined, and the areas detected to
be under medium risk are those with 93 % shared areas with
suitable conditions for at least three up to five species.

Opportunities for restoration are identified as part of the
environmental planning of the National Hydrocarbons Agency
while seeking to identify priority areas for the conservation of
biodiversity in areas of hydrocarbon interest (Table S2). From
atotal of 9511 priority areas, 100 are located within the study
area, covering 247.82 ha, and encompassing ecosystems such
as the Bitaco forests, San Cipriano-Escalarete corridor, and
near the National Park Los Farallones, the humid forests of
the lower Cauca-Nechi, the dry forests and wetlands of nor-
thern Cali, the forests and dry shrublands of La Felisa and
Cerro Conchari, the forests and dry shrublands of the corridor
Montafiuela Buenavista - Hoyo Hondo - Pajaro de Loro, the
dry forests and wetland network of Jamundi, the wetlands and
dry shrublands of Casablanca and San Francisco-Cauca river
and La Honda creek, and the wetlands and dry shrublands
of Trujillo and Rio Frio.

Other opportunities for restoration are found in the por-
tfolio for areas that have been prioritized by the Ministry
of Environment and Sustainable Development within the
National Plan for Restoration (Table S2). These areas were
analyzed based on their ecological attributes, representati-
vity, fragility, rareness, threats, and extinction risk, among
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Figure 4. Environmental conditions in terms of susceptibility to
degradation due to (a) Salinization levels (b) erosion levels, (c) ari-
dity index, and (d) climatic change.

others, and their potential for restoration (Table S2). For
the inter-Andean valley of the Cauca River, areas included
in the national portfolio were identified and classified under
three categories, recovery, restoration, and rehabilitation
(Fig. S5). Each of the categories combined accounts for al-
most 50 % of the study area, in which land susceptible to
be recovered is about 18 %, that which can be rehabilitated
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accounts for almost 16 %, whereas areas that can be resto-
red are about 7 % of the inter-Andean valley.

DISCUSSION

SELECTED PLANT SPECIES

All the species selected for modeling under the different
prioritization criteria were found to be threatened at the
national and regional scale (all the species), included in the
national strategy for conservation of vascular plants (ex-
cept for Oxandra Espintana), and recommended to be priori-
tized at regional level (Crateva tapia, Oxandra Espintana, and
Xilopia ligustrifolia). 1t is important to highlight that near-
ly half (43.6 %) of the Colombian endemic TDF vascular
plants are distributed within the valley of the Cauca River,
but a low proportion is actually under a status of threat
(Table S3). Thus, in future research, these species should
be considered to serve as a proxy to identify suitable areas
for restoration, and then, compare them against the areas
identified in this research.

HABITAT SUITABILITY MODELING

When working with species distribution modeling algo-
rithms, special attention needs to be put into processing
occurrence datasets due to the influence they will have over
the statistical analyses for selecting predictors and the mode-
ling process. For example, SDM models are known to show
overfitting and over-performance (Boria and Blois, 2018;
Radosavljevic and Anderson, 2014). However, in the context
of this research, a reduced number of false negatives that
come along when data is highly fitted to the environmental
space created by the predictors is a good sign, especially
when the suitability score and the models are intended to be
used in conservation strategies (Phillips and Dudik, 2008).

Another aspect of concern is model complexity (Radosavljevic
and Anderson, 2014). The inherent complexity exhibited by the
relation occurrences-predictors is managed by the algorithm
internally and by the technique used to reduce the spatial au-
tocorrelation (Boria and Blois, 2018; Elith et al., 2011; Phillips
and Dudik, 2008). The techniques and procedures followed
in this research have been widely used, recommended, and
accepted when using presence-only data (Boria and Blois,
2018; Fourcade et al., 2014). Thus, it is assumed that the
projected models are likely to describe geographically the eco-
logical requirements of the species selected in this research.

ENVIRONMENTAL PREDICTORS

It is worth noticing the differences in the variables chosen
for each species under PCA and VIF techniques (Tables S5, S6).
Under PCA, predictors tend to differ among the species, while
there is almost a predominance of VIF predictors among
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them. A plausible reason is that PCA might have captured
the species’ environmental variables most relevant for their
specific ecological processes (Somodi et al., 2017) and that
VIF-predictors could be replicating the ecosystem’s environ-
mental space (Garcia-Callejas and Aratjo, 2016).

Nevertheless, seasonal species are known to be cons-
trained in their distribution by mean annual temperature
and precipitation, along with the precipitation seasonality
(Fajardo et al., 2013; Franklin et al., 2018; Garcia-Callejas
and Aratjo, 2016). This was evident in both, PCA models
and VIF models. Temperature seasonality, minimum tempe-
rature of the coldest month, and mean temperature of the
warmest and the coldest month, were the most important
variables in terms of their contribution while building the
species’ PCA models (Table S5). On the other side, precipi-
tation of the driest and wettest months, precipitation seaso-
nality, and precipitation of the coldest quarter were relevant
in their relative contribution to models built using VIF pre-
dictors (Table S6).

The role that waters scarcity has in constraining biologi-
cal processes for the development of the species was evident
in the predictors related to water available during the rainy
season (precipitation of the wettest month, and the coldest
quarter) and the dry season (precipitation of the driest mon-
th, and the warmest quarter), as well as its intrinsic variabi-
lity. These findings are also aligned with previous research
carried out by Fajardo et al. (2013), Franklin et al. (2018)
and Neves et al. (2015), when studying the historical neotro-
pical distribution of the seasonally dry tropical forests. From
these studies, water scarcity was found to influence the flo-
ristic variation observed across South American dry forests,
and in their restoration capability as the seedling mortality,
germination, and growth are influenced greatly by the level
of water supply (Dantas et al., 2020; Siyum, 2020).

PRELIMINARY CONDITIONS OF THE BIOCLIMATIC
SUITABLE AREAS FOR RESTORATION

The proportion of the study area under erosion, the do-
minance of specific land-use/land-cover types, and the level
of fragmentation exhibit its advanced state of degradation,
especially in the administrative region of Valle del Cauca. The
transformation process of the valley of the Cauca River has
been widely recognized. It is directly linked to its agricultural
development, with the establishment of several croplands
and pastures, along with the industrialization process of the
sugarcane (Alvarado-Solano and Otero, 2017; Alvarado-
Solano and Otero, 2015; Arcila Cardona et al., 2012).
Nowadays, these are still the dominant disturbances. These
problems can only be addressed with a landscape approach
that takes the socio-environmental challenges of the sca-
le and magnitude of degradation by implementing a mul-
ti-purpose landscape perspective, so biodiversity recovery
and climate change mitigation can be spatially considered
and estimated (Reed et al., 2016).

Restoration at the landscape level must provide land-use
options to support the management planning and deci-
sion-making process (Torok and Helm, 2017). When com-
pared to erosion level, fragmentation status, and conflicts
arising from land uses, potentially suitable areas identified
in the modeling process can serve as a proxy to further ex-
plore and investigate the conditions of those specific loca-
tions (Hua et al., 2016).

Considering that most of the areas identified as having
suitable bioclimatic conditions for the species selected in the
modeling process are located over agricultural areas domi-
nated mainly by two types of crops, sugarcane, and pastu-
res, conflicts may arise between the current LULC and the
potential of those land units to serve as restoration com-
ponents. (Reed et al., 2016), and, consequently, accelerate
land degradation processes in the areas where forest cover
and other seminatural areas have disappeared.

Nevertheless, the potential areas for restoration found in
this study have the potential to provide a comprehensive fra-
mework for environmental impact assessments and regional
risk assessments related to the current land uses and land
change dynamics (Ferrer-Paris et al., 2019). These studies,
along with more comprehensive data related to ecological
processes driving species distribution and ecosystem com-
position, can contribute to avoiding, minimizing, and con-
trolling land degradation.

Furthermore, these findings are relevant within a chan-
ging climate context. Landscapes will be influenced by cli-
mate change and those under threat of degradation will be
more affected since the level of vulnerability depends on
their ecological features. The potential areas for restora-
tion might be useful as a reference baseline to evaluate the
effects that climate change will have on the persistence of
the bioclimatic conditions within the study area, and, on
the distribution of the species pool at the landscape level.
However, further research is needed to identify if species
have been already experiencing such changes within the
valley of the Cauca River (climatic conditions and distri-
bution ranges).

Moreover, research must be done to understand how
these changes will be related to land degradation and de-
sertification processes in the future, as rising temperatures
and altered precipitation patterns are likely to happen due
to climate change. As more frequent and extended periods
of drought are expected to occur in distribution areas of
tropical dry forests, modeling approaches have an important
role to play in expanding the understanding of the potential
effects of climatic change over all its ecological components.

IMPLICATIONS FOR LANDSCAPE RESTORATION

To understand the effects of land degradation and
the possibilities to restore degraded lands, a landsca-
pe-scale approach is needed (van der Plas et al., 2019).
Although, in a landscape-restoration approach, having a
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target ecosystem is highly recommended (Chazdon et al.,
2017; Meli et al., 2019; Torok and Helm, 2017; Reed et
al., 2016; van der Plas et al., 2019) the current degrada-
tion status of the inter-Andean valley of the Cauca River
imposes difficulties.

However, valuable biological information can be derived
from species datasets that are becoming widely available.
These data then can be used to identify the most important
metric at a landscape level from the biodiversity perspective,
the habitat (Araujo et al., 2016; Miranda et al., 2019; Torok
and Helm, 2017; Zellmer et al., 2019; Zhong et al., 2021).
By using an SDM approach to identify potential areas for
restoration based on the bioclimatic requirements of a
group of selected plant species, it was possible to recognize
that the most suitable areas were precisely those that have
been highly impacted by human activities.

In the context of a landscape-level restoration, an ideal
goal is to recover the original biological composition (Torok
and Helm, 2017). However, dry forests have lost almost 80
% of their historic range in the Neotropics, a condition re-
flected in their Critically Endangered status (Ferrer-Paris et
al., 2019). In the same trend, the Colombian dry forest co-
vers less than 8 % of its original extent (Garcia et al., 2014),
and in the valley of the Cauca River, it has reached less than
2 % (Arcila Cardona et al., 2012). Thus, without a comple-
te reference baseline, accounting for the residual vegetation
and its spatial distribution may be more appropriate, as it
was followed in this research (Térok and Helm, 2017).

Using available information on vascular plants was a sig-
nificant step. As only the taxa distributed within the extent of
the study area were kept, it was possible to have an estimate of
the species richness. Species richness is known to be correlated
to the ecological processes taking place in an ecosystem, and
its spatial-temporal variability depends on the species’ spatial
distribution (Araujo et al., 2016; Toérok and Helm, 2017).
The more extensive and wider a species is distributed in a
landscape, the more likely the landscape is protected against
environmental variability (Loreau et al., 2003).

CONCLUSIONS

Addressing environmental management issues that are
the result of unsustainable land practices requires the
use of all the available tools. Land degradation is a major
threat to biodiversity at the landscape level, especially for
seasonally dry forests. In this research, habitat suitability
through species distribution modeling (SDM) was applied
to identify potential areas for restoration in the inter-An-
dean valley of the Cauca River using a set of vascular plants.
Applying SDM aimed to support future initiatives for desig-
ning and implementing a landscape-restoration approach.

The combined environmental space created by the bio-
climatic predictors provides relevant information to be
considered in future restoration projects. Both PCA and
VIF variables might be exhibiting ecological processes
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influencing the distribution of the species at different spatial
scales. Although the role played by the broad geographic
space drawn as the training area and by the regulariza-
tion, multipliers could have simplified the geometrical oc-
currence-predictors complexity, it cannot be dismissed the
likelihood that the screened predictors with VIF captured a
strong signal of those bioclimatic variables acting over lo-
cal ecological processes (Garcfa-Callejas and Araujo, 2016).
However, this will require further exploration and analysis,
which was out of the scope of this manuscript.

That the most suitable areas for the selected species
were, at the same time, dominated by agricultural land co-
vers, draws attention to the potential conflicts that may
arise if a restoration initiative takes place. In a decision-ma-
king process, SDM within a landscape-restoration approach
can make an important contribution in identifying prelimi-
nary restoration localities, thus, serving as a tool for plan-
ning landscapes more effectively in the future, as well as
evaluating environmental impacts resulting from land-use/
land-cover dynamics over time.
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