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Abstract

Countries worldwide are collaborating under the Convention on Biological Diversity to
address biodiversity loss. As part of this effort, the monitoring framework of the
Kunming-Montreal Global Biodiversity Framework (K-M GBF) includes a set of indicators to
track progress toward its goals and targets. One of these is the Species Habitat Index (SHI),
a component indicator supporting Goal A, which measures changes in habitat extent and
connectivity for multiple species. In this study, we applied the SHI to assess the status and
trends of species' habitats in Colombia’s Tropical Dry Forests (TDF) from 2000 to 2020.
These forests have undergone extensive degradation and fragmentation, being reduced to
less than 2% of their original extent in some regions, with much of their original extent
reduced to small, isolated patches. Overall, we found that Colombia’s TDF has lost nearly
one-third of its cover since 1990, despite modest gains between 2010 and 2018. Most forest
loss resulted from conversion to pasture, although some recovery of degraded forest was
observed. We calculated SHI values for 755 bird (237), mammal (68), and plant (450)
species using land cover data. To assess habitat connectivity, we used GISFrag and
Omniscape and compared outputs. Across the potential TDF area, habitat and connectivity
declined by approximately 20% between 2000 and 2020, leaving only ~860,000 ha of
habitat. Species associated with natural habitats showed lower SHI values than those
adapted to artificial environments, and mammals, many of which are threatened, had the
lowest scores overall. We also evaluated the representativeness of protected areas and
found that less than 13% of the remaining habitat lies within protected areas. The increasing
extent of successional forests, now over 1,000,000 ha, presents an opportunity for ecological
restoration. These results underscore the urgency of implementing nature based solutions.
Regionally tailored strategies will be critical to maintaining connectivity in this highly

fragmented ecosystem.



Resumen

Paises de todo el mundo colaboran en el marco del Convenio sobre la Diversidad Biologica
para hacer frente a la pérdida de biodiversidad. Como parte de este esfuerzo, el marco de
monitoreo del Marco Global de Biodiversidad Kunming-Montreal (KM-GBF) incluye una serie
de indicadores para hacer seguimiento a los avances hacia sus objetivos y metas. Uno de
ellos es el indice de Habitat de Especies (SHI), un indicador de componente que da soporte
a los indicadores del Objetivo A, que mide los cambios en la extensién del habitat y la
conectividad de multiples especies. En este estudio, aplicamos el SHI para evaluar el
estado y las tendencias de los habitats de las especies en los Bosques Secos Tropicales
(TDF) de Colombia entre 2000 y 2020. Estos bosques han sufrido una extensa degradacion
y fragmentacion, reduciéndose a menos del 2% de su extension original en algunas
regiones, con gran parte de su extension original reducida a pequefios parches aislados. En
general, encontramos que los BST de Colombia ha perdido casi un tercio de su cobertura
desde 1990, a pesar de pequefas ganancias entre 2010 y 2018. La mayor parte de la
pérdida de bosque fue resultado de la conversion a pastizales, aunque se observé cierta
recuperacion del bosque degradado. Calculamos los valores de SHI para 755 especies de
aves (237), mamiferos (68) y plantas (450) utilizando datos de cobertura terrestre. Para
evaluar la conectividad del habitat, utilizamos GISFrag y Omniscape y comparamos los
resultados. En toda el area potencial del BST, el habitat y la conectividad disminuyeron
aproximadamente un 20% entre 2000 y 2020, dejando sélo unas 860.000 ha de habitat. Las
especies asociadas a habitats naturales mostraron valores de SHI mas bajos que las
adaptadas a entornos artificiales, y los mamiferos, muchos de los cuales estan
amenazados, obtuvieron los valores de indice mas bajos en general. También evaluamos la
representatividad de las zonas protegidas y descubrimos que menos del 13% del habitat
restante se encuentra dentro de zonas protegidas. La creciente extension de los bosques
sucesionales, que ahora superan el millén de hectareas, ofrece una oportunidad para la

restauracion ecoldgica. Estos resultados subrayan la urgencia de aplicar soluciones



basadas en la naturaleza. Las estrategias adaptadas a cada regién seran fundamentales

para mantener la conectividad en este ecosistema tan fragmentado.

Highlights

e By 2020, approximately 860,000 ha of habitat remained for the 755 evaluated
species.

e Habitat area and connectivity decreased by ~10-20% between 2000 and 2020.

e Mammals showed the lowest species habitat index values among evaluated taxa.

e Over 1,000,000 ha of successional forest are available for restoration.



1. Introduction

Biodiversity loss has reached unprecedented rates in the last century, primarily driven by
tropical deforestation and forest degradation (Muthee et al., 2022). The consequences of
these trends are highly complex, as their interaction with global change may trigger
cascading events that push ecosystems beyond tipping points, potentially leading to
ecosystem collapse (Flores et al., 2024; IPBES, 2024). To curb this biodiversity crisis,
countries worldwide are collaborating to find multilateral solutions under the Convention on

Biological Diversity (CBD).

The Kunming-Montreal Global Biodiversity Framework (KM-GBF), adopted by the CBD,
stands as a landmark environmental agreement that sets an ambitious biodiversity agenda
for 2030 and 2050. For instance, goal A of the agreement aims to ensure that 'the integrity,
connectivity, and resilience of all ecosystems are maintained, enhanced, or restored,
substantially increasing the area of natural ecosystems by 2050’ (CBD/COP/15/L.25, 2022).
This goal alone contains a group of concepts —such as integrity and resilience— that are
complex to define and therefore to measure. Given this, multiple indicators are needed to

evaluate progress.

To track progress towards the goals and targets, the KM-GBF includes five types of
indicators. i) Headline and ii) binary indicators, which are mandatory and must be reported
by countries, yet they alone cannot provide a comprehensive assessment (Affinito et al.,
2024). That is why iii) component, iv) complementary and v) national indicators provide
additional context and supplement the mandatory indicators. In particular, the Species
Habitat Index (SHI) has been proposed as a component indicator to contribute to the
information provided by headline indicators from goal A (CBD/COP/15/L.26, 2022). This
index measures changes in the size and quality of areas that harbor species populations and

how these changes affect their connectivity (CBD/WG2020/3/INF/6, 2021).
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The SHI has traditionally been measured at the national scale using global datasets (Jetz et
al. 2022). However, species distributions are not restricted to political boundaries. Measuring
the SHI at subnational scales offers greater relevance, as species habitats depend on
environmental conditions and are thus more closely aligned with ecosystem distribution
(Feng et al., 2024). Additionally, species habitat availability is affected by landscape
transformation, the intensity of which varies significantly across ecosystems and according
to local socioeconomic dynamics. If the purpose of SHI is to inform conservation actions, it is
important to note that these actions are most often implemented at ecosystem or regional
scales depending on a country’s sociopolitical organization (Dallimer & Strange, 2015; Feng
et al., 2024; Hébert et al., 2024). Therefore, assessing habitat and connectivity loss using
the SHI at the ecosystem scale may provide critical insights for guiding effective

conservation strategies.

Evaluating the SHI is therefore particularly urgent in ecosystems that are on the verge of
collapse, and a requirement to achieve Goal A of the KM-GBF. This is the case of Tropical
dry forests (TDF), highly fragmented and categorized as an ecosystem at critical risk
globally, due a long history of human settlements and agricultural activities (Etter et al.,
2020; Ferrer-Paris et al., 2019; Pizano & Garcia, 2014; Rodriguez-Buritica &
Rodriguez-Eraso, in press). Land-cover change, grazing, wood extraction, and increasing
frequency and intensity of droughts and hurricanes due to climate change are among the
threats TDF is facing (Powers et al., 2018). These pressures are threatening a unique
biodiversity adapted to a pronounced seasonality, with steep dry and rain seasons, which

represent important environmental stress (Dirzo et al., 2011).

Moreover, TDF are one of the less protected ecosystems worldwide (Portillo-Quintero et al.,
2015), showing low representativeness, making more difficult to reach KM-GBF goals. Given
TDF high rates of endemism and species turnover within a limited area, resulting in high
beta diversity (Dirzo et al., 2011), measuring the SHI is particularly relevant. Then SHI

combines landscape metrics with species level information and thereby provides a more


https://paperpile.com/c/EnDOBE/ORMg5
https://paperpile.com/c/EnDOBE/ORMg5
https://paperpile.com/c/EnDOBE/Ybal
https://paperpile.com/c/EnDOBE/o7UK+Ybal+BWsT
https://paperpile.com/c/EnDOBE/o7UK+Ybal+BWsT
https://paperpile.com/c/EnDOBE/i3GL+xXfIA+HGTpq+YH4LP
https://paperpile.com/c/EnDOBE/i3GL+xXfIA+HGTpq+YH4LP
https://paperpile.com/c/EnDOBE/i3GL+xXfIA+HGTpq+YH4LP
https://paperpile.com/c/EnDOBE/u2MvX
https://paperpile.com/c/EnDOBE/q61XB
https://paperpile.com/c/EnDOBE/I8evi
https://paperpile.com/c/EnDOBE/I8evi
https://paperpile.com/c/EnDOBE/q61XB

integrative approach. Specifically, it enables a habitat-focused analysis that goes beyond
forest cover, allowing for a deeper assessment of the TDF's condition and its impact on the
ecosystem’s unique biodiversity. This index incorporates species' habitat preferences, which
may include anthropogenically modified areas or be restricted to regions with minimal or no

human intervention.

Here, we aimed to assess the state and changes in the species' habitat within Colombia's
TDF over the last 20 years (2000-2020) using the SHI. In Colombia, TDF has suffered one
of the most drastic processes of habitat loss and fragmentation historically (Correa Ayram et
al., 2020; Etter et al., 2008, 2017). By 2014, it was estimated that this ecosystem covered
almost 720.000 ha, indicating that over 90% of Colombian TDF have been deforested and
replaced by human-modified land covers (Gonzalez-M et al., 2018). More recently, by 2020,
forest loss in the Caribbean and inter-andean valleys TDF reached 98% and 92%,
respectively (Etter et al., 2020). In the same year, protected areas represented only 3.8% of
the regions with TDF in the country (Corzo et al., 2023). Despite a nearly 70% increase in
the representation of protected areas within the TDF between 2010 and 2020 (rising from
2.2% to 3.8%) (Corzo et al., 2023), coverage remains well below the national average of
16% and the 30% from KM-GBF Target 3, which aims to protect 30% of land and sea by

2030.

Specifically, we evaluated (1) how land use changed in the TDF between 2000 and 2020.
Next, we used the SHI to evaluate (2) what is the state of the habitat of the species
distributed within the TDF and how it changed in the last decades depending on the
taxonomic group, conservation status or habitat preference. Based on outputs from species’
habitat and not just forest cover, we evaluated (3) how was the representativeness of the

protected areas within the TDF by considering the remaining species’ habitats.
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2. Methods
2.1. Study area

Tropical Dry Forests occur in areas with an elevation under 1,200 meters above sea level, a
mean annual temperature of 25 °C, and annual precipitation between 250 and 2,000
millimeters (mm) (Gonzalez-M et al., 2018; Instituto de Investigacién de Recursos Biolodgicos
Alexander Von Humboldt, 1998; Pizano & Garcia, 2014). These forests have a marked
seasonality driven by a dry period of at least three months (<300 mm total rainfall,~100
mm-month™") where evapotranspiration values are higher than precipitation (Gonzalez-M et
al., 2018; Instituto de Investigacion de Recursos Bioldgicos Alexander Von Humboldt, 1998;
Pizano & Garcia, 2014). In Colombia, this ecosystem can be found in four of the six
biogeographical regions (the Caribbean, Orinoco, Andes, and Insular), with a larger
presence on the Caribbean coast. Although the San Andrés, Providencia, and Santa
Catalina archipelago, located on the east coast of Nicaragua and the Insular region, include
part of this biome, they were not included in this study because of a lack of official land cover

information during the evaluated period.

The potential distribution of TDF covered almost 9 million hectares of the country, following
the Colombian ecosystems map (Etter et al., 2017, 2020), which was based on abiotic
factors such as elevation, edaphic and climatic variables. This initial recognition of TDF in
Colombia excluded the Orinoco region, which has been considered an ecosystem in itself.
Recently, Corzo et al., (2023) updated the map for the TDF in the Andes and included some
forested areas of the Orinoco, as they experience a marked seasonality, adding ~2 million
hectares to the map for the potential distribution of TDF, for a total of ~11,000,000 ha. The
map in Figure 1 was used to reference the TDF in this study. The Andean region was
subdivided into four subregions: North Andean and Cauca, Magdalena and Patia river

valleys (Figure 1).
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Figure 1. Map of Colombia with the potential area for the TDF based on Corzo et al., (2023)

in yellow to orange. Dark green areas show the total forest cover left by 2020 according to
the forest non-forest layers produced by the Institute of Hydrology, Meteorology and
Environmental Studies in Colombia. We used world administrative boundaries from the

United Nations Agency.

2.2. Trends of change in land use

To assess changes in TDF over the past 30 years, we used two sets of the official national
cartographic data produced by the Institute of Hydrology, Meteorology and Environmental
Studies in Colombia (IDEAM). Since this index is intended to be used in official reports of the
state of the TDF in Colombia, we used the national official information. The first dataset
(forest) consisted of rasters of 30m resolution distinguishing pixels with changes in forest
cover from those with no changes and from those with no forest cover. These layers are
available for 1990, 2000, 2005, 2010, 2012, and yearly from 2013 to 2020. The second set

(corine) was based on land cover polygon layers classified using the Corine Land Cover
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(CLC) methodology with a scale of 1:100.000 (IDEAM, 2010). At the time of the study
analysis, these maps were available in three periods of time: 2000—2002 (used as proxy for
2000), 2010-2012 (used as proxy for 2010), and 2018, which represented the most recent

data available at the time of analysis.

Using successive layers from both datasets, we first evaluated changes in forest cover within
the potential area of the TDF (here 11 million ha, Corzo et al., 2023). For the forest dataset,
IDEAM defines forest pixels as areas where forest cover prevails, with a minimum canopy
density of 30%, a minimum height of 5 m and contained in patches of at least 1 hectare
(Galindo et al., 2014). For this study, the time periods of analysis were time steps of 10
years: 1990-2000, 2000-2010 and 2010-2020. For the corine dataset the forest category
included three CLC subcategories which together are more closely aligned with the forest
definition in the forest dataset: dense forest (3.1.1), open forest (3.1.2), and riparian forest

(3.1.4). Time steps evaluated with the corine dataset were 2000-2010 and 2010-2018.

Next, to track the shifts from forest categories to other types of land cover, such as
pastureland or plantations, the CLC categories in corine dataset were reclassified as follows:
(i) forest, (ii) successional forest (it includes cover types different than forest and canopy
density is less than 30%), (iii) pastureland, (iv) arable land and plantations, (v) shrubland and
grassland (natural cover dominated by bushes and herbs), and (vi) other less represented
categories (Appendix 1). We used these new categories to evaluate how they transitioned
between 2000-2010 and 2010-2018 to other categories. All these analyses were done at a

25m resolution to keep consistency with further analyses within this study.

2.3. Species habitat

To understand how trends of change in land use have affected the species' habitat in TDF,
we used the Species Habitat Index (SHI) (find a description of the species selection process
at the end of this section and in Appendix 2). To measure this index, first, a Species Habitat

Score (SHS) is calculated for each species as the mean between an area score (AS) and a

10
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connectivity score (CS) (Figure 2) (CBD/SBSTTA/24/INF/38, 2022). These scores represent
the habitat available for the species (AS) and its connectivity (CS) relative to a baseline or
year of reference. The SHI, a species-based index, is the mean of the SHS across species.
Both the SHI and SHS indices range from 0 to 100% where 0 indicates a complete loss of
the remaining species' habitat and its connectivity compared to a baseline, and 100 indicates
no change in habitat or connectivity over time. For instance, an SHS equal to 95% may
correspond to a species for which there was a 4% and 6% decrease in area and
connectivity, respectively. Hence, the area score is 96% and the connectivity score 94%

(CBD/SBSTTA/24/INF/38, 2022).

To consider the different representation of the species’ habitat inside the TDF, we measured
the Stewardship SHI, a weighted mean of the SHI (CBD/SBSTTA/24/INF/38, 2022). We
assigned weights based on the proportion of each species' habitat within potential areas of
TDF distribution relative to the species' total habitat area in Colombia. The Stewardship SHI
assigns greater weight to species with a higher proportion of their habitat within the TDF and
less weight to those with a broader distribution across other ecosystems (e.g., Saguinus
oedipus, an endemic monkey of the TDF, had higher weight than Panthera onca, the jaguar,
that is distributed throughout all of Colombia). These weights were also used to create a

weighted mean habitat layer for all the species evaluated based on the AS maps (Figure 2).
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Figure 2. Steps to measure the SHI. Purple boxes are raster data and mustard boxes are polygons. Section 1 calculates area of habitat.

Section 2 gets the area and GISFrag connectivity scores and section 3 gets the Omniscape layers for the alternative connectivity score.



2.3.1.  Area Score (AS)

To define the geographic distribution of the species, the SHI metadata sheet
(CBD/SBSTTA/24/INF/38, 2022) recommends using either an expert range map or a species
distribution model (SDM). For all species, we used binary SDMs at 1 km resolution obtained
from BioModelos, a tool developed by researchers at the Instituto de Investigacion de
Recursos Bioldgicos Alexander von Humboldt in Colombia. This tool generates binary and
continuous SDMs based on species occurrences and climate data in the country (Ayerbe
Quinones, 2022; Henao Diaz et al., 2020; Noguera-Urbano et al., 2023; Velasquez-Tibata et
al., 2019). When range maps obtained from the IUCN webpage
(https://www.iucnredlist.org/resources/spatial-data-download) as well as  BirdLife

(https://datazone.birdlife.ora/species/requestdis) were available, we cropped the SDMs (not

yet validated by experts). Next, we restricted these species maps to the preferred elevation
ranges for each species (CBD/SBSTTA/24/INF/38, 2022) using data available from the
IUCN, downloadable through the R package "redlist" (Gearty & Chamberlain, 2022). For 193
plant species without elevation range data from the IUCN, we used occurrence data from
Gonzalez-M et al., (2018) to determine their elevation ranges. We used the 30 m Digital
Elevation Model (DEM) from Copernicus to create the elevation range maps and mask the

species maps to this extent (Figure 2).

To create maps reflecting species habitat preferences and evaluate changes over time, we
used layers from the forest dataset, which provides forest cover values, and CLC types from
layers in the corine dataset as follows. We aggregated using proportions the 25m forest
layers from the forest dataset to 100m resolution rasters. From these, we calculated the
proportions of forest presence, forest loss, and forest gain for the years 2000, 2010, and
2020. For the corine dataset, we used land cover layers from 2000, 2010, and 2018 as
proxies for habitat, with the 2018 layer representing 2020, as it was the most recent data
available at the time of analysis. For each species, we identified CLC categories associated

with its preferred habitat types, as reported by the International Union for Conservation of

13
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Nature (IUCN) (see Appendix 1 for a table with equivalences), and created maps of the
presence and absence of preferred habitat. This assumes species have not had changes in
their preferred habitat types in time. We then aggregated pixels into a four-by-four grid to
create habitat proportion layers of 100m resolution. The resulting habitat layer for each
species corresponded to the mean value between forest cover proportions from the forest

dataset and habitat proportions from the corine dataset.

Each dataset contributed 50% to the final habitat estimate for the species. For instance, if
within a pixel, a species had 30% forest cover (forest dataset) but could also inhabit
successional forest, a category identified only in corine dataset, with a habitat proportion
value of 50% (with corine dataset), the resulting mean habitat value for that pixel was 40%.
At the end of this process we obtained, for each species, maps of 2000, 2010 and 2020,
showing the mean percentage of available habitat inside the potential area of the TDF. As
habitat is, by definition, suitable for the species (Brooks et al., 2019), we will avoid using the
term "suitable habitat" and instead refer to the habitat available for the species, filtered by

elevation ranges, as the Area of Habitat (AOH).

The temporal baseline used as a reference to measure changes over time
(CBD/SBSTTA/24/INF/38, 2022) corresponds to the first year (time zero) of the AOH defined
for each species. However, since a significant portion of the TDF has been transformed, with
the most drastic changes occurring in the distant past (before 1600) (Etter et al., 2008) when
no land cover maps were available, we defined the baselines in two ways. The first baseline
assumed no habitat loss across the full potential area of TDF (11 million ha, Corzo et al.,
2023). At this point, the habitat for a given species corresponded to the total SDM area,
masked by elevation range (and range map, if available) within the potential TDF area. This
baseline, referred to here as the hypothetical base year, reflects the general state of the
habitat and its potential habitat loss history. For instance, with less than 10% of TDF
remaining, the index for the final year will reflect this proportion, representing the amount of

habitat remaining compared to the species' potential initial habitat within the TDF. The
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second way to measure the baseline assumed that the habitat data from the year 2000
represented the time zero. This baseline is sensitive to small changes in recent years,
resulting in higher index values that do not reflect the general state of the habitat, but its
recent loss. These baselines corresponded to the 100% reference values, which change

with habitat loss in subsequent years.

2.3.2.  Connectivity Score

We used the estimated AOHSs, to evaluate changes in connectivity. The SHI metadata sheet
used by the Convention on Biological Diversity (CBD, 2022) suggests the GISFrag metric to
measure connectivity for the SHI. This structural connectivity metric is based on the mean
distance of each habitat pixel to the nearest edge of the habitat patch
(CBD/SBSTTA/24/INF/38, 2022; Crooks et al., 2011; Ripple et al., 1991). Higher values
mean more interior habitat, and lower values imply smaller patches of habitat and thus more
fragmented (Crooks et al., 2011; Ripple et al., 1991). First, to measure distances, we had to
convert the habitat proportion layer into a binary variable (presence-absence), where pixels
with more than 10% of habitat cover, or approximately 1,000m? of habitat by pixel, were
categorized as presence of habitat. Next, we calculated the Euclidean distance from habitat
pixels to the nearest non-habitat pixels and the mean distance across the landscape. The
GISFrag metric does not account for conditions outside the habitat, as it ignores the
surrounding matrix, and conditions inside the suitable habitat, as it considers habitat patches
uniform. To address this limitation, we also explored other connectivity metrics that consider
inter-patch connectivity and the habitat requirements of each species from a functional

perspective (Keeley et al., 2021).

For heavily modified landscapes, like the TDF, Keeley et al., (2021) suggest using metrics
based on conductivity surfaces that measure current flow density for both functional and
structural connectivity analyses. Current flow in circuit theory can be used to predict
movement patterns and thus has been used to model connectivity (B. H. McRae et al.,

2008). We used the Omniscape.jl package (Landau et al.,, 2021; B. McRae et al., 2016)
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written in the programming language Julia (Bezanson et al., 2017) to evaluate landscape
connectivity with a more functional perspective. This package uses the Circuitscape
algorithm to calculate landscape connectivity using circuit theory. Omniscape measures the
current flow between habitat patches (sources) and incorporates the conditions outside the
habitat by including a resistance surface. Omniscape operates, with a user-specified search
radius, within a circular moving window for evaluating the movement between sources and
target pixels (See Appendix 3 for more detail about the definition of dispersion distances). In
this study, we assumed that variables such as species distribution probability, habitat cover
percentage, elevation range, and slope (Dickinson et al., 2021; Valderrama-Zafra et al.,

2024) influence species movement.

2.3.2.1. Omniscape inputs - Source layer

The source strength raster assigns the relative current for each pixel, indicating where
species are more likely to move to other pixels (Appendix 3). To define this layer, we used
four variables (Figure 2): 1) a continuous SDM for climate suitability, 2) the mean habitat
cover percentage, 3) a binary map of the elevation range, where a value of 1 indicates the
area falls within the IUCN-defined range, and 4) a slope layer rescaled using proportions,
with the steepest slope as the reference value. We inverted the slope values, assigning 1 to

flatter areas and 0 to steeper areas (Figure 2).

For each species, we input these layers into Omniscape within a bounding box area derived
from the AOH with an additional buffer. To minimize edge effects, we set this buffer to 50% of
the bounding box width (Phillips et al., 2021), calculated as the square root of the bounding
box area, assuming a square shape. For flying species like bats and birds, we excluded the
slope variable (See Appendix 4). We calculated a weighted mean across these layers,
assigning equal weights of 1 to the first two variables and weights of 0.5 to the two layers
derived from elevation data. Then, we multiplied the resulting values by 100 to create layers
with values ranging from 0 to 100. The highest values appear in areas where habitat is

present within the elevation range, with high SDM values and low slopes.
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2.3.2.2. Omniscape inputs - Resistance layer

The resistance layer represents factors that redirect or reduce species movement. To build
this layer, we followed a process similar to the one used for the source layer but with four
distinct components: 1) a 300m resolution Colombian human footprint layer (Correa Ayram
et al., 2020) rescaled to 100 m. We used the human footprint data for 2000, 2015 (as a
proxy for 2010), and 2018 (as a proxy for 2020) while assigning a value of 0 for the
hypothetical base year; 2) a layer representing the distance to patches with at least 10% of
habitat per pixel (derived from the binary layer used for the GISFrag metric), and rescaled
between 0 and 1 by measuring the proportion relative to maximum distance; 3) an inverse
elevation range layer, where areas outside the elevation range were assigned a value of 1;
and 4) the slope layer (without inverting), where steeper areas had higher resistance values
closer to 1 and flatter areas were closer to O resistance. Then, we also multiplied the
resulting values by 100 to produce a resistance layer with values ranging from 0 to 100. The
highest values were assigned to areas farther from the habitat, outside the elevation range,

with high human footprint values and steep slopes.

Then, we used three mask categories to extract the Omniscape outputs to get the CS: 1) the
AOH for each year (Suitable), 2) the suitable area of only the base year (hypothetical or
2000) (Base year), and 3) the total TDF potential area (Corzo et al., 2023) (All TDF). The
mean current value for each year was divided by the mean current for the baseline year to
get a percentage of change. This percentage was used as the connectivity score to calculate
the SHI. Similarly, as for the area score, maps of the mean distance to the edges and current
flow were produced to show spatially explicit outputs with changes of the scores throughout
the years (available at

https://osf.io/3ch7d/?view_only=3bbef33bd37b4f2c92f047eababa7781).
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2.3.3.  Species list

We compiled a list of 610 vertebrate animals and 2,627 plant species occurring in TDF
according to various sources (Acufa-Vargas et al., 2017; Diaz-Pulido, A., Zurc, D.,
Jaramillo-Fayad, J. C., & Benitez, A., 2023; Herazo Vitola et al., 2017; Hernandez-Jaramillo
et al.,, 2018; Norden et al., 2021; Pizano & Garcia, 2014; Vargas Salinas et al., 2019).
However, these species needed to meet specific criteria, such as the availability of data for
SDMs, habitat preferences, and dispersal metrics, to be included in the analysis
(Appendix 2). We gathered information on each species’ habitat preferences and
conservation status using the package rredlist (Gearty & Chamberlain, 2022). From the initial
list, we prioritized 1668 species, of which 803 could be linked to a dispersion distance metric.
We removed herptiles from the list because, at the time of the analysis, we did not have data
to establish a clear dispersal range relationship. This left 765 species with SDMs from
BioModelos, 318 of which also had range maps from the IUCN. We standardized species

names using the ‘taxize’ package (Chamberlain & Szdcs, 2013).

We further refined the list by removing eight species whose SDMs or range maps did not
overlap with the potential TDF area, leaving a total of 757 species. After measuring the AS,
two additional species were excluded due to extreme values (greater than or close to two
standard deviations from the mean AS values for all species). To assess the variability of the
index according to the species included, we performed 100 bootstrap samples with
replacement from the 755 species to calculate the SHS. The variation was quantified using

the 0.025 and 0.975 quantiles to plot confidence intervals to the index.

2.4. Evaluation of the representativeness of protected areas

To measure the representativeness of the protected areas within the habitat of the species
distributed within the TDF, we used the 2023 layer from the National Single Registry of
Protected Areas (RUNAP) in Colombia. We restricted the analysis to protected areas within

a 100m radius inside the potential TDF area to avoid overlaps with regions merely touching
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its borders. Protected areas in Colombia can be classified as either public or private
(Decreto 1076 de 2015, 2015, Decreto 2811 de 1974 - Gestor Normativo, 1974). From
these, categories included within the evaluated areas were: 1) national and 2) regional
natural parks; 3) national and 4) regional protective forest reserves; 5) regional integrated
management districts; 6) soil conservation districts; 7) single natural area, 8) sanctuary of
fauna and flora and 9) civil society natural reserve (the only private category). Their
classification is based on the scale depending if it is national, regional or more local like the
civil society reserves, the level of intervention in the structure, composition and function
attributes of biodiversity, and the type of use that is allowed, from sustainable use,
restoration, preservation, knowledge, and enjoyment (Decreto 1076 de 2015, 2015, Decreto

2811 de 1974 - Gestor Normativo, 1974).

2.5. Software and computational resources

We conducted all analyses in R 4.3.1 (R Core Team, 2021) using RStudio 2024.12.1 (Posit
team, 2023), except for the Omniscape package, which was used in Julia 1.10 (Bezanson et
al., 2017) to generate connectivity maps. The scripts are available on GitHub
(github.com/MalsAp/species-habitat-index-tdf-colombia).  Computing resources were
provided by the Digital Research Alliance of Canada (alliancecan.ca). We used QGIS 3.34.5
(QGIS Development Team, 2009) to produce the map figures and the rescaling and

reprojecting of forest and corine datasets.

3. Results

3.1. Land cover trends and transitions for the TDF

We found that by 1990 (forest dataset) only 1,037,435 ha of TDF remained within the 11
million ha of the potential TDF area (Corzo et al., 2023) (Figure 3). By 2018 (corine dataset),
forests have decreased 30% to 732,739 ha and by 2020 (forest dataset) only 652,869 ha of
forest remained (38% of loss); i.e., nearly one-third of the remaining forest cover was lost

over the last 30 years from 1990 to 2020. Between 2000 and 2018, forest cover declined by
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11% (corine dataset) and by 23% between 2000 and 2020 (forest dataset). However,
between 2010 and 2018, the corine dataset showed a slight increase of approximately

50,000 ha (Figure 3).
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Figure 3. Changes in the hectares of natural forest cover within the potential area for the
TDF calculated using two land cover datasets: forest dataset for the years 1990, 2000, 2010,

and 2020, and corine dataset for the years 2000, 2010, and 2018.

Forest loss resulted from a wide variety of land cover transitions, but mainly, the conversion
to pastures has dominated the land cover change of the TDF in Colombia (Figure 4). Indeed,
most of the 11 million hectares covered originally by TDF have been converted to pastures,
which today corresponds to about half of the area, followed by arable land and plantations
(5,400,000 ha and 1,900,000 ha by 2018, appendix 5). Successional forest occupied
1,270,000 ha by 2018 and was the result of previous forest degradation (around 100,000 ha)
and conversion from other land uses, mostly pastures (around 500,000 ha). Between 2010
and 2018, a large portion of pastureland (~30%) passed to other land cover categories,

mostly arable land and plantations and successional forest. All subregions experienced an
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increase in forest and successional forest areas, except for the Orinoco region, where these
natural covers, along with shrubland and grassland, showed a clear decline. This was
accompanied by an increase in pasturelands, arable land, and plantations. Additionally, for
the Caribbean region, the increase was just for the successional forest, but with a decrease
in forest. In the Cauca Valley, arable land and plantations surpassed pasturelands in

coverage.
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Figure 4. Transitions of land cover for a) the total area of TDF and b) each subregion
resulting from the changes in categories from corine dataset between proxies for 2000, 2010

and 2018. Y-axis indicates million (M) hectares
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3.2. Species Habitat Index

Changes in the SHI for the 755 species varied depending on the method used for the
estimation of the CS. Based on GISFrag, ~20% of habitat and connectivity were lost
between 2000 and 2020, compared to ~10% using Omniscape (Figure 5a). When
considering the potential area of TDF as a hypothetical reference, 80—90% of the habitat and
its connectivity had been lost by 2020, according to GISFrag and Omniscape (Figure 5a).
See Appendix 6 for the SHS of the 755 species included in this study. We resampled with
replacement the SHS 100 times an recalculated the SHI to test the sensitivity of the index
according to the inclusion or exclusion of different species. However, except for the species

at some risk level, values did not show great variation.

Species with some risk level, according to the IUCN and the national list of threatened
species (Ministerio de Ambiente y Desarrollo Sostenible, 2024), showed more pronounced
decreases in SHI values than those in Least concern categories, regardless of the method or
baseline year used (Figure 5b). Three species with the data-deficient category were
removed from the figure. Similarly, species whose habitats were restricted to natural land
cover categories (as defined by the IUCN) showed steeper declines compared to species
whose habitats included some type of human-modified cover type, referred to as the artificial
land cover or human modified category (e.g. successional forest, arable land, pastureland)
(Figure 5¢). Two species, one associated with introduced vegetation and the other with no
specific suitable category, were removed from the graph. Among taxonomic groups,
mammals were the most vulnerable according to GISFrag, followed closely by plants when

using Omniscape to measure connectivity (Figure 5d).
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Figure 5. (a) Species Habitat Index (SHI) with 95% confidence intervals from an N=100
bootstrap done by resampling the species included in the SHI calculation. SHI by (b) IUCN
category, (c) habitat type and (d) by taxonomic group. In red are the values using the
GISFrag metric and in blue, yellow and green are the Omniscape metrics calculated using

the associated masks.

3.3.Changes in the habitat of the species and representativeness of protected areas

Based on the potential area occupied by TDF (11,300,000 ha), around 5,600,000 ha were
potential habitats for the 755 species evaluated (Figure 6a). By 2020, only 859,000 ha of
these remained, of which ~ 105,000 (12%) are located within some type of protected area
(Appendix 7). The Caribbean region harbored the highest mean potential habitat (higher
than 50%) (blue and green areas Figure 6a), and this pattern was maintained in 2020, with ~
547,000 ha of habitat remaining. Of these, ~ 87,000 ha (16%) have some level of protection,
with National Natural Park being the category of protected area that covers the higher

percentage (61%) (Appendix 7).

The Andean and Orinoco regions harbored almost half of the potential remaining habitats,
and by 2020, these were represented by small and highly fragmented patches. For the
Andean region, ~ 199,000 ha of habitat in TDF remained in 2020, of which only ~ 15,000 ha

(7%) were located within protected areas, with Regional Integrated Management Districts as
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the category covering the higher percentage of habitat in all subregions. Orinoco region had

only ~3% of its area protected, mostly within Natural Reserves of the Civil Society. The mean

percentage of protected areas between subregions was 8.5%.
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Figure 6. Mean weighted habitat availability for the 755 species evaluated in (a) hypothetical
base year and (b) 2020. Color scales differ between maps. See Appendix 9 for maps with

distance to edge and current values for 2020.

4. Discussion

4 1. Land cover trends and transitions for the TDF

Over the past decade, decision making related to TDF in Colombia has been based on an
estimated coverage value of 720,000 ha (Ariza et al., 2014; Pizano et al., 2016; Pizano &
Garcia, 2014). Here, we show that by 2018-2020, only ~650,000 ha to ~730,000 ha of forest

cover remains within the estimated 11,300,000 ha of potential area. While determining an
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exact value for forest loss is challenging due to methodological differences, both datasets

consistently showed a declining trend of TDF cover in the last decades.

TDF loss is the result of multiple processes. Forest transition to pastures started during the
times of conquest (1500-1600) and expanded rapidly to the Caribbean and Andean regions
and later in the Orinoco during the colonial period (1600-1800) (Etter et al., 2008; Pizano &
Garcia, 2014). Thus, what we observe nowadays is the result of these historical processes
as pastures dominate the land cover categories in all subregions except for Cauca Valley,
where arable land and plantations are more prevalent. This transformation trend has been
persistent. Between 1970 and 2015, Correa Ayram et al., (2020) reported an evident
increase of human activities within TDF, with extensive cattle ranching established in areas
with agricultural and agroforestry potential (Pizano & Garcia, 2014). Overall, this has
resulted in underutilization of the soil for these purposes and causing negative social,
ecological, and economic impacts, further threatening their conservation (Pizano & Garcia,

2014).

To date, most of the remaining TDF are in an early to intermediate successional stages,
embedded within a highly transformed landscape matrix with limited mature forest
(Gonzalez-M et al., 2018; Pizano & Garcia, 2014). Only a small portion, mainly distributed in
the Orinoco region, can be considered mature forest (Gonzalez-M et al., 2018). However,
our analysis revealed that the Orinoco region lost over 100,000 ha of forest cover between
2000 and 2018, while pastureland and arable land and plantations increased (Appendix 5).
In contrast, the other regions exhibited net gains in forest cover. However, when
successional forests are included in the analysis, the Caribbean region aligns with the
overall recovery trend. The Orinoco region, on the other hand, continued to show a
consistent decline (~33%) even when successional forests were considered. Despite the
historical conversion of TDF land to other uses and the overall trend of habitat loss, over
1,000,000 ha of successional forest remain available for restoration (Andrade et al., 2018),

with an increasing trend driven by transitions from agricultural activities.
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4.2. Consequences of cover loss to the species habitat

Our study shows that, by 2020, human-driven transformations impacted species' habitat and
its connectivity by causing a reduction of ~10-20% in SHI since 2000 and near 80-90% of all
their potential habitat within the TDF. However, by 2020 the species’ habitat is larger
(860,000ha) than the area of forest cover (650,000ha), probably because it includes
degraded areas that represent available habitat for generalist species (e.g. successional
forest, pasturelands, croplands). For instance, in Montes de Maria (a subregion of the
Caribbean), most of the remaining mammals are generalist species, less sensitive to human
interventions (Pardo et al., 2024). Vascular plants exhibited a similar pattern, where forest
disturbance and early successional stages favored generalist species (Gonzalez-M et al.,
2018).

Unsurprisingly, species that use artificial land cover showed a less pronounced decline in
index values compared to those restricted to natural habitats. This trend was also observed
in birds, of which 80% (188/237) included artificial covers and had greater dispersal
distances, making their habitat and connectivity less affected than that of mammals and
plants. Omniscape even detected a slight recovery in the last year, likely due to successional
forest gains across several regions (figure 5, appendix 8). Thus, preserving any type of
forest cover in heterogeneous landscapes can help enhance connectivity for these groups
(Pardo et al., 2024).

Although most of the remaining species in TDF are generalists and 97% (728/752) of the
species in our study are classified as Least Concern by the IUCN, the majority (509/753) are
exclusively associated with natural habitat types (e.g., forests, shrublands, wetlands),
particularly plants (409/450). Mammals, which were also mostly associated with natural
habitats (51/68), showed greater variation in SHI values depending on the connectivity
metric used. Both plants and especially mammals appear to be more sensitive to habitat

loss. Thus, while some TDF species can tolerate human-modified landscapes, most
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primarily depend on natural habitats and are more vulnerable to forest cover loss. Even the
more generalist species have experienced habitat reduction due to deforestation.

Habitat loss restricts species distribution, jeopardizing their functional role in ecosystems as
well as their contributions to people. For example, mammals showed the highest habitat
loss, they are not only predators of smaller species but also play a critical role in controlling
these populations (Pardo et al., 2024). Many other species, especially bats and birds, are
seed dispersers or pollinators and continuous habitat loss could affect their interactions with
plants species, which in turn may affect plant species use. The species habitat scores would
be useful to track changes in the habitat and its connectivity for species of interest and

evaluate potential consequences of habitat loss to nature contributions to people.

4.3. Representativeness of protected areas within regions

The mean percentage of habitat within protected areas across regions was 8.5%, based on
average habitat values for the 755 species, calculated within pixels where at least 10% of
the area was classified as habitat. The Caribbean region had the highest protection (~16%),
followed by Cauca Valley (~13%) while the Orinoco region showed the lowest (~3%). When
considering only forest cover without measuring habitat, less than 4% of the potential TDF
area is protected on average within these regions (Corzo et al., 2023). Although protection
increased from 2.2% to 3.8% between 2010 and 2020, TDFs remain the least represented
biome in Colombia, with mean connectivity within protected areas below 2% (Corzo et al.,
2023). While a greater proportion of TDF is protected when species habitat is evaluated
(~9%) compared to forest cover alone (~4%), the declining trends in habitat and connectivity
as indicated by the SHI may still compromise the functional connectivity of protected areas
within TDF habitats.

Integrated Management Districts, a protected area category that does not imply strict
conservation, was predominant throughout the inter-Andean valleys (Patia, Cauca,
Magdalena river valleys as well as North Andean subregion). Nonetheless, these areas have

shown an increase in forest cover. The Magdalena region held the second largest absolute
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amount of habitat after the Caribbean region (Orinoco is the second when considering the
proportion of habitat relative to total regional area). Meanwhile, the North Andean subregion
has been shown to exhibit the highest connectivity among protected areas (Corzo et al.,
2023). Regions with the highest forest recovery were those with the lowest habitat values,
such as the Cauca and Patia river valleys. The Cauca region, which has the second highest
proportion of protected areas, nearly doubled its forest and successional forest cover (from
~44.000 ha to ~83.000 ha), with most protected areas classified as Integrated Management
Districts (63% of the protected area). In the Patia region, forest and successional forest
cover increased from 4% to 12% by 2018, representing a gain of over 27,000 ha in these
land cover types. Additionally, by 2020, more than 20,000 ha were designated as a Regional
Integrated Management District in this region.

In contrast, the Caribbean and Orinoco regions experienced a loss of forest cover between
2000 and 2018. The Caribbean region has the largest extent of protected areas, but these
are surrounded by a highly transformed matrix, leading to a greater proportion of
disconnected protected areas (Corzo et al., 2023). Therefore, conservation efforts should
focus on converting productive systems to serve as ecological corridors that enhance
connectivity between protected areas and isolated forest remnants. This is particularly
important for supporting potential climate refugia, especially given that this region is
projected to be highly affected by decreased precipitation under climate change scenarios
(IDEAM et al.,, 2017; Mufoz Rodriguez et al., 2023). On the other hand, although the
Orinoco region has the highest habitat coverage relative to its total area (~10%), it also
recorded the greatest forest loss. As in the Caribbean region, this area exhibits high
vulnerability to climate change, primarily due to the greater distances to higher elevations
that could offer more favorable climatic conditions for species migration. The region is
characterized by a largely natural matrix surrounding forest patches, where nature-based
solutions and sustainable practices in productive systems could be effectively implemented.

Furthermore, the active participation of Indigenous territories, shown to contribute
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significantly to regional connectivity, should be recognized as a key complement to the
existing protected area network (Corzo et al., 2025).

While conservation policies in the past focused primarily on strict preservation, there is now
a growing shift among conservation biologists and policymakers toward more inclusive
strategies. These include incorporating small remnant patches and even transformed lands
into new conservation frameworks, such as nature-based solutions. Environmentally friendly
practices (e.g agroforestry, agroecology, silvopastoral systems, and regenerative agriculture
and cattle raising) can play a key role in buffer zones around protected areas. These
approaches are essential for preserving small TDF remnants that may serve as critical
stepping stones for species movement, improving connectivity and habitat quality, and

promoting multifunctional landscapes (Garibaldi et al., 2023).

4.4 SHI as an indicator for monitoring

Although the SHI is not a headline indicator in the KM-GBF, it goes further than indexes only
based on forest area. By integrating habitat and connectivity information from the species, it
is useful to track conservation targets regarding habitat protection (Jetz et al., 2022; Pillay et
al., 2024; Suarez-Castro et al., 2022). Additionally, connectivity outputs from the index can
be used for deeper analyses of the connectivity within the ecosystem, particularly within
protected areas (Albert et al., 2017; Castillo et al., 2020; Corzo et al., 2023; Fida et al., 2025;
Linero-Triana et al., 2023). Outcomes of multispecies habitat analyses can help prioritize
connectivity based on species habitat preferences. However, as this index by itself does not
provide information on forest cover dynamics, we encourage users to study land cover
transitions to better understand the context of the area evaluated.

Both Omniscape and GISFrag assess connectivity beyond a least-cost path, acknowledging
that species movement is not solely guided by cost efficiency (Correa Ayram et al., 2016).
However, it is important to keep in mind that different connectivity metrics can lead to
different outputs. GISFrag, a structural connectivity metric geared more toward assessing

fragmentation than connectivity, is more sensitive to patch abundance and assumes uniform
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habitat quality within patches (Crooks et al., 2011). This can lead to an overestimation of
connectivity when small patches (often with short distances to edges) are lost, as index
values may increase. Conversely, the recovery of small forest patches can lead to lower
GISFrag values. This may explain the lower SHI values obtained with GISFrag in 2020
compared to Omniscape, coinciding with forest recovery reported with the Corine dataset
across most regions. This pattern was more evident in generalist species capable of
persisting in areas classified as artificial cover, including categories such as successional
forest, which showed a notable increase by the last year evaluated. GISFrag does not
account for within-patch habitat conditions and may therefore underestimate connectivity
loss within the habitat. This was evident in the hypothetical year scenario, where GISFrag
produced higher connectivity values than Omniscape.

Despite its limitations, GISFrag is computationally efficient, widely used, and does not
require arbitrary cost distances (Crooks et al., 2011; Jetz & GEO BON Secretariat, 2022;
Ripple et al.,, 1991). In turn, Omniscape incorporates habitat irregularities, an advantage
when evaluating highly fragmented ecosystems, where it is more accurate for detecting the
effects of short-term forest recovery and changes within the habitat. However, its practicality
for index calculation is more limited due to search radius constraints and computing
requirements.

Although the SHI can be calculated at various scales depending on data availability, it is
critical to consider scale in its application. Overall, it provides a general overview of species'
habitat status, but when applied at different scales, it allows for the planning of effective
interventions that require analyses at finer scales aligned with regional and political contexts
(Heébert et al., 2024). For instance, the Caribbean region, which has the most remaining
habitat, may be driving the overall SHI trend. This can potentially mask more critical regional
patterns, such as severe forest loss in the Orinoco and its impact on species’ habitat or

forest gains in other regions.
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4.5 Methodological considerations

For our analysis, we used national official land cover layers, despite methodological
inconsistencies in land cover classification between years that can lead to over or
underestimation of land cover changes. Given the high fragmentation of TDF,
higher-resolution datasets (e.g., Sentinel-2 products) could be used to better assess the role
of stepping-stone patches for different taxonomic groups (Hinsley, 2000). A simplified
version, currently using Global Forest Watch data and projected to include land cover data
from the European Space Agency, is available through the BON in a Box tool from the Group
on Earth Observations Biodiversity Observation Network (GEO BON) (Griffith et al., 2025).
However, for the index to be used in national official reports, we had to use official land cover
layers.

Several assumptions were necessary to define habitat and Omniscape parameters (i.e.
dispersion distances, weights for components within resistance and source layers, habitat
preferences by the species, cutoff for percentage of habitat patches to be included in the
analyses). The use of a hypothetical base year due to the lack of historical land cover data,
ignores climate-driven and habitat preferences by the species. To support further refinement,
we provide the code for testing alternative SHI approaches
(https://github.com/MalsAp/species-habitat-index-tdf-colombia), including AOH generation
and habitat-IUCN category associations (Lumbierres et al.,, 2022; Suarez-Castro et al.,
2024). We include maps with the standard deviation of the habitat and connectivity values
(available at https://osf.io/3ch7d/?view_only=3bbef33bd37b4f2c92f047eababa7781), but
other additional uncertainty metrics should be studied to include in these outputs (e.g.
uncertainty from data sources).

Calculating the SHI for multiple species is computationally demanding. One option to reduce
computing requirements is to use expert knowledge to select representative species and
group them with others sharing similar distributions. A weight can then be assigned to each

group during index calculation, providing an approximate value without processing the full
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species list, but still capturing key patterns through smaller subsets. Here, we propose a
reproducible and adaptable workflow for SHI calculation, acknowledging that different

approaches may vyield varying results.

5. Conclusions

These findings provide critical insights for TDF management in Colombia. Social, ecological,
environmental and economic differences between subregions shape distinct patterns of
change. Applying the index at a regional scale yielded valuable insights into local-level
changes. Environmental authorities should closely survey forest cover loss in the Orinoco
region, where we observed the highest habitat values alongside the highest forest loss by
2018 too. Nature-based solutions and sustainable practices in productive systems could be
effectively implemented given its large natural matrix surrounding forest patches.
Nonetheless, to effectively guide TDF conservation, the SHI index could be applied at finer,
local scales to inform strategies that integrate habitat and connectivity across subregions,

particularly within and around protected areas.

The landscape must be managed in an integrative way, considering human needs, cultural
traditions, and nature contributions to people. Thus, producers owning the land and the
people living in these transformed areas are key for the recovery of the habitat of the
species. The successional forest area within the TDF is larger than the amount of forest
remaining as it represents more than 1,000,000 ha available to potentially apply restoration
initiatives. Given its level of fragmentation, converting productive systems into ecological
corridors that enhance connectivity between protected areas and isolated forest remnants
would be useful for preserving small TDF remnants that can be key stepping stones for
species movement. Most recent gains of forest cover from pasturelands to forest and
successional forest, were possibly due to natural regeneration, restoration and sustainable

use by land owners. To monitor interventions to restore the TDF, Omniscape can be used as
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it resulted in a more sensitive connectivity index in the short term to track effects on species’

habitat.
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Appendix 1. Corine Land Cover equivalences to IUCN habitat categories

and Land Cover Recategorization

IUCN _to LC_ categories_en.xlsx
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Appendix 2. Species selected for analysis

Filters were done according to the availability of information needed to run the process. Plant
species are represented in green and animal species in orange. Discarded species
according to the availability of information are in red. The total number of species with the

required information is in yellow.

Plants Anlmals |
n=2627 | n=610

Dlscarded (Discarded
n_1 _h=1484 __n=85

iomodelo iomodelo iomodelo iomodelo
No No No

.

e || [ | [0
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Eight species were removed from the 765 list since the SDMs and range maps did not

overlap with the TDF potential area. Two species were removed for having extreme score

values. These species were grouped as follows:
Taxonomic group IUCN category

Least concern
Birds (n=237)

Some risk
Data deficient

Least concern
Mammals (n= 68)

Some risk

Data deficient

Plants (n=450) Least concern

Some risk

Habitat
Avrtificial
Natural
Avrtificial
Natural
Natural
Avrtificial
Natural
Avrtificial
Natural
Natural
Avrtificial
Natural
Other
No category

Natural

* Species removed in figure 5

755 species list with metadata in file: df_tdf sp for omni_batch3 group.csv

186
44

1*
15
42

o
39
402
1*
1%
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Appendix 3. Moving window composition

The moving window method employs a radius as the number of pixels traversing source and
resistance layers. For example with pixels of 100 m x 100 m size, a radius of 300m would be
equivalent to three pixels. The central pixel is selected as the target if it satisfies naturalness
criteria; otherwise, the window shifts to the next target without assessment. Injected current
levels depend on the source layer values. Efficiency can be enhanced by grouping pixels

into blocks and summing their values. Adapted from McRae et al., (2016).

moving window

B Target pixel

]

Source pixels

[0 Resistance
pixels

—
radius (m)

To define the search radius for each species we used proxies of dispersion distances for
mammals, birds and plants. For mammals, we used data from Diaz-Corzo et al., (manuscript
in preparation), which estimated three groups of dispersal distances categorized by weight,
as the radius of a circle with an area equal to the mean home range. For birds, we used the
hand-wing index available in the AVONET database (Tobias et al., 2022) to estimate the
dispersion distance following Ocampo-Pefuela et al., (2023). For plants, we used a
combination of the dominant dispersal syndrome cited in the literature and the diaspore
mass, available from the D3 dispersal and diaspore database (Hintze et al., 2013).

We defined dispersal ranges for plants based on distances of 300m, 1 and 3 km (Table 1).
We categorized three diaspore masses as: 1) small (< 0.5 mg), 2) medium (> 0.5 mg to 6
mg), or 3) large (> 6 mg). Since these values were not available at the species level, we
assigned mean values at the family level. These size classes were paired with four dispersal

mechanisms: 1) wind (Anemochory), 2) water (Hydrocory), 3) animals (Zoochory), and 4)
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other less frequently found methods. We assumed that small, wind-dispersed seeds travel
the farthest, followed by animal-dispersed seeds, and large seeded (Dalling et al., 2002;
Midgley et al., 2006; Muller-Landau & Hardesty, 2005).

Table 1. Dispersion ranges for the combination between seed mass group and dispersion

type.

Diaspore mass\ Small Medium Large

Dispersion type

Anemochory 3 km 1 km 300 m
Hydrochory 3 km 1 km 300 m
Zoochory 1 km 1 km 300 m
Other 1 km 1 km 300 m

In Omniscape, the search radius is input as the number of pixels. To convert dispersal
distances into pixels, we divided the distances in meters by 100, corresponding to the width
of the raster cell in meters. We set the minimum dispersal distance for all groups to 300 m,
as the algorithm required a minimum search radius of 3. Additionally, a block size can be
defined to aggregate pixels for faster processing. To optimize processing times, we
calculated the block size based on the species' search radius. For species with a search
radius between 3 (300 m) and less than 220 pixels (22 km), the block size was determined
by dividing the search radius by 20. For species with a search radius of 220 pixels or more,
the search radius was divided by 10. The resulting value was rounded down to the nearest
integer, with a minimum block size set at 1. For example, a species with a search radius of
50 (5 km) would have a block size of 1, while a species with a search radius of 240 (24 km)
would have a block size of 24. These values were defined arbitrarily to balance processing

times while keeping the block size as small as possible. They do not have biological
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significance, although species with larger dispersal distances, for which small nearby

patches play a less critical role in movement, may be less affected by cell aggregation.
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Appendix 4. Source and resistance layer components

All layers were rescaled to a 0 to 100 range.

Layer Layer [ Coefficient | Coefficient
Layer detail
name values name value
Species distribution model (Ayerbe
Quifones, 2022; Henao Diaz et al., 2020;
L, [0-1] Sy 1
Noguera-Urbano et al., 2023;
Velasquez-Tibata et al., 2019)
Mean percentage of habitat cover (taken
Lsz from the measurement of changes in the [0-1] 5, 1
habitat from forest and land cover layers)
L53 Presence or absence of elevation range [0,1] Sy 0.5
1 - Slope percentage (LT ) (using the highest
L S
s, | slope value within the habitat of the species [0-1] 4 0.5
as denominator)
Lrl Human footprint (Correa Ayram et al., 2020) [0-1] L 1
Distance to mean habitat of at least 10% of
L, [0-1] " 1
cover
1 - Presence or absence of elevation range
L [0,1] r 0.5
T ] 3 .
L)
Lr4 Slope percentage [0-1] "y 0.5
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https://paperpile.com/c/EnDOBE/soByx+1WXXB
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The structures of the source layer (s) and resistance (r) layers were:

s+L +s:L +s L +s L L +L +0.5-L +0.5-L
1 2 s 3 4 S, s

s = 100 * S 2 53 54 — 100 * 5y 5, 3 4 ,

sl+sz+s3+s4 3

r-L +r L +r L +r L L +L 4+0.5-L +0.5-L
T 3 T T T

r = 100 * I n 2 3 i 100 * ' T 3 4
r1+r2+r3+r4 3

For the hypothetical baseline layer L was set to 0, with the assumption that there was no

1

human footprint yet:

L +L +0.5-LS +0.5-L L +0.5-L +0.5-Lr

— x 15 3 Sy _ *x 2 T3 4
s = 100 - =100 * ————

For flying groups of species (bats and birds), S, and r, were setto O:

L +L +0.5-L L +L +0.5-Lr

— x 1 % 53 — x 1 3
s =100 * ——,r = 100 * ———

For species where there was no elevation data then LS was set to 1 and Lr to O:

3 3

L +L +1+0.5-L L +L +0.5-L
55 54 —_ N Ty
s = 3 =

3
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Appendix 5. Land cover areas by year and by subregion

Subregion

Caribbean

Cauca V.

Magdalena

Land cover category
Forest

Successional forest
Pastureland

Arable land and plantations
Shrubland and grassland

Other

Land cover type

Forest

Successional forest
Pastureland

Arable land and plantations
Shrubland and grassland
Other

Forest

Successional forest
Pastureland

Arable land and plantations
Shrubland and grassland
Other

Forest
V.

2000 2010 2020
817,905 674,209 732,379
569,343 863,706 1,273,756

6,027,056 6,054,275 5,459,699
1,896,570 1,781,735 1,913,238
1,529,477 1,541,002 1,464,886
503,856 429,281 500,251

2000 2010 2018

405,621 326,536 337,838

311,422, 508,325, 876,537

4,020,754 4,067,941 3,563,563

891,314 742,203 874,901

789,226, 815,461, 746,787

297,613 255,484 316,324

23,200 26,460 42,738

20,594 23,228 40,104

343,294 320,607, 270,646

327,448 352,312 357,527

53,525 45,445 43,481

36,691 36,699 50,256

103,171 113,382 159,203

Total area

by

subregion

6,715,950

804,751

1,824,711
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North Andean

Orinoco

Patia V.

Successional forest

Pastureland

Arable land and plantations

Shrubland and grassland

Other

Forest

Successional forest

Pastureland

Arable land and plantations

Shrubland and grassland

Other

Forest

Successional forest

Pastureland

Arable land and plantations

Shrubland and grassland

Other

Forest

Successional forest

Pastureland

Arable land and plantations

Shrubland and grassland

Other

104,521

942,537

414,764

198,362

61,356

15,158

12,973

155,230

142,143

158,327

38,958

269,334

110,200

460,210

82,330

182,318

52,049

1,422

9,633

105,031

38,572

147,720

17,190

168,428

893,875

386,107

200,999

61,919

23,307

18,674

145,794

130,641

164,459

39,914

172,253

134,808

505,754

104,349

208,599

30,678

12,271

10,245

120,304

66,122

106,039

4,586

196,099

755,757

369,304

287,057

57,291

22,063

37,767

154,168

127,745

138,143

42,903

152,944

102,157

614,164

125,774

132,663

28,740

17,594

21,092

101,401

57,987

116,756

4,738

522,788

1,156,441

319,567
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Appendix 6. Species Habitat Scores

Bar plots showing SHS values by 2020 with 2000 as base year for 755 species using
GISFrag and Omniscape (Suitable), grouped by taxonomic group (represented by species
silhouettes) and habitat type (only natural type or if it includes artificial types). Colors indicate
IUCN category: green for least concern, blue for some risk level and yellow for data deficient
species.

link to file for GISFrag outputs: B img_species_scores.png

link to file for Omniscape outputs: B img_species_scores_omnisc.png

We used illustrations from Phylopic to represent taxonomic groups.

1. For mammals Saguinus bicolor (instead of Saguinus eudipus) available for the genus
Saguinus, ilustration from Andy Wilson
https://www.phylopic.org/images/ed672cc6-12c3-49c8-beea-d154687efd80/saquinus
-bicolor

2. For birds the ilustration available for the genus Ortalis represented by Ortalis
cinereiceps
https://www.phylopic.org/images/a93b67a0-15d5-4835-938b-212928ec6901/ortalis-ci
nereiceps

3. For plants the ilustration available for the genus Piper

httos://www.phylopic.org/images/45553¢c37-70c3-4261-a%ee-d7f525529¢c90/piper
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https://www.phylopic.org/images/a93b67a0-15d5-4835-938b-212928ec6901/ortalis-cinereiceps
https://www.phylopic.org/images/45553c37-70c3-4261-a9ee-d7f525529c90/piper

Appendix 7. Habitat areas inside protected areas by biogeographic

regions in 2020

Area inside
Habitat inside
region (ha) *

Protected area type (with at least 10 ha protected area
Region Subregion  (Mean distance n
of TDF) (ha) (% protected
to patches |
habitat)*
Mean current)
41,471
Cauca
. Regional Integrated Management Districts 12 3,321(63.21)
river valley
(86]0.14)
Total 5,254(12.67)
34.786 Regional Integrated Management Districts 5 2,166(91.39)
North
Andean
Andean (4910.2)
Total |2,370(6.81)
112,294
Magdalena
river valley Regional Integrated Management Districts 4
54102)| 2 g g 4,664(67.46)
Total 6,914(6.16)
Regional Integrated Management Districts 1 743(99.33)
Patia river 10,882
valley
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(32]0.11) Total 748(6.87)
Civil Society Natural Reserve 85 1,710(1.97)
Fauna and flora sanctuary 2 350(0.4)
National Natural Park 4153,515(61.61)
546,982 ) .
National Protective Forest Reserves 2 1,818(2.09)
Caribbean
(8410.34) Regional Integrated Management Districts 18 22,747(26.19)
Regional Natural Parks 4 802(0.92)
Regional Protective Forest Reserves S 3,265(3.76)
Soil Conservation Districts 3 2,655(3.06)
Total 86,862(15.88)
Civil Society Natural Reserve 29 1,930(61.02)
112,709
| National Natural Park 1|455(14.39)
Orinoco
(84 0.42) Regional Integrated Management Districts 1 758(23.96)
Regional Natural Parks 1 20(0.63)
Total 3:163(2.81)
Total 859,124 301 105,311(12.26)

*Area values are approximations and could show small variations according to the software used.
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Appendix 8. Area (AS) and Connectivity (CS) Scores by type of

connectivity metric, according to the Hypothetical base year and 2000 as

base year.
d °
150 4 °
C - .
[ ]
125 » ® °
: : .
H ¢ 4 T
100 A e g e e g | §
NN NN [ ] =
NN SN ® ° ° g
\ \\ SN ' o . ' g
751 \\ \ \\ \\ ° ' ! =
NN RN ° : °® ® ® S
(] ] &
: I |3
254 .
2 =
o
Q
150 o *
5 o o ®
* |
[ ]
1254
s ®
[
100 4 —— e = H ___t ===|=1] 1 o
™ - = - - ] o
~ <. . T S
- - -~ s}
75 1 B ‘HH g
D
~<<
® () [}
N ,
50 1 ; . ° &
o ® '
25 '
0 .
2000 2010 2020
Year
E AS E GISFrag Omniscape (Suit.) EI Omniscape (Base) E Omniscape (All TDF)

51



Appendix 9. Connectivity outputs

For GISFrag, three subregions with the largest mean distance values by 2020 were Cauca
River Valley, Orinoco and Caribbean. While for Omniscape the subregions with the largest
mean current flow were Orinoco, Caribbean and Magdalena River valley, with the North
Andean subregion with really close values to the third subregion in both connectivity metrics
(Appendix 7). Thus, regardless of the methodology, Orinoco and Caribbean regions had the

largest connectivity values when considering only pixels with habitat areas larger than 10%

of the 100m pixel.

(a) Mean distance to edges (b) Mean current; for hypothetical base year (left) and 2020

(right)

North
Andean

. i Mean distance : 12%%%‘ %%%% Mean distance : ;‘g - 1780
' - -
i to edge = 4000 - 6500 o 2dge 100150
s I <=250 6500 - 9000 . <=10 771150 - 250
i B 250-500 9000 B 10 - 20 > 250
e = 500 - 1000 mm20-40
E §, o 100 200 km &%

52



s

/
o i

Mean current ™ 11-13
-t 13- 15
g 11517
m7-9 =17

mo-1

100 200 km
e S

Mean current ™ 0,30 -0,40
= 0,40-0,50

m0,05-010 ~ 050-060
m010-0,20 | >0.60

53



References

Acufa-Vargas, J., Bastidas Molina, B., & Yepes Pérez, Y. (2017). Anfibios y reptiles
asociadas a bosque seco tropical en dos localidades del departamento de La Guajira.
Ciencia e Ingenieria, 2(1), e018—-e018.
http://revistas.uniguajira.edu.co/rev/index.php/cei/article/view/10

Affinito, F., Butchart, S. H. M., Nicholson, E., Hirsch, T., Williams, J. M., Campbell, J., Ferrari,
M. F., Gabay, M., Gorini, L., Stroil, B. K., Kohsaka, R., Painter, B., Pinto, J. C., Scholz,
A. H., Straza, T. R. A., Tshidada, N., Vallecillo, S., Widdicombe, S., & Gonzalez, A.
(2024). Making the Monitoring Framework of the Kunming-Montreal Global Biodiversity
Framework fit for purpose. In bioRxiv. https://doi.org/10.1101/2024.09.25.614896

Albert, C. H., Rayfield, B., Dumitru, M., & Gonzalez, A. (2017). Applying network theory to
prioritize multispecies habitat networks that are robust to climate and land-use change.
Conservation Biology: The Journal of the Society for Conservation Biology, 31(6),
1383-1396. https://doi.org/10.1111/cobi. 12943

Andrade, G. I., Chaves, M. E., Corzo, G., & Tapia, C. (2018). Transiciones socioecolégicas
hacia la sostenibilidad. Gestién de la biodiversidad en los procesos de cambio de uso
de la tierra en el territorio Colombiano (p. 220). Instituto de Investigacion de Recursos
Bioldgicos Alexander von Humboldt.

Ariza, A., Isaacs, P., & Gonzéalez-M., R. (2014). El bosque seco tropical en Colombia.
Memoria Técnica Para la Validacion del Mapa de Coberturas de bosque seco tropical
en Colombia Escala 1:100.000 (Version vs2.0, p. 62). Instituto de Investigacién de
Recursos Biologicos “Alexander von Humboldt” - Ministerio de Ambiente y Desarrollo
Sostenible.

Ayerbe Quifiones, F. (2022). Guia ilustrada de la avifauna colombiana (Tercera edicion).
Puntoaparte.

Bezanson, J., Edelman, A., Karpinski, S., & Shah, V. B. (2017). Julia: A Fresh Approach to

Numerical Computing. SIAM Review, 59(1), 65-98. https://doi.org/10.1137/141000671

54


http://paperpile.com/b/EnDOBE/SjSrG
http://paperpile.com/b/EnDOBE/SjSrG
http://paperpile.com/b/EnDOBE/SjSrG
http://revistas.uniguajira.edu.co/rev/index.php/cei/article/view/10
http://paperpile.com/b/EnDOBE/QJ7M
http://paperpile.com/b/EnDOBE/QJ7M
http://paperpile.com/b/EnDOBE/QJ7M
http://paperpile.com/b/EnDOBE/QJ7M
http://paperpile.com/b/EnDOBE/QJ7M
http://dx.doi.org/10.1101/2024.09.25.614896
http://paperpile.com/b/EnDOBE/q0g7p
http://paperpile.com/b/EnDOBE/q0g7p
http://paperpile.com/b/EnDOBE/q0g7p
http://paperpile.com/b/EnDOBE/q0g7p
http://dx.doi.org/10.1111/cobi.12943
http://paperpile.com/b/EnDOBE/E663G
http://paperpile.com/b/EnDOBE/E663G
http://paperpile.com/b/EnDOBE/E663G
http://paperpile.com/b/EnDOBE/E663G
http://paperpile.com/b/EnDOBE/HOiU
http://paperpile.com/b/EnDOBE/HOiU
http://paperpile.com/b/EnDOBE/HOiU
http://paperpile.com/b/EnDOBE/HOiU
http://paperpile.com/b/EnDOBE/HOiU
http://paperpile.com/b/EnDOBE/pgSha
http://paperpile.com/b/EnDOBE/pgSha
http://paperpile.com/b/EnDOBE/5aDyd
http://paperpile.com/b/EnDOBE/5aDyd
http://dx.doi.org/10.1137/141000671

Brooks, T. M., Pimm, S. L., Akgakaya, H. R., Buchanan, G. M., Butchart, S. H. M., Foden,
W., Hilton-Taylor, C., Hoffmann, M., Jenkins, C. N., Joppa, L., Li, B. V., Menon, V.,
Ocampo-Pefiuela, N., & Rondinini, C. (2019). Measuring Terrestrial Area of Habitat
(AOH) and Its Utility for the IUCN Red List. Trends in Ecology & Evolution, 34(11),
977-986. https://doi.org/10.1016/j.tree.2019.06.009

Castillo, L. S., Correa Ayram, C. A., Matallana Tobén, C. L., Corzo, G., Areiza, A.,
Gonzalez-M., R., Serrano, F., Chalan Bricefio, L., Sanchez Puertas, F., More, A.,
Franco, O., Bloomfield, H., Aguilera Orrury, V. L., Rivadeneira Canedo, C.,
Moron-Zambrano, V., Yerena, E., Papadakis, J., Cardenas, J. J., Golden Kroner, R. E.,
& Godinez-Gomez, O. (2020). Connectivity of Protected Areas: Effect of human
pressure and subnational contributions in the ecoregions of Tropical Andean Countries.
Land, 9(8), 239. https://doi.org/10.3390/land9080239

CBD/COP/15/L.25. (2022). Kunming-Montreal Global Biodiversity Framework. United
Nations Environment Programme and Convention on Biological Diversity.
https://www.cbd.int/doc/c/e6d3/cd1d/daf663719a03902a9b116¢34/cop-15-I-25-en.pdf

CBD/COP/15/L.26. (2022). Monitoring framework for the Kunming-Montreal Global
Biodiversity Framework. United Nations Environment Programme and Convention on
Biological Diversity.
https://www.cbd.int/doc/c/179e/aecb/592f67904bf07dca7d097 1da/cop-15-I-26-en.pdf

CBD/SBSTTA/24/INF/38. (2022). Compilation of available metadata for the proposed
headline indicators of the draft monitoring framework for the post-2020 global
biodiversity framework. Convention on biological diversity ; Subsidiary body on scientific,
technical and technological advice.
https://www.cbd.int/doc/c/72c0/7986/05fe89f0ae9898fdc872e144/sbstta-24-inf-38-en.pdf

CBD/WG2020/3/INF/6. (2021). Measuring Ecosystem Integrity (Goal A) in the Post-2020
Global Biodiversity Framework: the GEO BON Species Habitat Index (pp. 1-9).
Convention on Biological Diversity.

Chamberlain, S. A., & Szécs, E. (2013). taxize: taxonomic search and retrieval in R.

55


http://paperpile.com/b/EnDOBE/vmvIX
http://paperpile.com/b/EnDOBE/vmvIX
http://paperpile.com/b/EnDOBE/vmvIX
http://paperpile.com/b/EnDOBE/vmvIX
http://paperpile.com/b/EnDOBE/vmvIX
http://dx.doi.org/10.1016/j.tree.2019.06.009
http://paperpile.com/b/EnDOBE/fzHVw
http://paperpile.com/b/EnDOBE/fzHVw
http://paperpile.com/b/EnDOBE/fzHVw
http://paperpile.com/b/EnDOBE/fzHVw
http://paperpile.com/b/EnDOBE/fzHVw
http://paperpile.com/b/EnDOBE/fzHVw
http://paperpile.com/b/EnDOBE/fzHVw
http://dx.doi.org/10.3390/land9080239
http://paperpile.com/b/EnDOBE/a3N8Y
http://paperpile.com/b/EnDOBE/a3N8Y
https://www.cbd.int/doc/c/e6d3/cd1d/daf663719a03902a9b116c34/cop-15-l-25-en.pdf
http://paperpile.com/b/EnDOBE/8pC4T
http://paperpile.com/b/EnDOBE/8pC4T
http://paperpile.com/b/EnDOBE/8pC4T
https://www.cbd.int/doc/c/179e/aecb/592f67904bf07dca7d0971da/cop-15-l-26-en.pdf
http://paperpile.com/b/EnDOBE/9E7Um
http://paperpile.com/b/EnDOBE/9E7Um
http://paperpile.com/b/EnDOBE/9E7Um
http://paperpile.com/b/EnDOBE/9E7Um
https://www.cbd.int/doc/c/72c0/7986/05fe89f0ae9898fdc872e144/sbstta-24-inf-38-en.pdf
http://paperpile.com/b/EnDOBE/T6qLd
http://paperpile.com/b/EnDOBE/T6qLd
http://paperpile.com/b/EnDOBE/T6qLd
http://paperpile.com/b/EnDOBE/BDqvA

F1000Research, 2, 191. https://doi.org/10.12688/f1000research.2-191.v2

Correa Ayram, C. A, Etter, A., Diaz-Timoté, J., Rodriguez Buritica, S., Ramirez, W., &
Corzo, G. (2020). Spatiotemporal evaluation of the human footprint in Colombia: Four
decades of anthropic impact in highly biodiverse ecosystems. Ecological Indicators,
117(April), 106630. https://doi.org/10.1016/j.ecolind.2020.106630

Correa Ayram, C. A, Mendoza, M. E., Etter, A., & Salicrup, D. R. P. (2016). Habitat
connectivity in biodiversity conservation: A review of recent studies and applications.
Progress in Physical Geography: Earth and Environment, 40(1), 7-37.
https://doi.org/10.1177/0309133315598713

Corzo, G., Corral-Gémez, J. N, Castillo, L. S., Correa-Ayram, C. A., & Vargas, S. (2023).
Efectividad de las areas protegidas del bosque seco tropical. In Biodiversidad.
Umbrales de transformacion. Estado y tendencias de la biodiversidad continental de
Colombia 2022. Instituto de Investigacion de Recursos Bioldgicos Alexander von
Humboldt. https://reporte.humboldt.org.co/biodiversidad/2022/cap3/301/

Corzo, G., Corral Gobmez, N., Rincén, V., Castillo, S., Rojas, S., Orjuela Parrado, L. R., &
Santamaria, M. (2025). 30x30: ¢ una meta lograda? In Biodiversidad. Orinoquia. Estado
y tendencias de la biodiversidad continental de Colombia. Instituto de Investigacion de
Recursos Biologicos Alexander von Humboldt.
https://hdl.handle.net/20.500.11761/37027

Crooks, K. R., Burdett, C. L., Theobald, D. M., Rondinini, C., & Boitani, L. (2011). Global
patterns of fragmentation and connectivity of mammalian carnivore habitat.
Philosophical Transactions of the Royal Society of London. Series B, Biological
Sciences, 366(1578), 2642—2651. https://doi.org/10.1098/rstb.2011.0120

Dallimer, M., & Strange, N. (2015). Why socio-political borders and boundaries matter in
conservation. Trends in Ecology & Evolution, 30(3), 132—139.
https://doi.org/10.1016/j.tree.2014.12.004

Dalling, J. W., Muller-Landau, H. C., Wright, S. J., & Hubbell, S. P. (2002). Role of dispersal

in the recruitment limitation of neotropical pioneer species. Journal of Ecology, 90,

56


http://paperpile.com/b/EnDOBE/BDqvA
http://dx.doi.org/10.12688/f1000research.2-191.v2
http://paperpile.com/b/EnDOBE/B9hk
http://paperpile.com/b/EnDOBE/B9hk
http://paperpile.com/b/EnDOBE/B9hk
http://paperpile.com/b/EnDOBE/B9hk
http://dx.doi.org/10.1016/j.ecolind.2020.106630
http://paperpile.com/b/EnDOBE/2HUQ
http://paperpile.com/b/EnDOBE/2HUQ
http://paperpile.com/b/EnDOBE/2HUQ
http://paperpile.com/b/EnDOBE/2HUQ
http://dx.doi.org/10.1177/0309133315598713
http://paperpile.com/b/EnDOBE/mLbJ
http://paperpile.com/b/EnDOBE/mLbJ
http://paperpile.com/b/EnDOBE/mLbJ
http://paperpile.com/b/EnDOBE/mLbJ
http://paperpile.com/b/EnDOBE/mLbJ
https://reporte.humboldt.org.co/biodiversidad/2022/cap3/301/
http://paperpile.com/b/EnDOBE/vWBC
http://paperpile.com/b/EnDOBE/vWBC
http://paperpile.com/b/EnDOBE/vWBC
http://paperpile.com/b/EnDOBE/vWBC
https://hdl.handle.net/20.500.11761/37027
http://paperpile.com/b/EnDOBE/P08iB
http://paperpile.com/b/EnDOBE/P08iB
http://paperpile.com/b/EnDOBE/P08iB
http://paperpile.com/b/EnDOBE/P08iB
http://dx.doi.org/10.1098/rstb.2011.0120
http://paperpile.com/b/EnDOBE/BWsT
http://paperpile.com/b/EnDOBE/BWsT
http://paperpile.com/b/EnDOBE/BWsT
http://dx.doi.org/10.1016/j.tree.2014.12.004
http://paperpile.com/b/EnDOBE/UIvIh
http://paperpile.com/b/EnDOBE/UIvIh

714-727. https://doi.org/10.1046/j.1365-2745.2002.00706.x

Decreto 1076 de 2015. (2015). [Articulo 2.2.2.1.2.1. Areas protegidas del Sinap]. Sector
Ambiente y Desarrollo Sostenible.
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=78153

Decreto 2811 de 1974 - Gestor Normativo. (1974). [ARTICULO 329]. Sector Ambiente y
Desarrollo Sostenible.
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=1551

Diaz-Corzo, M. C., Arce-Plata, M. I., Urbina-Cardona, N., Correa Ayram, C. A.,
Munoz-Rodriguez, C. J., Noguera-Urbano, E. A., & Burbano-Girén, J. (manuscript in
preparation). Effect of climate change and deforestation on habitat availability of
mammals in Colombia.

Diaz-Pulido, A., Zurc, D., Jaramillo-Fayad, J. C., & Benitez, A. (2023). Mamiferos en riesgo
del bosque seco tropical. In L. A. M. &. Andrade (Ed.), Biodiversidad: umbrales de
transformacioén. Estado y tendencias de la biodiversidad continental de Colombia.
http://reporte.humboldt.org.co/biodiversidad/2022/cap1/101/

Dickinson, E. R., Stephens, P. A., Marks, N. J., Wilson, R. P., & Scantlebury, D. M. (2021).
Behaviour, temperature and terrain slope impact estimates of energy expenditure using
oxygen and dynamic body acceleration. Animal Biotelemetry, 9(1), 1-14.
https://doi.org/10.1186/s40317-021-00269-5

Dirzo, R., Young, H. S., Mooney, H. A., & Ceballos, G. (2011). Seasonally Dry Tropical
Forests. Island Press/Center for Resource Economics.
https://doi.org/10.5822/978-1-61091-021-7

Etter, A., Andrade, A., Saavedra, K., Amaya, P., Arevalo, P., Cortés, J., Pacheco-Riafio, L.
C., & Soler, D. (2017). Lista Roja de Ecosistemas de Colombia (Vers.2.0). August.
https://doi.org/10.13140/RG.2.2.10861.08165

Etter, A., Andrade, A., Saavedra, K., Cortés, J., Amaya, P., & Arévalo, P. (2020). Colombia
un pais en riesgo ecoldgico: una aplicacion de la Lista Roja de Ecosistemas a sus

ecosistemas terrestres continentales. Centro Editorial Javeriano.

57


http://paperpile.com/b/EnDOBE/UIvIh
http://dx.doi.org/10.1046/j.1365-2745.2002.00706.x
http://paperpile.com/b/EnDOBE/n4reB
http://paperpile.com/b/EnDOBE/n4reB
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=78153
http://paperpile.com/b/EnDOBE/7we7U
http://paperpile.com/b/EnDOBE/7we7U
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=1551
http://paperpile.com/b/EnDOBE/adLD
http://paperpile.com/b/EnDOBE/adLD
http://paperpile.com/b/EnDOBE/adLD
http://paperpile.com/b/EnDOBE/adLD
http://paperpile.com/b/EnDOBE/QQCtN
http://paperpile.com/b/EnDOBE/QQCtN
http://paperpile.com/b/EnDOBE/QQCtN
http://reporte.humboldt.org.co/biodiversidad/2022/cap1/101/
http://paperpile.com/b/EnDOBE/Uhcf2
http://paperpile.com/b/EnDOBE/Uhcf2
http://paperpile.com/b/EnDOBE/Uhcf2
http://paperpile.com/b/EnDOBE/Uhcf2
http://dx.doi.org/10.1186/s40317-021-00269-5
http://paperpile.com/b/EnDOBE/q61XB
http://paperpile.com/b/EnDOBE/q61XB
http://paperpile.com/b/EnDOBE/q61XB
http://dx.doi.org/10.5822/978-1-61091-021-7
http://paperpile.com/b/EnDOBE/OwX0
http://paperpile.com/b/EnDOBE/OwX0
http://paperpile.com/b/EnDOBE/OwX0
http://dx.doi.org/10.13140/RG.2.2.10861.08165
http://paperpile.com/b/EnDOBE/HGTpq
http://paperpile.com/b/EnDOBE/HGTpq
http://paperpile.com/b/EnDOBE/HGTpq

https://doi.org/10.11144/Javeriana.9789587816013

Etter, A., McAlpine, C., & Possingham, H. (2008). Historical Patterns and Drivers of
Landscape Change in Colombia Since 1500: A Regionalized Spatial Approach. Annals
of the Association of American Geographers. Association of American Geographers,
98(1), 2-23. https://doi.org/10.1080/00045600701733911

Feng, X., Peterson, A. T., Aguirre-Lépez, L. J., Burger, J. R., Chen, X., & Papes, M. (2024).
Rethinking ecological niches and geographic distributions in face of pervasive human
influence in the Anthropocene. Biological Reviews of the Cambridge Philosophical
Society, 99(4), 1481-1503. https://doi.org/10.1111/brv.13077

Ferrer-Paris, J. R., Zager, |., Keith, D. A., Oliveira-Miranda, M. A., Rodriguez, J. P., Josse,
C., Gonzalez-Gil, M., Miller, R. M., Zambrana-Torrelio, C., & Barrow, E. (2019). An
ecosystem risk assessment of temperate and tropical forests of the Americas with an
outlook on future conservation strategies. Conservation Letters, 12(2), e12623.
https://doi.org/10.1111/conl.12623

Fida, T., Mohammadi, A., Almasieh, K., Bosso, L., Ud Din, S., Shamas, U., Nawaz, M. A., &
Kabir, M. (2025). Species distribution modelling and landscape connectivity as tools to
inform management and conservation for the critically endangered Himalayan brown
bear (Ursus arctos isabellinus) in the Deosai National Park, Pakistan. Frontiers in
Ecology and Evolution, 12. https://doi.org/10.3389/fevo.2024.1477480

Flores, B. M., Montoya, E., Sakschewski, B., Nascimento, N., Staal, A, Betts, R. A., Levis,
C., Lapola, D. M., Esquivel-Muelbert, A., Jakovac, C., Nobre, C. A, Oliveira, R. S.,
Borma, L. S., Nian, D., Boers, N., Hecht, S. B., Steege, H., Arieira, J., Lucas, I. L., ...
Hirota, M. (2024). Critical transitions in the Amazon forest system. Nature, 626,
555-564. https://doi.org/10.1038/s41586-023-06970-0

Galindo, G., Espejo, O. J., Rubiano, J. C., Vergara, L. K., & Cabrera, E. (2014). Protocolo de
procesamiento digital de imagenes para la cuantificacién de la deforestacién en
Colombia (Version V 2.0). Instituto de Hidrologia, Meteorologia y Estudios Ambientales

— IDEAM.

58


http://paperpile.com/b/EnDOBE/HGTpq
http://dx.doi.org/10.11144/Javeriana.9789587816013
http://paperpile.com/b/EnDOBE/4o1y
http://paperpile.com/b/EnDOBE/4o1y
http://paperpile.com/b/EnDOBE/4o1y
http://paperpile.com/b/EnDOBE/4o1y
http://dx.doi.org/10.1080/00045600701733911
http://paperpile.com/b/EnDOBE/Ybal
http://paperpile.com/b/EnDOBE/Ybal
http://paperpile.com/b/EnDOBE/Ybal
http://paperpile.com/b/EnDOBE/Ybal
http://dx.doi.org/10.1111/brv.13077
http://paperpile.com/b/EnDOBE/xXfIA
http://paperpile.com/b/EnDOBE/xXfIA
http://paperpile.com/b/EnDOBE/xXfIA
http://paperpile.com/b/EnDOBE/xXfIA
http://paperpile.com/b/EnDOBE/xXfIA
http://dx.doi.org/10.1111/conl.12623
http://paperpile.com/b/EnDOBE/CkcM9
http://paperpile.com/b/EnDOBE/CkcM9
http://paperpile.com/b/EnDOBE/CkcM9
http://paperpile.com/b/EnDOBE/CkcM9
http://paperpile.com/b/EnDOBE/CkcM9
http://dx.doi.org/10.3389/fevo.2024.1477480
http://paperpile.com/b/EnDOBE/UDJP2
http://paperpile.com/b/EnDOBE/UDJP2
http://paperpile.com/b/EnDOBE/UDJP2
http://paperpile.com/b/EnDOBE/UDJP2
http://paperpile.com/b/EnDOBE/UDJP2
http://dx.doi.org/10.1038/s41586-023-06970-0
http://paperpile.com/b/EnDOBE/hfUdR
http://paperpile.com/b/EnDOBE/hfUdR
http://paperpile.com/b/EnDOBE/hfUdR
http://paperpile.com/b/EnDOBE/hfUdR

http://www.ideam.gov.co/documents/11769/44688974/Protocolo+de+PDI+para+la+cuant
ificacion+de+la+deforestacion+en+colombia+v2_1 .pdf/00b95004-53dd-49f9-ab09-16d
8803ccd92?version=1.0

Garibaldi, L. A., Zermoglio, P. F., Jobbagy, E. G., Andreoni, L., Ortiz de Urbina, A., Grass, |.,
& Oddi, F. J. (2023). How to design multifunctional landscapes? The Journal of Applied
Ecology, 60, 2521-2527. https://doi.org/10.1111/1365-2664.14517

Gearty, W., & Chamberlain, S. (2022). rredlist: /lUCN” Red List Client.
https://CRAN.R-project.org/package=rredlist

Gonzalez-M, R., Garcia, H., Isaacs, P., Cuadros, H., Lopez-Camacho, R., Rodriguez, N.,
Pérez, K., Mijares, F., Castano-Naranjo, A., Jurado, R., Idarraga-Piedrahita, A., Rojas,
A., Vergara, H., & Pizano, C. (2018). Disentangling the environmental heterogeneity,
floristic distinctiveness and current threats of tropical dry forests in Colombia.
Environmental Research Letters: ERL [Web Site], 13(4).
https://doi.org/10.1088/1748-9326/aaad74

Griffith, J., Lord, J.-M., Catchen, M. D., Arce-Plata, M. I., Blanchet, G., Bohorquez, M. F. G.,
Chandramohan, M., Corzo, M. C. D.-, Gravel, D., Gutiérrez, C., Helfenstein, I., Hoban,
S., Kass, J. M., Laikre, L., Larocque, G., Leigh, D. M., Leung, B., Mastretta-Yanes, A.,
Millette, K. L., ... Gonzalez, A. (2025). BON in a Box: An Open and Collaborative
Platform for Biodiversity Monitoring, Indicator Calculation, and Reporting. EcoEvoRXiv.
https://doi.org/10.32942/X2M320

Hébert, K., Jousse, M., Serrano, J., Nikolaus Karger, D., Blanchet, F. G., & Pollock, L. J.
(2024). Biodiversity indicators miss local and short-term change: A blank space waiting
to be filled. EcoEvoRXxiv. Preprint. https://doi.org/10.32942/X2J89R

Henao Diaz, F., Stevenson, P., Carretero-Pinzon, X., Castillo-Ayala, C., Chacén Pacheco, J.,
Defler, T., Garcia-Villalba, J., Guzman Caro, D. C., Link, A., Maldonado, A. M., Moreno,
M. 1., Palacios, E., Rodriguez Rodriguez, A., Roncancio Duque, N. J., Soto Calderén, I.
D., Soto, L., Velasquez-Tibata, J., Olaya-Rodriguez, M. H., Noguera-Urbano, E., ...

Cruz Rodriguez, C. (2020). Atlas de la biodiversidad de Colombia. Primates. Instituto de

59


http://www.ideam.gov.co/documents/11769/44688974/Protocolo+de+PDI+para+la+cuantificacion+de+la+deforestacion+en+colombia+v2_1_.pdf/00b95004-53dd-49f9-ab09-16d8803ccd92?version=1.0
http://www.ideam.gov.co/documents/11769/44688974/Protocolo+de+PDI+para+la+cuantificacion+de+la+deforestacion+en+colombia+v2_1_.pdf/00b95004-53dd-49f9-ab09-16d8803ccd92?version=1.0
http://www.ideam.gov.co/documents/11769/44688974/Protocolo+de+PDI+para+la+cuantificacion+de+la+deforestacion+en+colombia+v2_1_.pdf/00b95004-53dd-49f9-ab09-16d8803ccd92?version=1.0
http://paperpile.com/b/EnDOBE/n2VY
http://paperpile.com/b/EnDOBE/n2VY
http://paperpile.com/b/EnDOBE/n2VY
http://dx.doi.org/10.1111/1365-2664.14517
http://paperpile.com/b/EnDOBE/ayhO5
https://cran.r-project.org/package=rredlist
http://paperpile.com/b/EnDOBE/v94b
http://paperpile.com/b/EnDOBE/v94b
http://paperpile.com/b/EnDOBE/v94b
http://paperpile.com/b/EnDOBE/v94b
http://paperpile.com/b/EnDOBE/v94b
http://paperpile.com/b/EnDOBE/v94b
http://dx.doi.org/10.1088/1748-9326/aaad74
http://paperpile.com/b/EnDOBE/lI58P
http://paperpile.com/b/EnDOBE/lI58P
http://paperpile.com/b/EnDOBE/lI58P
http://paperpile.com/b/EnDOBE/lI58P
http://paperpile.com/b/EnDOBE/lI58P
http://paperpile.com/b/EnDOBE/lI58P
http://dx.doi.org/10.32942/X2M320
http://paperpile.com/b/EnDOBE/o7UK
http://paperpile.com/b/EnDOBE/o7UK
http://paperpile.com/b/EnDOBE/o7UK
http://dx.doi.org/10.32942/X2J89R
http://paperpile.com/b/EnDOBE/g2VAr
http://paperpile.com/b/EnDOBE/g2VAr
http://paperpile.com/b/EnDOBE/g2VAr
http://paperpile.com/b/EnDOBE/g2VAr
http://paperpile.com/b/EnDOBE/g2VAr

Investigacion de Recursos Biologicos Alexander von Humboldt.
http://hdl.handle.net/20.500.11761/35544

Herazo Vitola, F. Y., Mercado Goméz, J., & Mendoza Cifuentes, H. (2017). Estructura 'y
composicion floristica del Bosque Seco Tropical en los montes de maria
(Sucre-Colombia) / Structure and floristic composition of tropical dry forest in the Montes
de Maria (Sucre - Colombia). Ciencia Y Desarrollo, 8(1), 71-82.
https://doi.org/10.19053/01217488.v8.n1.2017.5912

Hernandez-Jaramillo, A., Achury, R., Aguilar-Cano, J., Arcila, L., Caycedo, P., Diaz-Pulido,
A., Munoz, M., Rodriguez-Buritica, S., & Gonzalez-M, R. (2018). Bosque seco tropical:
guia de especies. Instituto de Investigacion de Recursos Bioldgicos Alexander von
Humboldt.

Hinsley, S. (2000). The costs of multiple patch use by birds. Landscape Ecology, 15,
765-775. https://doi.org/10.1023/A:1008149403852

Hintze, C., Heydel, F., Hoppe, C., Cunze, S., Kdnig, A., & Tackenberg, O. (2013). D3: The
Dispersal and Diaspore Database — Baseline data and statistics on seed dispersal.
Perspectives in Plant Ecology, Evolution and Systematics, 15(3), 180—192.
https://doi.org/10.1016/j.ppees.2013.02.001

IDEAM. (2010). Leyenda nacional de coberturas de la tierra: metodologia CORINE Land
Cover adaptada para Colombia escala 1:100.000. Instituto de Hidrologia, Meteorologia
y Estudios Ambientales, IDEAM.
http://documentacion.ideam.gov.co/cgi-bin/koha/opac-detail.pl?biblionumber=10707

IDEAM, PNUD, MADS, DNP, & CANCILLERIA. (2017). Resumen ejecutivo Tercera
Comunicacion Nacional De Colombia a La Convencion Marco De Las Naciones Unidas
Sobre Cambio Climético (CMNUCC). IDEAM, PNUD, MADS, DNP, CANCILLERIA,
FMAM.

Instituto de Investigacion de Recursos Biologicos Alexander Von Humboldt. (1998). El
Bosque seco Tropical (B s - T) en Colombia. El Bosque Seco Tropical En Colombia,

IAVH 1998, 1971, 1-24.

60


http://paperpile.com/b/EnDOBE/g2VAr
http://hdl.handle.net/20.500.11761/35544
http://paperpile.com/b/EnDOBE/zTAT8
http://paperpile.com/b/EnDOBE/zTAT8
http://paperpile.com/b/EnDOBE/zTAT8
http://paperpile.com/b/EnDOBE/zTAT8
http://paperpile.com/b/EnDOBE/zTAT8
http://dx.doi.org/10.19053/01217488.v8.n1.2017.5912
http://paperpile.com/b/EnDOBE/3ur1J
http://paperpile.com/b/EnDOBE/3ur1J
http://paperpile.com/b/EnDOBE/3ur1J
http://paperpile.com/b/EnDOBE/3ur1J
http://paperpile.com/b/EnDOBE/HOV65
http://paperpile.com/b/EnDOBE/HOV65
http://dx.doi.org/10.1023/A:1008149403852
http://paperpile.com/b/EnDOBE/1dxi0
http://paperpile.com/b/EnDOBE/1dxi0
http://paperpile.com/b/EnDOBE/1dxi0
http://paperpile.com/b/EnDOBE/1dxi0
http://dx.doi.org/10.1016/j.ppees.2013.02.001
http://paperpile.com/b/EnDOBE/bIJiA
http://paperpile.com/b/EnDOBE/bIJiA
http://paperpile.com/b/EnDOBE/bIJiA
http://documentacion.ideam.gov.co/cgi-bin/koha/opac-detail.pl?biblionumber=10707
http://paperpile.com/b/EnDOBE/mRKb
http://paperpile.com/b/EnDOBE/mRKb
http://paperpile.com/b/EnDOBE/mRKb
http://paperpile.com/b/EnDOBE/mRKb
http://paperpile.com/b/EnDOBE/oofKP
http://paperpile.com/b/EnDOBE/oofKP
http://paperpile.com/b/EnDOBE/oofKP

http://media.utp.edu.co/ciebreg/archivos/bosque-seco-tropical/el-bosque-seco-tropical-e
n-colombia.pdf

IPBES. (2024). Summary for Policymakers of the Thematic Assessment Report on the
Interlinkages among Biodiversity, Water, Food and Health of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (M. P. D. H. P. A. van
Huysen T. L. Alonso Roldan V. Barrios E. Dasgupta P. DeClerck F. Harmackova Z. V.
Hayman D. T. S. Herrero M. Kumar R. Ley D. Mangalagiu D. McFarlane R. A. Paukert
C. Pengue W. A. Prist P. R. Ricketts T. H. Rounsevell M. D. A. Saito O. Selomane O.
Seppelt R. Singh P. K. Sitas N. Smith P. Vause J. Molua E. L. Zambrana-Torrelio C. and
Obura D. (Ed.)). IPBES secretariat. https://doi.org/10.5281/zenodo.13850289

Jetz, W., & GEO BON Secretariat. (2022). Indicator metadata sheet - Species Habitat Index
(SHI). Yale University with GEOBON.
https://cdn.mol.org/static/files/indicators/habitat/WWCMC-species_habitat_index-June202
2.pdf

Jetz, W., McGowan, J., Rinnan, D. S., Possingham, H. P., Visconti, P., O'Donnell, B., &
Londofo-Murcia, M. C. (2022). Include biodiversity representation indicators in
area-based conservation targets. Nature Ecology & Evolution, 6(2), 123—-126.
https://doi.org/10.1038/s41559-021-01620-y

Keeley, A. T. H., Beier, P., & Jenness, J. S. (2021). Connectivity metrics for conservation
planning and monitoring. Biological Conservation, 255, 109008.
https://doi.org/10.1016/j.biocon.2021.109008

Landau, V., Shah, V., Anantharaman, R., & Hall, K. (2021). Omniscape.jl: Software to
compute omnidirectional landscape connectivity. Journal of Open Source Software,
6(57), 2829. https://doi.org/10.21105/joss.02829

Linero-Triana, D., Correa-Ayram, C. A., & Velasquez-Tibata, J. (2023). Prioritizing ecological
connectivity among protected areas in Colombia using a functional approach for birds.
Global Ecology and Conservation, 48, e02713.

https://doi.org/10.1016/j.gecco.2023.e02713

61


http://media.utp.edu.co/ciebreg/archivos/bosque-seco-tropical/el-bosque-seco-tropical-en-colombia.pdf
http://media.utp.edu.co/ciebreg/archivos/bosque-seco-tropical/el-bosque-seco-tropical-en-colombia.pdf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://paperpile.com/b/EnDOBE/S2ktf
http://dx.doi.org/10.5281/zenodo.13850289
http://paperpile.com/b/EnDOBE/KLYhN
http://paperpile.com/b/EnDOBE/KLYhN
https://cdn.mol.org/static/files/indicators/habitat/WCMC-species_habitat_index-June2022.pdf
https://cdn.mol.org/static/files/indicators/habitat/WCMC-species_habitat_index-June2022.pdf
http://paperpile.com/b/EnDOBE/ORMg5
http://paperpile.com/b/EnDOBE/ORMg5
http://paperpile.com/b/EnDOBE/ORMg5
http://paperpile.com/b/EnDOBE/ORMg5
http://dx.doi.org/10.1038/s41559-021-01620-y
http://paperpile.com/b/EnDOBE/ShClz
http://paperpile.com/b/EnDOBE/ShClz
http://paperpile.com/b/EnDOBE/ShClz
http://dx.doi.org/10.1016/j.biocon.2021.109008
http://paperpile.com/b/EnDOBE/oFdJx
http://paperpile.com/b/EnDOBE/oFdJx
http://paperpile.com/b/EnDOBE/oFdJx
http://dx.doi.org/10.21105/joss.02829
http://paperpile.com/b/EnDOBE/a5hbM
http://paperpile.com/b/EnDOBE/a5hbM
http://paperpile.com/b/EnDOBE/a5hbM
http://paperpile.com/b/EnDOBE/a5hbM
http://dx.doi.org/10.1016/j.gecco.2023.e02713

Lumbierres, M., Dahal, P. R., Di Marco, M., Butchart, S. H. M., Donald, P. F., & Rondinini, C.
(2022). Translating habitat class to land cover to map area of habitat of terrestrial
vertebrates. Conservation Biology: The Journal of the Society for Conservation Biology,
36(3), e13851. https://doi.org/10.1111/cobi.13851

McRae, B. H., Dickson, B. G., Keitt, T. H., & Shah, V. B. (2008). Using circuit theory to model
connectivity in ecology, evolution, and conservation. Ecology, 89(10), 2712-2724.
https://doi.org/10.1890/07-1861.1

McRae, B., Popper, K., Jones, A., Schindel, M., Buttrick, S., Hall, K., Unnasch, B., & Platt, J.
(2016). Conserving Nature’s Stage: Mapping Omnidirectional Connectivity for Resilient
Terrestrial Landscapes in the Pacific Northwest.
https://doi.org/10.13140/RG.2.1.4158.6166

Midgley, G. F., Hughes, G. O., Thuiller, W., & Rebelo, A. G. (2006). Migration rate limitations
on climate change-induced range shifts in Cape Proteaceae. Diversity & Distributions,
12(5), 555-562. https://doi.org/10.1111/j.1366-9516.2006.00273.x

Ministerio de Ambiente y Desarrollo Sostenible. (2024). Lista de especies silvestres
amenazadas de la diversidad biolégica continental y marino-costera de Colombia -
Resolucion 0126 de 2024 expedida por el Ministerio de Ambiente y Desarrollo
Sostenible. v1.0. Ministerio de Ambiente y Desarrollo Sostenible - MADS.
Dataset/Checklist. https://doi.org/10.15472/frowz3

Muller-Landau, H. C., & Hardesty, B. D. (2005). Seed dispersal of woody plants in tropical
forests: concepts, examples and future directions. In Biotic Interactions in the Tropics
Their Role in the Maintenance of Species Diversity (pp. 267-309). Cambridge University
Press. https://doi.org/10.1017/CB0O9780511541971.012

Munoz Rodriguez, C. J., Noguera-Urbano, E. A., Cruz-Rodriguez, C., & Torres-Morales, G.
(2023). Refugios climaticos. Especies de plantas utiles resilientes. In Biodiversidad.
Umbrales de transformacion. Estado y tendencias de la biodiversidad continental de
Colombia 2022. Instituto de Investigacion de Recursos Bioldgicos Alexander von

Humboldt. https://reporte.humboldt.org.co/biodiversidad/2022/cap2/203/

62


http://paperpile.com/b/EnDOBE/SMRZ
http://paperpile.com/b/EnDOBE/SMRZ
http://paperpile.com/b/EnDOBE/SMRZ
http://paperpile.com/b/EnDOBE/SMRZ
http://dx.doi.org/10.1111/cobi.13851
http://paperpile.com/b/EnDOBE/Fu2QB
http://paperpile.com/b/EnDOBE/Fu2QB
http://paperpile.com/b/EnDOBE/Fu2QB
http://dx.doi.org/10.1890/07-1861.1
http://paperpile.com/b/EnDOBE/wZb3h
http://paperpile.com/b/EnDOBE/wZb3h
http://paperpile.com/b/EnDOBE/wZb3h
http://paperpile.com/b/EnDOBE/wZb3h
http://dx.doi.org/10.13140/RG.2.1.4158.6166
http://paperpile.com/b/EnDOBE/VOOIW
http://paperpile.com/b/EnDOBE/VOOIW
http://paperpile.com/b/EnDOBE/VOOIW
http://dx.doi.org/10.1111/j.1366-9516.2006.00273.x
http://paperpile.com/b/EnDOBE/2EOi9
http://paperpile.com/b/EnDOBE/2EOi9
http://paperpile.com/b/EnDOBE/2EOi9
http://paperpile.com/b/EnDOBE/2EOi9
http://paperpile.com/b/EnDOBE/2EOi9
http://dx.doi.org/10.15472/frowz3
http://paperpile.com/b/EnDOBE/dmRG6
http://paperpile.com/b/EnDOBE/dmRG6
http://paperpile.com/b/EnDOBE/dmRG6
http://paperpile.com/b/EnDOBE/dmRG6
http://dx.doi.org/10.1017/CBO9780511541971.012
http://paperpile.com/b/EnDOBE/qZuK
http://paperpile.com/b/EnDOBE/qZuK
http://paperpile.com/b/EnDOBE/qZuK
http://paperpile.com/b/EnDOBE/qZuK
http://paperpile.com/b/EnDOBE/qZuK
https://reporte.humboldt.org.co/biodiversidad/2022/cap2/203/

Muthee, K., Duguma, L., Wainaina, P., Minang, P., & Nzyoka, J. (2022). A review of global
policy mechanisms designed for tropical forests conservation and climate risks
management. Frontiers in Forests and Global Change, 4.
https://doi.org/10.3389/ffgc.2021.748170

Noguera-Urbano, E. A., Mufioz, C. J., Cruz-Rodriguez, C. A., Suarez Valencia, E., Zapata,
C. A., Gonzalez, I., Marin, A., Moreno, L. A., Mora, L. M., Herrera, D. A., Hawthorne, B.,
Ochoa, J. M., & Suarez-Castro, A. F. (2023). Developing an integrated species
distribution modelling system to identify complementary conservation areas in Colombia
(Technical Report, Grant NGS-86896T-21). Instituto Humboldt.

Norden, N., Gonzalez-M., R., Avella-M., A., Salgado-Negret, B., Alcazar, C.,
Rodriguez-Buritica, S., Aguilar-Cano, J., Castellanos-Castro, C., Calderén, J. J.,
Caycedo-Rosales, P., Cuadros, H., Diaz-Pulido, A., Fajardo, Z., Franke-Ante, R.,
Garcia, D. H., Gonzalez, M. A., Hernandez-Jaramillo, A., Idarraga-Piedrahita, A,
Lépez-Camacho, R., ... Garcia, H. (2021). Building a socio-ecological monitoring
platform for the comprehensive management of tropical dry forests. Plants People
Planet, 3(3), 238—248. https://doi.org/10.1002/ppp3.10113

Ocampo-Pefuela, N., de Alfaro, L., Tai, J., Valett, N., Adler, C., & Nazarov, A. (2023).
EcoScape: A model for species-specific functional habitat connectivity. In Research
Square. https://doi.org/10.21203/rs.3.rs-3650354/v1

Pardo, L. E., Gdmez-Valencia, B., Deere, N. J., Herrera Varoén, Y., Soto, C.,
Noguera-Urbano, E. A., Sanchez-Clavijo, L. M., Romero, L., Diaz-Pulido, A., & Ochoa
Quintero, J. M. (2024). Forest cover is more important than habitat integrity or
landscape configuration in determining habitat use by mammals in a human-modified
landscape in Colombia. Global Ecology and Conservation, 55.
https://doi.org/10.1016/j.gecco.2024.e03232

Phillips, P., Clark, M. M., Baral, S., Koen, E. L., & Bowman, J. (2021). Comparison of
methods for estimating omnidirectional landscape connectivity. Landscape Ecology,

36(6), 1647-1661. https://doi.org/10.1007/s10980-021-01254-2

63


http://paperpile.com/b/EnDOBE/nPCmc
http://paperpile.com/b/EnDOBE/nPCmc
http://paperpile.com/b/EnDOBE/nPCmc
http://paperpile.com/b/EnDOBE/nPCmc
http://dx.doi.org/10.3389/ffgc.2021.748170
http://paperpile.com/b/EnDOBE/5pVUI
http://paperpile.com/b/EnDOBE/5pVUI
http://paperpile.com/b/EnDOBE/5pVUI
http://paperpile.com/b/EnDOBE/5pVUI
http://paperpile.com/b/EnDOBE/5pVUI
http://paperpile.com/b/EnDOBE/8osq2
http://paperpile.com/b/EnDOBE/8osq2
http://paperpile.com/b/EnDOBE/8osq2
http://paperpile.com/b/EnDOBE/8osq2
http://paperpile.com/b/EnDOBE/8osq2
http://paperpile.com/b/EnDOBE/8osq2
http://paperpile.com/b/EnDOBE/8osq2
http://dx.doi.org/10.1002/ppp3.10113
http://paperpile.com/b/EnDOBE/ysnnb
http://paperpile.com/b/EnDOBE/ysnnb
http://paperpile.com/b/EnDOBE/ysnnb
http://dx.doi.org/10.21203/rs.3.rs-3650354/v1
http://paperpile.com/b/EnDOBE/FK86
http://paperpile.com/b/EnDOBE/FK86
http://paperpile.com/b/EnDOBE/FK86
http://paperpile.com/b/EnDOBE/FK86
http://paperpile.com/b/EnDOBE/FK86
http://paperpile.com/b/EnDOBE/FK86
http://dx.doi.org/10.1016/j.gecco.2024.e03232
http://paperpile.com/b/EnDOBE/C2pTy
http://paperpile.com/b/EnDOBE/C2pTy
http://paperpile.com/b/EnDOBE/C2pTy
http://dx.doi.org/10.1007/s10980-021-01254-2

Pillay, R., Watson, J. E. M., Goetz, S., Hansen, A. J., Jantz, P., Ramirez-Delgado, J. P.,
Grantham, H. S, Ferrier, S., & Venter, O. (2024). The Kunming-Montreal Global
Biodiversity Framework needs headline indicators that can actually monitor forest
integrity. Environmental Research: Ecology. https://doi.org/10.1088/2752-664x/ad7961

Pizano, C., & Garcia, H. (2014). El bosque seco tropical en Colombia.

Pizano, C., Gonzalez-M, R., Lopez Camacho, R., Jurado-B, R., Cuadros, H., Castafo
Naranjo, A., Rojas, A., Perez, K., Vergara, H., |darraga, A., Isaacs-Cubides, P. J., &
Garcia, H. (2016). El bosque seco tropical en Colombia: Distribucién y estado de
conservacion. In M. F. Gomez, L. A. Moreno, G. |. Andrade, & C. Rueda (Eds.),
BIODIVERSIDAD 2015. Estado y Tendencias de la Biodiversidad Continental de
Colombia. Instituto de Investigacion de Recursos Biologicos Alexander von Humboldt.
https://reporte.humboldt.org.co/biodiversidad/2015/cap2/202/

Portillo-Quintero, C., Sanchez-Azofeifa, A., Calvo-Alvarado, J., Quesada, M., & do Espirito
Santo, M. M. (2015). The role of tropical dry forests for biodiversity, carbon and water
conservation in the neotropics: lessons learned and opportunities for its sustainable
management. Regional Environmental Change, 15(6), 1039-1049.
https://doi.org/10.1007/s10113-014-0689-6

Posit team. (2023). RStudio: Integrated Development Environment for R. Posit Software,
PBC. http://www.posit.co/

Powers, J. S., Feng, X., Sanchez-Azofeifa, A., & Medvigy, D. (2018). Focus on tropical dry
forest ecosystems and ecosystem services in the face of global change. Environmental
Research Letters: ERL [Web Site], 13(9), 090201.
https://doi.org/10.1088/1748-9326/aadeec

QGIS Development Team. (2009). QGIS Geographic Information System. Open Source
Geospatial Foundation. http://qgis.osgeo.org

R Core Team. (2021). R: A language and environment for statistical computing.
https://www.R-project.org/

Ripple, J., Bradshaw, G. A., & Spies, T. A. (1991). Measuring forest landscape patterns in

64


http://paperpile.com/b/EnDOBE/DLuxh
http://paperpile.com/b/EnDOBE/DLuxh
http://paperpile.com/b/EnDOBE/DLuxh
http://paperpile.com/b/EnDOBE/DLuxh
http://dx.doi.org/10.1088/2752-664x/ad7961
http://paperpile.com/b/EnDOBE/i3GL
http://paperpile.com/b/EnDOBE/5IWt
http://paperpile.com/b/EnDOBE/5IWt
http://paperpile.com/b/EnDOBE/5IWt
http://paperpile.com/b/EnDOBE/5IWt
http://paperpile.com/b/EnDOBE/5IWt
http://paperpile.com/b/EnDOBE/5IWt
https://reporte.humboldt.org.co/biodiversidad/2015/cap2/202/
http://paperpile.com/b/EnDOBE/I8evi
http://paperpile.com/b/EnDOBE/I8evi
http://paperpile.com/b/EnDOBE/I8evi
http://paperpile.com/b/EnDOBE/I8evi
http://paperpile.com/b/EnDOBE/I8evi
http://dx.doi.org/10.1007/s10113-014-0689-6
http://paperpile.com/b/EnDOBE/fDQLG
http://paperpile.com/b/EnDOBE/fDQLG
http://www.posit.co/
http://paperpile.com/b/EnDOBE/u2MvX
http://paperpile.com/b/EnDOBE/u2MvX
http://paperpile.com/b/EnDOBE/u2MvX
http://paperpile.com/b/EnDOBE/u2MvX
http://dx.doi.org/10.1088/1748-9326/aadeec
http://paperpile.com/b/EnDOBE/xkwLO
http://paperpile.com/b/EnDOBE/xkwLO
http://qgis.osgeo.org
http://paperpile.com/b/EnDOBE/gQpA6
https://www.r-project.org/
http://paperpile.com/b/EnDOBE/qwLZt

the cascade range of Oregon, USA. Biological Conservation, 73—88.

Rodriguez-Buritica, S., & Rodriguez-Eraso, N. (in press). Patrones en los procesos de
cambio y transformaciéon del bosque seco tropical en Colombia.

Suarez-Castro, A. F., Acevedo-Charry, O., Romero Jiménez, L. H., Noguera-Urbano, E. A,,
Ayerbe-Quifiones, F., & Ocampo-Penuela, N. (2024). Integrating multiple data sources
to develop range and area of habitat maps tailored for local contexts. Diversity &
Distributions. https://doi.org/10.1111/ddi.13917

Suarez-Castro, A., Lopez-Cubillos, S., Burbano Girdn, J., Zarrate Charry, D., Rodriguez
Rodriguez, A., Clerici, N., Londofio Murcia, M. C., Armenteras Pascual, D., Rodriguez
Buritica, S., Munoz Avila, L., Noguera Urbano, E. A., Ochoa Quintero, J. M., Jaramillo,
F., Correa Ayram, C., Soto Vargas, C., Gémez Valencia, B., Rincon Ruiz, A., &
Hamilton, D. (2022). Colombia reached 30 % of land and ocean conservation area.
Megadiverse countries are hitting targets but missing the point. In EcoEvoRXiv.
https://doi.org/10.32942/x2z59f

Tobias, J. A., Sheard, C., Pigot, A. L., Devenish, A. J. M., Yang, J., Sayol, F., Neate-Clegg,
M. H. C., Alioravainen, N., Weeks, T. L., Barber, R. A., Walkden, P. A., MacGregor, H. E.
A., Jones, S. E. |, Vincent, C., Phillips, A. G., Marples, N. M., Montafo-Centellas, F. A,
Leandro-Silva, V., Claramunt, S., ... Schleuning, M. (2022). AVONET: morphological,
ecological and geographical data for all birds. Ecology Letters, 25(3), 581-597.
https://doi.org/10.1111/ele.13898

Valderrama-Zafra, J. M., Rubio-Paramio, M. A., Garcia-Molina, D. F., Mercado-Colmenero, J.
M., Oya, A., Carrasco, R., & Azorit, C. (2024). Impact of topographic factors on animal
field pathings: Analysis and prediction of deer movement patterns. Ecological
Informatics, 80(102487), 102487. https://doi.org/10.1016/j.ecoinf.2024.102487

Vargas Salinas, F., Mufoz-Avila, J., Morales-Puentes, M., Diaz-Pérez, C., Morales-Puentes,
M., Gil Leguizamén, P., Gil, J., Mercado-Gomez, J., Arroyo, S., Chaves Portilla, G.,
Rivera-Correa, M., Rada, M., Cogollo, J. E., Ortega, J., Mendez Narvaez, J.,

Carvajalino-Fernandez, J., Galindo Uribe, D., Bolivar, W., Gomez-Figueroa, A., &

65


http://paperpile.com/b/EnDOBE/qwLZt
http://paperpile.com/b/EnDOBE/YH4LP
http://paperpile.com/b/EnDOBE/YH4LP
http://paperpile.com/b/EnDOBE/3Axc
http://paperpile.com/b/EnDOBE/3Axc
http://paperpile.com/b/EnDOBE/3Axc
http://paperpile.com/b/EnDOBE/3Axc
http://dx.doi.org/10.1111/ddi.13917
http://paperpile.com/b/EnDOBE/O9e47
http://paperpile.com/b/EnDOBE/O9e47
http://paperpile.com/b/EnDOBE/O9e47
http://paperpile.com/b/EnDOBE/O9e47
http://paperpile.com/b/EnDOBE/O9e47
http://paperpile.com/b/EnDOBE/O9e47
http://paperpile.com/b/EnDOBE/O9e47
http://dx.doi.org/10.32942/x2z59f
http://paperpile.com/b/EnDOBE/aP7FA
http://paperpile.com/b/EnDOBE/aP7FA
http://paperpile.com/b/EnDOBE/aP7FA
http://paperpile.com/b/EnDOBE/aP7FA
http://paperpile.com/b/EnDOBE/aP7FA
http://paperpile.com/b/EnDOBE/aP7FA
http://dx.doi.org/10.1111/ele.13898
http://paperpile.com/b/EnDOBE/SS3qZ
http://paperpile.com/b/EnDOBE/SS3qZ
http://paperpile.com/b/EnDOBE/SS3qZ
http://paperpile.com/b/EnDOBE/SS3qZ
http://dx.doi.org/10.1016/j.ecoinf.2024.102487
http://paperpile.com/b/EnDOBE/mmzLO
http://paperpile.com/b/EnDOBE/mmzLO
http://paperpile.com/b/EnDOBE/mmzLO
http://paperpile.com/b/EnDOBE/mmzLO

Sabogal-Gonzalez, A. (2019). Biologia de los anfibios y reptiles en el bosque seco
tropical del norte de Colombia. https://doi.org/10.19053/978-958-660-341-6

Velasquez-Tibata, J., Olaya-Rodriguez, M. H., Lopez-Lozano, D., Gutiérrez, C., Gonzalez, I.,
& Londofio-Murcia, M. C. (2019). BioModelos: A collaborative online system to map
species distributions. PloS One, 14(3), e0214522.

https://doi.org/10.1371/journal.pone.0214522

66


http://paperpile.com/b/EnDOBE/mmzLO
http://paperpile.com/b/EnDOBE/mmzLO
http://dx.doi.org/10.19053/978-958-660-341-6
http://paperpile.com/b/EnDOBE/soByx
http://paperpile.com/b/EnDOBE/soByx
http://paperpile.com/b/EnDOBE/soByx
http://paperpile.com/b/EnDOBE/soByx
http://dx.doi.org/10.1371/journal.pone.0214522

	Assessing the species habitats in Colombia’s tropical dry forest over a 20-year period 
	Keywords 
	Abstract 
	Resumen 
	Highlights 
	1.​Introduction  
	2.​Methods 
	2.1.​ Study area 
	2.2.​ Trends of change in land use 
	2.3.​ Species habitat 
	2.3.1.​Area Score (AS) 
	2.3.2.​Connectivity Score  
	2.3.2.1.​Omniscape inputs - Source layer 
	2.3.2.2.​Omniscape inputs - Resistance layer 

	2.3.3.​Species list 

	2.4.​ Evaluation of the representativeness of protected areas 
	2.5.​ Software and computational resources 

	3.​Results 
	3.1.​ Land cover trends and transitions for the TDF 
	3.2.​ Species Habitat Index 
	3.3.​Changes in the habitat of the species and representativeness of protected areas 

	4.​Discussion 
	4.1. Land cover trends and transitions for the TDF 
	4.2. Consequences of cover loss to the species habitat  
	4.3. Representativeness of protected areas within regions 
	4.4 SHI as an indicator for monitoring  
	4.5 Methodological considerations 

	5. Conclusions 
	CRediT authorship contribution statement 
	Abbreviations 
	Data availability 
	Acknowledgements 

	Appendix 1. Corine Land Cover equivalences to IUCN habitat categories and Land Cover Recategorization 
	Appendix 2. Species selected for analysis 
	Appendix 3. Moving window composition 
	 
	 
	 
	Appendix 4. Source and resistance layer components 
	 
	Appendix 5. Land cover areas by year and by subregion 
	Appendix 6. Species Habitat Scores  
	Appendix 7. Habitat areas inside protected areas by biogeographic regions in 2020 
	Appendix 8. Area (AS) and Connectivity (CS) Scores by type of connectivity metric, according to the Hypothetical base year and 2000 as base year. 
	Appendix 9. Connectivity outputs  
	 
	References 


