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H I G H L I G H T S

• Deforestation reduced by 11-20% the potential distribution of three dominant species.
• Protected areas harbor <10% of the potential distribution of these species in current and future climate scenarios.
• In future scenarios, potential distribution of these species can occur in stable climatic areas.
• Measures need to be taken to reduce deforestation and increase protected areas.
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A B S T R A C T

The Piedmont Forest in northwest Argentina, like most Neotropical seasonal dry forests, is one of the world́s most 
threatened ecosystems due to deforestation and climate change. To plan conservation strategies aimed at sus
taining this forest type, the response to projected changes in habitat conditions must be anticipated. Our ob
jectives were to determine the potential distribution and identify priority areas for conservation that remain 
stable for saplings and mature trees of three dominant species (Anadenanthera colubrina, Calycophyllum multi
florum, and Phyllostylon rhamnoides) in land use plan categories, protected areas, and forest types under current 
and two future climate scenarios in northwest Argentina. Calycophyllum multiflorum has the smallest current 
potential distribution of the three species, but expands to have the largest potential distribution under future 
climate scenarios. Deforestation reduced by 11–20 % and protected areas harbor < 10 % of the potential dis
tribution of the three species in both age classes in current and future scenarios. In future scenarios, and 
compared to the current period, the overlap of the potential distribution will increase in the highest protection 
category, but also for areas categorized as low conservation value that can be transformed according to the land 
use plan. Half or more of the co-occurring potential distribution of each species, in each age class in current and 
future scenarios occurs in the Piedmont Forest. Three priority areas for conservation were identified totaling 
5483 km2 of which 9 % are currently within protected areas. Thus, at the end of this century the Piedmont Forest 
is likely to maintain its structure and function if measures are taken to ensure that natural tree regeneration can 
occur. In the face of future climate change, management policies can satisfy long-term conservation planning 
necessary to ensure persistence of Piedmont Forest function by protecting priority areas identified in this study.

1. Introduction

Since the 1960 s global forest area has decreased dramatically and 
anthropogenic climate change is altering the local, regional and global 

climatic conditions of forests (FAO, 2020). These changes have resulted 
in biodiversity loss at an unprecedented rate, severely impacting 
ecosystem service provision and therefore the well-being of societies 
(Diaz et al., 2018). Biodiversity loss results from the transformation of 
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natural environments that reduces the area of suitable habitat for species 
and disrupts connectivity of habitat, making species more vulnerable to 
extinction (Newbold et al., 2015). Exacerbating this problem, the pace of 
anthropogenic climate change is faster than the ability of many species 
to adapt, especially those with long lifespans, such as trees, and many 
species are rapidly losing suitable climatic ranges (Thurman et al., 
2020).

Trees represent the largest source of biomass within forests. To date 
approximately 58,000 tree species have been described, of which 30 % 
are threatened with extinction in the short term (BGCI, 2021). Currently, 
deforestation is the main threat to tree species, while climate change is 
becoming a growing threat (Tejedor Garavito et al., 2015; BGCI, 2021). 
Tree species extinctions are in some cases immediate, but in other cases 
there may be a lag effect, which is referred to as extinction debt (Vellend 
et al., 2006). Extinction debts are more likely in long-lived species 
(Kuussaari et al., 2009) such as tree species with life spans of hundreds 
of years, that may have become established during favorable environ
mental conditions, and once established are able to persist in areas that 
no longer have suitable conditions for future regeneration (Talluto et al., 
2017). Changes induced by climatic conditions overlap with deforesta
tion, therefore to ensure successful regeneration it is necessary to 
implement landscape scale conservation and land use planning efforts 
that mitigate or avoid tree extinctions (Dunckel et al., 2017).

Protecting forests and adequate forest management are the most 
effective strategies for biodiversity conservation, in general, and tree 
species conservation, in particular, under given climate change 
(Griscom et al., 2017). Most countries have committed to protect at least 
30 % of their land by 2030 under the Kunming-Montreal Global Biodi
versity Framework: 30 × 30 strategy (Eckert et al., 2023). Climate 
change represents a challenge for biodiversity conservation as suitable 
habitat conditions for species shift location, potentially moving outside 
of protected areas where they are currently found (Shrestha et al., 2021). 
Therefore, a fundamental step in designating protected area systems that 
halt biodiversity loss despite climate change is to determine species’ 
potential future distributions (Dobrowski et al., 2021). Identifying pri
ority areas that are currently occupied by a given desired species and 
will continue to be in the future (i.e., climatic refugia; Keppel et al., 
2012; Keppel et al., 2015) is a key strategy. Climatic refugia are critical 
when conditions in the broader landscape are not adequate to ensure 
species persistence (e.g., due to deforestation, global warming, increase 
in frequency and intensity of fires), and can be a source of individuals 
that continue to reproduce, with some young trees potentially adapted 
to new conditions (Keppel et al., 2012). Prioritization of climatic refugia 
is important because not all species will be able to disperse or migrate to 
follow suitable environmental conditions, either because of the rapid 
rate of change or because of fragmentation of natural environments 
creating barriers that some species cannot cross (Carroll et al., 2010; 
Dobrowski et al., 2021). Another key consideration in sustaining 
biodiversity is the management of the human-dominated matrix within 
which protected areas are embedded (Arroyo-Rodríguez et al., 2020). 
Land use plans are particularly relevant in countries or regions with high 
levels of biodiversity that are being transformed at high rates allowing to 
achieve different trade-offs between social, economic and conservation 
objectives (Martinuzzi et al., 2021).

Seasonal dry forests are deciduous or semi-deciduous forests with 
pronounced precipitation seasonality (Collevatti et al., 2013) and are 
considered among the most threatened forest types in the world due to 
the combination of deforestation and climate change (Portillo-Quintero 
and Sanchez-Azofeifa, 2010). Piedmont Forest, located in the foothills of 
the eastern sub-Andean ranges in northwest Argentina and southern 
Bolivia, forms one of the twelve floristic cores of Neotropical seasonal 
dry forests (Banda et al., 2016). The Piedmont Forest is located between 
the dry temperate-subtropical lowlands of Chaco Forest and the wetter 
Southern Yungas (Prado, 2000). The Piedmont Forest has three domi
nant tree species in the provinces of Jujuy and Salta, Argentina: Elm, 
Phyllostylon rhamnoides (family Ulmacea), Madder, Calycophyllum 

multiflorum (family Rubiacea) and Cebil, Anadenanthera colubrina 
(family Fabaceae) (Prado, 2000). The species composition of Piedmont 
Forest should remain stable as long as climate conditions within the 
existing forested areas remain suitable for regeneration. However, if 
climate conditions shift, and climatic suitability for regeneration de
clines in current forests and increases in transformed areas, then this will 
create a barrier to regeneration, and ultimately will result in loss of tree 
species from future forests (Aguirre et al., 2017). Given the scarce in
formation about the factors determining the distribution and survival of 
the three dominant tree species of Piedmont Forest, species distribution 
models are a useful tool for estimating the risk of future range 
contraction or shift of these species (Fremout et al., 2020). Species dis
tribution models predict the relationship between species occurrences 
and environmental conditions and can be used to extrapolate the extent 
of suitable conditions to unsurveyed areas and periods (Guisan et al., 
2013). The ability to anticipate the response of species to projected 
anticipated changes in habitat conditions makes it possible to plan 
conservation strategies (Fremout et al., 2020).

Our objectives in this study were to (1) determine the current po
tential distribution of Elm, Madder, and Cebil in two age classes (i.e., 
sapling and mature tree) in the forests, in the protected area system, and 
in forest land use plans of the provinces of Salta and Jujuy, Argentina, 
(2) generate predictions about their potential distribution under current 
conditions and two climate change scenarios, (3) identify priority areas 
for conservation of the potential distribution that will remain suitable 
under future climate scenarios. The results of this research can serve as 
input for land use planning that will ensure the persistence of these three 
tree species as dominant components of Piedmont Forest in future de
cades and centuries.

2. Materials and methods

2.1. Study area

The study area, located in the provinces of Jujuy and Salta, north
west Argentina, covers a total area of 124245 km2 with three forest 
types: Chaco Forest, Piedmont Forest, and Southern Yungas (Fig. 1). 
Chaco Forest occurs < 400 m asl, Piedmont Forest between 400 and 900 
m asl and Southern Yungas from 900 to 2800 m asl (Prado, 2000). 
Mature forest in the Piedmont Forest of northwest Argentina harbor 
approximately 40 tree species. Basal area of trees > 10 cm diameter at 
breast height (DBH) is 25 m2 ha− 1 (Tallei et al., 2023). The three tree 
species with highest relative importance value (RIV) are Elm (RIV ≈ 20 
%), Cebil (RIV ≈ 20 %), and Madder (RIV ≈ 10 %) (Table S1).

According to Argentina’s native forest land use plan (National Law 
N◦ 26331, enacted in 2007) all the native forests in each province must 
be assigned to one of three categories: category I includes areas of high 
conservation value forests where no productive activities can be carried 
out, category II includes areas of intermediate conservation value where 
productive activities can be carried out in a sustainable manner, and 
category III includes areas of low conservation value that can be trans
formed to other land uses (Alcañiz and Gutierrez, 2020). Provinces have 
assigned to category I all governmental protected areas, and have 
included additional key forests (such as riparian corridors) that are 
under other jurisdictions (such as private owners). Provincial govern
ments pay compensation to land-owners whose forest lands are under 
category I. Funds are also provided to land-owners whose properties are 
assigned to category II so that they can pursue economic activities 
through sustainable management of the forests, but cannot transform 
the forests to other cover types (Alcañiz and Gutierrez, 2020).

2.2. Focal species

The three focal tree species have intermediate economic value in the 
forestry industry and therefore are desirable in logging operations 
(Nazaro et al., 2021). (1) Calycophyllum multiflorum has a restricted 

F.D. Alabar et al.                                                                                                                                                                                                                               Landscape and Urban Planning 262 (2025) 105422 

2 



range throughout Bolivia, southwestern Brazil, Paraguay and northern 
Argentina along the narrow belt of the Neotropical seasonal dry forests. 
(2) Phyllostylon rhamnoides is distributed from Mexico to northern 
Argentina, especially in xerophytic and seasonally dry forests. (3) Ana
denanthera colubrina is widely distributed in tropical and subtropical dry 
forests of the Neotropics, where it is one of the most common tree spe
cies. These three tree species are deciduous, the fruits are wind 
dispersed, and small flowers that are pollinated by insects and, to a 
lesser extent, by wind.

2.3. Data acquisition and preparation

To model species distribution, records of presence and absence of 
mature trees (i.e., diameter at breast height: DBH ≥ 10 cm) from 1209 
circular plots and of saplings (i.e., DBH < 10 cm and height ≥ 1.5 m) 
from 1040 circular plots obtained from 2016 to 2020 (Fig. 1) from the 
database of Dirección Nacional de Bosques (2021) and Alabar et al. 
(2022). To minimize sample bias, records of each species and age class 
were thinned to randomly select plots with the restriction of been 

spaced ≥ 1 km apart (Table S2; Table S3) using the spThin library 
(Aiello-Lammens et al., 2015) within R statistical software v 4.1.3.

We obtained spatially explicit monthly mean values of precipitation 
and maximum and minimum temperatures for three periods (i.e., 
1970–2018, 2000–2018, and 2081–2100) from WorldClim 2.1 (https:// 
worldclim.org), with a pixel of 1-km resolution (Fick and Hijmans, 
2017). We used the period 1970–2018 to model the current potential 
distribution for mature trees, and the period 2000–2018 to model cur
rent potential distribution of saplings (Alabar et al., 2022). The time 
period used to calculate the bioclimatic variables of saplings and mature 
trees represents the approximate number of years for the three species to 
reach 5 and 10 cm diameter at breast height, respectively, according to 
the growth rate of the tree species studied (Humano, 2020). For the 
future scenario period (2081–2100) we considered 23 climate models 
(Table S4) in two shared socioeconomic pathways (SSPs): SSP2-4.5 and 
SSP5-8.5 (Tu et al., 2021). The SSP2-4.5 pathway scenario (best case 
scenario) assumes the adoption of policies that mitigate greenhouse gas 
emissions and results in a temperature increase of between 0.3 and 
1.8 ◦C by the end of the 21st century, while the SSP5-8.5 scenario (worst 

Fig. 1. Vegetation plot locations within the three forest types in the provinces of Jujuy and Salta, in northwestern Argentina (shown in upper left insert).
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case scenario) assumes that emissions will continue to increase, result
ing in an increase of between 4.0 and 4.8 ◦C by the end of the 21st 
century (IPCC, 2021).

We used biovars function of the dismo library in R (Hijmans et al., 
2017) to derive 19 bioclimatic variables for 1970–2018 and 2000–2018, 
and for the two scenarios for the projected period 2081–2100 (Table S5) 
from the downloaded precipitation and temperature data. For each of 
the two emission scenarios, we took the arithmetic average of the 23 
climate models of projected data for 2081–2100, to reduce the uncer
tainty of distributions predicted under future climatic conditions (Zhou 
et al., 2021). In addition, we derived slope and aspect from the Word
Clim 2.1 digital elevation model (Fick and Hijmans, 2017) with a 1-km 
resolution using QGIS v.3.3 software (Table S5). Multicollinearity was 
evaluated to select the bioclimatic and topographic variables to use in 
the distribution modelling of each species and age class (Cruz-Cárdenas 
et al., 2014). For multicollinearity, a threshold of 0.6 Pearson correla
tion coefficient and < 10 variance inflation factor was used with the 
corSelect function of the fuzzySim library in R (Barbosa, 2015). If a pair 
of variables were correlated, we removed the variable with the largest 
variance inflation factor to avoid the prediction error induced by mul
ticollinearity among environmental variables (Naimi and Araújo, 2016).

2.4. Modeling potential distribution

We performed distribution modeling for each of the species and age 
classes in the current period and for the two future scenarios using the 
biomod2 v.3.5 package in R (Thuiller et al., 2016). We used the ten 
algorithms in the default model settings in the biomod2 package 
(Table S6) (Li et al., 2020). We used a buffer size of 200 km distance and 
generated 2000 pseudo-absences spaced ≥ 1 km apart in the buffer area 
around plots. Because this pseudo-absence generation process is a sto
chastic procedure using random selection, it was repeated three times to 
address possible bias in pseudo-absence generation (Wani et al., 2022). 
For model calibration 80 % of the records (presence and absence) were 
used for training and the remaining 20 % were used as the validation set 
in three iterations. Therefore, a total of 90 individual models (10 algo
rithms × 3 replicate pseudo-absence data sets × 3 iterations) were ob
tained for saplings and mature trees (Table S6). Model performance was 
evaluated using cross-validation with two evaluation metrics: true skill 
statistics (TSS) and area under the receiver operating characteristic 
(ROC) curve (AUC) (Wani et al., 2022). For both evaluation metrics the 
mean and standard deviation of the individual models formed was 
determined. The importance of variables for the mature tree and sapling 
models was quantified using the get_variables_importance function 
within the biomod2 library, which calculates the Pearson correlation (r) 
between model predictions including all remaining variables (“full 
model”) and predictions excluding the variable being tested (“reduced 
model”). If a variable contributes little to a model the two output models 
are similar, while the opposite is true for important variables (Navarro- 
Cerrillo et al., 2018; Blanco-Cano et al., 2022). The mean and standard 
deviation of the importance of each variable was estimated. For saplings 
and mature trees, the final ensemble model was constructed from the 
individual modelling results using the weighted mean approach to 
reduce uncertainty among species distribution algorithms (Erfanian 
et al., 2021). Only models with a TSS score ≥ 0.70 were included in the 
final ensemble predictions for each species in each age class in each 
period and climate scenario. Ensemble models were converted to binary 
presence-absence predictions using the threshold maximizing TSS 
(Erfanian et al., 2021) with the Find.Optim.Stat function of the biomod2 
library.

We calculated a) the areal extent of the potential distribution for 
each species at each age class, b) the areal extent of overlap among the 
three species, and finally, c) the areal extent of overlap among the three 
species in both age classes. Thereafter, we conducted this procedure a 
second time, with deforested areas (data obtained from https://geo
portal.idesa.gob.ar/l) removed from the potential distributions to 

estimate the suitable habitat that will be available under future climate 
conditions. The resulting potential distribution models of forested land 
cover were summarized by forests type (i.e., Southern Yungas, Piedmont 
Forest, and Chaco Forest), zoning categories of the native forest land use 
plan, and the protected areas system in the provinces of Jujuy and Salta, 
Argentina (data obtained from https://www.ign.gob.ar/). We calculated 
the area of potential distribution in the future scenario models that 
remained stable, decreased or increased in extent with respect to the 
current potential distribution (Wani et al., 2022). Finally, we overlapped 
the potential distribution of the area that remained stable for the three 
species in both age classes in both climate change scenarios and from 
this area selected polygons that had > 500 km2 which we identify as 
priority areas for conservation.

3. Results

3.1. Variables explaining species distributions.

We retained seven of our 22 (19 bioclimatic + 3 topographic) vari
ables to model mature tree and sapling distributions (Table 1). The 
variable bio02 (mean diurnal range of temperature) appeared in all the 
potential distribution models of tree species in the two age classes 
(Table 1). Individual models of the potential distribution for tree species 
in the two age classes had TSS scores > 0.64 and the ensemble models 
had TSS scores > 0.74 (Table 1).

3.2. Current and future potential distribution and transformed area

Of the three tree species, Madder had the smallest area of current 
potential distribution in the study area, while its potential distribution 
doubled under the SSP2-4.5 and the SSP5-8.5 scenarios (Fig. 2; 
Table S7). In the current and the future scenarios 11 to 20 % of the 
potential distribution of sapling and mature trees of the three species 
were found in areas that have already been deforested (Fig. 2). Under 
current conditions, 10 % of the potential distribution of mature trees of 
the three tree species overlap spatially, and under the SSP2-4.5 and 
SSP5-8.5 scenarios, there is a 15 and 14 % overlap, respectively (Fig. 2, 
Fig. 3). Seven percent of the current potential distribution of saplings of 
all three tree species overlap and in the future scenarios SSP2-4.5 and 
SSP5-8.5 the overlap is 12 and 13 %, respectively (Fig. 2, Fig. 3). In both 
future scenarios, the area that remains stable for mature trees of all three 
species is greater (>52 %) than for saplings (<43 %) (Fig. 2). The 
overlap of the area that remains stable in future scenarios for all three 
species of both age classes was 42 % and 40 %, respectively for SSP2-4.5 
and SSP5-8.5 (Fig. 2).

3.3. Potential distribution by forest type

Half or more of the current potential distribution of each species, in 
each age class and of their co-occurring potential distribution (‘overlap’) 
in the study area, occurred in the Piedmont Forest (Table S8). In the 
SSP2-4.5 scenario the largest area of overlap of the three species (58 % 
of mature trees and 60 % of saplings) will also be in the Piedmont Forest 
(Fig. 3). However, in the SSP5-8.5 scenario the largest area of overlap 
(53 % of both mature trees and of saplings) of three tree species will be 
approximately half in the Piedmont Forest and the other half in the 
Southern Yungas (Fig. 3).

3.4. Representation in protected areas and land use plan categories and 
priority areas for conservation

Less than 11 % of the potential distribution of the three tree species 
in both age classes is represented in protected areas, both under current 
and future scenarios (Fig. 4; Table S9). Under future emissions scenarios, 
approximately 23 % of the overlap of the potential distribution of the 
three tree species will be included in category I (highest protection level) 
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of the native forest land use plan, 73 % in category II, and 4 % in 
category III (Fig. 4). In future scenarios, and compared to the current 
period, the area of overlap of the potential distribution will increase in 
category I, and in category III (Table S9). Within the existing protected 
area system, only 9 % of the overlap of the potential distribution of the 
three species will remain stable in the future scenarios, while 21 % will 
remain stable in category I, 72 % in category II, and 5 % in category III of 
the land use plan (Fig. 4). Three priority areas for conservation were 
identified totaling 5483 km2 (i.e., 547 km2, 2121 km2, and 2815 km2) of 
which 475 km2 (9 %) are represented within protected areas (Fig. 4).

4. Discussion

Our species distribution models provide evidence that under future 
climate scenarios the Piedmont Forest will have adequate climatic 
conditions to allow potential regeneration of the three dominant tree 
species and thus maintaining viable populations. Given the numerical 
importance of the three tree species in the Piedmont Forest (Tallei et al., 
2023) and that their potential distribution are likely to be maintained in 
the future, it is probable that the Piedmont Forest will maintain its 
structure and function even if climate change reorganizes the species 
composition due to differential responses of other tree species, as has 

Table 1 
Importance values of the variables (%) and evaluation metrics (TSS and ROC) for individual and ensemble models of the current potential distribution for saplings and 
mature trees of three species in forests of the provinces of Salta and Jujuy, Argentina. Values are shown as mean ± standard deviation.

Age class Species Variablesa Individual models Ensemble models

bio02 bio03 bio04 bio09 bio14 bio18 slope TSS ROC TSS ROC

Mature tree Elm 35 ± 12 11 ± 7 ​ 12 ± 6 9 ± 6 32 ± 13 ​ 0.67 ± 0.11 0.87 ± 0.06 0.84 0.97
Cebil 60 ± 18 ​ ​ 9 ± 6 ​ 20 ± 9 10 ± 11 0.75 ± 0.05 0.97 ± 0.04 0.83 0.97
Madder 18 ± 6 10 ± 6 ​ 15 ± 5 17 ± 7 40 ± 13 ​ 0.67 ± 0.10 0.87 ± 0.06 0.89 0.98

Sapling Elm 39 ± 13 ​ 14 ± 8 14 ± 7 7 ± 6 26 ± 15 ​ 0.70 ± 0.09 0.88 ± 0.05 0.89 0.98
Cebil 85 ± 13 ​ ​ ​ 15 ± 13 ​ ​ 0.64 ± 0.08 0.84 ± 0.05 0.74 0.92
Madder 25 ± 15 ​ 18 ± 10 21 ± 6 7 ± 7 29 ± 15 ​ 0.65 ± 0.15 0.84 ± 0.08 0.95 0.99

a bio02: mean diurnal range (◦C*10); bio03: Isothermality; bio04: Temperature seasonality (◦C*10); bio09: Mean temperature of the driest quarter (◦C*10); bio14: 
Precipitation of the driest month (mm); bio18: Precipitation of the warmest quarter (mm); slope: mean slope (degree).

Fig. 2. Areal extent (km2) of the total (considering transformed areas and remaining forest shown as dark, mid and light green bars) and forest (considering only 
remaining forest shown as black, dark and light grey bars) potential distribution in current (dark green and black bars), SSP2-4.5 (mid green and dark grey bars), and 
SSP5-8.5 (light green and grey bars) future climate change scenarios (and) for (a) overlap of both age classes, (b) mature trees, and (c) and saplings of three species in 
the provinces of Salta and Jujuy, Argentina. For mature trees, the current period is from 1970 to 2018 and for saplings from 2000 to 2018, and the future scenarios 
are projected for the period from 2081 to 2100. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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been reported for other forest ecosystems (Williams and Jackson, 2007; 
Mtsetfwa et al., 2023). Focusing on these dominant tree species is key to 
understanding the impacts of anthropogenic changes as they can serve 
as proxies for the entire community or ecosystem (Avolio et al., 2019). 
However, the persistence of these dominant tree species is not guarantee 
in the long term since there are numerous examples where common 
species had substantial decline or even have become extinct (Fensham 
et al. 2015; Pau and Dee, 2016).

By examining the potential distribution of both saplings and mature 
trees, we were able to identify areas where suitable conditions will exist 
for regeneration of the three tree species. This approach is particularly 
important given the longevity and slow development of trees, which 
means that different life stages may be subject to different environ
mental conditions. Because of this, it becomes important to consider the 
regeneration stage, given that this stage determines the recruitment 
capacity of the next generation of trees and is more sensitive to climatic 
extremes than mature trees (Bell et al., 2014; Petrie et al., 2017). The 

loss of priority areas for conservation implies the loss of source pop
ulations, limiting the ability of species to persist or recover (Beaumont 
et al., 2019; Pang et al., 2021). Therefore, we recommend that the areas 
identified as priority that are currently in native forest land use plan as 
category III should be revised to category I or II.

Future projections of the overlap of the potential distribution of the 
three species show an increase in Southern Yungas, which is at higher 
elevation and currently has more humid forests than Piedmont and 
Chaco Forests. This projected shift suggests that the Southern Yungas 
will become dryer, a pattern similar also found in Amazonian forests 
(Esquivel-Muelbert et al., 2019). The migration of tree species to higher 
elevations has also been reported for tropical Andean forests as a 
response to climate change (Urrutia and Vuille, 2009; Feeley et al., 
2011; Rehm and Feeley, 2013). For the Chaco Forest, our results indicate 
a future reduction in the potential distribution of Cebil saplings and 
mature trees, similar to what has been previously been reported for the 
species in the seasonal dry forests of northwestern Argentina 

Fig. 3. Overlap of potential distribution of mature trees (A, B, and C), saplings (D, E and F), and both stages superimposed (G, H, I) of three species (Elm: Phyllostylon 
rhamnoides, Cebil: Anadenanthera colubrina and Madder: Calycophyllum multiflorum) in current and future emissions scenarios SSP2-4.5 and SSP5-8.5 in three forest 
types of the provinces of Salta and Jujuy, Argentina.
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(Giamminola et al., 2020). In contrast, the future potential distribution 
area of saplings and mature trees of Elm and Madder increase their 
distribution towards the current location of the Chaco Forest (except for 
a decrease in area of mature trees of Elm in the SSP5-8.5 scenario). The 
Chaco Forest is projected to be warmer and wetter in the future 
(Marengo et al., 2010; Barros et al., 2015) transforming this ecosystem 
into a closed forest ecosystem more similar to the current Piedmont 
Forest (Pennington et al., 2004). The difference in species responses 
(Cebil vs. Madder and Elm) could be explained by the importance of the 
mean diurnal range of temperature (bio02) in the potential distribution 
models of Cebil, Madder, and Elm. Cebil, which is a pioneer and strictly 
heliophilous species (Justiniano and Fredericksen, 1998), is dependent 
on bio02, as is typical for other dry forest species (Rodrigues et al., 2015; 
Lohbeck et al., 2015). While Madder and Elm are limited by bio02 and 
the precipitation of the warmest quarter (bio18). The potential distri
bution of these species in the future indicates that there will be an 
expansion into what is currently known as Southern Yungas and as 
Chaco Forest, changing the composition of forest communities. This will 
lead to novel conditions and could have consequences for species in
teractions and the provisioning and regulation of ecosystem services 
(Williams and Jackson, 2007; Pecl et al., 2017).

From our results it is clear that the most important threat to the 
conservation of these three tree species in the study area is deforestation, 
which has already reduced between 10 and 20 % of the potential dis
tribution in current and future scenarios. Deforestation has also been 
reported in other developing countries as the most immediate threat to 
trees and to other taxonomic groups, representing the main driver of 
population declines of numerous species by favoring mortality or lack of 
recruitment that manifests as extirpations or functional extinctions 
(Collevatti et al., 2013; Pang et al., 2021). Given climate change, 
deforestation decreases the possibility of species to colonize new areas to 
compensate these changes (Pecl et al., 2017; Manchego et al., 2017). 
Removing deforested areas is a particularly important step in estimating 
remaining species habitat, especially in tropical and subtropical regions 
that are experiencing rapid and recent changes in land cover (Feeley 
et al., 2011). The native forest land use plan of the provinces of Salta and 
Jujuy designate which forest areas can legally be transformed and if this 
were to occur, according to our results, this would decrease the current 

and future potential distribution area of these species by 3 to 25 %. 
Therefore, avoiding deforestation of these and other forests is one of the 
most urgent measures to be taken to mitigate climate change since, in 
addition, deforestation releases greenhouse gas emissions producing 
positive feedback on climate change (Lawrence et al., 2022).

We found a lack of adequate representation of the three tree species 
within the protected area system, which covers < 10 % of their current 
and future potential distribution. Our research makes it possible to 
identify currently unprotected areas that will remain as suitable habitat 
in the future, and whose protection are a priority for ensuring that 
Piedmont Forests persists over time as climate changes. These protection 
gaps occur mainly in the central and northern parts of the Piedmont 
Forest, where the creation of new protected areas or the expansion of 
existing protected areas should be a priority. Expansion of the protected 
area system would also contribute to Argentina’s international com
mitments, since currently < 3 % of the study area is represented in the 
protected area system, far less than the target set in the 30 × 30 strategy. 
To achieve this target in the study area it would be necessary to add 
25000 km2 to the protected area system (currently only 2700 km2 of 
forests are protected). Therefore, our results could be used to reach this 
goal, starting with the protection of the priority areas we identified (ca. 
5000 km2). Designation of new protected areas and improved imple
mentation of existing ones would also foster climate change mitigation 
through carbon sequestration and storage (Dinerstein et al., 2020). In 
some cases, land ownership (or other reasons) makes it difficult to 
designate new protected areas, so there may be other designations and 
management actions that can help achieve these objectives (Maxwell 
et al., 2020). For example, in the native forest land use plan areas 
designated in category I or II sustainable management could comple
ment the protected area system by contributing to a landscape that en
sures the continuation of ecological and evolutionary processes 
(Edwards et al., 2014; Hannah et al., 2020).

5. Conclusion

Overall, we found that deforestation is a greater threat than climate 
change to three dominant tree species of Piedmont Forest in northwest 
Argentina. Climatic conditions for regeneration of these species under 

Fig. 4. Overlap of potential distribution of saplings and mature trees of three species (Elm: Phyllostylon rhamnoides, Cebil: Anadenanthera colubrina and Madder: 
Calycophyllum multiflorum) that remains stable within the protected areas network and the native forest land use plan categories under future climate conditions (A) 
SSP2-4.5 and (B) SSP5-8.5 emissions scenarios, and priority areas of conservation (C) identified in the provinces of Salta and Jujuy, Argentina.
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two near-term future scenarios are generally adequate, but representa
tion of these species is low within the protected area network and within 
the strongest protection zone of the National Native Forest Law, leaving 
their future status unclear. The information generated in this research 
can then be used to guide and improve management policies for con
servation planning to achieve the desired conditions in the future in the 
face of climate change (Busch et al., 2012). This is particularly relevant 
given that the Piedmont Forest, like most Neotropical seasonal dry 
forests, is one of the most threatened ecosystems in the world and has 
been neglected in research, which has limited decision-making to ensure 
adequate management, leading to a severe degradation of forest rem
nants (Sánchez-Azofeifa et al., 2005).
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Idárraga, Á., López, R., Marcano-Vega, H., Martínez, O. G., Maturo, H. M., 
McDonald, M., McLaren, K., Melo, O., Mijares, F., Mogni, V., Molina, D., 
Moreno, N. P., Nassar, J. M., Neves, D. M., Oakley, L. J., Oatham, M., Olvera- 
Luna, A. R., Pezzini, F. F., Reyes Dominguez, O. J., Ríos, M. E., Rivera, O., 
Rodríguez, N., Rojas, A., Särkinen, T., Sánchez, R., Smith, M., Vargas, C., 
Villanueva, B., & Pennington, R. T. (2016). Plant diversity patterns in Neotropical 
dry forests and their conservation implications. Science, 353, 1383–1387.

Barbosa, A. M. (2015). fuzzySim: Applying fuzzy logic to binary similarity indices in 
ecology. Methods Ecol. Evol., 6(7), 853–858.

Barros, V. R., Boninsegna, J. A., Camilloni, I. A., Chidiak, M., Magrín, G. O., & 
Rusticucci, M. (2015). Climate change in Argentina: Trends, projections, impacts and 
adaptation. Wiley Interdiscip. Rev. Clim. Chang., 6, 151–169.

BGCI (Botanic Gardens Conservation International). (2021). State of the World’s trees. 
Disponible en: https://www.bgci.org/wp/wp-content/uploads/2021/08/FINAL- 
GTAReportMedRes-1.pdf.

Beaumont, L. J., Esperón-Rodríguez, M., Nipperess, D. A., Wauchope-Drumm, M., & 
Baumgartner, J. B. (2019). Incorporating future climate uncertainty into the 
identification of climate change refugia for threatened species. Biol. Conserv., 237, 
230–237.

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2014). Early indicators of change: 
Divergent climate envelopes between tree life stages imply range shifts in the 
western United States. Glob. Ecol. Biogeogr., 23(2), 168–180.

Blanco-Cano, L., Navarro-Cerrillo, R. M., & González-Moreno, P. (2022). Biotic and 
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