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ABSTRACT. Although anthropogenic climate change (ACC) is a global phenomenon affecting all ecosystems, its effects are especially
relevant in certain ecosystems, such as tropical montane forests. Responses of montane species to ACC in Mesoamerica remain unclear,
limiting our ability to assess their vulnerability and the impacts on these ecosystems overall. To understand mechanisms underlying
the distribution and vulnerability of montane faunas, we analyzed the influence of ACC on the geographic distribution of owls (order
Strigiformes), which are a group of top avian predators distributed in montane forests. Using ecological niche models, we estimated
the potential distributions of 35 species at present and under projected future climates (2050 and 2070) and analyzed changes in
distributional patterns in terms of range size and altitudinal distribution for each species, as well as spatio-temporal patterns of species
richness. Most of our projections (~86%) were consistent with the widely accepted hypothesis of species range shift to higher altitudes
combined with reduction in distribution, as species try to track their climatic preferences. Interestingly, the mid-elevation species emerge
as the most strongly affected by ACC, showing the highest rates of change. All climate scenarios produced a similar pattern of change
in owl species richness, but they differed in the total number of species, a loss of 11 species and a maximum gain of seven species.
Species richness remained relatively constant at mid elevations, whereas the greatest losses were in the highlands and the contiguous
lowlands. Overall, our results suggest a severe impact of ACC in the coming decades for most owls of Mesoamerican montane forests.

Vers une extinction ? L’influence du changement de climat anthropogène sur les modèles de répartition
des petits-ducs des montagnes en Mésoamérique
RÉSUMÉ. Bien que le changement climatique anthropogène (CCA) soit un phénomène mondial qui affecte tous les écosystèmes, ses
effets sont particulièrement ressentis dans certains écosystèmes, comme les forêts montagneuses tropicales. Les réponses des espèces
de montagnes au CCA en Mésoamérique restent peu claires, ce qui limite notre aptitude à évaluer leur vulnérabilité et les impacts sur
ces écosystèmes en général. Pour comprendre les mécanismes sous-jacents de la répartition et de la vulnérabilité de la faune des
montagnes, nous avons analysé l’influence du CCA sur la répartition géographique des chouettes (de l’ordre des Strigiformes), un
groupe d’oiseaux prédateurs réparti dans les forêts d’altitude. En utilisant des modèles de niches écologiques, nous avons estimé la
répartition potentielle de 35 espèces actuellement et dans les climats prévus pour le futur (2050 et 2070) et analysé les évolutions des
modèles de répartition en termes de taille du domaine vital et de répartition aux différentes altitudes pour chaque espèce, ainsi que les
modèles spatiotemporels d’abondance des espèces. La plupart de nos projections (~86 %) correspondaient à l’hypothèse largement
acceptée de déplacement du domaine des espèces vers des altitudes plus élevées, associé à une réduction de leur répartition, tandis que
les espèces s’efforceront de suivre leurs préférences climatiques. Il est intéressant de noter que l’espèce d’altitude moyenne semble être
la plus fortement affectée par le CCA, affichant le taux de changement le plus élevé. Tous les scénarios climatiques ont produit un
modèle de changement similaire en termes d’abondance d’espèces de chouette, mais ils variaient en termes de nombre total d’espèces,
avec une perte de 11 espèces et un gain maximum de sept espèces. L’abondance des espèces restait relativement constante à moyenne
altitude, alors que les pertes les plus importantes étaient enregistrées en haute altitude et dans les basses terres contiguës. Globalement,
nos résultats suggèrent un impact majeur du CCA au cours des décennies à venir pour la plupart des chouettes des forêts montagneuses
de Mésoamérique.
Key Words: anthropogenic climate change; ecological niche models; highlands; montane forests; owls

INTRODUCTION
Anthropogenic climate change (ACC) is one of the most
challenging threats to biodiversity in the 21st century, leading to
an increase in temperature, changes in precipitation regimes, and
more frequent extreme weather events because of human
activities (Beaumont et al. 2011, IPCC 2014). Although ACC is

a global phenomenon, its effects are not homogeneous; it has
especially strong effects on ecosystems located at the extremes of
climatic gradients, such as tropical montane forests (Pacifici et al.
2015, Brotons et al. 2019). Tropical montane forests are
ecosystems that extend from the base of mountains to the tree
line, and they are highly vulnerable to ACC because of their

Corresponding author: Adolfo G Navarro-Sigüenza, adolfon@ciencias.unam.mx

Avian Conservation and Ecology 17(2): 37
http://www.ace-eco.org/vol17/iss2/art37/

Fig. 1. Delimitation of the study area and representation of the biogeographic provinces of
Mesoamerica (sensu Morrone 2014) that contain montane forests, following the Terrestrial
Ecoregions’ classification (Dinerstein et al. 2017).

ecological, topographical, and historical characteristics (Price et
al. 2011, Freeman et al. 2018, Bender et al. 2019, Rahbek et al.
2019a). In these regions, the combination of temperature and
topography generates a marked climatic zonation with differing
temperatures across short distances, favoring heterogeneous
habitat configuration as altitude increases (Rzedowski 2006).
In response to climatic alterations, species in montane regions are
expected to search for suitable sites by moving to higher altitudes,
depending on topography, ecological specialization, and their
climatic preferences (Rojas-Soto et al. 2012, Şekercioĝlu et al.
2012, Freeman et al. 2018, Bender et al. 2019). Thus, the first
expected change is a modification of the distribution area, which
may also produce alterations in demography, synchrony of events
(e.g., flowering, migration, or breeding), biotic interactions (e.g.,
prey availability), and community dynamics (Pacifici et al. 2015,
Brotons et al. 2019). Species that are distributed in environments
that limit their movements, such as those at higher elevations,
could be more strongly impacted and may even face local
extinction (Lenoir and Svenning 2015, Foden et al. 2019).
However, beyond these general theoretical expectations, details
about the response of montane species to the accelerated climatic
alterations are still poorly known. Therefore, we need to study
species’ distribution dynamics to improve our understanding of
potential shifts in species and communities (e.g., Prieto-Torres et
al. 2021).
The Mesoamerican montane forests (MMF), comprising the
highlands of central Mexico to Panama (Fig. 1), are considered
one of the most diverse and relevant regions in Mesoamerica.
They lie in a transition zone between the Neotropical and the

Nearctic realms, representing an area of biotic interaction
between faunas with different affinities. Nearctic lineages tend to
occupy the upper mountains, Neotropical lineages are distributed
in the lower parts, and the intermediate altitude zone shows mixed
biotas (Halffter et al. 2008). Geographically, species richness
reaches its maximum in the contact zones between lowlands and
mountains along the eastern Mexico slope and decreases as
altitude increases (Koleff et al. 2008, Navarro-Sigüenza et al.
2014). Given this high diversity, the MMF are recognized as a
center of diversification, endemism, and biogeographic transition
for many taxa (Navarro-Sigüenza et al. 2007, Sánchez-Ramos et
al. 2018, Moreno-Contreras et al. 2020, Morrone 2020, RamírezAlbores et al. 2020).
Temperature and precipitation are the main factors controlling
the range limits of montane species. Recent studies show spatially
heterogeneous temperature and precipitation patterns in
Mesoamerica over the last three decades, with a slight increase in
mean annual temperature and more pronounced dry and wet
seasons (Cuervo-Robayo et al. 2020, Wootton et al. 2022).
Combined with the complex topography, these are key factors
that contribute to a narrow range of suitable conditions for
montane species (Price et al. 2011, Payne et al. 2017, Freeman et
al. 2018). In addition, the orientation of the main mountain
ranges is crucial in determining precipitation and humidity
patterns (Rzedowski 2006, Challenger and Soberón 2008).
Owls (order Strigiformes) are mostly nocturnal birds of prey that
feed on other birds, small mammals, reptiles, and invertebrates,
and thus play an important role in ecosystems, functioning as
regulators of lower trophic levels (König and Weick 2009, Estes
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et al. 2011). Most owl species in the world are widely distributed
in the tropical regions; they are particularly diverse in
Mesoamerica, with 38 species (König and Weick 2009). Of these,
17 are endemic to Mesoamerica, whereas nine extend their
distribution to the north, eight to the south, and another four are
distributed throughout the continent. Mesoamerican owls are
distributed in three relatively well-defined altitudinal ranges: 28%
(11 species) occur from sea level to 1500 m, 46% (16 species) occur
from sea level to approximately 2000 m, and 21% (eight species)
occur from approximately 1500 m to 4500 m (Enríquez 2017).
Although owls continue to be one of the least studied bird taxa
in Mesoamerica (Enríquez et al. 2012), recent studies show a
growing interest in exploring ecological traits, population trends,
and geographic distributions (e.g., Valencia-Herverth et al. 2012,
Vázquez-Pérez and Enríquez 2016, Enríquez 2017, Fernández
Martínez 2017, Ramírez-Santos et al. 2018, Ayma et al. 2019).
One approach to exploring the potential change in the distribution
of owls is the use of ecological niche models (ENMs). These
models are mathematical abstractions that estimate a species’
distribution based on correlative relationships between species’
occurrences and environmental factors (Peterson et al. 2011,
Zurell and Engler 2019). When models are projected onto future
climates, they can suggest geographic distributional shifts driven
by alternative ACC scenarios (Foden et al. 2019). This
information can then be used to test hypotheses about the
dynamics of the species distribution under climate variations.
Here, our main goal was to analyze the potential effect of
anthropogenic climate change on the geographic distribution of
Strigiformes inhabiting the MMF. To achieve this, we proposed
to (1) characterize current distributional patterns in terms of
range size and altitudinal distribution of the species, (2) determine
expected distributional changes of the species under alternative
ACC scenarios for the years 2050 and 2070, and (3) examine how
patterns of owl species richness might change with ACC. We
hypothesized a shift of most species toward higher altitudes
coupled with a reduction in their range size, expecting the most
severe changes in species located at altitudes above 1500 m. For
species below 1500 m, the direction of their movements is
uncertain, dependent on local conditions and individual species’
climatic preferences, but if they move to lower altitudes the range
size will increase. Species with a wide altitudinal distribution are
not expected to show significant change because they are able to
tolerate a broad range of climatic conditions. Finally, we expected
an altitudinal shift with species moving from lower elevations to
the highlands, resulting in lower owl species richness in the
lowlands and a similar number of species at mid-elevations. Lower
owl species richness was also expected in the highlands because
of a reduction in the range size of the species present there.

METHODS
Study area
Montane forests are herein defined as the areas extending from
the base of the mountain to its tree line and comprise oak forests,
pine forests, mixed coniferous forests, cloud forests, and other less
extensive vegetation types, such as spruce-fir forests (Rzedowski
2006). These areas exhibit a humid subtropical to temperate
climate with annual temperatures of 5 °C to 25 °C and annual
precipitation of 600 mm to 1200 mm, although some areas record
over 3000 mm. Overall, the altitudinal range of the considered

vegetation types vary from 800 m to 3600 m (Rzedowski 2006,
Challenger and Soberón 2008). The Mesoamerican montane
forests were delimited according to the biogeographical
regionalization of the Neotropics (Morrone 2014) and cropped
with the terrestrial ecoregions classification (Dinerstein et al.
2017) including the aforementioned vegetation types. The study
area is found from north-central Mexico to the northern tip of
Panama and grouped into six biogeographic provinces with
discontinuities in the Isthmus of Tehuantepec and the Nicaraguan
Depression (Fig. 1).

Species sampling, locality records, and
climatic variables
Locality records were prepared in three steps. Starting with the
38 owl species distributed in Mesoamerica (König and Weick
2009), we compiled occurrence records from the “Atlas de las Aves
de México” (Navarro-Sigüenza et al. 2003), Sistema Nacional de
Información sobre Biodiversidad de México-Conabio (SNIBConabio; https://www.snib.mx), and Global Biodiversity
Information Facility (GBIF; https://www.gbif.org; access links
for downloaded GBIF records are in Appendix 1). Second, we
carefully reviewed all the records, discarding those with
incomplete or duplicated information. This was a critical step
because information quality strongly impacts model performance.
We kept all historical records to calibrate the models, because the
records for most species were from between 1900 and 1965, and
the climate in northern Mesoamerica did not vary drastically
throughout the 20th century and the first decade of 21st century
(Cuervo-Robayo et al. 2020). Third, to reduce possible sampling
biases and model overfitting, we retained only the records
corresponding to localities separated by at least the mean distance
between occurrence records (Appendix 1) with the “spThin”
package (Aiello-Lammens et al. 2015) in R (R Core Team 2021).
We selected 35 of the 38 Mesoamerican owl species (scientific and
common names provided in Appendix 1), considering (1)
distribution, functional role, and altitudinal patterns in the MMF
(Valencia-Herverth et al. 2012, Vázquez-Pérez and Enríquez 2016,
Enríquez 2017, Fernández Martínez 2017, Billerman et al. 2022);
and (2) presence records in at least 20 localities in the study area
(the number of localities proposed to be sufficient to create and
validate the model; Pearson et al. 2007). Although some species
can be more strongly associated with other vegetation types (e.g.,
Burrowing Owl, Athene cunicularia), all were included because
there were reliable records of their presence within the delimited
area of analysis. Three species (Glaucidium gnoma, G. hoskinsii,
and Megascops lambi) were excluded because they did not meet
the criterion of a minimum of 20 records.
A subset of potential predictor variables was selected (described
below) from the bioclimatic variables provided by WorldClim
version 2.1 (Fick and Hijmans 2017) at a resolution of 2.5′ (∼5
km²), which are derived from monthly temperature and rainfall
values. From the same repository, an elevation layer with the same
resolution was downloaded for spatial analysis of the
distributions. The model calibration area was estimated for each
species using the intersection of occurrence records with the
terrestrial ecoregions (Dinerstein et al. 2017) and the
biogeographical provinces of the Neotropics (Morrone 2014),
considering that both approaches can address their historical and
ecological limits (Soberón and Peterson 2005, Prieto-Torres et al.
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2021). Finally, a 1° (∼100 km²) buffer was drawn around the
previously delimited area.
The climate projections used were the RCP 4.5 and RCP 8.5
scenarios for the years 2050 and 2070, based on CMIP5 data
available at the WorldClim portal. RCP 4.5 is an intermediate
stabilization scenario in which emissions peak around 2040 and
then decline, whereas RCP 8.5 represents very high emissions of
greenhouse gasses and few climate change mitigation policies
(IPCC 2014). Thus, for each species we considered the present
plus four future scenarios. Given that the choice of different
general circulation models (GCMs) has been identified as a source
of variability between distribution models (Zappa and Shepherd
2017, Fajardo et al. 2020), we employed the GCM-CompareR
platform (Fajardo et al. 2020), which adopts a “storyline”
approach to classify GCMs into narratives representing future
climate conditions (Zappa and Shepherd 2017). Projections can
also be refined by identifying how the future estimates might
depend on initial experimental conditions, algorithms, and model
biases (Guevara et al. 2018). MIROC5 was the selected model
because it incorporates a realistic simulation of El Niño–Southern
Oscillation, on the basis of an improved estimation of
precipitation, equatorial ocean surface temperature, and zonal
mean atmospheric fields (Watanabe et al. 2010). Our analyses
were performed under the expectation of higher temperatures and
slightly less precipitation than present for both 2050 and 2070.

Ecological niche modeling
Ecological niche models were constructed separately for each
species by using Maxent version 3.4.3 (Phillips et al. 2017) with
the “kuenm” package (Cobos et al. 2019). Maxent has shown
good performance with presence-only data, whereas kuenm
allows to generate candidate models with different
parameterization (regularization factors and features). To
minimize collinearity of predictor variables and model
overfitting, a subset of potential predictor variables was
constructed on the basis of a Pearson correlation coefficient (r <
0.8) and the Variance inflation factor (VIF < 10). The parameters
that optimize the balance between goodness-of-fit and complexity
(Appendix 2) were identified by testing a variety of regularization
multipliers (0.1 to 1 every 0.1, and 1 to 4 at intervals of 1) and
several combinations of five feature types (“basic” combination
of linear, quadratic, product, threshold, and hinge; sensu Phillips
et al. 2017). The candidate models’ performance was evaluated
via the partial area under the ROC curve (partial ROC), an
omission rate (E) lower than 5%, and least complexity according
to the corrected Akaike’s information criterion (AICc), selecting
those that met all three criteria (Appendix 2). The models were
constructed using a random sample of 70% of the locality records
as training data and the remaining 30% as validation data, 50,000
background points and 5 replicates.
Future climate projections might include non-analogous
conditions (i.e., conditions beyond those available in the model
calibration), which can lead to uncertainty in geographical
predictions (Owens et al. 2013, Guevara et al. 2018). To identify
areas where extrapolation risks could be expected, constructed
models were transferred under two assumptions (unconstrained
extrapolation and clamping), and for each model the response
curves and the geographical prediction were evaluated. Also, a
mobility-oriented parity test (Owens et al. 2013) was performed

to identify sites with a high degree of environmental dissimilarity.
Finally, to generate distribution maps, the median values of the
replicates were considered. Presence-absence maps were obtained
by converting the cloglog output format (a continuous scale
ranging from 0 to 1 of environmental suitability values) to binary,
using the 10-percentile training presence threshold values
(Appendix 2) with the “raster” package (Hijmans 2021). This
threshold omits the 10% of records with the lowest suitability
values (under the assumption that these sites are not representative
of the species’ requirements), to exclude outliers (Escalante et al.
2013) and thus minimize commission errors (i.e., predicting a
species as present when it is not).

Spatial analysis of distributions
Potential impacts of ACC on the species were based on changes
in three aspects of their distributions: extent of geographic
distribution, altitudinal shift, and species richness. These changes
were calculated by subtracting future from current potential
distributions, and all post-modeling calculations were performed
with the “raster” package (Hijmans 2021). The extent of
geographic distribution was characterized by quantifying the range
size (km²) and presence within the study area (percentage). The
range size was classified into three categories according to the total
area (km²) in which the species was predicted to be present in the
current scenario (Appendix 3): large (upper quartile > 180,000
km²), intermediate (< 180,000 km², > 20,000 km²), and small (lower
quartile < 20,000 km²). The altitudinal distribution was classified
into four categories on the basis of the quartile ordination of the
current species distribution (Appendix 3; Prieto-Torres et al. 2021)
and the median value of each species: highlands (upper quartile
2100 m), mid-elevations (< 2100 m, > 1100 m), lowlands (lower
quartile 1100 m), and generalists (difference between Q3 and Q1 >
1000 m). Also, a Kruskal-Wallis test was implemented to estimate
differences among altitudinal and range size categories on the basis
of species’ range changes. Last, current and future patterns of owl
species richness at the regional scale were estimated by adding all
the binary distribution maps obtained and converting them to a
standardized raster (0–1 values). The patterns obtained for 2050
and 2070 under the two RCP scenarios were compared by
subtracting the owl species richness per site with respect to the
current distribution. All analyses were performed in R.

RESULTS
Species models and current distributional
patterns
The selected species belonged to 12 genera. Seven genera are
represented by a single species, whereas Glaucidium and Megascops
are represented by seven and 10 species, respectively (Appendix 1).
The models exhibited good performance (i.e., far more accurate
than expected by chance), with significant values for the partial
ROC test (1.08–1.95, p < 0.05), and low omission rates (< 10%);
model parameters and performance metrics are detailed in
Appendix 1, and individual responses for each modeled species are
in Appendix 4.
The area of the predicted distribution varied considerably among
species (Appendix 3), from 3000 km² for the Costa Rican PygmyOwl (Glaucidium costaricanum) to 375,000 km² for the American
Barn Owl (Tyto alba). According to our range size categories, nine
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Fig. 2. (a) Species range size (thousand km²) estimated for 35 Mesoamerican owl species, based on potential distribution models. (b)
Altitudinal distribution (meters above sea level) estimated for 35 owl species showing the minimum, first quartile, median, third
quartile, and maximum values. Species are ordered by taxonomic groups.

species (26%) had small size ranges, 17 (48%) were in the
intermediate category, and nine (26%) had large ranges (Fig. 2a,
Appendix 3). Categorization by altitudinal range resulted in 13
lowland, 13 mid-elevation, two highland, and seven generalist
species (Appendix 3). The altitudinal distribution showed species
throughout the altitudinal gradient (Fig. 2b). The Stygian Owl

(Asio stygius) had the broadest altitudinal range, from sea level
to 3200 m, and the narrowest altitudinal range was shown by the
Striped Owl (Asio clamator) from sea level to 1250 m. In addition,
even though some species had broad altitudinal ranges, their
distributions were generally skewed toward one end of the
altitudinal gradient. For example, although the Northern Saw-
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Fig. 3. Current pattern of species richness of owls throughout the montane forests of Mesoamerica. The
color gradient represents species richness, where darker tones indicate greater numbers of species. The
inset bar graph indicates the proportion of the present distribution of selected species within the study
area, showing the number of species with range sizes in the small (< 20,000 km²), intermediate (20,000–
180,000 km²), and large (> 180,000 km²) range size categories.

whet Owl (Aegolius acadicus) had its lower altitudinal limit
around 1000 m, it was mostly distributed in the upper mountains,
and although the Crested Owl (Lophostrix cristata) was mostly
predicted at elevations below 250 m, some areas of its potential
distribution reached up to 2500 m. Sixty percent (n = 9) of the
species found in highlands and those found in mid-elevations were
highly restricted to their respective altitudinal ranges, with more
than 75% of their potential distribution occurring in that
altitudinal range (Fig. 3). Examples include the genera
Megascops, Aegolius, Glaucidium, and Strix, which had
distributions ≤ 50,000 km². Finally, there was an apparent
association between altitudinal range and range size; species
occupying intermediate elevations mostly had small range sizes
(56%), those occupying lowlands generally had intermediate
range size (47%), and altitude generalists mostly had large
distributions (56%).

Impacts of ACC
Areas with non-analogous climates were identified by the
mobility-oriented parity (MOP) test. However, they represented
a low proportion of our predictions (< 10% on average) and thus
were included in subsequent analysis, although we treated them
with greater caution (especially in RCP 8.5). These areas were
located mainly in the lowlands near montane areas, such as the
northern lowlands of the Pacific and Gulf of Mexico slopes, the
Nicaraguan Depression, and the lowlands of southern Central
America. Considering the MOP results, the response curves, and
the fit of geographic predictions, a single extrapolation method,

extrapolation by clamping, was selected for all scenarios
(Appendix 2).
On the basis of the estimates, three general patterns were
identified. First, ACC would lead to a reduction in distribution
for 83% of the owls considered (29 species), decreasing
consistently across all climate scenarios by an average of 25% for
2050 and 29% for 2070 compared to the present (Fig. 4). Nine
species’ distribution areas decreased by less than 25%, whereas 12
showed reductions by 25–50% and eight decreased by more than
50%. The Eastern Screech-Owl (Megascops asio; 73–96%) and the
Tamaulipas Pygmy-Owl (Glaucidium sanchezi; 55–92%)
consistently showed the highest percentages of decrease in their
range size. Other species with substantial reductions were the
Bare-shanked Screech-Owl (M. clarkii; 35–57%), Bearded
Screech-Owl (M. barbarus; 58–68%), and Northern Saw-whet
Owl (73–96%). According to the altitudinal categorization,
highland species were the most affected (Fig. 4), with 40%
decreases under the closest and theoretically least damaging
scenario (RCP 4.5 to 2050), and 57% for the most distant and
most severe scenario (RCP 8.5 to 2070). The mid-elevation species
showed a similar, though somewhat less severe trend (39–59%),
whereas lowland species showed the lowest percentages of change
(10–16%). Contrary to expectations, species with occasional
presence in montane forests (e.g., altitudinal generalists,
Micrathene whitneyi, Athene cunicularia, and Tyto alba; or
lowland species, Pulsatrix perspicillata, Glaucidium ridgwayi, and
Asio clamator) increased their range sizes (1.5–26% on average).

Avian Conservation and Ecology 17(2): 37
http://www.ace-eco.org/vol17/iss2/art37/

Table 1. Projections of percentage of changes in altitudinal distribution projected under two climate scenarios (RCP 4.5 and RCP 8.5)
to 2050 for 35 Mesoamerican owls considering species’ range size and altitudinal range. For each scenario, we obtained mean value
with its standard deviation of all species and minimum and maximum values. On average, the projection for all scenarios shows a shift
toward higher elevations (positive change), although there are certain species that are projected to shift toward lower elevations, and
this is reflected in the negative minimum values. There were significant differences among range size categories under both climatic
scenarios, RCP 4.5 (X2 = 13.496, df = 2, p-value = 0.001173) and RCP 8.5 (X2= 12.137, df = 2, p-value = 0.002315).
Category

RCP 4.5

RCP 8.5

Mean ± SD

Min / Max

Mean ± SD

Min / Max

24.57 ± 13.24
19.47 ± 3.48
0.56 ± 0.48

-5.49 / 92.89
-0.75 / 103.57
-7.96 / 8.42

33.54 ± 11.25
33.14 ± 3.76
5.98 ± 2.64

5.91 / 112.77
5.96 / 125.7
-4.19 / 15.33

17.73 ± 8.44
16.27 ± -5.48
1.36 ± 18.51
16.06 ± -2.82

3 / 49.87
-7.96 / 92.89
-5.49 / 8.2
-4.29 / 103.57

31.37 ± 13.53
24.62 ± -12.07
8.39 ± 7.21
24.94 ± -2.82

5.96 / 108.12
-4.19 / 112.77
5.91 / 10.87
-2.85 / 125.7

†

Range size
Small
Intermediate
Large
‡
Altitudinal range
Lowlands
Mid-elevations
Highlands
Generalists
Species increasing - decreasing
altitude

29–6

32–3

†

Range size categories: Small (< 20,000 km²), Intermediate (< 180,000 km², > 20,000 km²), and Large (> 180,000 km²);
Altitudinal range categories: Highlands (upper quartile 2100 m), Mid-elevations (< 2100 m, > 1100 m), Lowlands (lower quartile 1100 m), and Generalists
(difference between Q3 and Q1 > 1000 m).
‡

Among the range size categories (Fig. 4), species with small
distributions showed the highest percentages of range reduction
(36–39%), whereas large range species had reductions of 8–12%.
Fig. 4. Differences in range size relative to the present (in
percentage) for owls distributed on Mesoamerican Montane
Forests (n = 35 spp) under two climate scenarios (RCP 4.5 and
RCP 8.5) considering range size and altitudinal range
categories. The Kruskal-Wallis tests showed significant
differences among altitudinal ranges under RCP 4.5 (X2 =
9.8261, df = 3, p-value = 0.0201)

Most species (88%; 31 spp.) were projected to shift to higher
altitudes (Table 1). The shifts were similar among climate
scenarios (∼135 m) except for RCP 8.5 in 2070, which had an
estimated average increase of 245 m. Once again, the Eastern
Screech-Owl and the Tamaulipas Pygmy-Owl had the most
notable shifts in all scenarios, with a predicted altitudinal change
of 648–1296 m and 577–1014 m, respectively. Other species that
showed strong altitudinal increases were the Spotted Owl (Strix
occidentalis) and the Bare-shanked Screech-Owl, both midelevation species whose movements ranged between 275 and 518
m. Mid-elevation species had the largest altitudinal movements
(200–341 m; Table 1), whereas lowland species showed the least
change (30 m by 2050, with a maximum of 165 m by 2070). The
highland species (genus Aegolius) had opposite responses in the
RCP 4.5 in the 2070 scenario: one showed an increase in altitude,
whereas the other decreased. Four species (12%) descended 122
m in altitude, and three of those were classified as generalists:
Short-eared Owl (Asio flammeus), Stygian Owl, American Barn
Owl, and Burrowing Owl. Species with small range sizes had the
greatest altitudinal shifts despite their geographic restriction, with
movements of 158–353 m (Table 1).
When considering the proportion of the species’ total distribution
range that falls within the MMF as defined at present (Fig. 3),
74% (26) of the owl species showed a higher proportion of their
potential distribution within the MMF, likely because of their
altitudinal shifts. Especially, the proportion of the distribution of
the Tamaulipas Pygmy-Owl within the MMF increased from 45%
at present to 83% by 2050 and 97% by 2070. On the contrary, six
species’ distribution within the MMF decreased: Megascops
cooperi, Micrathene whitneyi, Asio flammeus, Aegolius ridgwayi,
Glaucidium cobanense, and Megascops seductus. All of these
species are currently distributed in the MMF regions but are more
associated with other vegetation types. The three remaining
species (Strix nigrolineata, Megascops kennicottii, and Bubo
virginianus) remained practically constant. By altitudinal range,
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mid-elevation species increased the most in MMF distribution,
especially under the RCP 8.5 scenario for both years, whereas by
range size, species with intermediate distributions increased the
most in all scenarios.

Species richness patterns
The estimated species richness varied from five to 21 species under
the current climate scenario. Sites of high species richness (> 10
species, dark-colored sites in Fig. 3) were mostly located in the
contact zones between highlands and lowlands as well as between
biogeographic provinces: for example, between the Sierra Madre
Oriental and adjacent lowlands, between the Transmexican
Volcanic Belt with the Sierra Madre Occidental, and in the
southern part of the Sierra Madre del Sur. The lowest species
richness was observed in northern Mexico, especially in the
northwest of the Sierra Madre Occidental and in the western part
of the Nuclear Central American Highlands (Fig. 3). Among
biogeographic provinces, the Transmexican Volcanic Belt had the
highest species richness with 23, followed by the Sierra Madre del
Sur with 20; the Sierra Madre Occidental had the lowest richness,
with 17.
All climate scenarios produced a similar pattern of change in owl
species richness, but they differed in the total number of species
(Fig. 5). The main species losses occurred in the northern part of
the Sierra Madre Occidental, the central part of the Sierra Madre
Oriental, the southern portion of the Transmexican Volcanic Belt
and Sierra Madre del Sur, and the northwestern part of the
Nuclear Central American Highlands. The RCP 8.5 for 2050 and
2070 showed particularly widespread losses in these areas. The
areas with species gain were in the southern Sierra Madre
Occidental, northern Sierra Madre Oriental, and western
Transmexican Volcanic Belt. Overall, the projected patterns
showed a loss of 11 species and a gain of six, except for RCP 4.5
in 2050, where losses of 10 species were estimated, and for RCP
8.5 in 2070, which showed a maximum gain of seven species.

DISCUSSION
According to the models generated, ACC is predicted to have
severe impacts in the coming decades for most of the owls of the
Mesoamerican montane forests. Our results are consistent with
the widely accepted hypothesis of species range shift to higher
altitudes combined with reduction in distribution as species try
to track their climatic preferences (Table 1; Parmesan 2006,
Pacifici et al. 2015, Bender et al. 2019). We found this pattern in
most of the owl species (~86%), and although the scenarios in
2070 show the most severe results, the projections for 2050 require
more attention. The mid-elevation species emerge as one of the
groups that are most vulnerable to ACC, showing the highest rates
of change (Table 1, Fig. 4; Lenoir and Svenning 2015). This is the
case with the Tamaulipas Pygmy-Owl and Eastern Screech-Owl,
which show reductions of up to 73% in range size and altitudinal
shifts of around 650 m. This pattern may be explained by the
complex climatic patterns and notable changes in conditions over
relatively short distances in mid-altitude areas (Rahbek et al.
2019a, 2019b). Moreover, because highland species cannot
expand their distributions beyond the mountain habitable zone
(Şekercioglu et al. 2012, Freeman et al. 2018), these species are
also projected to be very strongly affected, potentially threatening
their persistence in the region (Şekercioglu et al. 2007, Urban

2015). MMF have undergone significant transformation because
of land use changes, and in many cases have undergone
accelerated biodiversity loss over the last 50 years (Challenger and
Soberón 2008, Enríquez 2017). The synergistic effect of land use
changes and ACC could limit species’ ability to follow their
climatic preferences (Rojas-Soto et al. 2012) and result in even
greater negative impacts (Jetz et al. 2007, Beaumont et al. 2011).
As hypothesized, species richness remained relatively constant at
middle elevations and the largest losses were in the highlands and
the contiguous lowlands (Fig. 4; Bender et al. 2019). When a
species shifts upward, it can be replaced by species from lower
elevations (Bender et al. 2019), so altitudinal shifts do not
necessarily lead to a net decrease in species richness at midelevations (Colwell et al. 2008, Rahbek et al. 2019a). However,
species richness is expected to decrease at both ends of the
altitudinal gradient, though for different reasons at each end. The
lowlands surrounding the MMF of northern and central Mexico
might show a reduction because there are no longer species to
replace the emigrants in those areas (Dunn and Møller 2019).
Meanwhile, highland species (e.g., Aegolius spp., Saw-Whet Owls)
cannot expand their distributions beyond the mountain habitable
zone, so their distribution areas are expected to decrease
(Şekercioglu et al. 2012, Freeman et al. 2018). Moreover, the gains
and losses in owl species richness suggest that the highlands are
climatically different from the lowlands (Fig 4; Rahbek et al.
2019a), favoring geographic isolation of remaining sites with high
species richness (Şekercioĝlu et al. 2012, Payne et al. 2017). Special
attention should be paid to the Transmexican Volcanic Belt and
Sierra Madre del Sur, where the greatest reduction in owl species
richness is expected to occur.
Although our results are interesting and informative, they should
be interpreted with caution. Species distribution is shaped by
factors other than climate that our models are unable to process
but should be considered (Peterson et al. 2011, Guisan et al. 2017).
These include ecological factors like density-dependent
interactions (e.g., prey availability) and population dynamics
(Parmesan 2006, Dunn and Møller 2019), or historical processes
such as speciation or colonization (Espinosa and Ocegueda 2008,
Rahbek et al. 2019b). Moreover, multiple compensatory
mechanisms such as modifying activity patterns or physiological
adjustment have been recorded when climatic changes exceed the
natural variation of the region (Prieto-Torres et al. 2021).
Mechanisms such as diet modification, reduction of body mass,
demographic responses, or use of secondary vegetation may
buffer the effects of ACC (Newton 2003, Dunn and Møller 2019),
although ecological information is scarce for most Mesoamerican
owls. Characterization of species’ responses to environmental
changes is clearly a complex task, but information on their
distributions is a critical starting point to understand underlying
mechanisms (Foden et al. 2019).
Species with small niches are typically specialists, both
ecologically and in terms of distribution, so in theory they are
less likely to be able to adapt to new climatic conditions (Wiens
et al. 2010). Our findings are in line with this notion because the
species with the largest changes were specialists, restricted to a
particular altitudinal range or area. Moreover, the projection of
mostly loser (specialists) and few winner species (generalists)
under new climatic conditions supports the hypothesis that the
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Fig. 5. Species richness patterns for owls (n = 35 spp) throughout the montane forests of
Mesoamerica estimated for the year 2050 under two climate projections: moderate (RCP 4.5)
on the top and severe (RCP 8.5) on the bottom. These species richness patterns were
estimated by overlaying a 0.25° grid. Red represents species richness loss and blue indicates
species richness gain, with darker color representing larger magnitude of change in species
richness with respect to the present.

ecological specialization of a species is a key attribute influencing
species vulnerability (Thuiller et al. 2005, Pacifici et al. 2015,
Guisan et al. 2017). The pattern found here (range shift to higher
altitudes and reduction in range size) supports previous studies
conducted on several study systems. For example, similar trends
were found within a single province, the Sierra Madre Oriental
(Rojas-Soto et al. 2012); indeed, just like our study, the central
part of the Sierra Madre Oriental was found to be the most
strongly affected. These results have also been found when
assessing the effects of projected climate changes on endemic bird

species in the main montane regions of Mexico (Sierra-Morales
et al. 2021) and tropical mountain regions worldwide (Freeman
et al. 2018).
Consistent with previous studies (Sánchez-Ramos et al. 2018,
Bender et al. 2019), we found that species that inhabit higher
altitudes had smaller range sizes. This was evident in owls with
median elevations above 2000 m, whose distributions were smaller
than 50,000 km² and for which ≥ 90% of the range was contained
within the MMF. The distribution limits of a species are mostly

Avian Conservation and Ecology 17(2): 37
http://www.ace-eco.org/vol17/iss2/art37/

influenced by large-scale environmental variables, such as
temperature, precipitation, humidity, or vegetation type (Sexton
et al. 2009, Freeman et al. 2018, Rahbek et al. 2019b). Altitude
can be considered an indicator of these significant variables
(Dunn and Møller 2019); thus, classifying species according to
their altitudinal distribution seems to be a straightforward
strategy to understand distributional patterns. Moreover,
responses to ACC should be similar among species that share an
altitudinal range, as occurred in our models within mid-altitude
and highland owls (Şekercioĝlu et al. 2012, Rahbek et al. 2019b).
Finally, knowledge is limited for most Mesoamerican owl species,
and this affects our confidence in their conservation status
(Camacho-Varela and Arguedas-Porras 2017, Eisermann and
Avendaño 2017, Enríquez and Vázquez-Pérez 2017, RamírezAlbores et al. 2020). Here, we provide relevant information in
terms of distributional patterns and owl species richness, which
can be helpful criteria for assessing their conservation status
(IUCN 2021, Prieto-Torres et al. 2021). Restricted distributions
are a risk factor associated with the geographic isolation of
species, leading to a low capacity for response to environmental
changes (Şekercioĝlu et al. 2012, Urban 2015). Nine of the owl
species we analyzed (26%) have a range size that could justify
including them in some category of risk, although they are not
currently recognized (IUCN 2021, https://www.iucnredlist.org).
For example, two species (Glaucidium costaricanum and
Megascops clarkii) had an estimated distribution of less than 5000
km², which could qualify them as Endangered, whereas seven
could be Vulnerable given their distributions smaller than 20,000
km² (BirdLife International 2022). From this conservation
perspective, further attention is also required to explore changes
in species turnover (e.g., Ochoa-Ochoa et al. 2014) and changes
at the level of individual species, communities, or ecosystem
functioning (Pacifici et al. 2015, Brotons et al. 2019). These
potential effects may provide a picture of the possible impact of
human-induced changes not only on charismatic owls, but on the
already threatened whole biota of our planet.
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Appendix 1. Detailed list with GBIF’s doi, number of occurrences and record cleaning parameters for the
35 owl species considered in this study.
Occurrence Filter distance Unique occurrence
records
(km)
records
Tyto alba
American Barn Owl
1,685
20
507
Psiloscops flammeolus
Flammulated Owl
344
5
154
Megascops kennicottii
Western Screech-Owl
835
10
220
Megascops asio
Eastern Screech-Owl
402
10
145
Megascops cooperi
Pacific Screech-Owl
1,531
10
255
Megascops trichopsis
Whiskered Screech-Owl
1,493
10
353
Megascops barbarus
Bearded Screech-Owl
173
2
55
Megascops seductus
Balsas Screech-Owl
288
2
122
Megascops clarkii
Bare-shanked Screech-Owl
450
2
177
Megascops choliba
Tropical Screech-Owl
1,160
2
552
Megascops vermiculatus Vermiculated Screech-Owl
186
2
103
Megascops guatemalae Guatemalan Screech-Owl
1,573
10
395
Bubo virginianus
Great Horned Owl
2,134
20
594
Pulsatrix perspicillata
Spectacled Owl
1,477
10
292
Strix squamulata
Mexican Wood Owl
8,000
20
756
Strix nigrolineata
Black-and-white Owl
1,922
10
373
Strix occidentalis
Spotted Owl
174
10
48
Strix fulvescens
Fulvous Owl
592
10
85
Strix sartorii
Barred Owl
93
5
37
Lophostrix cristata
Crested Owl
1,107
10
231
Glaucidium gnoma
Mountain Pygmy-Owl
1,578
10
325
Glaucidium cobanense
Guatemalan Pygmy-Owl
380
5
105
Glaucidium costaricanum Costa Rican Pygmy-Owl
374
5
83
Glaucidium sanchezi
Tamaulipas Pygmy-Owl
300
2
87
Glaucidium palmarum
Colima Pygmy-Owl
1,605
10
193
Glaucidium griseiceps
Central American Pygmy-Owl
755
10
173
Glaucidium ridgwayi
Ridgway’s Pygmy-Owl
577
10
221
Micrathene whitneyi
Elf Owl
957
5
312
Athene cunicularia
Burrowing Owl
451
10
428
Aegolius acadicus
Northern Saw-whet Owl
246
20
52
Aegolius ridgwayi
Unspotted Saw-whet Owl
1,003
2
86
Asio stygius
Stygian Owl
252
10
89
Asio otus
Long-eared Owl
169
5
68
Asio clamator
Striped Owl
1,491
20
171
Asio flammeus
Short-eared Owl
211
20
70
Species

Common name

GBIF's access number (DOI)
https://doi.org/10.15468/dl.6dmuvb
https://doi.org/10.15468/dl.u3neqy
https://doi.org/10.15468/dl.ahnwwc
https://doi.org/10.15468/dl.e7xk64
https://doi.org/10.15468/dl.pyztht
https://doi.org/10.15468/dl.ubfgby
https://doi.org/10.15468/dl.ckbfx8
https://doi.org/10.15468/dl.wbhuye
https://doi.org/10.15468/dl.33g28q
https://doi.org/10.15468/dl.exqmxg
https://doi.org/10.15468/dl.7g26ac
https://doi.org/10.15468/dl.zthqtf
https://doi.org/10.15468/dl.m6p33w
https://doi.org/10.15468/dl.zdem6b
https://doi.org/10.15468/dl.j82wnb
https://doi.org/10.15468/dl.ne3v7n
https://doi.org/10.15468/dl.rpev6x
https://doi.org/10.15468/dl.zs73cq
https://doi.org/10.15468/dl.9bhbx5
https://doi.org/10.15468/dl.m5t2tt
https://doi.org/10.15468/dl.bjjfcr
https://doi.org/10.15468/dl.emn3fz
https://doi.org/10.15468/dl.8f8d8r
https://doi.org/10.15468/dl.h5mt86
https://doi.org/10.15468/dl.dmp4w5
https://doi.org/10.15468/dl.jeh5vf
https://doi.org/10.15468/dl.wzdf97
https://doi.org/10.15468/dl.wdvkvf
https://doi.org/10.15468/dl.qrh7xr
https://doi.org/10.15468/dl.farztz
https://doi.org/10.15468/dl.p765z4
https://doi.org/10.15468/dl.f3h5q9
https://doi.org/10.15468/dl.jpaz5d
https://doi.org/10.15468/dl.9w9ys6
https://doi.org/10.15468/dl.p9fj9f

Appendix 2. Model parameters (feature classes and regularization multiplier values), binarization
threshold and performance values (partial ROC, omission rate and Akaike Information Criterion) of
potential distribution models of the selected owl species.

Species

Feature

Regularization Binarization
multiplier
threshold

Partial
ROC

Omission
rate

AICc

Tyto alba
lqp
0.5
0.375
1.079
5.882
14,041.487
Psiloscops flammeolus
lqpt
2.0
0.207
1.254
5.405
4,076.437
Megascops kennicottii
lqp
0.4
0.335
1.169
5.455
6,070.247
Megascops asio
lq
0.4
0.183
1.174
9.524
2,156.232
Megascops cooperi
lqp
0.9
0.383
1.575
6.897
5,427.758
Megascops trichopsis
lqpt
2.0
0.322
1.468
5.682
9,841.881
Megascops barbarus
lqpt
1.0
0.208
1.945
7.143
1,212.572
Megascops seductus
lqpth
2.0
0.366
1.419
6.897
2,805.098
Megascops clarkii
lqp
0.9
0.167
1.741
6.818
3,461.941
Megascops choliba
lqpt
1.0
0.330
1.340
5.556
11,586.623
Megascops vermiculatus
lqp
0.6
0.216
1.209
7.692
2,218.558
Megascops guatemalae
lqpt
2.0
0.371
1.289
5.319
10,327.579
Bubo virginianus
lqpt
2.0
0.483
1.188
5.785
14,379.355
Pulsatrix perspicillata
lqpt
1.0
0.318
1.138
6.349
6,991.498
Strix squamulata
lqpt
1.0
0.503
1.319
5.587
20,282.035
Strix nigrolineata
lqpt
0.9
0.268
1.190
5.556
9,363.638
Strix occidentalis
lqpt
1.0
0.140
1.581
8.333
1,262.075
Strix fulvescens
lqp
0.1
0.152
1.600
5.556
1,702.972
Strix sartorii
lq
0.2
0.099
1.673
11.111
905.065
Lophostrix cristata
lqpt
2.0
0.206
1.153
5.455
5,650.051
Glaucidium gnoma
lqpt
2.0
0.362
1.297
6.173
8,870.249
Glaucidium cobanense
lqp
1.0
0.181
1.770
7.692
2,357.947
Glaucidium costaricanum
lqp
0.2
0.296
1.775
9.524
1,666.971
Glaucidium sanchezi
lq
0.2
0.174
1.750
9.091
1,829.187
Glaucidium palmarum
lq
0.1
0.306
1.559
6.977
4,433.914
Glaucidium griseiceps
lqpt
2.0
0.296
1.261
7.143
4,335.968
Glaucidium ridgwayi
lqp
1.0
0.323
1.371
5.769
5,847.688
Micrathene whitneyi
lqpt
2.0
0.245
1.220
6.667
5,110.666
Athene cunicularia
lqp
0.8
0.458
1.235
5.495
10,386.260
Aegolius acadicus
lqpth
2.0
0.254
1.648
7.692
1,324.570
Aegolius ridgwayi
lq
0.3
0.079
1.942
0.000
1,748.289
Asio stygius
lq
2.0
0.237
1.201
9.524
2,425.005
Asio otus
lqp
1.0
0.395
1.199
5.882
1,937.500
Asio clamator
lqp
1.0
0.386
1.158
5.405
4,219.948
Asio flammeus
l
2.0
0.445
1.217
5.882
1,912.753
† Feature classes are here abbreviated as follows: l= linear, q = quadratic, p = product, t = threshold, and h = hinge.
† Binarization threshold refers to the minimum environmental suitability value used to convert continuous model
output into a presence-absence estimation (Peterson et al. 2011). Given each species´ climatic preferences, the
suitability values change and thus, the choice of the threshold.

Appendix 3. Characterization of the owl species´ distribution according to the biogeographic provinces in
which they are distributed, range size and altitudinal range.

Species
Tyto alba
Psiloscops flammeolus
Megascops kennicottii
Megascops asio
Megascops cooperi
Megascops trichopsis
Megascops barbarus
Megascops seductus
Megascops clarkii
Megascops choliba
Megascops vermiculatus
Megascops guatemalae
Bubo virginianus
Pulsatrix perspicillata
Strix squamulata
Strix nigrolineata
Strix occidentalis
Strix fulvescens
Strix sartorii
Lophostrix cristata
Glaucidium gnoma
Glaucidium cobanense
Glaucidium costaricanum
Glaucidium sanchezi
Glaucidium palmarum
Glaucidium griseiceps
Glaucidium ridgwayi
Micrathene whitneyi
Athene cunicularia
Aegolius acadicus
Aegolius ridgwayi
Asio stygius
Asio otus
Asio clamator
Asio flammeus

SMOr SMOc TVB SMS NCAH CR-Pan
X
X

X
X
X

X
X

X
X
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X
X
X

X
X

X
X

X
X

X
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X
X

X
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X
X
X
X
X
X
X

X
X
X
X
X
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X
X
X
X

X
X
X
X

X
X

X
X
X
X
X
X
X
X

X

X
X
X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X

X

X

X
X

X

X

X

X
X
X
X

X
X

X
X

X

X

X
X

X

X

X

Range
Range size
size (km2) category
372,240
97,240
190,310
59,640
30,570
175,380
7,700
21,150
3,440
10,760
12,850
162,220
305,350
63,900
240,310
103,360
93,360
33,620
41,720
122,370
128,900
12,730
2,980
8,890
63,170
78,810
202,170
178,090
231,710
51,480
9,910
207,780
199,970
102,590
190,450

Large
Intermediate
Large
Intermediate
Intermediate
Intermediate
Small
Small
Small
Small
Small
Intermediate
Large
Intermediate
Large
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate
Small
Small
Small
Intermediate
Intermediate
Large
Intermediate
Large
Intermediate
Small
Large
Large
Intermediate
Large

Altitudinal Altitudinal values Altitudinal
range
(Q1, Median, Q3) range category
75 – 3000
750 – 3330
475 – 3310
95 – 2250
20 – 1410
560 – 3420
1145 – 2915
330 – 2115
830 – 2640
40 – 1775
35 – 1815
35 – 2215
450 – 3350
20 – 1520
30 – 2025
20 – 2380
690 – 3400
485 – 2430
620 – 3420
30 – 2680
675 – 3465
975 – 2815
975 – 2710
270 – 2285
170 – 2455
30 – 1560
20 – 2120
170 – 2700
330 – 3130
1060 – 3400
1270 – 2930
80 – 3150
750 – 3410
20 – 1250
600 - 3350

(150, 925, 1888)
(1498, 2068, 2362)
(954, 1707, 2122)
(189, 468, 1405)
(42, 169, 496)
(1119, 1708, 2103)
(1494, 1800, 2236)
(649, 1076, 1429)
(1090, 1378, 1817)
(76, 263, 778)
(63, 182, 655)
(73, 344, 900)
(887, 1562, 2025)
(46, 162, 386)
(59, 286, 884)
(48, 217, 639)
(1376, 1941, 2286)
(961, 1298, 1688)
(1225, 1762, 2198)
(69, 245, 707)
(1346, 1893, 2273)
(1414, 1670, 2036)
(1296, 1560, 1965)
(492, 1148, 1468)
(339, 818, 1320)
(65, 196, 486)
(48, 260, 782)
(345, 1151, 1736)
(655, 1466, 1965)
(2118, 2342, 2522)
(1672, 2152, 2259)
(164, 874, 2011)
(1482, 1861, 2161)
(41, 138, 331)
(1196, 1594, 2046)

Generalists
Mid-elevations
Generalists
Generalists
Lowlands
Mid-elevations
Mid-elevations
Lowlands
Mid-elevations
Lowlands
Lowlands
Lowlands
Generalists
Lowlands
Lowlands
Lowlands
Mid-elevations
Mid-elevations
Mid-elevations
Lowlands
Mid-elevations
Mid-elevations
Mid-elevations
Mid-elevations
Lowlands
Lowlands
Lowlands
Generalists
Generalists
Highlands
Highlands
Generalists
Mid-elevations
Lowlands
Mid-elevations

† Biogeographic provinces are abbreviated as: Sierra Madre Oriental (SMOr), Sierra Madre Occidental (SMOc), Transmexican Volcanic Belt
(TVB), Sierra Madre del Sur (SMS), Nuclear Central American Highlands (NCAH) and Costa Rica – Panama Highlands (CR-Pan).
† Range size categories: Small (<20,000 km2), Intermediate (<180,000 km2, >20,000 km2) and Large (>180,000 km2).
† Altitudinal range categories: Highlands (upper quartile 2100m), Mid-elevations (<2100 m, >1100 m), Lowlands (lower quartile 1100 m)
and Generalists (difference between Q3 and Q1> 1000m).

Appendix 4. Individual responses of modeled individual Mesoamerican montane forests owls to climate change according to their
potential distribution on four future climatic scenarios.
Ocurrence points
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