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ABSTRACT

Aim: Globally, species are changing their ranges poleward and uphill due to climate warming. This poses a particular risk to bi-
odiversity endemic to islands, where dispersal limitations may hinder latitudinal movement across the sea and elevational range
changes can result in a smaller area of potentially suitable habitat. Few studies have examined whether bird species on small
tropical islands exhibit changes in elevational ranges. Here we study elevational range changes in a forest bird community that
hosts two globally threatened species, of which one is endemic to the small Caribbean Island of Montserrat.

Location: Montserrat, Lesser Antilles, West Indies.

Taxon: Forest birds.

Methods: We analysed point-count data collected between 2011 and 2024 with dynamic occupancy models which explain
changes in occupancy over time by colonisation and extinction while accounting for imperfect detection. We assessed the influ-
ence of elevation on both colonisation and extinction to gather robust evidence of potential elevational range changes.

Results: We found evidence for range changes in five out of 12 species, with four species changing uphill, including the endemic
Montserrat Oriole (Icterus oberi), and one species showing a range contraction towards lower elevations. However, model selec-
tion uncertainty limited our ability to infer the influence of elevation on occupancy dynamics in five species. We caution that the
time span of our study may not have been long enough to detect range changes in all species.

Main Conclusions: Uphill range changes observed in this study may result from synergistic interactions of anthropogenic for-
est degradation at lower elevations, increasing temperatures due to global warming in the Caribbean, and other consequences of
global change such as the impact of hurricanes on high elevation forest structure. Our study suggests that uphill range shifts may
reduce the available habitat of a globally threatened bird species endemic to a small tropical island in the Caribbean.

1 | Introduction changes’), or by adapting to the new conditions within the

same area (‘niche shifts’), with species unable to respond fac-

Climate change causes significant alterations to the earth's bio-
diversity and its impact is predicted to increase during the 215
century (Portner et al. 2021; Thomas et al. 2004; Urban 2015).
Species generally respond to climate change by changing their
distribution to keep track with their preferred climate (‘range

ing extinction (Lenoir and Svenning 2013; Maggini et al. 2011;
Parmesan 2006). In the future, a large number of species,
especially those with small populations and restricted geo-
graphic and climatic ranges, could go extinct due to climate
change-mediated range changes towards higher elevations and
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latitudes (Chen et al. 2011; Lenoir and Svenning 2013, 2014;
Manes et al. 2021; Parmesan 2006; Parmesan and Yohe 2003;
Rubenstein et al. 2023). Species that are endemic to tropical
mountains may be threatened first from these range changes
(Lenoir and Svenning 2013; Manes et al. 2021), for example
due to dispersal limitations and reduced habitat availability at
higher elevations (Freeman, Scholer, et al. 2018; Urban 2018).

Range changes are alterations in the distribution of a species
over time along at least one of three geographical dimensions—
longitude, latitude, or elevation—and result from accompany-
ing changes in the requirements and tolerances of the species
(Lenoir and Svenning 2013). Mechanisms underlying range
changes include population increases, decreases, colonisation
and extinction across a population's core distribution or periph-
ery (Lenoir and Svenning 2013). Different combinations of these
changes in occupancy and abundance can lead to various types
of range changes, including ‘expansion’ at one margin of a spe-
cies' range (the leading edge), ‘contraction’ at the other margin
of a species’ range (the trailing edge), or a ‘shift’ with simulta-
neous expansion at the leading and contraction at the trailing
edge (Breshears et al. 2008; Lenoir and Svenning 2013; Maggini
et al. 2011).

Despite a general trend in range changes towards higher eleva-
tions and latitudes, changes to lower elevations or latitudes have
also been reported (Lenoir et al. 2010; Rubenstein et al. 2023),
as well as shifts in variable directions as a consequence of an-
thropogenic effects (Sanczuk et al. 2024). Many of the global
diversity of range changes reflect the spatial heterogeneity of
changes in climate and land use variables (Campbell et al. 2021;
Lenoir and Svenning 2014) or their diverse impact on any biotic
or abiotic factors that influence the range of a species (Neate-
Clegg and Tingley 2023). However, which factors affect range
changes in specific ecosystems is still poorly understood, espe-
cially in tropical regions, where only a few studies have exam-
ined range alterations (Colwell and Feeley 2024; Neate-Clegg
and Tingley 2023; Rubenstein et al. 2023).

In the tropics, the steeper temperature gradient along elevation
rather than latitude compared to temperate regions leads to ele-
vational range changes being a common phenomenon (Colwell
et al. 2008; Colwell and Feeley 2024; La Sorte et al. 2014;
Urban 2018). Most elevational distribution changes in the trop-
ics have been uphill (Neate-Clegg et al. 2021), partly because the
forest ecotones themselves shift uphill due to a warming climate
(Pouteau et al. 2018). On tropical islands, the opportunities for
species to adjust their geographic ranges are limited by dispersal
barriers: a generally shallow latitudinal surface temperature gra-
dient in the tropics (Colwell et al. 2008; Colwell and Feeley 2024;
La Sorte et al. 2014) forces species to either find suitable habitat
at higher elevations or risk a long journey across the sea to col-
onise terrestrial habitat at higher latitudes (Colwell et al. 2008;
Urban 2018). For many forest species, travelling long distances
across open habitat and the sea is difficult or impossible (Rehm
and Feeley 2016; Urban 2018). Elevational range changes have
been recorded for some Caribbean forest bird species in Puerto
Rico between 1998 and 2015 (Campos-Cerqueira et al. 2017).
These elevational range changes and dispersal limitations could
result in mountaintop extinctions if distributions change to
more suitable habitat at higher elevations, which might cover a

smaller surface area and therefore support smaller populations
with higher risk of extinction (Freeman, Scholer, et al. 2018;
O’'Grady et al. 2004; Shoo et al. 2005).

We investigated whether elevational range changes occurred
in a tropical forest bird community on an island represent-
ing a biodiversity hotspot that is highly vulnerable to climate
change (Corlett 2012; Freeman and Class Freeman 2014; Gould
et al. 2020; Sekercioglu et al. 2012). Montserrat, in the Lesser
Antilles, is a small volcanic island with a steep elevational gra-
dient and many endemic species (Hemmings et al. 2015; Young
et al. 2008). Montserrat's tropical forest hosts the endemic
Montserrat Oriole (Icterus oberi) and the range-restricted Forest
Thrush (Turdus lherminieri), which are both globally threatened
and reliant on intact forest ecosystems (Bambini et al. 2017;
Hilton 2008; Oppel et al. 2015). Because Montserrat's tempera-
ture has increased over the last 15years (Figure S2), an uphill
range shift of threatened species could induce population de-
creases due to a reduction of available habitat at higher elevations
(Freeman, Lee-Yaw, et al. 2018; Freeman, Scholer, et al. 2018).
We therefore examined patterns of local colonisation and extinc-
tion probability along an elevational gradient for 12 forest bird
species over the past 14years using dynamic occupancy models
and point-count data. With this study on a small tropical island
that has experienced a warming climate, we contribute to an im-
proved understanding of the impacts of environmental change
on bird communities in a Caribbean biodiversity hotspot.

2 | Methods
2.1 | Study Area and Bird Species

The small Caribbean island of Montserrat (16°45'N, 62°10’ W,
size: 104km?, Figure 1) is situated in the northern part of the
Lesser Antillean island arc (Nelson 2017; Oppel et al. 2013). It
has mainly a tropical rainforest climate, with highly seasonal
precipitation and a wet season from June until November
(Hemmings et al. 2015). Montserrat's land mass consists of four
volcanic massifs, with the Soufriere Hills having been active
since a major volcanic eruption in 1995 (Hincks et al. 2005),
which resulted in the loss of most tropical forest in the south-
ern half of the island. The Centre Hills (1100ha in size) now
host the majority of the remaining forest (Dalsgaard et al. 2007;
Oppel et al. 2013; Young 2008), and are legally protected (Oppel
et al. 2015; UNEP-WCMC 2024). This massif is characterised
by a remnant volcanic dome forming rugged terrain with steep
hills, sharp ridges and deep valleys (Hemmings et al. 2015) and
arange of forest types at elevations from 132 to 740 m above sea
level (asl), with a decreasing area at higher elevations (Figure S1).
The mean temperature on Montserrat has increased by an av-
erage of 0.053°C per year (standard error: 0.019, p=0.006) be-
tween 2011 and 2025 (Figure S2).

Montserrat hosts 24 land bird species including 10 restricted
range species and two that are globally threatened (Oppel
et al. 2015): the Forest Thrush suffers from habitat loss and in-
vasive species (Collar 2020; Jean-Pierre et al. 2023; Parashuram
et al. 2015), and the endemic Montserrat Oriole has experienced
a steep population decline due to forest loss associated with vol-
canic activity after 1995 (Arendt et al. 1999; Hilton et al. 2003),

20f12

Journal of Biogeography, 2026

85U80|7 SUOWIWOD aA1eID 3|cedljdde au Aq peusenob ae sspiie YO 88N JO Se|nJ 10y ArIqiT8ul|UO /8|1 UO (SUOTPUCD-pUR-SLUBIL0D A8 1M ATeIq Ul [UO//SANY) SUORIPUOD pue swid | 8y 88S *[920z/70/02] Uo Aeiqi]auluo A8 |1 ‘suempBo A ayssiiezemyos Aq £2z0. 1G{/TTTT 0T/I0p/L0o A8 | AReiqjeul|uo//Sdny Woly papeo|umod * ‘9202 ‘669259ET



A

Montserat

584000E

588000E 592000E

1860000N

=
o
o
o
j=)
L
@
—

1848000N 1852000N

1844000N

FIGURE1 | The island of Montserrat belongs to the Lesser Antillean Island arc (left) and contains four volcanic hill ranges, namely (from north
to south) the Silver Hills, Centre Hills, Soufriére Hills and South- Soufriére Hills (right). Forest bird counts were conducted at 86 sampling locations
(red dots), mainly within the Centre Hills Forest Reserve (pale polygon). Source: Centre Hills Protected Area Polygon: UNEP-WCMC (2024); Satellite

image: Planet Labs PBC (2024).

but later showed increasing population trends from 2011 to 2016
(Bambini et al. 2017). The extremely restricted range and the
potential effects of climate change and volcanic activity on avail-
able forest habitat render both species prone to environmental
extinction risk (BirdLife International 2016).

2.2 | Bird Monitoring

Bird monitoring in the Centre Hills has been conducted using
point counts from 2011 to 2024 by the Montserrat Department
of Environment. A total of 86 point-count sites were established
in the Centre Hills forest covering all forest types and the full
elevational range of 608 m (from 132 to 740 m asl; see Figure S2).
Adjacent point-count locations were >200m apart to limit
double-counting of birds at adjacent points (see Figure 1).

Surveys took place from late March until mid-May every year (ex-
cept in 2020 when COVID-19 prevented surveys), thus covering
the main breeding season of forest birds on Montserrat (Bambini
et al. 2017). Surveys were scheduled to be completed within a
period of 5weeks to meet an assumption of population closure.
Observers visited sampling locations three times within those
5weeks between 5:45 and 13:30 local time and counted all birds

seen or heard for 10min after a settling time of 3min. More de-
tailed descriptions of the bird monitoring protocol can be found
elsewhere (Bambini et al. 2017; Oppel et al. 2014; Parashuram
et al. 2015). For our analyses described here, we reduced the avail-
able abundance data to binary detection/non-detection data.

2.3 | Data Analysis

We examined occupancy dynamics for 12 forest bird species
that were observed at >45% of survey points in at least oneyear
during the forest bird monitoring. This selection comprised all
range-restricted and globally threatened forest bird species of
the Centre Hills (Hilton 2008; Oppel et al. 2015). Specifically,
we estimated the effects of elevation on colonisation and ex-
tinction for Pearly-eyed Thrasher (PETH) Margarops fusca-
tus, Bananaquit (BANA) Coereba flaveola, Scaly-naped Pigeon
(SNPI) Patagioenas squamosa, Forest Thrush (FOTH), Scaly-
breasted Thrasher (SBTH) Allenia fusca, Antillean Crested
Hummingbird (ACHU) Orthorhyncus cristatus, Montserrat
Oriole (MTOR), Bridled Quail-Dove (BRQD) Geotrygon mys-
tacea, Purple-throated Carib (PTCA) Eulampis jugularis,
Caribbean Elaenia (CAEL) Elaenia martinica and Green-
throated Carib (GTCA) Eulampis holosericeus.
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2.3.1 | Inferring Occupancy Dynamics Using Dynamic
Occupancy Models

Dynamic occupancy models use repeated sampling data to
model both the ecological processes of occupancy, colonisa-
tion and extinction, but also the observation process to account
for imperfect detection (Fiske and Chandler 2011; Kéry and
Royle 2020). Imperfect detection is common in forest bird sur-
veys and can depend on factors such as species, observer, sea-
son, daytime, or habitat (Alldredge et al. 2007).

Dynamic occupancy models consist of two hierarchical lev-
els, an ecological state component which describes the true,
latent presence-absence dynamics by three Bernoulli distribu-
tions, and a detection process component that describes the
observation error of the true state. The occurrence state in the
first season is governed by a parameter for initial occupancy
probability (¥), and this state can change over time based
on colonisation (y) and extinction (¢) probabilities between
consecutive sampling seasons (Fiske and Chandler 2011;
Kéry and Royle 2021; MacKenzie et al. 2003). The observa-
tion process component of the dynamic occupancy model
makes use of the repeated surveys within a season to describe
the probability of detecting a presence while accounting
for imperfect detection (Kéry and Chandler 2016; Kéry and
Royle 2020). The model assumes population closure (no immi-
gration or emigration of a species within the area surrounding
each point) during the period of repeated visits (in our case
5weeks) within a season. Thus, if a species is detected at a
sampling point, then all non-detections during other visits
within the same season are assumed to result from imperfect
detection (Rota et al. 2009). Detection probability can be esti-
mated using site- and occasion-specific covariates (Table S1).
Further assumptions include that observations of species are
independent between sampling locations, and that there are
no false-positive observations (Kéry and Chandler 2016; Kéry
and Royle 2020; MacKenzie et al. 2018). The Montserrat forest
bird surveys use sampling locations >200m apart (Figure 1)
and a conservative recording protocol of vocalising birds to
ensure that violations of these assumptions are minimised.

To examine whether elevation explained colonisation and ex-
tinction probabilities, we fitted dynamic occupancy models
using the function ‘colext’ in the R package ‘unmarked’ (Fiske
and Chandler 2011; Kellner et al. 2023). Because different co-
variates might potentially determine the detection and initial
occupancy probabilities of different bird species, we used a
staged approach to first select appropriate detection and initial
occupancy models for each species (Section 2.3.3), before ad-
dressing our main question of elevational distribution changes
(Section 2.3.4) in models exploring different parameterisations
for colonisation and extinction (Kéry et al. 2013).

2.3.2 | Covariates to Explain Occupancy Dynamics
and Detection

We used survey date (as Julian ‘date’), survey time of day (‘time’),
‘wind’ (categorical with four levels), ‘rain’ (binary ‘rain’/‘no
rain’) and general bird ‘activity’ (calculated as the sum of all bird
detections across all species, including species not assessed here)

as observation covariates to explain variation in detection prob-
ability. Environmental covariates that remain constant between
surveys at the site level included the topography as ‘elevation’,
terrain ‘location’ (categorical with ‘ridge’, ‘mid-slope’, ‘valley’,
‘flat-open’), and forest habitat variables such as diameter at
breast-height (‘dbh’), tree-height (‘treeheight’) and canopy cover
(‘canopy’), which were measured and averaged at each point-
count location (Parashuram et al. 2015). The survey year was
included as an annually changing site covariate that allowed
occupancy and detection to either change linearly over time
(hereafter referred to as ‘linear_trend’) or randomly every year
(hereafter referred to as ‘random_year’; see Section 2.3.4). All
numeric variables were rescaled to a mean of 0 and standard de-
viation of 1 (Kellner et al. 2023). An overview of covariates with
their type, metric and exact definition is provided in Table S1.

2.3.3 | Selecting Species-Specific Formulations
for Detection Probability and Initial Occupancy

Prior to addressing our main question of elevational distribution
changes, we proceeded in a staged fashion to first select an ap-
propriate detection model, and then an appropriate initial occu-
pancy model for each species (Morin et al. 2020).

To select an adequate detection model for each species, we
explored effects of weather (Morelli et al. 2022; O'Connor
and Hicks 1980), daytime (Morelli et al. 2022), season (Kéry
et al. 2005; Riegert 2022), habitat (Morelli et al. 2022) and ob-
server (Alldredge et al. 2007; Cunningham et al. 1999). We con-
sidered ‘day’ and ‘time’ because singing intensity changes over
the season (Puswal et al. 2021) and with time of day (Gil and
Llusia 2020; Keast 1994). The variable ‘time’ was explored with
linear and quadratic effect, because vocalisations can peak at
intermediate times of the day. We used the covariates ‘wind’
and ‘rain’ as proxies for weather which is known to affect avian
singing activity and the ability of observers to detect acoustic
cues (Robbins 1981). The variable ‘activity’ was a general metric
to quantify the survey-specific overall bird activity, which can
vary tremendously from one day to the next due to behavioural
changes and other unmeasured variables (Ke et al. 2022;
Sélymos et al. 2018; Zou et al. 2019). Topography described by
the covariate ‘location’ can affect sound propagation (Guibard
et al. 2022; Guo et al. 2022), and was therefore also included as
a detection covariate. We added these predictors as additive ef-
fects on detection probability in the order listed above and fitted
a series of dynamic occupancy models that assumed constant
initial occupancy, colonisation and extinction to select the most
parsimonious combination of detection covariates. The most
parsimonious detection model for each species was selected
based on the Akaike Information Criterion corrected for small-
sample size (AIC,) (Bolker 2008; Burnham and Anderson 2002),
and this combination of detection covariates was then used in
the next stage.

In the next stage, variation in initial occupancy was accounted
for by incorporating site covariates which may explain species-
specific habitat preferences (Kéry and Chandler 2016; Kéry and
Royle 2016). The covariate ‘elevation’ accounts for elevational
patterns in rainfall and forest type which affect the distribu-
tion of forest birds on Montserrat (Hilton 2008; Parashuram
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et al. 2015) and other Caribbean Islands (Devenish-Nelson and
Nelson 2021). We added the covariates ‘treeheight’ and ‘dbh’ to
include the possibility that certain bird species favour higher or
older forest. Certain bird species exhibit a preference for dense
canopy, as demonstrated by the Forest Thrush on Montserrat
(Parashuram et al. 2015). Accordingly, we incorporated can-
opy cover as a predictor variable in our models. Because tree
height decreases with increasing elevation (Hamilton et al. 2008;
Homeier et al. 2010; Lieberman et al. 1996), bird species may se-
lect different tree heights at different elevations, and we therefore
also included an interaction between ‘elevation’ and ‘treeheight’.
We added all other covariates as additive effects on initial occu-
pancy in a series of dynamic occupancy models that used the
most parsimonious combination of detection covariates and as-
sumed constant colonisation and extinction. As above, we used
AIC, to select the most parsimonious model for each species.

2.3.4 | Estimating the Effect of Elevation on
Occupancy Dynamics

After controlling for variation in detection and initial occu-
pancy, we addressed our key ecological question on elevational
range changes by fitting 13 plausible candidate models that
varied the covariates in the colonisation and extinction models
(Table S2). These candidate models reflected the following eco-
logical processes.

We fitted a range ‘shift’ model in which both colonisation and
extinction were explained by elevation. This mainly refers to the
scenario of an uphill range shift as climate warms and therefore
an increasing colonisation at higher elevation (expansion at the
leading edge) and increasing extinction at lower elevation (con-
traction at the trailing edge) (Breshears et al. 2008; Lenoir and
Svenning 2013; Maggini et al. 2011).

Furthermore, we built two alternative models (‘expansion’ and
‘contraction’) which predict that only colonisation or extinction,
respectively, change with elevation. These represent alternative
scenarios in which either the trailing or leading edge remains
stationary (Maggini et al. 2011).

Because changes in the occupancy of forest birds could also
occur independent of elevation, we fitted alternative models that
allowed occupancy to change annually. We allowed occupancy
to change gradually over time (‘linear_trend”) or flexibly every
year (‘random_year’) to explain both colonisation and extinc-
tion by year (Kéry et al. 2013). We used annual variation either
as an alternative explanation to elevation, or in addition to eleva-
tion in the ‘shift’, ‘expansion’ and ‘contraction’ models to investi-
gate the effect of elevation on colonisation and extinction while
accounting for annual variation.

Besides the models representing ecological hypotheses, we also
included two reference models that assumed that neither coloni-
sation nor extinction were explained by either elevation or year,
but rather that they remained constant. One of these reference
models included the most parsimonious combination of detec-
tion and initial occupancy covariates (‘constant’), while the sec-
ond reference model assumed that all four model components
were constant (‘intercept-model’).

We selected the most parsimonious of those 13 plausible can-
didate models using AIC, as above, and present the relative
weight of evidence (wAIC) to acknowledge cases where the
most parsimonious model received limited support from the
data (Burnham and Anderson 2002). Estimates of effect sizes
of elevation on colonisation and extinction were obtained from
the most parsimonious model, and the estimated probability
of colonisation and extinction was plotted against elevation to
demonstrate the effect of elevation (Kellner et al. 2023; Kéry and
Chandler 2016; Kéry and Royle 2020).

To assess whether the dynamic occupancy models provided an
adequate fit for the data, we used a parametric bootstrapping
procedure to simulate 1000 replicate data sets from the model
with all covariates for each species and used the x? statistic to
evaluate whether there were consistent differences between
simulated and actual data. We concluded that models pro-
vided an appropriate fit to the data if the p-value was >0.05
and suggested that simulated and actual data were similarly
distributed.

3 | Results
3.1 | Elevational Range Changes

Point-count data for 12 forest bird species on Montserrat were
collected in 13years between 2011 and 2024, yielding 39,120 ob-
servations from 3260 surveys.

We found evidence for elevational range changes in five out
of the 12 analysed species (Figure 2, Table 1), with the occu-
pancy dynamics of three species (Bridled Quail-Dove, Scaly-
breasted Thrasher and Brown Trembler) best explained by
the ‘contraction’ model where only extinction depended on
elevation, one species (Purple-throated Carib) where colonisa-
tion was explained by elevation (‘expansion’ model), and one
species (Montserrat Oriole) where both colonisation and ex-
tinction were explained by elevation (‘shift’ model). For four
species (Bananaquit, Forest Thrush, Pearly-eyed Thrasher and
Scaly-naped Pigeon) the most parsimonious model was the ‘con-
stant’ model where both colonisation and extinction were mod-
elled with intercepts only. For another three species (Antillean
Crested Hummingbird, Caribbean Eleania and Green-throated
Carib) both extinction and colonisation were best explained by
an annual trend (‘linear_trend’ model). The x? goodness-of-fit
test indicated that observed and simulated data followed a simi-
lar distribution (p>0.05 for all species).

3.2 | Model Selection Uncertainty

We found considerable model selection uncertainty in five species
including two (Bridled Quail-Dove and Purple-throated Carib)
which exhibited elevational range changes. However, for these two
species, the uncertainty only included whether elevation affected
colonisation, extinction, or both (cumulative wAIC, for all eleva-
tion models > 0.5, see Table S3), whereas models without elevation
received less support. In two other species (Forest Thrush, Scaly-
naped Pigeon), elevation was contained in a competitive, but not
the most parsimonious model (see Table S3).
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FIGURE 2 | Predicted colonisation and extinction probabilities in relation to elevation of survey points in the Centre Hills forest reserve of

Montserrat, Lesser Antilles, for five forest bird species, where elevation was included as a predictor in the most parsimonious dynamic occupancy

model based on survey data from 2011 to 2024.

4 | Discussion

We found elevational range changes in five out of 12 forest bird
species on Montserrat, with four of these species changing
their range uphill as expected under climate warming. These
elevational range changes either occurred through a shift
(Montserrat Oriole), by uphill expansion (Purple-throated
Carib), or contraction at lower elevations (Bridled Quail-Dove
and Brown Trembler), and different mechanisms may explain
those dynamics for the different species. Despite the relatively
short period of 14 years, some elevational range changes were
evident that may ultimately result in changes in population
size because less habitat is available for each species at higher
elevations (Figure S1).

4.1 | Substantial Variation in Range Changes on
Montserrat

The substantial variation in species elevational range changes
that we found on Montserrat is consistent with previous studies
(Campos-Cerqueira et al. 2017; Freeman, Lee-Yaw, et al. 2018;

Lenoir et al. 2010; Rubenstein et al. 2023). For some species, we
found no evidence of elevation affecting occupancy dynamics,
and any changes in occupancy were better explained by tempo-
ral variation than elevation. Some of the species for which we
did not detect elevational range shifts include the most com-
mon species (Bananaquit, Pearly-eyed Thrasher, Forest Thrush,
Scaly-naped Pigeon), for which the estimated occupancy was
close to one (Figure S3). Changes in the distribution of those
widespread species may not be detectable with occupancy
but may require data on abundance (Joseph et al. 2006; Steen
et al. 2023; Steenweg et al. 2019). Likewise, the rarest and de-
creasing species of the Centre Hills (Green-throated Carib and
Caribbean Elaenia) had low and decreasing occupancy through-
out the study area (Figure S3), possibly reducing the power to
detect any changes in the elevational distribution. Thus, for
some species our data and models may not have been power-
ful enough to detect elevational changes (Banner et al. 2019;
Fuller et al. 2022; Southwell et al. 2019). However, for the spe-
cies where we did find evidence for elevation to affect occupancy
dynamics, potentially competing models simply reflected uncer-
tainty in the exact process how occupancy changed with eleva-
tion, but not the fact that elevation was an important predictor
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of colonisation or extinction. We are therefore confident that we
can infer elevational changes for these five species.

4.2 | Possible Explanations for Observed Range
Changes

Our main hypothesis suggests that climate change caused up-
hill range changes as shown for species globally (Lenoir and
Svenning 2013; Rubenstein et al. 2023), tropical birds (Campos-
Cerqueira et al. 2017; Neate-Clegg et al. 2018, 2021) and amphib-
ians (Campos-Cerqueira and Aide 2017; Gould et al. 2020) in the
Caribbean. For example, changes on Puerto Rico were linked to
rising temperatures in birds and amphibians: eight of 21 studied
birds changed their range uphill (Campos-Cerqueira et al. 2017)
while six out of 12 frog species were extirpated at lower eleva-
tions (Campos-Cerqueira and Aide 2017; Gould et al. 2020).
Thus, we assume that a generally increasing temperature trend
in the Caribbean (Almazroui et al. 2021; Campbell et al. 2021;
Jones et al. 2016) and on Montserrat (Figure S2) forced species
either directly (based on physiological responses) or indirectly
(via biotic or abiotic interactions) to change towards higher el-
evations to remain in their species’ climatological or ecological
niche (Cahill et al. 2013; Freeman and Class Freeman 2014;
Lenoir and Svenning 2013; Neate-Clegg and Tingley 2023). For
two species the uphill ‘range contraction’ was caused by in-
creasing extinction at lower elevations. At these elevations the
forest margins of our study area are exposed to anthropogenic
land-use change despite the formal preservation as forest re-
serve (Oppel et al. 2015). That may affect species such as the
Bridled Quail-Dove and Brown Trembler sensitive to anthropo-
genic disturbance and land-use change (Boal and Madden 2022;
Rivera-Mildn et al. 2021). The uphill contraction of those two
species' ranges may have therefore been caused by direct distur-
bance and forest loss rather than any mechanisms of a warming
climate.

Besides direct anthropogenic disturbance, climate change
may also induce weather phenomena that lead to natural for-
est disturbances, which may explain the observed uphill range
changes of Montserrat Oriole and Purple-throated Carib.
Increasingly powerful hurricanes exacerbated by climate
change (Emanuel 2005; Walsh et al. 2019) can induce forest dis-
turbance by defoliation and tree loss (Askins and Ewert 2021;
Hilton 2008; Tanner et al. 1991), especially in the most exposed
parts at higher elevations. These natural disturbances can create
openings in the forest that can support large numbers of early
successional species such as Heliconia plants (Hogan et al. 2022;
Meléndez-Ackerman et al. 2003; Oppel et al. 2020). Heliconia
caribaea and H. bihai (Hamilton et al. 2008) are essential for
nectar feeding of Purple-throated Caribs (Dalsgaard et al. 2010;
Martén-Rodriguez et al. 2011), and provide nesting and feed-
ing habitat for Montserrat Orioles (Allcorn et al. 2012; Oppel
et al. 2013, 2020; Young 2008). Thus, powerful hurricanes Maria
and Irma in 2017 could have caused increased abundance of
Heliconia at higher elevations where trees are more susceptible
to the destructive force of the wind (Tanner et al. 1991). Such an
increased Heliconia abundance could have led to uphill range
changes of Montserrat Orioles and Purple-throated Caribs.
However, we acknowledge that we neither have supporting
data on the abundance and distribution changes of Heliconia

on Montserrat nor any other forest habitat characteristics that
might have changed during the study period which limits our
ability to infer the exact mechanism leading to the observed ele-
vational range changes.

Abundance changes offer another possible explanation for
the observed range changes in both the Montserrat Oriole
and Purple-throated Carib. As populations of both species
have grown during the study period (Bambini et al. 2017;
Figure S3), the area needed to support this increasing popula-
tion would also need to increase unless density in the occupied
habitat changes. On Montserrat, shrubs and dry forest habi-
tat at lower elevations are not suitable for Montserrat Orioles
and Purple-throated Caribs due to the absence of Heliconia
plants, and the populations might therefore rather expand to-
wards wet forests at higher elevations (Hamilton et al. 2008;
Hilton 2008).

One species, the Scaly-breasted Thrasher, showed a counter-
intuitive downhill range change caused by increasing extinc-
tion at higher elevations. This species also exhibited a preference
for higher trees (Table 1; Brown and Collier 2003; Madden and
Zanten 2020), and the same process that may have facilitated
the expansion of other species to higher elevations (tree loss
and defoliation following hurricanes) may have led to a contrac-
tion of the Scaly-breasted Thrasher's range to lower elevations.
However, we acknowledge that the mechanisms underlying our
observed range changes are poorly understood and would re-
quire further research.

5 | Conclusion

In conclusion, we provide evidence for elevational range changes
(uphill and downhill) in five forest bird species on the small
Caribbean island of Montserrat over a period of 14years. Given
accelerating climate change and its impacts on biodiversity
during the 21% century, we would expect to observe continued
range shifts in the future. Consequently, the four uphill shifting
species, including the endemic Montserrat Oriole, could face a
decreasing surface area of available suitable habitat at higher el-
evations in the Centre Hills (see Figure S1), which could result
in smaller population sizes increasingly prone to extinction due
to stochastic events. Thus, we suggest continuing monitoring of
the Centre Hills forest bird community to enable future assess-
ments of population dynamics under climate change.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Distribution of grid cells
representing the frequency of surface area derived from a digital ele-
vation model of the Centre Hills forest reserve on Montserrat, Lesser
Antilles (red bars) and the elevational distribution of survey points for
long-term bird monitoring (blue bars). Source digital elevation model:
OpenTopography, 2016; Centre Hills Protected Area Polygon: UNEP-
WCMC 2024. Figure S2: Long-term (1940 to 2026) (a) and short-term
changes over the study period (2011 to 2024), (b) in the monthly mean
air temperature on Montserrat. The data indicate monthly averaged
air temperatures obtained from ERAS5 (Hersbach et al., 2023) which
provides long-term climate data through reanalysis and downscaling
from global weather observations. Trends are depicted in blue (95%
confidence intervals in grey) and are calculated for (a) using a loess
function with a smoothing parameter of 0.5 and for (b) using a linear
trend regression resulting in a slope of 0.053 (standard error: 0.019,
p=0.006). Figure S3: Estimated annual probability of occupancy be-
tween 2011 and 2024 for 12 forest bird species at 86 sampling locations
in the Centre Hills forest reserve on Montserrat, Lesser Antilles, derived
from dynamic occupancy models. No surveys were conducted in 2020.
Occupancy probability was calculated from estimated posterior distri-
butions using the empirical Bayes method and averaged across all point
count locations for each survey year, thus yielding the average propor-
tion of sites occupied. Table S1: Definitions of environmental variables
used as covariates to explain occupancy dynamics and detection prob-
ability of 12 species of forest birds in dynamic occupancy models based
on bird survey data from 2011 to 2024. Type indicates whether variables
varied by observation (obsCov), by location (siteCov), or by survey year
(yearlySiteCov). All numeric variables were rescaled to a mean of 0 and
standard deviation of 1. Table S2: Symbolic representation of the model
components for the 13 candidate models that were explored to test bi-
ological hypotheses of range shifts of forest birds on Montserrat. Note
that only the colonisation and extinction components of the models are
specified, while the detection and initial occupancy components varied
by species and covariates for those components were selected during
preliminary stages for each species and then held constant for each
species when fitting these candidate models. Note that the ‘intercept-
model’ is not shown in this table, as it is identical to the ‘constant’ model
in colonisation and extinction probabilities, but also uses only an in-
tercept for the detection and initial occupancy components. Table S3:
Model selection table of dynamic occupancy models investigating the
effect of elevation on occupancy in 12 forest bird species at 86 sampling
locations in a forest reserve on Montserrat, Lesser Antilles, between
2011 and 2024. Fitted models for all modelling are aggregated for each
species but note that model fitting proceeded sequentially. After cor-
recting for detection and initial occupancy as nuisance parameters, the
models for colonisation and extinction were fitted to address the main
research question on range shifts. Models for each species are ordered
by the second-order Akaike Information Criterion corrected for small
sample sizes (AIC) and the most parsimonious model is displayed in
bold. AAIC, is the difference between the AIC, of a model and the most
parsimonious model for that species, nPars is the number of parameters
and wAIC, is the relative weight of evidence for a model. See Table S1 for
description of covariates.
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