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Ecography Ensuring connectivity is crucial to protect landscapes but it requires knowledge about
how animals use ecosystems throughout the year. However, animal movements remain
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decades (2000-2020) of records from citizen science data and boosted regression
trees to predict monthly distributions for 55 hummingbird species in the Andes. We
identified shifts in altitudinal distribution between contiguous months and calculated
changes in the proportion of predicted distributions occupied by ecosystem types. Our
findings reveal substantial altitudinal movement and differences in the proportion of
ecosystem types utilized throughout the year that had not been previously reported for
several species. Yet the magnitude of altitudinal and ecosystem shifts varies between
hummingbird clades, and in some cases changes in the proportion of ecosystem types
within estimated distributions occurs with little variation in altitude. All ecosystems
across the Andes show temporal changes in hummingbird occurrence, but these are
higher in natural landscapes compared to croplands or urban areas. Finally, we used
phylogenetic logistic regression to test whether altitudinal and ecosystem shifts affect
population trends. We found that higher ecosystem seasonality is more strongly associ-
ated with decreasing populations in comparison to altitudinal shifts. Altogether, our
study reveals complex patterns of movement in hummingbirds and highlights the
importance of ecological connectivity across different ecosystem types. More generally,
it demonstrates the opportunity of using citizen science data to increase understand-
ing about species” seasonal occurrences, so that landscapes can be better managed to
protect animal movement.

Keywords: boosted regression trees, eBird, ecological connectivity, species
distribution models

NORDIC SOCIETY OIKOS © 2023 The Authors. Ecography published by John Wiley & Sons Ltd on behalf of Nordic Society
Oikos
www.ecography.org This is an open access article under the terms of the Creative Commons

Attribution License, which permits use, distribution and reproduction in any
Page 1 of 16 medium, provided the original work is properly cited.


https://doi.org/10.1111/ecog.06735
http://orcid.org/0000-0003-4673-3624
http://orcid.org/0000-0003-0474-3592
http://orcid.org/0000-0002-3135-4835
http://orcid.org/0000-0001-8065-2436
http://orcid.org/0000-0002-4302-3048
http://orcid.org/0000-0002-5785-4272
mailto:cristinaruedauribe@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fecog.06735&domain=pdf&date_stamp=2023-12-12

Introduction

Effective conservation measures are limited by our under-
standing of the patterns and drivers of animal movement
(Runge et al. 2014). Protecting landscapes for mobile spe-
cies demands full annual cycle approaches that include
several sites (Marra et al. 2015), critical movement bottle-
necks (Berger et al. 2008) and resource patches along routes
(Weber et al. 1999, Sheehy et al. 2011, Xu et al. 2020). In
addition, knowledge about the drivers of movement helps
identify possible current and future environmental factors
that impede movement and thus threaten the persistence
of natural populations (Singh and Milner-Gulland 2011).
However, movement data are difficult to collect because of
the effort needed for long-term monitoring of natural popula-
tions, the high costs of tracking studies in the field or labora-
tory methods for isotopic and genetic analyses. As a result,
there is a sharp contrast among geographic regions, taxonomic
groups and movement types that have been studied thus far
(Holyoak et al. 2008, Boyle et al. 2017, Hsiung et al. 2018).
There is an urgent need for more information on the patterns
and drivers of animal movement for data-poor species and
regions, particularly for biodiversity hotspots that are under
threat or especially vulnerable to ongoing global change.

The Andes Mountains in South America are an increasingly
threatened hotspot for biodiversity (Myers et al. 2000) but
animal movement in these mountains remains understudied
in comparison to temperate regions (Jahn et al. 2020). This
mountain range is characterized by steep and complex envi-
ronmental gradients that shelter high levels of species rich-
ness (Rahbek et al. 2019, Freeman et al. 2021, Sonne et al.
2022). Natural habitats in the Andes encompass a diversity of
dry and wet ecosystems, ranging from 0 m a.s.l. in the low-
lands to over 6000 m a.s.l. on mountaintops and including
wetlands, shrubs, grasslands and forests (Young et al. 2007).
However, natural ecosystems have been severely reduced
since preindustrial times (Comer et al. 2022), mainly due to
extensive agricultural development and human settlement
(Etter et al. 2008, Jarvis et al. 2010, Correa-Ayram et al.
2020). Consequently, wildlife in the Andes is under pres-
sure of habitat degradation and fragmentation (Brooks et al.
2002, Ocampo-Penuela et al. 2022), which is further exacer-
bated by climate change (Malcolm et al. 2006).

Given the complexity of environmental gradients in
the region, animal movement in the Andes is presumably
widespread (Bargante et al. 2017, Jahn et al. 2020) and may
respond to changes in weather, limitation or variation of
food resources, and biotic interactions (Hsiung et al. 2018,
Tsai et al. 2021). Temperature fluctuates with the seasons
in subtropical and temperate regions of the Andes, whereas
there are no marked seasonal temperature changes in the
tropical Andes. However, rainfall in the tropics is seasonal
and causes spatiotemporal fluctuations of food resources that
may be followed by animals (Cotton 2007). In addition,
temperature decreases with increasing altitude and the topo-
graphical complexity of mountain slopes results in a mosaic
of climatic conditions at fine spatial scales: for example

between, and even within, adjacent valleys (Jiménez-Robles
and De la Riva 2019). Altogether, this allows animals to
exploit temporal peaks in available food while moving over
relatively short distances, either between habitat patches with
asynchronous resource peaks or across ecosystem types that
shelter different species assemblages. In the rugged topogra-
phy of the Andean mountains, distinct ecosystem types can
be found within same-elevation bands (e.g. valleys with dif-
ferent precipitation regimes caused by orographic effects) or
along elevation gradients.

Hummingbirds are specialized on a highly variable food
resource and thus move to follow spatiotemporal variations
in plant phenology (Levey and Stiles 1992). There is limited
information on hummingbird movement along elevation gra-
dients, although 119 of all extant hummingbird species have
been reported to perform some type of altitudinal movement
(Barcante et al. 2017). Here we refer to altitudinal movement
as a broad term that includes altitudinal migration (usually
defined as movement between breeding and non-breeding
grounds at different elevations (Rappole 2013)), but is not
exclusive of other seasonal habitat uses in addition to breed-
ing. In temperate regions, both hummingbirds with latitudinal
migration and those undertaking altitudinal movements move
in accordance to local patterns of plant phenology (Lépez-
Segoviano et al. 2018), although hummingbird abundance
and occurrence may also respond to other factors such as com-
petition with conspecifics (Feldman and Mcgill 2014). In the
tropics, there is also some evidence of hummingbird seasonal
movement, with examples ranging from wet and dry forests
in the lowlands (Stiles 1980, Arizmendi and Ornelas 1990,
Cotton 2007, Abrahamczyk and Kessler 2010, Bustamante-
Castillo et al. 2018) to high-Andean forests and paramo at
high elevations (Gutiérrez Z. et al. 2004, Tinoco et al. 2009).

However, evidence of hummingbird movement has been
obtained primarily from tracking changes in within-site
abundances, leaving unanswered the question of where hum-
mingbirds move to when occurrence or abundance decrease
in a monitored location. Only a few studies have compared
fluctuation in species occurrence and abundance across sites
to infer movement between areas. In one example, moni-
toring in lowland forests in Costa Rica suggested that some
hummingbirds move from mature forest to second growth
forest and forest edges in response to differences in flower-
ing phenology across these habitats (Stiles 1980). A second
study indicated that lower abundance of hummingbirds in
montane forests of southwestern Colombia corresponds with
increased abundance at higher elevations in the paramo,
although not for all species (Gutiérrez Z. et al. 2004).

Improving our knowledge about the movement patterns of
hummingbirds is important for the conservation of their pop-
ulations and ecological roles as pollinators. Of the 236 hum-
mingbird species with available data at a global scale, 60%
have declining populations and 10% are classified as threat-
ened (Leimberger et al. 2022). Degraded matrices with little
or no suitable habitat may be significant barriers to humming-
bird movement (Hadley and Betts 2009, Volpe et al. 2014,
Volpe et al. 2016) and result in lower abundance or absence
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of hummingbirds in suitable habitat patches (Kormann et al.
2016). Importantly, isolation between populations causes
reduced gene flow between populations of hummingbirds
(Licona-Vera and Ornelas 2014) and pollinated plant spe-
cies (Torres-Vanegas et al. 2019, Gamba and Muchhala
2022). Reduced movement of hummingbirds may therefore
lead not only to population declines and lower genetic diver-
sity in their populations but also reduce plant reproduction
(Kormann et al. 2016), modify plant-pollinator networks
(Chivez-Gonzilez et al. 2020) and affect trait evolution
between coadapted species (Medeiros et al. 2018). Although
we do not know if altitudinal or ecosystem seasonality may
put hummingbirds, and the plants they pollinate, at greater
risk of extinction, there is a clear need for efficient tools that
improve our understanding about their complex movements.

Increasingly popular citizen science databases offer an
opportunity to investigate movement of populations in
regions lacking movement ecology studies (Supp et al. 2021).
Citizen science platforms harness millions of species occur-
rence records across the globe and have successfully been used
to shed light on the distribution and movement of popula-
tions, particularly for birds (La Sorte et al. 2016, Heim et al.
2020, Johnston et al. 2020, Tsai et al. 2021, Freeman et al.
2022). eBird is a global database where citizen scientists
report observations of birds (Sullivan et al. 2009) and has sev-
eral advantages for studying seasonally shifting distribution
patterns: 1) observations are organized in checklists, which
enable species absences to be inferred, and 2) data are ‘semi-
structured’, meaning that observers may report information
on sampling effort. By considering sampling effort, analytical
tools may control for biases inherent in citizen science data
(Callaghan et al. 2021). Finally, 3) data are readily available
for many species over large geographic areas and time periods
covering several decades, which would otherwise be difficult
to sample.

In this study, we used two decades (2000-2020) of records
from eBird to identify seasonal altitudinal movement and
ecosystem use of hummingbird populations in the Andes
Mountains. We limited our geographic scope to this moun-
tain range because it is particularly rich in hummingbird
clades (McGuire et al. 2014, Sonne et al. 2022) and this
region is of special conservation interest due to its high num-
ber of threatened and range-restricted birds (Lees et al. 2022).
Also, the Andes have steep environmental gradients that may
enable hummingbirds to exploit peaks of flowering over rela-
tively small distances yet these still remain understudied. We
modelled monthly hummingbird distributions using boosted
regression trees (BRT) and quantified changes in occurrence
across and within elevations, and between ecosystem types,
throughout the year. We expected to find evidence for alti-
tudinal movement and seasonal ecosystem use by humming-
birds that has not been previously reported, for movement
patterns for this group are sdll largely unknown. In addi-
tion, we predicted that movement across elevations is linked
to the use of different ecosystem types throughout the year
but some hummingbird species may occupy different eco-
systems without changes in altitude, given the topographical
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complexity of the region. Furthermore, we investigated dif-
ferences in hummingbird seasonality between ecosystems by
testing if natural ecosystem types exhibited greater changes
in hummingbird occurrence in comparison to transformed
landscapes; and whether humidity, altitude or vegetation
type are ecosystem characteristics that influence seasonality.
We anticipated that greater changes in hummingbird occur-
rence would appear in natural ecosystems because urban areas
and croplands may provide nectar continuously through bird
feeders and ornamental plants (Ramirez-Burbano et al. 2022).
Also, humidity, altitude and vegetation type should all affect
patterns of plant flowering and in turn predict humming-
bird seasonality in different ecosystems. Finally, we tested if
there is a positive relationship between population trends and
hummingbird alticudinal shifts or ecosystem type change by
using phylogenetic regression analyses. We expected changes
in altitude and ecosystem types to negatively influence popu-
lation trends because habitat degradation and fragmentation
in the region has most probably reduced ecological connec-
tivity along elevation gradients or across ecosystems.

Material and methods
Species occurrence records

Species records were downloaded for all hummingbirds occur-
ring in South America (Remsen et al. 2022) and in the Andes
Mountains (with at least one eBird record in the region)
from the eBird Basic Dataset (EBD) (Sullivan et al. 2009).
Checklists from eBird’s sampling event dataset (SED), which
are sampling events carried out by observers, were down-
loaded for countries that overlap with the Andes Mountain
Range (Venezuela, Colombia, Ecuador, Peru, Bolivia, Chile
and Argentina) between the years 2000 and 2020. Checklists
were filtered to limit sampling effort (Supporting informa-
tion). Species records of EBD were combined with the SED
to obtain presence-absence data for species distribution mod-
els (Fig. 1), where an absence was inferred when a species was
not detected in a checklist. We accounted for differences in
sampling effort between months (Supporting information) by
generating independent monthly models that included year
and time of day as predictors. To minimize spatial aggregation
of sampling effort, we subsampled checklists by dividing the
Andes region into a grid of 10 km” hexagons and randomly
selecting only one checklist per hexagon for each month of
every year in our dataset to continue with downstream analy-
ses. Hexagonal grids are an alternative to square lattices and
provide less spatial distortion to subdivide large areas (Strimas-
Mackey et al. 2020). After testing different hexagon areas, we
chose 10 km? as a subsampling threshold that did not drasti-
cally decrease sample size (Supporting information).

Environmental covariates

For each location (checklist) in our subsampled dataset,
we obtained information on elevation, ecosystem type and
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Figure 1. Summary of methods workflow used for this study, outlining steps taken for data preparation, species distribution models, predic-
tion of distributions, calculation of shifts in elevation and used ecosystem types, and analyses to answer four main questions. Arrows with
dashed lines show processes and solid lines indicate inputs. Blue lines show predictors and green line response variable of species distribution
models. Abbreviations: MSE = mean square error, ROC =area under the receiver operating characteristic curve, PRG = precision-recall gain
curve, [UCN =International Union for Conservation of Nature, RAF = rolling average functions.

climatic covariates. Elevation data were obtained from a
ground elevation layer at 1 km resolution (Amarulli et al.
2018). We used 23 ecosystem types (Table 1) at a 300 m
resolution by combining natural areas from the South
America Ecosystems layer (The Nature Conservancy 2008,
Supporting information) and transformed land covers from
the Copernicus Climate Change Service (ESA CCI Land

Cover 2019, see Supporting information for details). As cli-
matic predictors, we used monthly means of total precipita-
tion, air temperature 2 m above the surface, relative humidity
at the surface and total atmospheric cloud cover, retrieved
from the ERA5 monthly averaged data in the Copernicus
Climate Data Store (0.25 X 0.25 grid, Hersbach et al. 2018)
for our study period (2000-2020).
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Table 1. Ecosystem categories used in our analyses, grouped from the South American ecosystems layer (The Nature Conservancy 2008) for
natural ecosystems and transformed land covers from the Copernicus Climate Change Service (ESA CCl Land Cover 2019).

New assigned

Type Source value New ecosystem group
Natural ecosystems South American Ecosystems (The 1 Lowland humid forest
Nature Conservancy 2008) 2 Lowland dry forest
3 Lower montane humid forest
4 Lower montane dry forest
5 Montane humid forest
6 Montane dry forest
7 Upper montane humid forest
8 Upper montane dry forest
9 Montane saxicolous vegetation
10 Upper montane saxicolous vegetation
11 Lowland humid shrub and grassland
12 Lowland dry shrub and grassland
13 Lower montane humid shrub and grassland
14 Lower montane dry shrub and grassland
15 Montane humid shrub and grassland
16 Montane dry shrub and grassland
17 Upper montane humid shrub and grassland
18 Upper montane dry shrub and grassland
19 Coastal shrub and grassland
20 Coastal swamp mangrove
21 Barren
0 NA (non-terrestrial)
Transformed land covers Land cover classification gridded 22 Croplands
maps (ESA CCI Land Cover 2019) 23 Urban

Climatic covariates were assigned to checklists within each
0.25 % 0.25 cell, and elevation (1 km resolution) and eco-
system type (300 m resolution) were annotated to checklists
using a 2.5 km radius. An area rather than a single point
was preferred when assigning elevation and ecosystem type
in order to account for uncertainty in how the geographic
positions of checklists were recorded (Graham et al. 2008)
and to capture abiotic conditions experienced by birds in the
area. For ground elevation, we included median elevation and
the standard deviation of elevation as a measure of terrain
ruggedness, both calculated from the 2.5 km radius. For eco-
system types, we calculated the proportion of overlap of each
ecosystem with the 2.5 km radius, weighted by the inverse
distance of each pixel to the centre of the circle in order to
avoid overestimation outside the sampling area.

Species distribution models

We used BRT to model monthly occurrence distributions for
each hummingbird species (Fig. 1). BRT is an ensemble mod-
eling tree approach, based on decision trees that split predic-
tors to match response variable values. The boosting method
builds a large number of tree models to iteratively improve
predictive performance and drop uninformative predictors,
an optimization method that reduces the loss function with
each new tree (Elith et al. 2008). Predictive performance
of BRT to model species distributions is high (Valavi et al.
2021), and BRT has been previously used to model weekly
distribution of birds using eBird data (Fink et al. 2020).
Monthly distributions for hummingbirds were modelled
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separately across our study period (2000-2020), meaning
each species had 12 models representing each month of the
year, with the year checklists included as a predictor in the
models. Months of the year were chosen as the temporal scale
for our study because they do not make any a priori assump-
tions (i.e. no subdivision of previously defined breeding and
non-breeding or dry and wet periods) and cover a time frame
that is long enough to identify change but not too short as
to confound analyses and decrease sample sizes. The response
variable of the models was the binary occurrence for each
species: presence (1) or absence (0) derived from spatially
subsampled checklists. Predictor variables included propor-
tion overlap with 23 ecosystem types (Table 1), four climatic
variables, median elevation, standard deviation of elevation,
four sampling effort variables, year and latitude (Supporting
information). We used the package ‘gbm’ in R to fit and run
BRT models (Greenwell et al. 2020).

Predictive model performance was assessed by comparing
outputs generated with the optimal number of trees (deter-
mined through cross-validation) on independent test data
(20% split). We calculated the mean square error (MSE), area
under the receiver operating characteristic (ROC) and preci-
sion-recall gain (PRG) curves (Pearce and Ferrier 2000). We
considered models with MSE > 0.5, ROC < 0.7 and nega-
tive PRG (Valavi et al. 2021, Osborne et al. 2022) to have
low discriminatory ability, and thus species with these values
in any given month were excluded from further analyses.

After model filtering, monthly probabilities of species
occurrences were predicted on a 5 km gridded raster of the
Andes region and checked for consistency with published
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species records (Supporting information). Given that a con-
stant observer effort is needed to generate prediction surfaces
that account for variation between observers (Fink et al.
2020, Strimas-Mackey et al. 2020), we chose to standard-
ize our predictions with a constant observer effort of one
observer traveling 1 km during 60 min starting at 06:00.
We then averaged monthly predicted occurrence probabili-
ties across the years 2000-2020 because we were interested
in intra-annual variation in distribution rather than changes
between years, even if there may be inter-annual differences
in species’ occurrences due to extreme climatic events or phe-
nomena caused by El Nifo-Southern Oscillation (ENSO).
Nevertheless, we assessed variation between years by calculat-
ing z-scores ((observed value — average)/standard deviation)
for predicted occurrence probabilities of cells within esti-
mated distributions for every year in the dataset.

Seasonal changes in elevation and ecosystem use

Estimated species distributions from BRT model predictions
were used to quantify changes in elevation and ecosystem
types between months of the year. For these calculations, we
only considered predicted monthly species occurrences over
50% (i.e. greater than expected by chance), and included
occurrence probabilities as weights. Changes in realized alti-
tudinal bounds were estimated from the lower, middle and
upper boundaries of monthly species distributions, as the 5th,
50th and 95th percentiles of elevation. To estimate changes
in utilized ecosystems, we calculated the difference between
contiguous months in the proportion of the predicted distri-
bution occupied by each ecosystem type. For this, we counted
the pixels (300 m resolution) in each ecosystem category and
divided by the total number of pixels. In addition, we applied
smoothing functions of rolling averages over 2, 3 and 4 month
periods to calculations of change in elevation and ecosystem
use to account for noise in our chosen monthly time period
and evaluate findings over broader temporal scales. Finally, we
checked if species had been previously reported to have altitu-
dinal movement in Bar¢ante et al. (2017) and complemented
this information with species accounts published in Birds
of the World (BOTW, birdsoftheworld.org, Billerman et al.
2022) and a literature search in academic research databases
Scopus and Web of Science (Supporting information).

Relationship between ecosystem use and altitude
shift

We fitted generalized additive models (GAM) to identify how
changes in ecosystem type and altitude shifts are associated.
The response variable was maximum change in ecosystem
type by month and the fixed effect was the altitude shift at
either the upper, median or lower bound. Models used cubic
splines to smooth regressions, selecting smoothing parameters
with restricted maximum likelihood. Species and the major
hummingbird clades (McGuire et al. 2014) were included as
random effects of intercept and slope. We used the R package
‘mgev’ (Wood 2003) to fit models, generate model outputs
and check residuals.

Comparisons of natural and anthropogenic land
covers

We calculated maximum changes in the proportion of each
ecosystem type within species’ distributions to assess differ-
ences between ecosystems in the magnitude of change in
hummingbird occurrence. Using linear mixed effects models,
we tested whether ecosystems had greater maximum changes
during the year if they were natural or anthropogenic land
covers (urban and croplands) and, for natural ecosystems,
if maximum changes in ecosystem type varied according to
ecosystem variables of humidity regime (dry or humid), alti-
tude category (coastal, lowland, lower montane, montane and
upper montane) and vegetation type (swamp mangrove, shrubs
and grassland, forest and saxicolous vegetation) (Table 1).
Models included maximum changes in ecosystem type as the
response variable (transformed by logl0 to achieve normal-
ity) and species nested within clade as random effect. The first
model included land cover transformation (natural or urban
and croplands) as fixed effect and used a maximum likelihood
ratio test to compare the model with the null. The second set
of models only included natural ecosystems, and used humid-
ity, altitude category and vegetation type as fixed effects. For
these, we used the Bayesian (BIC) and Akaike (AIC) infor-
mation criteria to compare all possible combinations of fixed
effects and the null, and selected the highest-ranking model.
We used the R packages ‘lme4’ to fit models (www.r-project.
org, Bates et al. 2015), ‘Imtest’ (Zeileis and Hothorn 2002) for
maximum likelihood ratio tests, DHARMz2' (Hartig 2020) to
check model assumptions and ‘MuMIn’ (Bartor 2020) to cal-
culate model selection criteria.

Effects of seasonality on population trends

We used phylogenetic logistic regression to test if altitudinal
or ecosystem seasonality is related to population decline. For
this, we assigned species with population trends (Supporting
information), which are qualitative categories assigned by
International Union for Conservation of Nature (IUCN)
expert panels based on existing population data or indirect
evidence (IUCN 2022). We did not use the global Red List
categories from IUCN because none of the hummingbird
species in our final set of models were threatened. We pruned
the phylogeny in Leimberger et al. (2022) for the species
in our data, using the R package ‘ape’ (www.r-project.org,
Paradis and Schliep 2019). This phylogeny is a maximum
clade credibility tree derived from 10 000 trees for Trochilidae
in birdtree.org (Jetz et al. 2012) (Supporting information).
Population trend was transformed into a binomial response
variable: declining or not declining (increasing or stable).
Species with unknown population trends were excluded from
this analysis. Average altitudinal shift (at median bound)
and average ecosystem type changes for each species were
included as explanatory variables. Explanatory variables were
first transformed by their square root to avoid skewed dis-
tributions and scaled around their mean before running the
model. We ran the model with the ‘logistic_IG10’ method to
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optimize the generalized estimating equations to a penalized
likelihood using Firth’s correction and calculated 95% confi-
dence intervals (CI) with 1000 bootstrap replicates using the
R package ‘phylolm’ (www.r-project.org, Ho and Ane 2014).
We calculated the variance inflation factor (VIF) between
fixed effects to check for collinearity.

Results

We processed 466 897 citizen science checklists between
2000 and 2020, for occurrences of 192 hummingbird spe-
cies in the Andes Mountains. On average, checklists lasted
74 min (73 SD) and were carried out by 2 (1.9 SD) observ-
ers over 1.7 (1.3 SD) km (Supporting information). We
excluded 92 species that had only one or no records during
this time period for any given month of the year in cither
the 80 or 20% training and testing datasets, respectively, and
therefore did not have enough data to run BRT models. After
running monthly models on the remaining 100 species, 37
species were further excluded due to low predictive perfor-
mance of models (MSE > 0.5, ROC < 0.7 and PRG < 0
for at least one month of the year). An additional eight spe-
cies were removed because models failed to predict > 50%
occurrence probability over the extent of their known dis-
tributions, for any month. The final set of models included
in subsequent analyses (n=660 models, 55 species) had an
average MSE=0.22 (0.05 SD), ROC=0.95 (0.02 SD) and
PRG=0.91 (0.06 SD) (Supporting information). On aver-
age, median elevation and latitude were the model predictors
with greater influence on occurrence across species (28% (24
SD) and 26% (20 SD), respectively). In contrast, sampling
effort variables had lower predictive influence compared to
elevation, latitude, terrain ruggedness (elevation SD) and cli-
matic variables, with the duration of sampling event having
the greatest influence within sampling effort variables (3%
(1 SD). Year had low predictive influence across all species
(0.4% (0.2 SD), Supporting information). Z-scores by spe-
cies describing variation in probability of occurrence between
years ranged between —0.91 and 0.94, albeit with a trend
of positive z-scores during the second decade of the dataset
(2010-2020) compared to negative z-score values in the first
decade (2000-2010, Supporting information).

Predicted monthly distributions showed changes in alti-
tude and ecosystem use for the studied hummingbird species
of the Andes. Shifts in altitude between contiguous months
of the year ranged from zero up to 2400 m in species’ lower
distribution bounds, 1043 m at middle bounds and 1000 m
at upper bounds (Fig. 2A-B). Six species performed elevation
shifts of over 1000 m (Table 2), two of which have no pre-
vious reports of altitudinal movement (Table 2, Supporting
information). Maximum elevation changes at any distribu-
tion boundary (upper, middle or lower) by species had a
median value of 434 (358 SD m (Fig. 2C). Changes in eco-
system type ranged from maximum values by species between
5 and 51% of predicted distributions (median=13% (8%
SD), Fig. 2D). Maximum changes in elevation and ecosystem
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type calculated with rolling average functions (RAF) consid-
ering 2, 3 and 4 month periods produce qualitatively similar
results (Supporting information).

Maximum changes in ecosystem types and altitude shifts
at all distribution bounds (upper, middle and lower) had
positive and significant relationships, although with dif-
ferent regression curves according to distribution bound
(Fig. 2E, Supporting information). Changes in altitude for
upper bounds had an approximately linear relationship with
ecosystem type change (effective degrees of freedom — edf=1)
whereas for middle and lower bounds it was closer to a qua-
dratic relationship (edf=2.6 and 2.4, respectively). In addi-
tion, the deviance explained by the models was low (48-63%
and adjusted R-square 0.43-0.59) and there was high varia-
tion among species and clades (in all models species and clade
were significant smoothing terms for either slope or intercept,
Supporting information). Positive relationships were also
obtained when considering ecosystem change and altitude
shifts in RAF over 2, 3 and 4 month time periods, albeit with
some variation in edf values and with weaker effects of clades as
a smoothing term on slopes and intercepts (Supporting infor-
mation). Notably, hermits had steeper regression slopes than
other hummingbird clades (Fig. 2E). Steeper regression slopes
indicate greater changes in ecosystem type than expected from
the observed altitude shift, whereas more shallow slopes show
smaller changes in ecosystem type according to altitude shift.
For example, the pale-bellied hermit Phaethornis anthophilus
exhibits changes in the percentage of croplands and lowland
humid forest within its distribution over 10% and up to 34%
(within 3-6% and 6-10% considering RAF), respectively, yet
in its mid-elevation the median change over the year is of 27
m (2875 m in RAF), and the maximum altitudinal shift is
355 m (29-69 m in RAF) in September (Fig. 3A). In contrast,
the giant hummingbird Patagona gigas increases its lower dis-
tribution altitude limit from 145 to 2545 m a.s.l. between
February and March (equivalent to a change of 2400 m
between contiguous months or within 681-1312 m in RAF),
which coincides with an 11% increase (10-15% in RAF) of
upper montane humid shrubs and grassland in its estimated
range. In August, it reappears in lowland ecosystems with a
decrease of 2007 m (603—1090 m in RAF) in the elevation of
its lower distribution (Fig. 3B).

Linear mixed effects models showed that, across species,
seasonality of occupied ecosystems varied between natural
and anthropogenic ecosystems (croplands and urban land
covers) and within natural ecosystems, according to humid-
ity (Fig. 4). On average, the magnitude of ecosystem use
change by hummingbirds was greater in natural ecosystems
compared to anthropogenic land covers (Supporting infor-
mation). Within natural ecosystems, humidity was the sole
predictor of maximum changes in ecosystem type in the
highest-ranking model (99% BIC and 52-82% AIC criteria
weights depending on RAF used, Supporting information),
with greater estimated coefficients in humid rather than in
dry ecosystems (Supporting information).

Finally, the results of the phylogenetic logistic regression
showed that seasonal ecosystem type changes were more
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Figure 2. (A) Monthly elevation for the upper, middle and lower elevation distribution boundaries (percentiles 5, 50 and 95) estimated from
occurrence probabilities using boosted regression tree models for 55 species of hummingbirds in the Andes Mountains of South America.
(B) Change in elevation between months of the year for each species, excluding the giant hummingbird Patagona gigas as an outlier (with
changes up to 2400 m a.s.l.) to ease visualization. (C) Number of hummingbird species according to maximum observed elevation (D) and
maximum ecosystem type changes between months of the year. Vertical dashed lines show median values of maximum elevation change
(434 (358 SD) m) and maximum ecosystem change (0.13 (0.08 SD)). See Supporting information for average values of elevation and
ecosystem type change. (E) Predictions of generalized additive models (GAM) for relationship between change in elevation and change in
ecosystem type calculated as proportion of predicted distribution and selecting maximum change by month. In GAM models, species and
hummingbird clades were included as random effects of intercept and slope. Lines indicate separate species, with confidence intervals cal-
culated as 1.96 times standard error. Colours in all panels represent main hummingbird clades. Supporting information for plots showing
results with rolling average functions over 2, 3 and 4 month periods.

strongly predictive of IUCN declining status of species than  occur in the Andes, providing evidence for intra-annual shifts

were seasonal altitudinal shifts, including when results were
calculated using RAF for 2, 3 and 4 month periods (Fig. 5,
Supporting information). However, estimated 95% confi-
dence intervals for both effects overlapped with zero, and 17
(31%) species had unknown population trends and thus were
not included in this analysis.

Discussion

Our results show changes in elevation between predicted
monthly distributions for 55 hummingbird species that

in altitudinal bounds and ecosystem use that has been pre-
viously understudied. Furthermore, we found that shifts in
altitude and ecosystem use are associated, but there is high
interspecific variation, and changes in the proportion of an
ecosystem type within predicted distributions can also occur
even with little or no altitudinal change. This suggests that
some hummingbird species may move at fine spatial scales
along mountain slopes and also within same-elevation bands,
possibly exploiting different ecosystem types by travelling
short distances. Notably, there was a difference in the magni-
tude of hummingbird seasonality between ecosystem types,
with anthropogenic land covers exhibiting lower changes
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Table 2. Species with altitudinal changes greater than 1000 m between contiguous months of the upper, median and lower distribution
boundaries (percentiles 5, 50 and 95) estimated from occurrence probabilities using boosted regression tree models for 55 species of hum-
mingbirds in the Andes Mountains of South America. Values in parentheses indicate change in elevation considering rolling average func-
tions calculated for longer periods of time: 2, 3 and 4 months. The last column indicates if a species had been previously reported to have
evidence of some type of altitudinal movement (according to Barcante et al. (2017), Birds of the World (BOTW) birdsoftheworld.org,
Billerman et al. (2022) or a literature search in academic databases, see Supporting information).

Maximum Distribution bound of
elevation change observed maximum  Previous evidence of altitudinal
Clade Latin name English name (m) elevation change movement
Patagona  Patagona gigas ~ Giant hummingbird 2400 (681-1312) Lower Reported in various sources
Emeralds  Thaumasius Spot-throated 1253 (304-612) Upper No reports
taczanowskii hummingbird
Brilliants Heliodoxa jacula  Green-crowned brilliant 1088 (382-639) Lower Barcante et al. (2017) as probable
altitudinal migrant
Coquettes  Sappho Red-tailed comet 1077 (182-332) Upper Barcante et al. (2017) as probable
sparganurus altitudinal migrant and other
sources report seasonal
occurrence and movements
Bees Myrtis fanny Purple-collared 1043 (393-560) Median Suggestion of altitudinal
woodstar movements in BOTW without
citation
Emeralds Chlorostilbon Glittering-bellied 1029 (330-569) Upper No reports
lucidus emerald

compared to natural ecosystems. In addition, the positive  unchanged when repeating analyses over 2, 3 and 4 month
effect of ecosystem type change on decreasing population  time periods.

trends indicates that connectivity between ecosystems is The approach of using citizen science data at a broad, con-
essential for hummingbirds to feed on nectar throughout tinental scale revealed changes in altitude and ecosystem use
the year. The patterns to support these findings remained  between monthly distributions of Andean hummingbirds.
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Figure 3. Altitude of lower, median and upper bounds and proportion of ecosystem type within monthly predicted distributions modelled
with boosted regression trees for (A) the pale-bellied hermit Phaethornis anthophilus and (B) the giant hummingbird Patagona gigas. In
panels indicating monthly altitude, light blue rectangle shows upper and lower bounds (5th and 95th percentiles, respectively) and dots
represent median altitude (50th percentile). Grey lines indicate elevation calculated with rolling average functions (RAF) over 2, 3 and 4
month periods, with 2 months in a darker shade of grey, 3 months in an intermediate shade and 4 months in a lighter shade. Note that for
2 and 4 month periods, rolling averages may be calculated with a tilt towards the left or right, so both are shown. Coloured bars show the
proportion of predicted distribution occupied by each South American ecosystem type (see Material and methods) as indicated in the leg-
end on the right. Darker coloured bar centred around each month shows calculated monthly values, and outward bars get lighter to indicate
changes in ecosystem type calculated with RAF over 2, 3 and 4 month periods, respectively. Ecosystems that had less than 1% representa-
tion in distribution are grouped into ‘others’ to aid visualization. See Supporting information for altitude and ecosystem type graphs for all
studied Andean hummingbird species (55).
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Figure 4. Maximum change in the proportion occupied by ecosystem type of predicted monthly distributions for 55 hummingbirds in the
Andes Mountains. Change is calculated as the difference in the proportion of the predicted distribution occupied by each ecosystem type
between contiguous months of the year. Monthly occurrence probabilities averaged across years of study period (2000-2020) to focus our
comparisons on intra-annual variation. Species are represented by points, and boxplots summarize interspecific variation in ecosystem use
change, with first and third quartiles at box hinges, median values with middle thick lines and 1.5 times interquartile range with box whis-
kers. See Supporting information for plots showing results with rolling average functions over 2, 3 and 4 month periods.

Such seasonal changes in distribution throughout the year
have been under-reported for this group. Of the humming-
birds that we found to have altitudinal shifts greater than the
median calculated in monthly periods (434 (358 SD) m), five
species have no previous reports of altitudinal movement and
another five only have suggestions of altitudinal movement in
BOTW accounts but no cited sources for this information.
In addition, two species with very large shifts in altitude (over
1000 m) had no published previous evidence on altitudinal
movement (Supporting information).

However, we found that several species have marked alti-
tudinal shifts in lower or upper bounds but not in median
elevations, which may reflect variation in movement patterns
among populations. Especially for species with large ranges,
populations should exhibit local variation in response to
differences in environmental factors such as climate, flower
diversity and abundance, and inter- and intraspecific compe-
tition (Simmons et al. 2019). Landscape characteristics like
matrix permeability and distances between habitat patches
may also influence movement decisions (Gannon et al. 2021).
For example, the giant hummingbird P gigas has populations
in coastal Chile with partial altitudinal and latitudinal migra-
tion to the highlands (Williamson and Witt 2021b), but
there is no evidence for such large-scale movement for the
subspecies P, gigas peruviana in the northern part of its range.
Williamson and Witt (2021b) estimated that the maximum
shift in elevation for P gigas was 2830 m, whereas our meth-
ods resulted in a maximum change of 2400 m, showing a

rough difference between the two approaches that may be a
consequence of how upper limits are defined, type of records
that are used and, most importantly, the focus on single
subspecies or populations. However, this comparison also
suggests that our methods were successful in calculating simi-
lar magnitudes of change in elevation. Extreme shifts were
captured by a monthly temporal scale, but the magnitude
of change inevitably decreased by repeating calculations over
broader time periods (in the case of P gigas, to 1312, 892
and 681 m depending if 2, 3 or 4 month time periods are
used, respectively). However, we note that also considering
results over longer time periods has the benefit of smoothing
error produced by monthly models, and that the choice of
a single temporal scale is arbitrary but necessary to capture
intra-annual variation.

In addition, species like the giant hummingbird and the
green-backed firecrown Sephanoides sephaniodes inhabit tem-
perate regions of the Andes and therefore also have popu-
lations that move latitudinally (Supporting information).
Only these two species of the 55 we analysed have previous
reports of latitudinal migration (Supporting information)
and maximum changes in latitude between months were not
high (average at median latitude =2.36° (1.57 SD), northern
limit=1.76° (1.45 SD), southern limit=2.94° (2.28 SD));
yet we found that shifts in latitude increase as species have a
more southern range (Supporting information). As is the case
with alticudinal movement, austral bird migration in South
America is also understudied (Jahn et al. 2020).
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Figure 5. (A) Average change in median elevation (50th percentile of distribution) and average ecosystem use change (calculated as the
proportion of predicted distribution) according to population trend for 55 Andean hummingbird species. Points represent each species and
are coloured with the major hummingbird clades, boxplots show median values with the middle thick line, first and third quartiles with box
hinges and 1.5 of the interquartile range with box whiskers. Supporting information for values calculated with rolling average functions
(RAF) over 2, 3 and 4 month periods. (B) Effects of elevation and ecosystem type change on population trend estimated with phylogenetic
regression, for 38 hummingbird species with reported population trends (17 species with unknown population trends were excluded from
this analysis). Positive values indicate a positive relationship with decreasing population trends while negative values indicate population
trends that are not decreasing (stable). Points show estimated coefficients and horizontal lines indicate the 95% confidence interval calcu-
lated with 1000 bootstrap replicates. Values are transformed by the square root and centred around the mean. Black colours indicate esti-
mates from values calculated over monthly periods, and shades of grey get lighter to show results using RAF over 2, 3 and 4 month periods,
respectively. (C) Phylogenetic tree of 55 Andean hummingbird species used in this analysis (refer to text for methods and Supporting
information for phylogenetic tree). Red dots at tree tips show species with decreasing population trends, while grey dots show species with
unknown population trends. Bar length represents the proportion of absolute maximum ecosystem type change and bars are coloured

according to major hummingbird clades.

Further complexity can be revealed by tracking individu-
als, since populations may be partially migratory and move-
ment propensities may be context-dependent and driven by
intrinsic factors such as sex, dominance and social rank, age
and body size (Hsiung et al. 2018). Technological advances
in tracking devices can help reveal fine-grained movements
for larger hummingbird species (Williamson and Witt
2021a), and complementary methods that will also be use-
ful to study species with smaller body sizes include isotope
analyses (Hobson et al. 2003, Hardesty and Fraser 2010),
population genetics (Benham and Witt 2016), mark-recap-
ture (Ovaskainen et al. 2008) and long-term monitoring. In
addition, future research focused on single populations will
benefit from testing the interactions between the biotic and
abiotic factors that more strongly influence occurrence prob-
ability and drive movement patterns.

Optimal movement decisions at the individual or popula-
tion level should involve the energetic trade-off between the
gain from food and the costs of flight, searching and settling in
a suitable habitat patch, and interacting with possible competi-
tors or predators. Also, matching bill length and shape with floral
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morphology determines feeding efficiency (Rico-Guevara et al.
2021) and ecological specialization (Maglianesi et al. 2014), so
movements to ecosystems where vegetation types are morpho-
logically different (Tovilla-Sierra et al. 2019) may be limited.
For instance, the sword-billed hummingbird Ensifera ensifera
has an exceptionally long bill that matches the long-tubed
corollas of Passiflora lowers (Lindberg and Olesen 2001). In a
monitoring study in southwestern Colombia, peaks in seasonal
abundance of the sword-billed hummingbird matched blooms
of Passiflora and Fuchsia flowers, but low abundance did not
coincide with the presence of the species at other elevations
(Gutiérrez Z. et al. 2004). This suggests that the sword-billed
hummingbird could move within the same altitudinal band
rather than along elevation gradients, which coincides with our
findings that this species has small changes in altitude (aver-
age of 84 m or 18-24 with RAF change at median elevation
bound) but shifts in ecosystem use over the observed median
(maximum 16 or 4-10% with RAF of predicted distributions,
Supporting information).

Our study shows that hummingbirds may exploit differ-
ent ecosystem types without performing shifts in altitude,
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and the relationship between ecosystem seasonality and
changes in elevation varies between species and clades.
Hermits in particular have greater change in ecosystem type
than expected from observed altitudinal shifts in comparison
to other hummingbirds. Seasonal changes in hermit abun-
dance had been previously described in lowland forests of
Costa Rica (Stiles 1980). However, hermits are considered
to be forest-dependent (Hadley et al. 2018) and have high
specialization to plant partners due to their long, curved
bills (Maglianesi et al. 2014). High specialization may limit
switching to different ecosystem types where plant species
assemblages differ. Yet morphological specialization does not
necessarily result in ecological specialization, and bill length
seems to be weakly correlated to resource specialization in
hummingbirds (Dalsgaard et al. 2021). Also, traic-matching
between bill and corolla is not a requisite for nectar feeding
(e.g. nectar robbery, Maruyama et al. 2015). In fact, there
are contrasting examples of resource specialization in her-
mits, and specialization may be largely context-dependent
(reviewed by Leimberger et al. 2022). In hermits, move-
ment is most likely limited altitudinally by factors such as
interspecific competition (i.e. the presence of other species
filling similar ecological niches according to elevation band,
Freeman et al. 2022), or movement may also be obstructed
by unsuitable habitat between habitat patches. Past tracking
studies have found hermits are sensitive to habitat fragmenta-
tion and avoid forest gaps or agricultural matrices (Hadley
and Betts 2009, Volpe et al. 2014). There is also evidence
that corridors are needed for the movement of hermits
between patches (Kormann et al. 2016), but such connectiv-
ity requirements must be extended to other hummingbird
clades and revisited in light of seasonal movements across
ecosystem types.

Moreover, available resources within patches also play
a role in determining movement. For example, food
resources in human-disturbed areas may increase connectiv-
ity (Ramirez-Burbano et al. 2022), but transformed land-
scapes do not favour all species equally (Puga-Caballero et al.
2020) and new plant-pollinator interactions emerge (Marin-
Gémez et al. 2022). Our analyses showed that hummingbird
seasonality was lower in transformed landscapes compared to
natural ecosystems. One possible explanation is that nectar
availability and abundance in transformed landscapes is less
variable during the year because bird feeders are not seasonal,
and exotic plants in human settlements are not adapted to
the same phenological patterns as native vegetation, which
may result in hummingbirds not having to follow flowering
pulses. Alternatively, transformed landscapes may favour less
specialized hummingbirds (Maruyama et al. 2019) that can
benefit from asynchronous flowering across plant species in
single sites and not require movement to visit other areas with
distinct nectar phenology. A third option is that some hum-
mingbirds move between different vegetation patches within
urban areas, a possibility that to the best of our knowledge
has no published evidence yet but may occur, particularly in
the cities that cover very large areas, which is the case of most
capitals in South America.

For natural environments, we found that humid ecosys-
tems on average exhibit greater seasonality in hummingbird
occurrence compared to dry ecosystems. Arid environments
have marked flowering pulses that shape temporal patterns of
hummingbird-plant interactions (Souza et al. 2018, Chdvez-
Gonzdlez et al. 2020), but our results also support a few stud-
ies that have found changes in flower abundance between the
rainy and dry seasons in humid ecosystems cause fluctuations
in hummingbird occurrence (Cotton 2007, Abrahamezyk and
Kessler 2010). In contrast, altitude categories and vegetation
type were predictors that were not informative for the highest-
ranking model. Overall, these findings suggest that changes in
hummingbird occurrence are generalized across natural eco-
systems in the Andes, highlighting the need for further studies
on phenological patterns, particularly in humid ecosystems.

Finally, we found that seasonal changes in ecosystem use
are more strongly related to decreasing population trends
than altitudinal shifts. Therefore, species that require move-
ment across ecosystems to exploit seasonal floral resources
may be affected by reduced connectivity. As suitable habitat
patches are more distant from one another and matrix perme-
ability is decreased, hummingbird movement is obstructed
(Gannon et al. 2021). Yet hummingbirds with altitudinal
movement may have higher resilience to fragmented habitats
(Leimberger et al. 2022) or simply move over shorter dis-
tances, since in the rugged topography of the Andes elevation
may change drastically within the scale of hundreds of metres
or less. In contrast, because of landscape homogenization in
the region, different ecosystem types may be isolated over
increasingly larger areas, and management plans usually do
not prioritize connectivity between different ecosystem types.
However, 31% of the species we analysed here had ‘unknown’
population trends, and we recognize that population trends
for species without standardised monitoring schemes may
be based on indirect evidence or anecdotal information
(Cazalis et al. 2022, Lees et al. 2022). Monitoring is needed
to obtain better information on population sizes and changes
through time, and quantitative analyses on indirect factors
that affect population fluctuations (such as land cover change,
Santini et al. 2019) can be used to infer population trends.

In conclusion, the data available in citizen science data-
bases are useful to detect broad movement patterns at the
population level that, combined with local movement ecol-
ogy studies on populations and individuals, are urgently
needed for conservation and management efforts. We found
that the movement of Andean hummingbirds along eleva-
tion gradients and across ecosystems is a widespread phenom-
enon, yet the approach of using citizen science data excluded
several species that are not frequently observed and therefore
do not have enough detections by citizen scientists to run
species distribution models. In particular, species that are
rare, range-testricted and threatened were removed from our
analysis because they lacked data. Also, our methods were
focused on detecting continental-scale patterns across spe-
cies, but in the mountains of the Andes movement between
finer-scale ecosystem categories may occur over very short
distances (a few metres). In addition, our study focused on
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detecting intra-annual variation rather than changes across
years. Although our assessment of z-scores for variation
in occurrence probability does not reveal any year to be a
considerable outlier for any species, results show an overall
upward trend that may reflect the greater detection capacities
of citizen scientists and an increasing number of checklists
contributed to eBird in more recent years. However, future
research could detect change in species” occurrences driven
primarily by climatic events such as El Nifio and La Nina, but
should be investigated at finer spatial scales, since the effects
of ENSO oscillations are heterogeneous over regions of the
Andes. Altogether, our findings suggest that a better under-
standing of animal movement and its incorporation in con-
servation strategies will benefit from the growing popularity
of citizen science databases across different taxonomic groups.
Further studies focused on single populations are relevant,
and directing efforts towards areas or species of special con-
servation interest through local initiatives is also necessary.
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