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ABSTRACT. Most hummingbird species are distributed in tropical lowlands and mountains with few species reaching the alpine
environments of high mountain peaks. Field surveys were conducted in nine alpine sites across four of the highest volcanoes in central
Mexico for three years to document hummingbird occurrence, habitat use, and some aspects of behavior. We also searched through
historical museum collections and online databases to document early records of hummingbirds in Mexican alpine habitats. In addition,
we conducted a search through historical herbarium collections of ornithophilous plant species in alpine habitats, and a literature
search on glacier retreats in Mexico to establish past and present elevational limits of alpine vegetation. We recorded the presence of
four hummingbird species using floral resources across the nine study sites: Cynanthus latirostris (Broad-billed Hummingbird),
Hylocharis leucotis (White-eared Hummingbird), Lampornis clemenciae (Blue-throated Hummingbird), and Selasphorus platycercus
(Broad-tailed Hummingbird). The latter two species were recorded frequently throughout the growing season (May—October), whereas
C. latirostris was observed on one day in July, and H. leucotis on two days in April and May. Three of the four species were observed
foraging from Castilleja tolucensis, an alpine Mexican endemic herb, at 4428 m above sea level, and all four species foraged from
Penstemon gentianoides at the lower alpine sites 3900-4100. At the highest elevations, we observed hummingbirds hovering and perching
on rocks while feeding from flowers at ground level. Both male and female of L. clemenciae and S. platycercus were present at patches
of P. gentianoides; however, with S. platycercus, males accounted for more than 80% of the individuals observed and more than 95%
of individuals observed at the highest elevations. Additionally, a survey of historical records from museum collections and bird sightings
from e-databases revealed only three early records of hummingbirds in alpine sites, with only one observed earlier than 1987. This
suggests that hummingbirds were not recorded earlier in alpine habitats because of a lack of sampling. Nevertheless, evidence from
glacial retreats and plant distributions along an elevational gradient also indicate that hummingbirds have expanded their elevational
range as new habitats have opened up for colonization associated with global climate change. The results reported here are the first
records of the four hummingbird species in the Mexican alpine grassland and one of the highest altitudinal records for hummingbirds
in North America. We discuss the importance and conservation implications of alpine ecosystems in Mexico as habitats for
hummingbirds.

Les colibris de milieux alpins élevés dans les montagnes mexicaines tropicales : nouveaux records
d'élévation et considérations écologiques

RESUME. La plupart des espéces de colibris sont réparties dans les basses terres et les montagnes tropicales, et quelques espéces
atteignent les milieux alpins au sommet de hautes montagnes. Des relevés ont été effectués a neuf sites alpins répartis sur quatre des
plus hauts volcans dans le centre du Mexique pendant trois années pour déterminer I'occurrence des colibris, I'utilisation de I'habitat
et quelques caractéristiques de leurs comportements. Nous avons aussi consulté des collections muséales historiques et des bases de
données en ligne pour répertorier les observations passées de colibris en milieu alpin au Mexique. De plus, nous avons réalisé¢ une
recherche de plantes ornithophiles situées en milieu alpin dans des herbiers historiques et une revue de littérature sur le retrait des
glaciers au Mexique afin d'établir les limites passées et présentes de la végétation alpine. Nous avons relevé la présence de quatre especes
de colibris utilisant des ressources florales dans nos neuf sites d'étude : Cynanthus latirostris (Colibri circé), Hylocharis leucotis (Saphir
a oreilles blanches), Lampornis clemenciae (Colibri a gorge bleue) et Selasphorus platycercus (Colibri a queue large). Les deux derniéres
especes ont souvent été repérées durant la saison de croissance des plantes (mai-octobre), tandis que C. latirostris a €t€ observé un jour
en juillet et H. leucotis deux jours en avril et mai. Trois des quatre especes de colibris ont été observées s'alimentant sur Castilleja
tolucensis, une herbe alpine endémique du Mexique, a 4 428 m au-dessus du niveau de la mer, et les quatre espeéces se sont alimentées

Address of Correspondent: Silvana Martén-Rodriguez, Laboratorio Nacional de Analisis y Sintesis Ecologica , Escuela Nacional de Estudios
Superiores, Unidad Morelia, Universidad Nacional Autonoma de México, Antigua carretera a Patzcuaro No.8701, Exhacienda de San José de la
Huerta, 58190 Morelia, Michoacan, México, smartenr@gmail.com


mailto:arredondolibertad@gmail.com
mailto:arredondolibertad@gmail.com
mailto:smartenr@gmail.com
mailto:smartenr@gmail.com
mailto:mlopezaraiza@uagro.mx
mailto:mlopezaraiza@uagro.mx
mailto:terekua.cagc@hotmail.com
mailto:terekua.cagc@hotmail.com
mailto:eraramag@gmail.com
mailto:eraramag@gmail.com
mailto:eraramag@gmail.com
mailto:r.sayago.lorenzana@gmail.com
mailto:r.sayago.lorenzana@gmail.com
mailto:coro@unam.mx
mailto:coro@unam.mx
mailto:mquesada@cieco.unam.mx
mailto:mquesada@cieco.unam.mx
mailto:smartenr@gmail.com

Avian Conservation and Ecology 13(1): 14
http://www.ace-eco.org/voll3/iss1/art14/

sur des Penstemon gentianoides aux sites de plus faible élévation (3 900-4 100 m). Aux sites de plus haute élévation, nous avons observé
des colibris faisant du vol stationnaire, se perchant sur des roches et s'alimentant sur des fleurs au niveau du sol. Tant les males que
les femelles de L. clemenciae et de S. platycercus étaient présents dans les groupements de P. gentianoides; toutefois, pour S. platycercus,
les males représentaient 80 % des individus observés et plus de 95 % des individus observés aux sites de plus haute élévation. Par
ailleurs, la revue des mentions historiques provenant des collections muséales et les observations d'oiseaux tirées des bases de données
électroniques ont révélé I'existence de trois mentions antérieures seulement de colibris dans des sites alpins, et d'une unique observation
rapportée avant 1987. Ces résultats laissent penser que les colibris n'ont pas été observés en milieu alpin parce qu'il ne s'y était jamais
effectué de relevés. Néanmoins, les indices liés au retrait des glaciers et la répartition des plantes le long d'un gradient d'élévation
indiquent que l'aire des colibris a gagné du terrain en élévation, a mesure que de nouveaux habitats ont pu étre colonisés en raison des
changements climatiques planétaires. Nos résultats constituent les premiéres mentions de quatre espéces de colibris dans les prairies
alpines mexicaines et figurent parmi les mentions les plus élevées en altitude pour les colibris d'Amérique du Nord. Nous traitons de
I'importance des écosystémes alpins au Mexique en tant qu'habitat pour les colibris et des répercussions sur leur conservation.

Key Words: Blue-throated Hummingbird,; Broad-billed Hummingbird, Broad-tailed Hummingbird; Iztaccihuatl; La Malinche; Mexican
alpine region; Nevado de Toluca; Popocatépetl; White-eared Hummingbird

INTRODUCTION m), and Popocatépetl (5465 m; Fig. 1, Appendix 1). Alpine
habitats in these mountains occur above timberline between 3900

and 4700 m (Almeida-Lefiero 2007), and have been classified as
“alpine grasslands” according to the general classification of
Mexican vegetation by Rzedowski (2006). These habitats, are

Hummingbirds comprise one of the most diverse bird families in
the Americas and one of the most important groups of vertebrate
pollinatorsin the Neotropics (Arizmendi and Berlanga 2014). The
highest species richness of hummingbirds is in tropical regions, ’ ; . ;
but these birds are also well represented in temperate zones §ubjgct to low and_ ﬂuctua}tmg daily temperatures, high solar
including species with subalpine and alpine distributions irradiance, and perlgds of intense cloudiness. At.4(‘)004m, mean
(Barrantes 2005, Healy and Calder 2006, Salamanca-Reyes et al. annual temperature is 5 °C and mean annual precipitation is 900
2008). In fact, the Andean highlands contain the greatest diversity mm; on average, there are 200 night frosts per year (L.aper and
of alpine hummingbirds with at least 24 species, three of which Klaus 1975, Rzedowski 2006). However, weather conditions are

have been reported at 5200 m elevation (Schuchmann 1999, Del more drastic in the high alpme area (4500 m), with average
Hoyo et al. 2014). Mexico has 58 hummingbird species and most temperatures of 2.5 °C and with 280 night frosts per year (Lauer
high elevation records are from the subalpine belt between 3000 and Klaus 1975).

and 3700 m in the tropical mountains of the central region of the

country (Schondube et al. 2004, Ugalde-Lezama et al. 2010, Pérez Fig. 1. Map of study sites and images of alpine habitats

et al. 2012, Arbelaez-Cortés and Navarro-Sigiienza 2013, indicating: (a) four volcanoes of the Trans-Mexican Volcanic
Arizmendi and Berlanga 2014). There is also an alpine record of Belt (TVB) including Nevado de Toluca (NT), Iztaccihuatl
Selasphorus platycercus in northern Mexico in Cerro el Potosi (I1Z), Popocatepetl (Po), Malinche (Ma) in black triangles; (b)
(Guzman 1998) and an early record of an indeterminate landscape of lower elevation alpine grasslands (39004200 m);
hummingbird species in the alpine grasslands of Pico de Orizaba (c) landscape of high-elevation alpine vegetation (42004700
above 4000 m.a.s.l. (Swan 1952). Herbarium records of alpine m).

plant species with ornithophilous flowers, i.e., tubular, brightly
colored flowers, also suggest the presence of hummingbirds in
alpine environments. However, to our knowledge, studies that
document hummingbird frequency, behavior, and use of floral
resources at high elevation alpine habitats in Mexico are lacking.

The main goal of this study was to determine hummingbird
presence and habitat use in the alpine zone of the Trans-Mexican
Volcanic Belt (TVB). We also conducted a search through
museum and herbarium collections and online databases to
determine the past presence of hummingbirds and their plants at
the study locations. The observations reported in this study are
the highest elevational records for hummingbirds in North
America.

METHODS

Study site

Fieldwork was conducted in September 2014, May—September
2016 and April-September 2017 at nine study sites located in the
TVB, located within the tropical belt between 18°30'N and 21°
30'N, in four of the highest volcanoes in Mexico: La Malinche
(4461 m.a.s.l.), Nevado de Toluca (4690 m), Iztaccihuatl (5230

i

The alpine belt in Mexico includes at least 228 plant species
(Victor Steinmann, personal communication) and two major
plant communities: a community of dense vegetation dominated
by tussock grasses (from timberline to 4200 m approximately),
and a community dominated by small, crawling or cushion-
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Fig. 2. Plant species used by hummingbirds in alpine habitats of the Transmexican Volcanic Belt: (a) Penstemon gentianoides at
Iztaccihuatl, (b) Castilleja moranensis at Iztaccihuatl, (c) Castilleja tolucensis at Nevado de Toluca. Photographs by Adolfo Lopez
Magaiia.

shaped herbs that occur between 4200 and 4700 m (Fig. 1;
Almeida-Lefiero et al. 2007, Ramirez-Amezcua et al. 2016). Four
of these species in the genus Castilleja have ornithophilous flowers
presumably adapted to hummingbird pollination, i.e., tubular, red
or brightly colored flowers with abundant dilute nectar and lack
of scent (Cronk and Ojeda 2008), and two species in the genus
Penstemon have floral traits that attract both hummingbirds and
bees (Lara-Rodriguez et al. 2012, Sala-Arcos et al. 2017). We
recorded hummingbirds at flowering patches of the three
following plant species (Fig. 2): (a) Penstemon gentianoides (H.B.
K.) Poir. (Plantaginaceae), a common herb in the low elevation
alpine grasslands of the TVB; the species occurs between 3000 to
4200 m and is also distributed in pine and fir forests below
timberline (Rodriguez-Jiménez 2005). It has broad tubular purple
flowers with moderate amounts of nectar that are visited by
hummingbirds and bees (Sala-Arcos et al. 2017); (b) Castilleja
moranensis H.B.K. (Orobanchaceae), an uncommon herb species
that forms mats at ground level in pine and fir forests and low
elevation alpine communities between 2600 to 3900 m. It has
tubular red-yellow flowers that are visited by Hylocharis leucotis
and Lampornis clemenciae at one forest location in central Mexico
(2700-3000 m; Diaz-Valenzuela 2016); (c) Castilleja tolucensis H.
B.K. (Orobanchaceae) an herb that forms large patches at ground
level and has a strictly alpine distribution (4000 to 4450 m). It
grows on gravel or rocky terrain in slopes of morrenic
accumulation in the high alpine plant community (Almeida-
Lefiero et al. 2007). It has tubular red-yellow flowers that grow
on short stems right above the ground (Rodriguez-Jiménez 2005).

Hummingbird observations, behavior, and

resource use

To document hummingbird presence and habitat use in alpine
habitats of central Mexico, we conducted observations of
hummingbirds at 26 flower patches of C. moranensis (N = 2
patches), C. tolucensis (N = 13), and P. gentianoides (N = 11). We
recorded the presence of hummingbirds and floral visitation
through direct observation and video camera recordings for
periods of 1-4 hrs throughout the day (8:00 and 18:00 h). Video
recordings were taken with SONY camcorders in two ways: (1)
focal observations where cameras were set up in front of
individual plants or small flower patches for 2-4 hrs, (2)
observations where a human observer with video cameras

followed the hummingbirds until a clear video of the species was
obtained. We implemented the second method after finding that
visitation rates to individual flowers recorded in stationary
cameras were extremely low, and because clear images were
required for bird identification. We also took photographs of the
hummingbirds when conducting direct observations. The number
of observation hours and flower patches observed at each volcano
are listed in Appendix 1. To identify species observed in videos,
photographs, or directly in the field, we used the bird field guides
by Arizmendi and Berlanga (2014) and Parque Nacional Izta-
Popo (2015). To elucidate the dubious identity of some of the
birds recorded in videos, in August 2016 we selected two patches
of Penstemon flowers at the Iztaccihuatl volcano at 4000 m, and
set up two mist nets between 8:00 and 14:00 hrs at the edge of
each flower patch. We took pictures of the hummingbirds caught
in the nets and recorded species and gender.

While conducting observations, we recorded and classified the
behavior of each hummingbird into one of the following
categories: perching, foraging, flying, defending a patch (from
other hummingbirds or bees), and courtship behavior. To
document the environmental conditions under which
hummingbirds were active at the study sites, we consulted
temperature and humidity data by sampling day, recorded at the
atmospheric observatory Altzomoni of the University Network
of Atmospheric Observatories, Universidad Nacional Autdbnoma
de México (UNAM), at 3985 m in Iztaccihuatl (http://www.ruoa.
unam.mx/index.php?page=ALTZ). We report minimum and
maximum temperatures recorded between 8:00 and 18:00 hrs
across the study period.

Historical records of birds, plants, and

glaciers

To determine if the study species had been recorded earlier in
alpine habitats in Mexico, we conducted a search of specimens in
the Collection of Birds of Facultad de Ciencias (Facultad de
Ciencias 2015) and the National Collection of Birds of Instituto
de Biologia, UNAM (Unidad de Informatica para la
Biodiversidad 2007; this later collection dates back to 1929 and
has a representation of 90% of Mexican bird species). To assess
if the past absence of the study species in alpine habitats was due
to the general absence of bird collections at those sites, we also
surveyed the historical records of four species that are common
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Table 1. Number of female (F) and male (M) hummingbirds observed at alpine sites of four volcanoes of the Transmexican Vocanic
Belt during 2014-2017. Numbers in parentheses indicate additional individuals recorded only from bird calls.

Site Plant species Elevational C. latirostris H. leucotis L. clemenciae S. platycercus
range (m)
M M F M Indet' F M
Popocateptl P. gentianoides 39004050 1 1 2
Iztaccihuatl C. moranensis 3900-3950 2 1 1
C tolucensis* 4050-4450 2 2 1(5) 1 6(2)
P. gentianoides 39004080 1 1 5 4 10 (4)
Nevado Toluca C. tolucensis 41504350 1 11
La Malinche C. tolucensis 4100-4450 2(1) 4(1)
P. gentianoides 3900-4100 2
Total 1 2 1 3 11 (6) 7 36 (7)
jlndet. refers to individuals whose gender could not be determined in the field.
*All hummingbird species at this site were observed foraging at 4428 m.
in Mexican alpine grasslands: Xenospiza baileyi, Junco (Vieillot 1818, White-eared Hummingbird; Appendix 3),

phaeonotus, Oriturus superciliosus, and Diglossa baritula.
Additionally, we searched through the e-Bird database (https://
ebird.org/explore) in bird species maps and lists of the four target
volcanoes and the mountains above 4000 m in the TVB: Telapon
(4000), Tlaloc (4120 m), Cofre de Perote (4250), Nevado de
Colima (4240), Sierra Negra (4580), and Pico de Orizaba (5610).
‘We used the geographic coordinates of each hummingbird record
to search for the elevation of the site in Google Earth. To ensure
that geographic coordinates corresponded with the study site, we
searched for distribution and habitat information on the bird
species included on each bird list. We disregarded questionable
records when there was no correspondence between the alleged
geographic location/habitat and the bird species present at the
site, e.g., records of hummingbird species in the same list as forest
birds like woodcreepers recorded at a presumed elevation of 4200
m, well above timberline.

To investigate associations with flower availability and determine
if plants used by hummingbirds were historically present at the
highest mountains, we conducted an herbarium survey of the six
ornithophilous plant species including: ENCB (Escuela Nacional
de Ciencias Biologicas del Instituto Politécnico Nacional), IBUG
(Instituto de Botanica de la Universidad de Guadalajara), IEB
(Instituto de Ecologia - Centro Regional del Bajio), FMCE
(Facultad de Ciencias de la Universidad Nacional Autonoma de
Meéxico), MEXU (Instituto de Biologia de la Universidad
Nacional Auténoma de México), and XAL (Instituto de
Ecologia) Mexican herbaria, and MSC (Michigan State
University Herbarium). To relate the presence of hummingbirds
with recent changes in the extent of suitable habitats for plant
growth at the high limits of alpine vegetation, we searched the
literature for information on the range of elevations occupied by
glaciers in Mexican volcanoes from the end of the Little Ice Age
to the present time.

RESULTS

Hummingbird observations and resource use

We observed four species of hummingbirds visiting alpine flowers
across the nine study sites: Cynanthus latirostris (Swainson 1827,
Broad-billed Hummingbird; Appendix 2), Hylocharis leucotis

Lampornis clemenciae (Lesson 1829, Blue-throated Hummingbird;
Appendix 4, 5), and Selasphorus platycercus (Swainson 1827,
Broad-tailed Hummingbird; Appendices 6, 7, 8). Selasphorus
platycercus and L. clemenciae were observed visiting flowers of
P. gentianoides in the low alpine grasslands (May—September
2014, 2016-2017) and flowers of C. tolucensis in the xerophytic
zone of cushion-shaped herbs near the highest elevational limits
of vegetation (up to 4428 m in Iztaccihuatl, May—July 2016-2017,;
Table 1). Cynanthus latirostris was observed once in July 2016
visiting Penstemon flowers in the alpine grasslands, while H.
leucotis males were observed twice in May 2016 and April 2017
feeding from C. tolucensis at the highest study site in Iztaccihuatl
(Table 1).

Hummingbird behavior

The two most commonly observed species, L. clemenciae and S.
platycercus, were active throughout the day during sunny and
cloudy weather at temperatures ranging from 3 °C to 13 °C. The
main behaviors displayed by different individuals of each species
are listed in Table 2. Territorial behavior was observed both in L.
clemenciae and S. platycercus, but the dominance hierarchy
changed depending on the floral resource. In 2016 and 2017 S.
platycercus was dominant at all sites of P. gentianoides, chasing
L. clemenciae intruders away. However in 2016, male individuals
of S. platycercus foraged by sneaking into a C. tolucensis patch
defended by L. clemenciae in Iztaccihuatl (Appendix 1:1zta 4).
Males of both species were also recorded perching on branches,
calling, and apparently watching/defending their territories. In
this case, the hummingbird perched on a high branch within a
patch of P. gentianoides or on a large rock in a field of Castilleja
tolucensis,and moved its head in different directions; occasionally,
the hummingbird chased other hummingbirds that approached
the flowers. Hummingbirds did not chase bumblebees that were
also frequent visitors to Penstemon flowers. In addition, we
observed H. leucotis and S. platycercus perching on rocks or on
the ground while feeding from C. tolucensis flowers at the highest
alpine sites; we also observed L. clemenciae perching on branches
while feeding on flowers of P. gentianoides at Iztaccihuatl.

Overall, S. platycercus females were observed less frequently than
males (16% of all individuals) and they were mostly found in the
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Table 2. Behavioral observations of four hummingbird species studied at four volcanoes of the Transmexican Volcanic Belt in 2014—
2017. Values indicate the number of times individuals of each species were observed performing one of the six listed behaviors.

Behavior C. latirostris H. leucotis L. clemenciae S. platycercus

M M F M Indet' F M
Flying 1 1 1 12 1 21
Foraging 1 1 1 3 4 5 20
Perching 1 1 2 1 2 9
Watching / Defending 3 15
Courtship 1 4
Total observations 2 3 2 9 17 9 69

alpine grasslands foraging from P gentianoides flowers and
occasionally from C. moranensis flowers. Females were observed
flying, feeding, and perching, but never showed territorial
behavior (Table 2). Twice during the study period, female
individuals were observed above 4200 m: once a female S.
platycercus was observed at 4304 m perching and flying within a
patch of C. tolucensis in Iztaccihuatl, and another time a female
L. clemenciae was recorded in a patch of C. folucensis in Nevado
de Toluca at 4284 m (representing 5% of the birds observed in the
high alpine habitat). The gender of most L. clemenciae individuals
could not be determined because males and females were often
difficult to distinguish. We observed courtship behaviour four
times for S. platycercus, where a male flew up in the air and dove
down towards the ground, repeating this maneuver two to three
times. On one occasion we observed a female interacting with the
male. We did not observe actual mating on any occasion.

Historical records and bird sightings

Hummingbirds

The search through bird databases and the literature yielded a
record of an unidentified hummingbird species in Pico de Orizaba
at 4000 m in the 1950s (Swan 1952), and four records of
hummingbirds above timberland at 4000-4200 m; specifically, S.
platycercus and L. clemenciae were observed at La Malinche in
1998 (https://ebird.org/view/checklist/S30622948), and S. platycercus
was observed at Cerro El Potosi (Guzman 1998) and at Nevado
de Toluca in 1997 (https://ebird.org/averaves/view/checklist/
S2029581). There were no records of the study species above
timberline in museum collections and no records of the four bird
species used as a control to determine if alpine habitats in Central
Mexico had been systematically surveyed.

Plants and glaciers

According to specimens from MSC and MEXU Herbaria
collected during the mid-1900s by Beaman (n = 1955), Iltis (n =
1029), Matuda (n = 26128), and Rzedowski (n = 20139), there
were populations of C. tolucensis between 3800 and 4000 in the
slopes of Iztaccihuatl, where at present there are none
(Arredondo-Amezcua, Martén-Rodriguez, Lopezaraiza-Mikel
et al., unpublished data). The remaining ornithophilous plant
species or those that attract hummingbirds and bees, are only
present in the lower elevation alpine grasslands and neighboring
forest, both in historical and recent collections; therefore, their
distributions do not provide insights into potential elevational
changes of hummingbirds.

The available information on the distribution of glaciers at the
study sites indicates that the glacier of Iztaccihuatl has retreated
to 4% of its size within the past 150 years (Schneider et al. 2008,
Cortés-Ramos and Delgado-Granados 2015), while the glacier of
Popocatépetl has disappeared because of recent volcanic activity
(Delgado Granados et al. 2007). La Malinche and Nevado de
Toluca have not had glaciers since the Late Pleistocene-Holocene
glaciations, and the Little Ice Age, respectively (Vazquez-Selem
and Heine 2011).

DISCUSSION

Hummingbird-plant associations

This study reports the occurrence of four hummingbird species
in tropical alpine habitats of the central Mexican mountains
above 4000 m elevation. Previously, the geographic ranges
reported for the study species were: 1800-3000 m for L.
clemenciae, 1800-3500 m for S. platycercus, 1200-3500 m for
Hylocharis leucotis, and 0-2500 for Cynanthus latirostris
(Arizmendi and Berlanga 2014). In this study, only Lampornis
clemenciae and S. platycercus were frequently observed across
study sites (Table 2), but all species visited flowers of at least one
of two common plant species, Castilleja tolucensis and Penstemon
gentianoides, and occasionally fed from C. moranensis, a relatively
uncommon plant species. Despite the fact that hummingbirds in
other habitats visit many flowers of different shapes and colors
(e.g., Martén-Rodriguez et al. 2015), the observed hummingbird
species did not visit any other flowers at the study sites, possibly
because most plant species produce very small amounts of nectar
or they lack floral rewards (Arredondo-Amezcua, Martén-
Rodriguez, Lopezaraiza-Mikel et al., unpublished data). The use
of various Penstemon and Castilleja flowers by hummingbirds
has been reported in montane forest environments in Mexico
(Lara-Rodriguez et al. 2012), but C. tolucensis does not occur
below timberline. Thus, this is the first report of hummingbird
pollination for C. tolucensis and the highest elevation at which
hummingbirds have been observed feeding on flowers in North
America.

Studies of habitat use by hummingbirds in alpine environments
should consider measuring the effectiveness of hummingbirds as
pollinators of alpine plant species. At the study sites, one species
with mixed pollination syndrome, P. gentianoides, was visited by
both hummingbirds and bumblebees, which coincides with the
observed floral visitors to this plant species in high elevation pine
and fir forests at La Malinche (Sala-Arcos et al. 2017; Arredondo-
Amezcua, Martén-Rodriguez, Lopezaraiza-Mikel et al.,
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unpublished data). In contrast, Castilleja species were visited
exclusively by hummingbirds across all study sites; therefore,
alpine populations of C. tolucensis and C. moranensis do not have
at present any alternative pollinators. Castilleja tolucensis is an
endemic species of the Mexican alpine grassland listed as
vulnerable by the Norma 059 for species at risk (Diario Oficial de
la Federacion 2015), and three additional species of
ornithophilous castillejas inhabit the adjacent subalpine belt
(Rodriguez-Jiménez 2005). According to Duffield (1972), self-
pollination is uncommon in hummingbird-pollinated castillejas,
and this is the case for C. tolucensis, which has a reduced set seed
when pollinators are excluded (Arredondo-Amezcua, Martén-
Rodriguez, Lopezaraiza-Mikel et al.,, wunpublished data).
Therefore, hummingbirds probably play a crucial role in the
pollination of castillejas that require biotic vectors to set seed in
alpine habitats. Castilleja tolucensis flowers during a short period
of time of the year (April-June); thus, it is possible that
hummingbirds are moving from lower elevations to use C.
tolucensis at a time of the year when few other floral resources
are available.

Information on the occurrence and ecological drivers of
hummingbird elevational migrations in North America is scarce
(Boyle 2017); however, various hummingbird species are known
to make elevational movements along Mexican mountains mostly
linked to food availability because hummingbirds follow the
flowering phenology of their floral resources (Ornelas and
Arizmendi-Arriaga 1995, Lara 2006). For the hummingbird
species reported in this study, elevational migrations have been
reported in C. latirostris in western Mexico (Ornelas and
Arizmendi-Arriaga 1995), in L. clemenciae in the southern U.S.
(Williamson 2000), and in southern Mexican populations of H.
leucotis (Arizmendi et al. 2015). The flowering season of
ornithophilous plant species in the study region varies across the
elevational gradient, with flowering occurring in spring and
summer (April to September) in alpine grassland populations and
from summer to winter (July to February) at lower elevation forest
sites (Arredondo-Amezcua, personal observations). Therefore, it
is possible that the study species use alpine flowers during spring
and summer and then move to lower elevations during the coldest
months of the year (October to March). The study of temporal
changes in hummingbird presence and behavior associated with
the availability of different floral resources at different elevations
is a subject that deserves further study.

Hummingbird behavior

The two most frequent hummingbird species in alpine habitats,
L. clemenciae and S. platycercus were observed during sunny or
cloudy weather, throughout the day and at temperatures as low
as 3 °C. Feeding at high elevations poses a challenge for
hummingbirds because they have to cope with low air
temperatures and hypobaric hypoxia. Therefore, hummingbird
species from high elevation mountains have particular traits that
allow them to live in these environments (Altshuler et al. 2004,
Projecto-Garcia et al. 2013). For example, high elevation
hummingbird species in the Andes tend to have wing
morphologies that increase wing area and stroke amplitude
during hovering (Altshuler et al. 2004). Furthermore,
physiological traits such as an enhanced ability to use torpor, and
the evolution of hemoglobin (Hb) variants that increase Hb-O2
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affinity allow hummingbirds to deal with low temperatures and
low oxygen levels (Projecto-Garcia et al. 2013). Although these
morphological and physiological traits have not yet been studied
for alpine populations of C. latirostris, H. leucotis, L. clemenciae,
and S. platycercus, all species are known to have the ability to
enter torpor at night (Kruger et al. 1982, Camfield et al. 2013;
Andrew, Powers, and Wethington, 2013, unpublished poster,
https://www.researchgate.net/publication/265208395_USE_OF _-
TORPOR_IN_A_HIGH-AND_MID-ELEVATION_HUMMI-
NGBIRD_SPECIES_IN_SOUTHEASTERN_ARIZONA?channel=
doi&linkId=540508db0cf23d9765a6d00f&showFulltext=true).
Additionally, behavioral traits such as a reduction in hovering due
to increased perching during feeding may also contribute to
preserve energy and reduce oxygen consumption at high
elevations (Altshuler and Dudley 2002). This behavior was
observed in H. leucotis, L. clemenciae, and S. platycercus at the
Iztaccihuatl volcano (Appendices 3, 5, 8). It is yet unknown if the
hummingbirds observed in this study are capable of surviving and
mating in the alpine grasslands throughout the growing season
(April-September) or if they move from the adjacent forest.

There have been no nests of the study species reported in any of
the alpine study sites, but courtship behavior was observed in S.
platycercus at 4000 m near patches of Penstemon flowers. It would
be interesting to determine if hummingbirds use the open
grasslands for courtship and mating to increase the visibility of
their “dances” and to make use of the abundant floral resources
available during the warmer months of the year (June-
September). At present, this may not be a frequent event because
females are significantly less frequently present than males in the
alpine grasslands and they were rarely observed at the highest
elevation sites. [t is not clear yet whether females are more difficult
to record because they are less conspicuous than males, or if there
is gender specific elevational behavior associated with differential
energetic demands, tolerance to environmental factors, and use
of floral resources between males and female birds. Another
possibility is that females have limited access to patches of C.
tolucensis at the highest elevations because they tend to be well
defended by males. These aspects of gender specific behavior and
habitat use require further investigation.

Historical evidence for a possible elevational

range extension

The elevational range changes observed for the hummingbird
study species may have two contrasting but not mutually exclusive
explanations: (a) that hummingbirds were not recorded earlier in
alpine habitats in Mexico because of limited sampling by
researchers and amateur bird-watchers at high elevation habitats,
(b) that hummingbirds have actually expanded their ranges
associated with shifts in the elevational distribution of their floral
resources because of the recent expansion of habitats suitable for
plant growth driven by glacier retreats. Evidence for changes in
the elevational distribution of glaciers and ornithophilous plant
species suggest a possible elevational range increase in the two
most frequent hummingbird study species driven by global
climate change. Specifically, the increase in regional temperatures
(Aguilar et al. 2005), changes in the extent of the Iztaccihuatl
glacier (Cortés-Ramos and Delgado-Granados 2015), and
herbarium records, indicate that C. folucensis, the only
ornithophilous plant species at the highest elevations, has
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expanded its elevational range upward. For instance, C. tolucensis
occurs at 4400 m at one of the study sites in Iztaccihuatl, which
was covered by glacier at the end of the 19th century (Cortés-
Ramos and Delgado-Granados 2015). Furthermore, according
to historical herbarium collections, there used to be populations
of C. tolucensis between 3800 and 4000 m on the slopes of
Iztaccihuatl, where at present the vegetation is dominated by
grassland, thus unsuitable habitat for C. tolucensis, a specialist of
open gravel/rocky substrates (Almeida-Lefiero et al. 2007).
Because plant species at the high alpine sites have very small dish
or bowl shaped flowers that produce meager amounts of nectar
(Arredondo-Amezcua, Martén-Rodriguez, Lopezaraiza-Mikel
et al., unpublished data), C. tolucensis can be considered the only
resource for hummingbirds in these high-elevation alpine
vegetation communities. These data strongly suggest that
hummingbirds have expanded their elevational ranges to the
highest limit of alpine vegetation within the past century.
However, the occurrence of hummingbirds in the lower
elevational belt of alpine grasslands may not be a recent event
because the low number of hummingbird records in historical
museum collections and databases suggests that alpine habitats
have been little studied in the past.

CONCLUSIONS

Cynanthus latirostris, H. leucotis, L. clemenciae,and S. platycercus
are widespread species in the Mexican mountains, but habitat loss
at lower elevations is a conservation concern (Navarro-Sigiienza
et al. 2007). This study shows that hummingbirds in North
America have the ability to use floral resources at the highest
habitable mountain sites, suggesting alpine environments in
Mexico may be important feeding habitats for hummingbirds.
Future studies should assess whether these birds are residents of
the alpine grassland throughout spring and summer (April to
September) or if they make daily movements from adjacent forest
patches, as well as potential preadaptations these birds might have
to live or forage at such high elevations. Likewise, studies should
document plant-pollinator interactions at different elevations to
determine potential altitudinal migrations, and the role of
hummingbirds in the reproductive success of the ornithophilous
plant species along the elevational gradient. Supplementing
information gaps on distribution and ecology of these
hummingbird species is crucial to better understand their
ecological importance and their future role as pollinators in the
novel habitats that will become available in high mountains
because of glacier retreats.

Responses to this article can be read online at:
http://www.ace-eco.org/issues/responses.php/1202
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Appendix 1. Geographic locations and descriptions of nine alpine study sites located in four volcanoes of Central Mexico. Observations were
conducted at patches of three plant species that hummingbirds visited during 2014-2017, including Penstemon gentianoides, Castilleja
moranensis, and C. tolucensis.

Site

Mal 1

Mal 2

NT 1

NT 2

Izta 1

Izta 2

Izta 3

Izta 4

Popo 1

Volcano

La Malinche
4461 m

Nevado de
Toluca
4690 m

Iztaccihuatl
5230 m

Popocatépetl
5465 m

Coordinates / elevation (m) /
locality

19°14'25.4"N, 98°01'56.3"W /
3929 / North slope.

19°14'6.1"N, 98°02'1.7"W / 4174

| Texcalco cave.

19°06'57.3"N, 99°44'48.8"W /
4197 / trail to the Moon lake.

19°06'16.0"N, 99°45'17.4"W /
4284 | trail to the summit.

19°07'4.9"N, 98°38'48.6"W /
3903 / Altzomoni Hill.

19°08'34.1"N, 98°38'46.8"W /
3955 / Tiburén trail.

19°08'35.7"N, 98°38'21.1"W /
4304 / Segundo portillo.

19°08'52.9"N, 98°38'18.4"W /
4428 | Castillejas' wetland.

19°03'23.4"N, 98°38'12.1"W /
4017 / Vicinity of Tlamacas
refuge.

Site description
Slope with shrubs and tussock
grasses.

Gravelly-rocky slope cushion-
shaped plants.

Gravelly-rocky slope, cushion-
shaped plants.

Gravelly-rocky slope cushion-
shaped plants.

Slope with shrubs and tussock
grasses.

Slope with shrubs and tussock
grasses.

Gravelly-rocky slope cushion-
shaped plants.

Rocky wetland slope cushion-
shaped plants.

Dry sandy slope with shrubs and
tussock grasses.

Plant species /

N of patches

P. gentianoides /
N=2

C. tolucensis /
N=2
C. tolucensis /
N=2

C. tolucensis /
=4
. gentianoides /

@D

ranensis /

ntianoides /

Z20VzZ20Z2T10V2=2
Ww® OO b

-9
C. tolucensis /
N=1

C. tolucensis /
N=4

P. gentianoides /
N=2

N
hours
2

10

4

10

34

Sampling Dates

June 2016

April-June 2016

June 2017

April, June 2017
Aug-Sept 2014;
July-Sept 2016;
July 2017

July 2016;
July, Sept 2017

May, June 2016;
July 2017

May-June 2016;
April, July 2017

July 2017
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