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Hypobaric hypoxia at high elevation represents an important physiological
stressor for montane organisms, but optimal physiological strategies to cope
with hypoxia may vary among species with different life histories. Montane
birds exhibit a range of migration patterns; elevational migrants breed at
high elevations but winter at low elevations or migrate further south,
while high-elevation residents inhabit the same elevation throughout the
year. Optimal physiological strategies to cope with hypoxia might therefore
differ between species that exhibit these two migratory patterns, because
they differ in the amount time spent at high elevation. We examined phys-
iological parameters associated with blood-oxygen transport (haemoglobin
concentration and haematocrit, i.e. the proportion of red blood cells in
blood) in nine species of elevational migrants and six species of high-
elevation residents that were sampled along a 2200 m (1000—-3200 m) eleva-
tional gradient. Haemoglobin concentration increased with elevation within
species regardless of migratory strategy, but it was only significantly corre-
lated with haematocrit in elevational migrants. Surprisingly, haemoglobin
concentration was not correlated with haematocrit in high-elevation
residents, and these species exhibited higher mean cellular haemoglobin
concentration than elevational migrants. Thus, alternative physiological
strategies to regulate haemoglobin concentration and blood O, carrying
capacity appear to differ among birds with different annual elevational
movement patterns.

1. Introduction

A primary goal of comparative physiology is to determine whether ecological
similarities among species might explain similarities in their adaptive responses
to common selective pressures [1]. Matching migratory strategies, for instance,
can influence the temporal and spatial variation in environmental stressors indi-
viduals of a species experience over their lifetime. As a result, species that share
key life-history traits may exhibit analogous physiological strategies to cope
with the same environmental stressor [2]. Species that are distributed along
elevational gradients are powerful systems to investigate the influence of life-
history variation on physiological adaptation. Key abiotic stressors such as
temperature and biotic stressors such as interspecific competition [3] change
with elevation. Certain abiotic stressors intensify predictably with elevation
(e.g. the decrease in temperature with increase in elevation), and dramatic
changes in these stressors occur over relatively small spatial scales. Perhaps
most notable is the decrease in the partial pressure of oxygen (hypobaric
hypoxia) at high elevations [4]. Hypobaric hypoxia is constant and predictable
at a given elevation around the world throughout the year and is not affected by
latitude or season, making it a unique stressor for high-elevation organisms glob-
ally. Organisms cope with hypoxia using diverse physiological and behavioural
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strategies [1], but systematic analyses of the influence of life-
history characteristics on the utilization of these alternative
strategies are rare.

Studies of physiological responses to hypoxia in labora-
tory animals (e.g. guinea pigs and rats) [5,6], humans [7,8]
and free-living wild species [9-11] have revealed a diverse
suite of physiological modifications that species can use to
counter hypoxia. Among the most common are increases in
pulmonary O, transport [12] and modification of blood O,
carrying capacity [13]. An important determinant of blood
O, carrying capacity is haemoglobin concentration (hence-
forth [Hb]) [14,15]. Erythropoietic responses to hypobaric
hypoxia can increase blood O, carrying capacity by increas-
ing [Hb] via the proliferation of red blood cells, which leads
to an increase in haematocrit (henceforth Hct), the proportion
of whole blood volume that is occupied by erythrocytes. This
erythropoietic response to hypoxia is well documented in
birds [16] and other vertebrates that routinely migrate
between highland and lowland environments [17]. Although
this response allows of fine-tuning of blood O, carrying
capacity as a potentially effective short-term solution to
hypoxic challenge, the adaptive value of chronically elevated
Hct in high-elevation organisms is questionable.

Although increasing [Hb] through increases in Hct can
increase blood O, carrying capacity, elevated Hct also
increases blood viscosity, and excessive blood viscosity can
increase cardiac load and hamper effective blood circulation,
both of which may ultimately decrease convective oxygen
delivery. Given these considerations, several studies have
suggested that Hct and [Hb] values that optimize aerobic
output in humans are very close to those typically observed
at sea level [12,13,15,16]. Not only does chronically elevated
Hct potentially reduce aerobic output, it is associated with
pathophysiological conditions in humans (e.g. chronic moun-
tain disease), and, correspondingly, many high-elevation
specialist species have evolved blunted erythropoietic
responses to hypoxia [17] (normal Hct at high elevations).
Thus, the optimal erythropoietic response to hypoxia may
vary according to the amount of time an organism spends
under hypoxic conditions.

Birds in the Himalayas exhibit two distinct phenologies of
elevational distribution. Elevational migrants occur at low
elevation for most of the year (eight to nine months), but
move to higher elevations (2000-4000 m or even higher)
during the three- to four-month summer to breed [18]. These
two elevational movement strategies are widely known in
birds and have been hypothesized to arise due to limits on
cold tolerance in winter [19], food availability [20] and preda-
tion [21]. These differences result in elevational migrants
enduring significant hypoxic stress only for a short period of
the year compared with high-elevational residents, which
occur at high elevation throughout the year. Given their con-
trasting elevational movement patterns, elevational migrants
and resident birds present an ideal system with which to
understand if elevational movement patterns explain the
strategies to cope with environmental hypoxia through
erythropoietic regulation of blood O, carrying capacity.

In this study, we used a survey of 15 avian species that
differ in migratory strategies to demonstrate that erythro-
poietic responses to increasing elevation can be explained
by interspecific differences in annual elevational movement
patterns. We predicted elevational migrants would show a
seasonal increase in [Hb] with a correlated increase in Hct

during the breeding season because the ability to finely
tune blood O, carrying capacity may outweigh the maladap-
tive but transient increases in blood viscosity. High-elevation
residents, on the other hand, experience chronic hypoxia, and
may thus exhibit alternative strategies for coping with hypo-
baric hypoxia, which may include a blunted erythropoietic
response to increasing elevation as has been documented in
other high-elevation specialists. Using this comparative
approach, we demonstrate that differences in species’
annual elevational movement patterns (elevational migrants
and high-elevation residents) can explain differences in
their physiological responses to abiotic stressors. To the best
of our knowledge, this is the first study to link interspecific
variation in migratory strategies to variation in erythropoietic
responses to hypoxia.

2. Material and methods
(a) Field methods

We obtained blood samples from 15 species of passerine birds
(figure 1) that we caught opportunistically using mist-nets at
seven elevations: 1000, 1500, 2100, 2650, 2800, 3000 and 3200 m
in the Amrut Ganga Valley of Kedarnath Wildlife Division,
Uttarakhand, India, These species were selected based on their
abundance and diversity in elevational distribution. We
restricted our analyses to passerine species to minimize the
effect of evolutionary distance on differences in physiology. We
sampled birds in two seasons—summer/breeding season (15
March-30 June) and winter/non-breeding season (1 January—
15 March)—in 2014 and 2015. We used 15 March across both
years of sampling as the date for the onset of the breeding
season (summer) as resident birds were commonly seen singing
about a week before this date [18]. To ensure that we did not
sample elevational migrants that had just arrived on their breed-
ing grounds and not acclimatized to the hypoxia, we sampled at
and above 2600 m only in late April and May. As our study sites
spanned an elevational gradient larger than the distribution of
most species, at each sampling location, only a subset of the
species sampled was present (figure 1). For each blood sample,
we measured whole blood [Hb] with a Hemocue 201+ analyser
using the manufacturer’s protocol (HemoCue AB, Angelholm,
Sweden; Mpreeding season = 356). Whenever sufficient sample was
available, we also measured Hct for the same samples, using a
Zipocrit Portable Centrifuge (LW Scientific Inc., Lawrenceville,
GA, USA) with a spin time of 5min (preeding season = 178,
Tnon-breeding season = 152). We calculated the Mean Cellular
Haemoglobin Concentration (henceforth MCHC) wusing the
formula  MCHC = ([Hb] x 100/Hct) (Mbreeding season = 178,
Mnon-breeding season = 152) [24].  We checked for repeatability
of our measures by taking two successive measurements from
the same bird for [Hb] (n=21 birds) and Hct (n=23
birds), and calculating the intraclass correlation coefficient
(ICC) using the package ICC in the R software package
v. 3.2.1 [25]. For both measures, we had high ICC scores
([Hb] = 0.85, Hct = 0.98), confirming our measurements were
highly repeatable.

(b) Data analyses

Based on information from field surveys [18] and information
from the literature [26], we determined elevational distribution
(in both winter and summer) of each species and mass (g) (elec-
tronic supplementary material, S1). Most birds in the Himalayas
show some elevational movement, especially during extreme
weather events. We classified birds as elevational migrants (EM
status = 1) for species where almost all individuals migrate to
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Figure 1. Evolutionary relationships among species used in the analysis with phylogeny recreated using a posterior set of pruned trees from Jetz et al. [22].
Elevational distributions are from Dixit et al. [18]. Dotted vertical lines represent sampling locations. Horizontal solid lines represent species breeding elevational
distribution and dashed lines represent species winter distribution (in metres) of resident (red) and EM (black) species. Stars indicate species with winter distribution
outside the study area. Coloured boxes on the left margin denote taxonomic families used in the analysis: grey, Paridae; green, Timalidae; blue, Aegithalidae;
yellow, Sylvidae; purple, Turdidae; buff, Muscicapidae. Species codes (from top): PX (Parus xanthogenys), PM (Parus monticolus), PC (Parus cinereus), GE (Garrulax
erythrocephalus), GV (Garrulax variegatum), GA (Garrulax albogularis), AC (Aegithalos concinnus), PR (Phylloscopus reguloides), PXN (Phylloscopus xanthoschistos), TB
(Turdus boulboul), TR (Tarsiger rufilatus), MC (Myophonus caeruleus), PF (Phoenicurus frontalis), FS (Ficedula superciliaris), FST (Ficedula strophiata). Bird illustrations

were reproduced from Handbook of the Birds of the World Alive [23].

lower elevations from the upper 75% of their breeding range.
Sedentary residents (EM status = 0) were species that are consist-
ently found in 75% of their breeding range in the winter in our
study site.

To understand the variation in the relationship between [Hb]
and Hct among species that exhibit the two alternative eleva-
tional movement patterns, we quantified the strength of the
relationship between [Hb] and Hct separately using linear
regression in elevational migrants (nine species) and residents
(six species). To further understand the mode of increase in
[Hb] in individuals showing elevated [Hb], we compared the
MCHC in the upper quartile values of [Hb] between elevational
migrants and residents. Finally, using data for 15 species in
summer and nine species in winter, we fitted 10 linear mixed
models and used AIC-based multi-model inference to identify
well-supported statistical models that describe the relationships
between [Hb] and biological parameters relevant to elevational
distribution, such as (i) Hct, (ii) elevational range, (iii) range
upper limit (highest limit of distribution for the species in the
landscape), (iv) range position calculated as (elevation where

bird was caught — lower elevational limit of distribution)/eleva-
tional range of species, (v) EM status (1 = elevational migrants,
0 = resident species) and (vi) mass (g) as fixed effects. In these
models, we controlled for phylogenetic effects by including a
phylogenetic correlation matrix as a random effect using the stat-
istical package ape [27]. The phylogenetic correlation matrix was
derived from a phylogeny constructed from information by Jetz
et al. [22]. As we include species from multiple taxonomic
families in our analysis, the Jetz et al. [22] phylogeny is probably
a satisfactorily accurate representation of the evolutionary
relationships and genetic distance between the species. The
models were written based on predictably important ecological
variables and their interactions relevant to the elevational distri-
bution of a species, such that each model represented a specific
hypothesis. Each model had the same structure ([Hb] ~ Predictor
1 + Predictor 2 + Predictor 1 x Predictor 2 + (1|Species)). The
variables used in each model are given in table 1. For predictor
variables that were highly correlated (r > 0.6) [28], we retained
those variables that were ecologically relevant to hypoxia physi-
ology; for example, we retained “upper limit” rather than ‘lower
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Table 1. Results of model selection of linear mixed models to investigate specific hypotheses predicting Hb concentration. Hct, haematocrit; EM, elevational
migrant (1, 0); mass, mass of the individual (in grams); range, elevational range (in metres); range position, proportion of range where sampled; elevation,
elevation at which sampled; upper limit, highest limit of elevational distribution. X indicates predictors used as fixed effects in the model. Species was used as
a random intercept effect in all models. All models include an interaction between the two variables in the model. Models are arranged from models showing
highest fit to models showing lowest fit.

model no. elevation upper limit range position

3 X X 6 0

4 X X 6 1233
6 X X 6 14.39
2 X X 6 173
9 X 6 22.2
1 X X X X X n 27.66
5 X 6 33.84
10 X X 6 35.81
7 X X 6 37.22
8 X X 6 37.79

limit" of the elevational distribution of a species. A complete 4 DiSCUSSion

description of models is given in table 1. For all models, we
included ‘species” as a random intercept effect. We fitted the
linear mixed models using the Imekin function of the coxme
package [29], and model selection was done using the MuMIn
package [30]. All analyses were done in the software package R
v. 3.2.1 [31].

3. Results

There was a significant positive relationship between
[Hb] and elevation in both elevational migrants (R*=0.24,
p < 0.001) and high-elevation residents (R* = 0.16, p < 0.001;
figure 2a,b). However, we found that the strength of the
association between [Hb] and Hct is a function of the
migratory status of a species. Although elevational migrants
exhibit a strong positive relationship between [Hb] and Hct
(R*=0.42, p < 0.001), there was no significant relationship
between the two variables in resident species (R2 = 0.003,
p > 0.35), suggesting an uncoupling of [Hb] and Hct in resi-
dent birds (figure 2c,d). Moreover, MCHC was significantly
higher in sedentary residents than elevational migrants (t =
3.2076, d.f. =45, p <0.01), suggesting that erythrocytes of
high-elevation residents contain more haemoglobin than
those of elevational migrants. In the breeding season linear
mixed model analysis, controlling for phylogeny, the best-
fitting model (model 3, Hb ~ Hct+ EM_Hct x EM +
(1|Species)) describes variation in [Hb] as a product of Hct,
EM status (1, 0) and an interaction between Hct and EM
(table 1). This model was weighted appreciably higher than
any other model (table 1). Het and EM have weak effects,
but the interaction between Hct and EM has statistically sig-
nificant positive effect on the variation of [Hb] (figure 3). This
result, coupled with the differences in the strength of the
relationship between [Hb] and Hct in migrants and residents,
suggests that residents exhibit a common and functionally
different mechanism for regulating [Hb] than migrant species
(figure 2). In the non-breeding season, the global model
(including all fixed effects) is selected as the top model in
the linear mixed model analysis.

Here, we show that although both high-elevation residents
and elevational migrants modulate [Hb] to increase blood
O, carrying capacity in the face of environmental hypoxia
(figure 2a,b), they achieve elevated [Hb] at high elevation
through different means. The strong correlation between
[Hb] and Hct in elevational migrants suggests retention of
an ancestral strategy where lowland taxa increase [Hb]
through upregulation of erythrocyte production (figure 2d)
[32]. The lack of such a correlation in high-elevation resident
species (figure 2c) suggests that species that consistently
reside at high elevations regulate [Hb] independent of
increases in Hct. Such a strategy would be particularly
advantageous for highland residents as it would allow
them to increase blood O, carrying capacity without the con-
comitant increases in blood viscosity incurred by excessive
erythropoiesis [33].

An increase in [Hb] can be brought about by several
mechanisms other than increasing Hct [34]. Perhaps most
important is to simply increase the [Hb] of individual eryth-
rocytes (i.e. to increase the MCHC). Consistent with this
expectation, we found that MCHC was significantly higher
in resident species than elevational migrants residing at
high elevation (t = 3.2076, d.f. = 45, p < 0.01). Together, our
results suggest that high-elevation residents probably
increase [Hb] through an increase in MCHC while elevational
migrants increase [Hb] through an increase in Hct. An
increase in the MCHC may lead to an increase in erythrocyte
size, reducing oxygen diffusion to tissues [1,35], suggesting
that there is likely to be a threshold to increase in MCHC.
Highland mammals are therefore known to have smaller
erythrocytes to increase oxygen transport than low-elevation
conspecifics [15,36]. Owing to logistical reasons, we could not
measure erythrocyte size in our study species.

In contrast to high-elevation residents,
migrants spend only a short period of time at high elevations
every year. This life-history strategy may require the ability to
fine-tune blood O, carrying capacity throughout the year.
A correlated increase in [Hb] and Hct is the most commonly

elevational

documented acclimatization response to environmental
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Figure 2. Haemoglobin concentration [Hb] (g/dl) in (a) residents and (b) elevational migrants increases with elevation. (c) [Hb] is not correlated with haematocrit

(Hct) in residents, but (d) is highly correlated in elevational migrants.

hypoxia in birds and other vertebrates [7,19,37]. Hct exhibits
a high degree of phenotypic flexibility in most vertebra-
tes [1538]. Thus, Hct-mediated changes in blood O,
carrying capacity may provide elevational migrants with
the ability to fine-tune [Hb] throughout the year, and the
increase in blood O, carrying capacity brought about by
increases in Hct might offset the costs of increased blood
viscosity during the relatively short breeding seasons at
high elevation.

Although migratory strategy was the principal predictor
of variation in [Hb] in our linear mixed model analyses, the
effect of migratory strategy was much more pronounced in
the breeding season compared with the non-breeding
season. The best-fitting model in the winter (non-breeding
season) was the global model that included all the fixed-
effect variables. This apparent discrepancy may be explained
by the fact that all of the elevational migrants were sampled
at low elevations (1000-2600 m) during periods of low
physiological hypoxic stress, and therefore exhibiting low
[Hb] and Hct values.

An important additional element of blood O, carrying
capacity is Hb—O, affinity. Owing to difficult field logistics,
we could not freeze blood samples to carry out this analysis.
We therefore did not sequence the haemoglobin genes in
these birds as functional data are essential to understand
the phenotypic consequences of substitutions in haemoglobin
genes [39]. Future studies should therefore carry out func-
tional assays of Hb-O, affinity and couple them with
studies of sequence polymorphisms in haemoglobin genes
[40,41] to better understand the mechanisms underlying the
distinct strategies in [Hb] regulation between elevational
migrants and high-elevation residents.

The extent to which hypobaric hypoxia might limit
bird species distribution is not well understood [42]. A first
step towards a general understanding of how bird species
distribution might be restricted by hypoxia is to study
common patterns in physiological responses in wild birds.
Understanding interspecific variation in hypoxia tolerance
is increasingly critical in light of climate change since
hypoxia is unaffected by increasing temperatures and several

L0ZZ9L07 €8T g 20 °y 20id  bio-buiysiigndfranosiesorqdsi H



component + residual plots

component + residual [Hb]

= ]

)

= 5

S S~

b il

¥ 07 < o

5 ~~L.

g -5 —

o

g

]

e T T T T T T
0 0.2 0.4 0.6 0.8 1.0

EM

5‘10'—
=)
T 5
=]
g
+ 0
=
[0}
g
& -5
£
]
Q

I ! I
0.4 0.6 0.8

M3

Figure 3. Partial residual plots for top model in linear mixed model analysis [Hb ~ Hct + EM —+ Hct x EM + (1|Species)]. M3 denotes the interaction factor

between Hct and EM (elevational migration status). (Online version in colour.)

montane species are predicted to show an upslope range
expansion. Our study demonstrates that elevational
migration, a common life-history strategy in montane birds,
can explain interspecific differences in physiological strat-
egies to cope with hypoxia. Although several Himalayan
passerine species occur at elevations higher than our highest
sampling site, the elevational range we sampled harbours
much higher avian bird diversity than areas above 4000 m,
both in the Himalayas and across the globe [43]. Further-
more, the upper elevations we did sample appear to be
sufficient to induce hypoxic stress in birds as parallel genetic
mutations to increase Hb-O, affinity have evolved at
elevations as low as 2000 m in Andean hummingbirds [40].
In the Himalayas, up to 65% of the species that breed at
the highest elevations are elevational migrants [18,44]
which thus make up a significant part of the bird community
at these elevations in the breeding season. Our findings show
that elevational migrants exhibit an erythropoietic response
to environmental hypoxia that is typical of lowland species.
This ancestral, erythropoietic response and its associated
costs may affect the rate of upslope migration even if
thermal conditions are favourable [32]. Thus, incorporating
information on the specific physiological mechanisms that
individual species employ to cope with hypoxia might be cru-
cial for accurately estimating range shifts in high-elevation
montane birds.

To the best of our knowledge, our study is the first to
explore the erythropoietic response to hypoxia at the level
of a bird community along an elevational gradient. This has
revealed common strategies in the response to hypoxia
strongly associated with the species’ pattern of elevational
movement. Several biotic and abiotic factors might simul-
taneously affect the elevational distribution of a species. For
example, hypoxic stress might influence outcomes of biotic
interactions such as interspecific competition, and rates of

upslope range shifts in low-elevation birds might be affected
by the interaction between such biotic and abiotic stressors.
Interactive effects of covarying stressors as constraints on
species distributions will require increasing attention if pro-
jections of species distributions are to be accurate [45]. Our
findings demonstrate that strategies to cope with hypoxia
are associated with life-history traits and might be generaliz-
able across species to yield predictions for other high
mountain systems like the Andes, where movement patterns
of birds are more poorly understood and more difficult
to study.
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