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Abstract
Predictable trait variation across environments suggests shared adaptive responses 
via repeated genetic evolution, phenotypic plasticity or both. Matching of trait– 
environment associations at phylogenetic and individual scales implies consistency 
between these processes. Alternatively, mismatch implies that evolutionary 
divergence has changed the rules of trait– environment covariation. Here we tested 
whether species adaptation alters elevational variation in blood traits. We measured 
blood for 1217 Andean hummingbirds of 77 species across a 4600- m elevational 
gradient. Unexpectedly, elevational variation in haemoglobin concentration 
([Hb]) was scale independent, suggesting that physics of gas exchange, rather than 
species differences, determines responses to changing oxygen pressure. However, 
mechanisms of [Hb] adjustment did show signals of species adaptation: Species at 
either low or high elevations adjusted cell size, whereas species at mid- elevations 
adjusted cell number. This elevational variation in red blood cell number versus 
size suggests that genetic adaptation to high altitude has changed how these traits 
respond to shifts in oxygen availability.
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INTRODUCTION

Predictable variation of traits across environmental gra-
dients can reveal both the power and limitations of adap-
tive mechanisms, but the evolutionary implications of 
such patterns depend on their scale. Trait– environment 
relationships among species tend to reflect long- term, 
genetically fixed trait differences across phylogenies. By 
contrast, trait– environment relationships within species 
tend to reflect short- term, plastic responses of individ-
uals with shared genetic backgrounds. When within-  
and among- species patterns match (e.g. Jordan,  1891; 
McDowall, 2003), it implies a shared solution to an en-
vironmental challenge. When trait– environment pat-
terns conflict among scales or clades (e.g. Blackburn 
et al., 1999; De Queiroz & Ashton, 2004), it implies that 
genetic adaptation has taken a qualitatively different 
path when faced with the same environmental challenge, 
breaking the ‘rules’ that govern the trait– environment 
relationship. As varied adaptations accrue over mac-
roevolutionary time, predictable trait– environment 
(or trait– trait) associations are expected to erode 
(Agrawal, 2020; McGlothlin et al., 2018). Testing the con-
sistency of trait associations across biological scales can 
provide insights into the functional basis of adaptation, 
as well as the functional consequences of global environ-
mental change (Enquist et al., 2015).

In animals, blood traits associated with oxygen (O2) 
transport change predictably with declining O2 avail-
ability at elevation (Borras et al., 2010; Levett et al., 2012; 
Storz et al.,  2010; Tufts et al.,  2013). Most O2 in the 
blood is carried by haemoglobin (Hb) (Pittman,  2011), 
the concentration of which ([Hb]) is a key determinant 
of blood– O2- carrying capacity. When lowland- adapted 
birds ascend to altitude, they experience reduced arterial 
O2 saturation. To compensate, they undergo erythropoi-
esis, which can increase [Hb] and therefore blood– O2- 
carrying capacity, enhancing O2 delivery to the tissues 
(Storz et al., 2010). In the absence of compensatory in-
creases in plasma volume (Stembridge et al.,  2019), in-
creased Hb mass leads to elevated haematocrit (Hct; 
Storz, 2010). A suite of interrelated physical characteris-
tics of blood— total red blood cell count (TRBC), mean 
cell volume (MCV), mean cell haemoglobin (MCH) and 
MCH concentration (MCHC; Table  S1)— can be ad-
justed to optimize blood– O2 transport, or to compensate 
for other cardiac, vascular or haematological responses 
to elevation.

However, genetic adaptation to high elevation can 
‘break the rules’ of trait– environment covariation in 
blood traits. For example, evidence from high- altitude- 
adapted human populations and theoretical work sug-
gests that optimal [Hb] and Hct levels may be similar 
to those of sea- level populations (Beall,  2007; Scott & 
Milsom, 2006; Simonson et al., 2010; Storz et al., 2010). 
Adaptive genetic changes to haemoglobin proteins 
have been demonstrated in several high- altitude- native 

bird clades, including hummingbirds (e.g. Natarajan 
et al., 2016). In hummingbirds, there is a highly predict-
able association between species- typical Hb βA13– βA83 
genotype and elevation, with derived increases in Hb- 
O2 affinity in highland lineages and reductions in Hb- O2 
affinity in lowland lineages; importantly, hummingbirds 
occurring at high altitudes exhibit two amino- acid substi-
tutions on the βA- globin subunit of Hb (Hb βA- 13GLY➔SER 
and Hb βA- 83 GLY➔SER) that are known to affect O2 bind-
ing (Projecto- Garcia et al., 2013). O2- binding affinity of 
haemoglobin has critical effects on tissue oxygenation 
and, in birds, binding affinity increases predictably with 
elevation (Natarajan et al.,  2016; Storz,  2016). It is not 
yet clear whether the genetic adaptations that change 
Hb- O2 binding affinity predictably affect other blood 
traits or their covariation with elevation. It is plausible 
that species- typical Hb βA genotypes associated with 
different O2- binding affinities induce predictable differ-
ences in blood traits and their reaction norms to eleva-
tion; such an association could reflect a direct functional 
trade- off or an indirect effect of accrued, multi- locus ad-
aptation to elevation.

The macro- physiological ‘rules’ governing blood 
trait variation over phylogenetic and population times-
cales have remained elusive because adequate compar-
ative data are scarce. Blood traits are known to vary 
among avian clades (e.g. Campbell & Ellis, 2007; Zhang 
et al.,  2007) and exhibit elevational variation both 
within (e.g. Barve et al., 2016; Dubay & Witt, 2014; Linck 
et al.,  2023) and among species (e.g. Barve et al.,  2016; 
Dubay & Witt,  2014). At least two additional recent 
studies have conducted broad- scale interspecific com-
parative analyses of avian [Hb] and Hct data, but both 
datasets were compiled from heterogeneous published 
data and lacked elevational sampling sufficient to esti-
mate elevational effects (Minias, 2020; Yap et al., 2019). 
Furthermore, no previous comparative analysis of hae-
matological variation across elevation has included the 
six key parameters that affect blood– O2- carrying capac-
ity per unit volume (Table S1). Thus, we continue to lack 
definitive understanding of blood trait– environment 
relationships, their possible scale dependence and the ef-
fects of known genetic adaptations.

Examining the mechanisms underlying blood– O2- 
carrying capacity adjustment can offer further insight 
into blood trait– environment relationships. [Hb] is 
equivalent to O2- carrying capacity per unit volume 
of blood, and it can be altered via adjustments to cell 
number (TRBC), cell size (MCV), within- cell [Hb] 
(MCHC) or plasma volume. Cell number and size are 
both measurable components that vary among indi-
viduals and species, are subject to plastic and evolu-
tionary adjustments, and have strong direct effects on 
[Hb]. Both are reciprocally constrained by physical 
space available in the circulatory system, such that in-
dividual birds can have a few large erythrocytes, many 
small erythrocytes or intermediate values for both 
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traits (Hawkey et al.,  1991; Wintrobe,  1933). MCHC 
tends to be relatively invariant across vertebrates 
(Wintrobe, 1933), with Hb typically comprising ~1/3 of 
erythrocytes (Linck et al., 2023). Quantifying the rela-
tive contributions of TRBC and MCV in driving [Hb] 
variation within and among species may show that spe-
cies use different mechanisms of adjusting blood– O2- 
carrying capacity, revealing signatures of adaptation 
that correspond with species- specific histories of alti-
tude exposure.

In this study, we sought to test whether phylogenetic 
and population patterns for blood- trait– environment 
variation match. Specifically, we asked: Does species 
adaptation change trait– environment relationships? To 
address this question, we first needed to describe these 
relationships. We spent 2006– 2020 collecting specimen- 
vouchered haematological data from 1217 wild hum-
mingbirds of 77 species, representing all 9 clades and 
spanning ~4600 meters in elevation. Using these data, 
we then constructed hierarchical Bayesian models to es-
timate the responses of six blood traits to elevation while 
accounting for other sources of variation. Hummingbirds 
are a potential model clade in which to study haemato-
logical variation due to their documented evolutionary 
genetic responses to shifts in PO2, high species richness 
in mountains, phylogenetically conserved elevational 
ranges and relative life- history uniformity (Graham 
et al., 2009; McGuire et al., 2014; Natarajan et al., 2016; 
Projecto- Garcia et al., 2013; Suarez, 1992). Matching O2 
supply and demand is an acute challenge for humming-
birds because they employ sustained hovering, which is 
highly energetically demanding (Buermann et al., 2011; 
Suarez,  1992). This study posits new patterns of eleva-
tional blood trait variation. The scale independence of 
some rules and scale dependence of others have implica-
tions for the power and limitations of adaptive evolution.

M ATERI A LS A N D M ETHODS

Field sampling

We collected data from 1217 individuals of 77 South 
American hummingbird species from 2006 to 2020 
(Figure 1). Sampling across sexes was balanced (553 fe-
males, 592 males and 6 unknown). Most birds sampled 
were adults (936 adults, 179 juveniles and 36 unknown). 
Detailed data on specimens, collection localities and 
blood traits are available in the ARCTOS database 
(arcto sdb.org) and will be archived on Dryad.

Blood trait measurements

To calculate primary indices ([Hb], Hct and TRBC), 
we obtained whole blood samples within ~5 min to ~3 h 
of capture by venipuncture on the wing underside and 

collection with heparinized microcapillary tubes and 
Hemocue HB201+ cuvettes. Hct (%) was measured with 
digital callipers after centrifuging the sealed microcapil-
lary tube for 5 min at 13,000 r.p.m. When >1 Hct sample 
was taken, weighted averages were used in analyses. [Hb] 
(g/dL) was measured on ~5 μL of blood using a HemoCue 
HB201+ haemoglobin photometer, with a correction for 
avian blood (Simmons & Lill, 2006). We sampled 10 μL 
whole blood diluted in 1:200 in NaCl solution; we then 
pipetted a sub- sample of the dilution into a haemocy-
tometer, allowing cells to settle for 1 min, before photo-
graphing at 100× magnification. We estimated TRBC 
(Campbell & Ellis, 2007; Samour, 2005) by counting cells 
in ImageJ (Rasband, n.d.).

After blood sampling, birds were humanely killed 
and prepared as study skins. Specimens and tissues are 
housed at the Museum of Southwestern Biology (MSB) 
at the University of New Mexico, Centro de Ornitología 
y Biodiversidad (CORBIDI) and Pontificia Universidad 
Católica de Chile.

Secondary blood indices (MCV, MCH and MCHC) 
were calculated from primary indices following standard 
protocols (Campbell & Ellis, 2007). The data were care-
fully analysed for outliers (Supporting Information).

Environmental and life- history traits

We compiled species elevational ranges using pub-
lished data, field guides and MSB specimen records 
(Jaramillo,  2003; Parker et al.,  1996; Schulenberg 
et al.,  2010; Williamson & Witt,  2021b). We calculated 
each individual's elevational range position relative to 
its species elevational range breadth (hereafter ‘eleva-
tional position’) as 1 –  ((maximum species elevation –  in-
dividual sampling elevation)/species elevational range). We 
obtained species- typical Hb βA13– βA83 genotypes from 
published data (McGuire et al.,  2014; Projecto- Garcia 
et al.,  2013), reference sequences and expert inference 
(Supporting Information).

We characterized latitudinal and elevational climatic 
variation using WorldClim data (Hijmans et al., 2005). 
We downloaded rasters of each bioclimatic variable 
using the R package ‘raster’ (v4.0.0), cropped them to 
study areas of Peru and Chile, and extracted tempera-
ture and precipitation values for each sampling locality. 
We used principal component analysis (PCA) to create a 
composite measure of temperature (BIO1- 11) and precip-
itation (BIO12- 19) across the gradient. PC1 of tempera-
ture variables (hereafter ‘temperature’) explained 73.4% 
of the variation in composite temperature; loadings 
suggested that this axis corresponded to increasing tem-
perature across sites (see GitHub). PC1 of precipitation 
variables (hereafter ‘precipitation’) explained 79.8% of 
the variation in composite precipitation; loadings sug-
gested that this axis corresponded to increasing precipi-
tation across sites (see GitHub).
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To account for multiple measurement effects (i.e. traits 
measured from multiple individuals within species), we 
calculated between-  and within- species differences fol-
lowing De Villemereuil and Nakagawa  (2014). Because 
hummingbird body mass may differ by sex, within- 
species differences were calculated using mean mass of 
males for males, mean mass of females for females and 
species- level means for individuals of unknown sex (n = 6). 
We calculated and analysed wing loading (g/cm2) from 
published data (Skandalis et al., 2017), as previous work 
suggests that wing shape and flight cost vary with eleva-
tion (e.g. Altshuler et al., 2004; Supporting Information).

Hummingbird phylogeny

We used a time- calibrated hummingbird phylogeny 
(McGuire et al., 2014) to prune our 77- tip tree using the R 
package ‘phytools’ (Revell, 2012), adding two missing taxa 
(Supporting Information). We generated model- specific 
tree subsets by including only those tips that corresponded 
to the species in each subset.

Trait– environment models

To evaluate the effects of species and environmental 
characteristics on blood traits, we built Bayesian mul-
tilevel models in the R package brms (Bürkner,  2017). 
All predictors were standardized to a mean of zero and 
standard deviation of one. Distribution family differed 
by model set (Supporting Information). For within and 
among species models, we ran four Markov chains for 
10,000 iterations with a burn- in of 5000, thinned every 
10 steps; for cell size versus number models, we ran four 
Markov chains for 20,000 iterations with a burn- in of 
10,000, thinned every 10 steps. Reduced models included 
only predictors whose 95% credible intervals (CIs) did 
not overlap zero in full models.

Within species models

Our final within species (individual level) dataset included 
1151 individuals of 77 species after filtering for blood trait 
outliers. We designed models for six continuous response 
variables: [Hb], Hct, TRBC, MCV, MCH and MCHC; 
each dataset contained n = 703– 1086 individuals of n = 69– 
76 species, depending on the trait. For each model set, pre-
dictors included species- typical Hb βA13– βA83 genotype 
and eight individual- level continuous variables (elevation, 
elevational position, body mass (log- transformed), precipi-
tation, temperature, and within species variation in body 
mass, temperature and precipitation). We compared six 
models in each set: (1) intercept- only, (2) intercept- only + 
(1|species), (3) all predictors, (4) all predictors + (1|species), 
(5) reduced- predictor model and (6) reduced- predictor 

model + (1|species). We tested whether hummingbird 
clades respond differently to elevation by analysing 
clade*elevation interactions. We additionally searched 
for objective thresholds, or ‘breakpoints’, in each blood 
trait to analyse whether hummingbirds at extreme high el-
evations follow the same rules with respect to elevational 
blood variation as hummingbirds distributed across low to 
moderate elevations (Supporting Information).

Among- species models

Our final among- species (species- level) datasets included 
n = 58– 65 species, depending on the blood trait modelled. 
In each, each row contained mean blood values for species 
with ≥2 individuals sampled, with Patagona evaluated as 
two species (Williamson & Witt, 2021a, 2021b) (Supporting 
Information). We designed models for six blood traits fol-
lowing within- species model protocols. Predictor vari-
ables included species- typical Hb βA13– βA83 genotype, 
and means of elevation, body mass (log- transformed; one 
mean for all individuals), temperature and precipitation. 
For each response, we compared (1) intercept- only null 
model, (2) full predictor model and (3) reduced- predictor 
model. Given the notable quadratic shape of species mean 
data for TRBC, MCV, MCH and MCHC (Figure 2g– l), for 
these model sets we additionally compared: (4) full predic-
tor model plus a quadratic component of elevation (eleva-
tion2) and (5) reduced- predictor model with elevation2.

Phylogenetic signal

We initially calculated phylogenetic signal from full 
and reduced phylogenetic models for each blood pa-
rameter. However, phylogenetic signal for all model sets 
(full and reduced in both within-  and among- species 
analyses) was low (λ < 0.004; Supporting Information). 
Accordingly, we excluded phylogeny from models and 
evaluated phylogenetic signal using Blomberg's K and 
Pagel's λ with concordant results across model subsets 
(Table S2, Figure S1).

Cell number versus size analyses

We designed models to understand the relative contri-
butions of cell number versus size (CeNS) to blood– 
O2- carrying capacity per unit volume ([Hb]) at two 
different timescales (Supporting Information). The 
first scale assessed was variation within species, and we 
compared an intercept- only null model to a full model, 
[Hb] ~ MCV + TRBC + (1|species), for 640 individuals 
of 59 species. The second scale assessed was variation 
among species, and we compared null and full models 
using species- mean values for 48 species with ≥3 individ-
uals sampled (Supporting Information).
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After establishing CeNS patterns across all hum-
mingbird individuals and species, respectively, we asked 
whether species vary with respect to CeNS. Using data 
for 32 well- sampled species, we estimated species- specific 
standardized TRBC and MCV coefficients (β) from the 
model [Hb] ~ MCV + TRBC (Figure S2). We used these co-
efficients to calculate an index that describes, for each spe-
cies, the relative use of these two alternative mechanisms in 
adjusting O2- carrying capacity; we call it the ‘Cell Number- 
Size Index’ (hereafter CeNS Index). The CeNS Index rep-
resents the proportional (0– 1) contribution of TRBC versus 
MCV to variation in [Hb], with higher values (closer to one) 
corresponding to greater relative contributions of cell num-
ber versus cell size. The index is calculated as:

Next, we asked whether we could predict species ten-
dencies for the CeNS Index by designing a set of mod-
els to test potential predictors: Elevation, elevation2, 
body mass, wing loading, species- typical Hb βA13– βA83 
genotype and phylogeny. We compared six models: (1) 
intercept- only, (2) core predictors (elevation, body mass 
and wing loading), (3) core predictors plus elevation2, 
(4) core predictors plus elevation2 and species- typical 
Hb βA13– βA83 genotype, (5) reduced model 3 and (6) re-
duced model 4 (Supporting Information).

Model comparison and diagnostics

All models incorporated default priors. To assess con-
vergence, we examined trace plots, checked diagnostics 
and confirmed that Rhat, a convergence diagnostic, 
was <1.01 (Bürkner, 2017). We assessed whether model 
assumptions yielded good approximations of the data 
generating process with posterior predictive checks. 
We identified no problems in any model resulting from 
Bayesian fraction of missing information or divergent 
transitions. Models were compared using widely ap-
plicable information criterion (Watanabe,  2010), the 
Bayesian extension of AIC, Bayesian expected log point-
wise predictive densities (Vehtari et al.,  2017) and ap-
proximate leave- one- out cross- validation information 
criterion (Tables S3 and S4; Supporting Information).

RESU LTS

Data summary

In the individual- level dataset, mean [Hb] was 18.84 g/
dL (±1.65), mean Hct was 58.54% (±5.15), mean TRBC 
was 6.37 RBC × 106/mm3 or 6,370,000 cells per μl 

(±1.16), mean MCV was 93.36 fl (±17.1), mean MCH was 
30.4 pg (±5.64) and mean MCHC was 32.44 g/dL (±2.12). 
Complete reference values— the first such values pub-
lished for >90% of our study species— are reported in 
detail in Table S5.

Within- species blood trait– environment variation

Based on the top- performing model in each set, we 
found that for every 1000- m increase in elevation, [Hb] 
is expected to increase by 0.39 g/dL (95% CI 0.12– 0.67), 
Hct is expected to increase by 1.42 percentage points 
(95% CI 0.55– 2.29), TRBC is expected to increase 
by 310,000 cells per μl (95% CI 60,000– 550,000) and 
MCH is expected to decrease by 0.48 pg (95% CI −1.2 
to 0.27 pg; Table S6). Elevation strongly predicted [Hb], 
Hct, TRBC and MCH (Figures 2a– f, 3a– f). Elevational 
position was a strong predictor of Hct, indicating that 
individuals located higher in their species' elevational 
range tended to have higher Hct (Figure  3b). [Hb], 
TRBC and MCH also increased subtly with increasing 
elevational position (Figure  3a,c,e). TRBC increased 
with elevation; along with MCV, it was a key driver of 
[Hb] adjustment (Figures 2, 4). MCV did not vary pre-
dictably in linear models (Figure 2d). MCV and MCH 
decreased in individuals occurring in warmer environ-
ments (Figure 3d,e), and MCHC decreased in individu-
als occurring at warmer localities across a species' range 
(Figure 3f).

Models that included the species grouping vari-
able fit substantially better than those without; this 
effect explained 13– 21% of the variation in the top 
model, depending on the set (Tables S3, S6; Supporting 
Information). Species- typical Hb βA13– βA83 genotype 
did not predict [Hb] or any other blood characteristics 
(Figure 3a– f).

Among- species blood trait– environment  
variation

Among- species findings for elevational effects were sim-
ilar to within- species findings (Figure 3). Based on the 
top model in each set, for every 1000- m increase in eleva-
tion, [Hb] is expected to increase by 0.29 g/dL (95% CI 
0.13– 0.46), and Hct is expected to increase by 1.55 per-
centage points (95% CI 0.54– 2.58). Elevation was a con-
sistently strong predictor of [Hb], Hct and TRBC, all of 
which increased with increasing elevation (Figures 2g– 
i, 3a– c). We found that the quadratic effect of elevation 
was strongly important for MCV and MCH (Figure 2j,k; 
Figure 3d,e). Neither species- typical Hb βA13– βA83 gen-
otype, body mass, environmental temperature, nor pre-
cipitation explained variation in any species- mean blood 
characteristic (Figure 3).

(

!TRBC
)

(

!TRBC + !MCV

)
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Mechanisms of blood– O2- carrying 
capacity adjustment

The axis of variation in cell number versus size space 
is tightly constrained (Figure  4a,b). Models demon-
strated that hummingbirds, overall, co- equally modu-
lated cell number and size to adjust [Hb] (Table  S4). 

Species- specific CeNS Index values ranged from 0.36 
to 0.69 (x ̄ = 0.52), with higher values indicating a pro-
portionally greater contribution of TRBC than MCV 
in adjusting [Hb]; conversely, lower values indicated a 
proportionally greater contribution of MCV than TRBC 
in adjusting [Hb]. Species- specific CeNS Index values 
were strongly predicted by elevation (negative effect), 

F I G U R E  4  Theoretical and empirical relationships among hummingbird blood parameters underlying haemoglobin concentration ([Hb]) 
adjustment and predictors of the Cell Number- Size (CeNS) Index. (a, b) Hummingbirds have evolved optimized blood– O2- carrying capacity, 
achieved by balancing total red blood cell count (TRBC) with mean cell volume (MCV). (a) Predictions for O2- carrying capacity. Background 
is shaded by O2- carrying capacity, calculated as MCV x TRBC x 1/3 scaling factor to represent constant MCHC. (b) Empirical findings. Points 
are coloured by [Hb], with lighter colours representing higher concentrations. (c) Mean cell haemoglobin (MCH) and MCV are tightly linked, 
suggesting little variance in mean cell haemoglobin concentration (MCHC). Points are coloured by TRBC (units presented on the y- axis), with 
lighter colours representing higher erythrocyte counts. In panels (a– c), each point represents a value from a single individual. (d) Posterior 
probabilities and credible intervals from the best fitting reduced CeNS Index model. (e) The CeNS Index shows a strong quadratic relationship 
with elevation, revealing that middle- elevation species adjust blood– O2- carrying capacity differently than low-  and high- elevation species. (f) 
The CeNS Index increases with increasing body mass. In panels (e– f), R2 values are reported from generalized linear models of each x regressed 
on y, and thus do not account for other modelled variables.
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elevation2 (negative effect) and body mass (positive ef-
fect; Figure 4d– f; Figure S3; Table S7).

Hummingbirds at extreme elevations

Hummingbirds sampled from extreme high elevations 
had significantly smaller cells and higher erythrocyte 
counts than others (Figure  S4). Our breakpoint analy-
sis identified no consistent thresholds across which 
blood traits shifted; breakpoint estimates for various 
blood traits ranged from ~1400 to ~4000 m (Figure S5; 
Supporting Information).

Phylogenetic signal in blood traits

Phylogenetic signal was low (λ = 0.0; K range = 0.14– 0.21) 
across all blood traits for both within-  and among- species 
models. Blomberg's K and Pagel's λ results were consist-
ent with visual assessment of continuous trait maps, 
even after removing species with <3 individuals sampled 
(Table S2; Figure S1). We found modest phylogenetic sig-
nal in the CeNS Index (Figure  S6), but phylogeny was 
not an important predictor of variation. We found no in-
teraction of clade and elevation on the six studied blood 
traits, with the exception of the interaction of elevation 
and the Hermit clade in the [Hb] model set (Figure S7; 
Supporting Information).

DISCUSSION

Within- species blood trait– environment 
variation

Our findings that [Hb], Hct and TRBC generally in-
crease with elevation is consistent with theoretical ex-
pectations for O2- carrying capacity of blood and with 
prior empirical findings in birds (Barve et al.,  2016; 
Dubay & Witt,  2014; Minias,  2020; Williamson & 
Witt,  2021b; Yap et al.,  2019), humans (Beall,  2006; 
Beall et al.,  1998), mammals (Hammond et al.,  2001; 
Tufts et al.,  2013) and other taxa (González- Morales 
et al., 2017; Hadley & Burns, 1968; Lu et al., 2015). In 
prior work, substantial variation in the slopes of these 
parameters across elevation may have been attribut-
able to variation in temporal, taxonomic and spatial 
scales of comparison, as well as constraints on the time 
course of evolutionary adaptation (Beall, 2006; Dawson 
et al.,  2020; Projecto- Garcia et al.,  2013). Increased 
total mass of Hb enhances oxygenation under lower 
ambient PO2 (Scott & Milsom, 2006). Unless there is 
a proportional increase in plasma volume or MCHC, 
such an increase in total Hb mass is expected to be ac-
companied by an increase in the proportion of blood 
comprised of red blood cells; as a result, increased Hct 

is expected as elevation increases. Although increasing 
within- cell [Hb], or MCHC, would seem to be an alter-
native mechanism of increasing O2- carrying capacity, 
MCHC was less variable than other blood parameters 
(Table S5), likely due to physical constraints (Fischer 
& Fischer,  1983; Rose,  1971); accordingly, the mean 
amount of haemoglobin per cell (MCH) was strongly 
correlated with MCV (Table S8; Figure 4c). Contrary 
to recent empirical findings (Barve et al., 2016; Dubay 
& Witt, 2014), adjustments to MCHC appeared to be 
neither substantial nor predictable with respect to el-
evation within or among species (Figure 2f,l).

Our finding that increasing temperatures resulted 
in decreased blood values for several parameters 
was consistent with previous experimental findings: 
Comparisons of juvenile broiler chickens reared from 
~1 to 7 weeks of age in cool, ambient and hot envi-
ronments showed decreases in [Hb], Hct, MCV and 
TRBC as temperature increased (Donkoh, 1989; Moye 
et al., 1969). These findings add to an intriguing pool of 
evidence that warmer ambient temperatures may lead 
to developmental reductions in O2- carrying capacity of 
blood.

Moderate effects of the species grouping variable sug-
gest that variation in blood traits is partly explained by 
aspects of species biology that evolve too fast to have 
resulted in phylogenetic signal. The fact that species- 
typical Hb βA13– βA83 genotype did not predict [Hb], nor 
any other blood characteristics (Figure  3a– f), suggests 
that evolutionary adjustments to O2- binding affinity do 
not affect the physical composition of blood nor its vari-
ation with elevation.

Among- species blood trait– environment  
variation

Some blood- elevation relationships were consist-
ent across within-  and among- species scales. Rates of 
[Hb] and Hct change with elevation were nearly iden-
tical within and among species, consistent with scale 
independence, and with a shared solution to the same 
environmental challenge, regardless of the degree of 
evolutionary divergence. Other blood- elevation relation-
ships were unique to the among- species scale of com-
parison: The quadratic effect of elevation for MCV and 
MCH, which leant a humped shape to the species- level 
data, suggests that middle- elevation species and high- 
elevation species differ qualitatively in their haemato-
logical responses to hypoxia (Figures 2j,k, 3d,e).

Mechanisms of blood– O2- carrying capacity  
adjustment

The ‘banana’ shape of the cell number versus size re-
lationship demonstrates that the highest levels of 

 14610248, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.14235 by U

niversity O
f N

ew
 M

exico, W
iley O

nline Library on [26/06/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



   | 1233WILLIAMSON ET AL.

blood– O2- carrying capacity per unit blood are achieved 
at high values of TRBC or MCV, respectively. Our data 
support this tightly constrained trade- off (Figure 4a,b), 
mirroring patterns demonstrated across vertebrate 
classes (Hawkey et al., 1991; Wintrobe, 1933). Individual 
hummingbirds can possess few large erythrocytes or 
many small erythrocytes, but cell number and size must 
be balanced (Hawkey et al., 1991). Because of the propor-
tionately greater surface area for gas exchange, having 
many small cells may be advantageous for fast metabo-
lism, or, when the PO2 in inspired air is low (Hawkey 
et al., 1991). Similarly, having large cells may be advan-
tageous for modulating the time course of gas exchange 
(Glomski & Pica, 2011). To shed light on this trade- off, 
we tested whether individuals and species, respectively, 
adjust O2- carrying capacity per unit blood primarily 
through increases in TRBC or MCV. We found that 
hummingbirds use both mechanisms coequally to adjust 
[Hb].

To examine how individual species vary with respect 
to [Hb] adjustment, we developed the CeNS Index, a 0– 1 
measure of the relative contribution of cell number ver-
sus size to variation in [Hb]. The results uncovered a 
fascinating biogeographical pattern. We discovered that 
differences in the mechanisms through which species 
adjusted [Hb] depended on where they occur along the 
Andean elevational gradient. Low-  and high- elevation 
species, respectively, relied more on shifts in cell size, 
whereas middle- elevation species relied more on shifts 
in cell number to modulate [Hb]. Our results highlight a 
likely proximate explanation for these striking patterns, 
and one that may hint at underlying, ultimate mecha-
nisms (Figure  4e). The CeNS index was uncorrelated 
with TRBC coefficients (R2 = 0.07, r = −0.27) but strongly 
correlated with MCV coefficients (R2 = 0.51, r = −0.71), 
indicating that variation in the CeNS Index was primar-
ily driven by differential reliance on cell size adjustment 
(Figure S3, Figure S8). Because low-  and high- elevation 
species tend to possess relatively small cells, we posit 
that they may be more able to rely on shifts in cell size, 
rather than number, to increase [Hb] (Figures  2j, 4). 
However, as cell size increases, species may approach a 
maximum size for erythrocytes, beyond which they may 
incur a functional detriment. As a result, species with 
larger red blood cells were more reliant on cell number 
for [Hb] adjustments. For middle- elevation humming-
bird species that have evolved under moderate (~15– 
30%) reductions in O2 availability, TRBC appears to be 
the primary axis for adjustment of blood– O2- carrying 
capacity per unit volume of blood. Species that have 
evolved at the highest elevations are expected to be the 
best adapted to hypobaric hypoxia, and it is therefore 
remarkable that their mode of [Hb] adjustment (primar-
ily by MCV) resembles that of species in the lowlands, 
the ancestral elevation for hummingbirds (McGuire 
et al., 2014).

Hummingbirds at extreme elevations

Our models encompassed the entire elevational gradi-
ent, and it is possible they could have missed important 
phenomena, such as threshold effects. To address this, 
we compared individual hummingbirds sampled above 
and below 4200 m, a threshold that marks the upper 
~10% of the Andean elevational gradient (Figures  S4, 
S5). Our finding that high- altitude specialist humming-
birds tended to have smaller cells is consistent with find-
ings from other high- altitude vertebrates (Lu et al., 2015; 
Ruiz et al., 1989; Tufts et al., 2013; Yamaguchi et al., 1987; 
Zhang et al., 2007). However, this pattern was only de-
tectable at extreme high elevations. Lack of consilience 
in ‘breakpoint’ threshold estimates suggests that trait- 
specific thresholds are challenging to identify and may 
not be generalizable across species and clades.

Phylogenetic signal in blood traits

Low phylogenetic signal in blood traits within and 
among hummingbird species was surprising given 
demonstrated, phylogenetically conserved Hb ge-
netic adaptations to elevation (Natarajan et al.,  2016; 
Projecto- Garcia et al.,  2013) and in light of strong 
phylogenetic signal reported from recent compara-
tive blood trait analyses with broader taxonomic sam-
pling (Minias, 2020; Yap et al., 2019). However, diverse 
avian clades likely possess different blood trait optima, 
and this may have driven phylogenetic signal in previ-
ous comparative analyses including multiple families or 
orders. For example, Minias (2020) reported that small 
passerines had consistently high [Hb] and Hct, and 
that including the shorebird order, Charadriiformes, 
characterized by high [Hb] but medium Hct, strongly 
influenced patterns of phylogenetic conservatism. Our 
findings are consistent with steady evolution of trait op-
tima by a mean- reverting, Ornstein– Uhlenbeck process, 
as described by Minias (2020). Such a process would be 
marked by occasional major jumps that coincide with 
changes in body plan or respiratory demands, but there 
were simply no such changes in bauplan or lifestyle dur-
ing hummingbird evolution.

That hummingbirds vary only subtly in aspects 
of their biology, such as metabolic rate, energy bud-
get, torpor use, mode of locomotion, foraging strategy 
or clutch size, is a strength of our study because those 
variables could otherwise confound analyses. The mod-
erate effect of species identity that we uncovered hints 
that species optimize O2- carrying functions of blood 
for subtle changes in lifestyle and environment, and on 
rapid timescales, a result consistent with the rapid di-
versification of human haematological responses to el-
evation (Beall,  2006, 2007; Beall et al.,  1998; Brutsaert 
et al., 2000; Grimminger et al., 2017; Guo et al., 2017).
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Conclusions

Across ~22 Mya of hummingbird evolution, ambient O2 
availability and species idiosyncrasies— not phylogenetic 
affinities– – were the primary drivers of variation in blood 
traits affecting O2- carrying functions. In response to el-
evational changes in O2 partial pressure, hummingbirds 
make predictable adjustments to the physical composi-
tion of blood. Remarkably, decreasing PO2 drove in-
creases in [Hb] and Hct that were nearly identical in slope 
within and among hummingbird species, respectively. 
This scale- independent trait– environment association 
implies that developmental and evolutionary optimiza-
tion of blood traits to ambient PO2 occurs in fundamen-
tally similar ways, responding to the same set of physical 
rules that govern gas exchange at the blood– gas barrier. 
In addition to O2 availability, species identity itself ex-
plained 13– 21% of blood trait variation, suggesting that 
fast- evolving, unmodeled aspects of species biology un-
derpin substantial haematological variation. Our data 
revealed a striking constraint space that defines the cell 
number versus size (CeNS) trade- off for hummingbird 
erythrocytes; within this space, individuals and species 
co- equally modulated cell number and size to adjust [Hb]. 
However, species varied in their proportional reliance on 
adjustments to CeNS to increase [Hb], and both elevation 
and body mass were strongly predictive of species' ten-
dencies. Middle- elevation species that have been evolving 
under moderate hypoxia adjusted [Hb] primarily by ad-
justing cell number; in contrast, species at lower or higher 
elevations tended to adjust [Hb] via cell size, and the lat-
ter species also exhibited smaller cells. These results sug-
gest that evolutionary solutions to reduced O2 availability 
can differ qualitatively in conjunction with evolutionary 
histories of exposure to hypoxia challenges of varying se-
verity. In this way, our results demonstrate that species 
adaptation alters predictable trait– environment relation-
ships in some cases but not in others.
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localities and blood values are reported in a forthcoming 
data paper, Witt et al. (In Prep).
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