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ABSTRACT

Knowledge of spatial connectivity between breeding and non-breeding locations of
migratory birds and their breeding site fidelity are important for avian conservation.
Ruby-throated Hummingbirds (RTHU, Archilochus colubris) breed in eastern Canada
west to the Rocky Mountains and in the USA east of the Mississippi River and
spend the non-breeding period in Mexico, Central America, and southern Florida,
USA. We measured the hydrogen and oxygen stable isotopic compositions of adult
RTHU tailfeathers (fourth rectrix) from three breeding locations in North America
to estimate migratory connectivity between breeding and non-breeding grounds where
feathers are grown. Feather §2H values showed no statistical difference among the three
sampling locations as well as disparate geographic assignments from one location on
the non-breeding grounds in Costa Rica. Therefore, only weak evidence of migratory
connectivity between breeding and non-breeding grounds could be ascertained for our
sample of this species. The lack of migratory connectivity detected for Ruby-throated
Hummingbirds using stable isotopes is consistent with origins from broad regions on
the non-breeding grounds. However, it may also imply that precipitation §2H values on
the non-breeding grounds do not vary enough to detect a difference among our study
populations. Sampling of additional populations in the eastern and southern portion
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of hummingbirds have similarly declined (English et al., 2021). This is important because
hummingbirds play a critial role as pollinators and are essential to ecosystem function
in many environments (Leimberger et al., 2022). Ruby-throated Hummingbirds (RTHU;
Archilochus colubris) are the most common and widely distributed North American
hummingbird and travel thousands of kilometres annually between their breeding grounds
in east-central Canada and the USA and their non-breeding grounds in Mexico, Central
America, and southern Florida USA (Fig. 1). It has been estimated that breeding populations
of this species have declined by about 17% throughout their range since 2004 (English et al.,
2021). While these declines have been observed on the North American breeding grounds,
they may also reflect detrimental changes on the wintering grounds, such as habitat loss
and climate change (Toledo-Aceves et al., 2011).

Research into the spatial linkages between breeding and non-breeding grounds,
or migratory connectivity, is an important parameter for the effective conservation
of migratory birds (Webster et al., 2002; Boulet ¢ Norris, 20065 Prochdzka et al., 2008).
Conventional marking methods (i.e. banding, ringing) used to study migratory connectivity
of birds are historically ineffective for small birds, including hummingbirds, because
recapture rates are low and they are generally too small to be fit with tracking devices
(Zenzal Jr, Diehl ¢~ Moore, 2014).

Stable isotope methods, however, have been particularly useful estimating migratory
connectivity for birds. This is because the hydrogen and oxygen stable isotopic compositions
of feathers are directly related to those of local precipitation, which follow a relatively well-
defined geographic gradient (Craig, 1961; Rozanski, Araguds-Araguds & Gonfiantini, 1993).
This allows estimates of the geographic origins of migratory species when captured away
from the region of growth (Hobson ¢ Wassenaar, 2018). Typically, migratory connectivity
of neotropical migrants using stable isotopes can be estimated by capturing juvenile
birds during migration or on the non-breeding grounds and using probabilistic statistical
techniques to estimate their geographic locations on the breeding grounds where they grew
their feathers. This works well because North American continental hydrogen isoscapes
generally have a large latitudinal gradient and are, in general, better defined than those of
tropical locations typical of non-breeding sites.

For this study, however, we tested an alternate approach to see if any evidence of
migratory connectivity could be observed by measuring hydrogen isotopic compositions
of adult birds at different locations on the breeding grounds to infer their wintering
locations. Ruby-throated Hummingbirds, unlike many other Nearctic-Neotropical migrant
passerines, molt flight feathers including rectrices on the non-breeding grounds (Baltosser,
1995), Therefore, a tailfeather collected from an adult hummingbird on the breeding
grounds will reflect the isotopic signature of the non-breeding area, allowing an estimation
of wintering range by probabilistic assignment to origin (i.e. isoscape mapping). The
impetus for this approach was that bird capture and access is considerably less expensive
and logistically simpler in Canada and the USA than in the remote areas of Mesoamerica.
Additionally, sampling is more efficient because adults generally form a higher proportion
of captured birds.
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Figure 1 Sampling locations of Ruby-throated Hummingbirds in this study. Yellow area indicates
breeding range while blue indicates wintering grounds. Sampling sites are indicated by orange (North
America) and white (Costa Rica) circles.

Full-size Gal DOI: 10.7717/peerj.19252/fig-1

Finally, we measured both the hydrogen and oxygen stable isotopic compositions of
hummingbird feathers to evaluate the relationship between §°Hy and §'*Oy in this species,
and to determine if their combined use might increase the accuracy of provenance estimates.
Such measurements are rare in the literature (e.g., Wommack et al., 2020; Hobson & Koehler,
2015; Koehler ¢ Hobson, 2019; Hobson, Kardynal ¢ Koehler, 2019) and consequently the
mechanisms responsible for routing of oxygen isotopes from environmental water to
animal tissues remain largely unknown.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 318


https://peerj.com
https://doi.org/10.7717/peerj.19252/fig-1
http://dx.doi.org/10.7717/peerj.19252

Peer

EXPERIMENTAL

Sample collection

Feather samples were collected from male and female adult hummingbirds during 2019
bird banding operations from June-Aug in Saskatchewan (SK), June in Ontario (ON), and
July in Illinois (IL) (Fig. 1). Hummingbirds were captured using a hummingbird feeder
placed inside a modified Hall Trap (Jensen, 2017) or a Dawkins passive trap. Captured
hummingbirds were immediately removed from the trap, banded, and a single R4 rectrix
feather was pulled from each bird prior to release. We sampled the R4 rectrix to minimize
the effect of sampling on bird flight and to maintain consistency with previous studies
(Wassenaar, Hutcheson ¢ Hendrix, 2007; Hutcheson, Hendrix ¢ Moran, 2010). Additional
recorded parameters were band number or existing band number if banded, weight, sex,
age, wing chord and culmen lengths, body fat, cloacal protuberance if female, and parasite
type and number. In addition, we captured two juvenile birds in Cébano, Costa Rica, at the
southern range of their wintering grounds in January, 2020. This study was approved by
the University of Saskatchewan Animal Research Ethics Board (EREB), certificate number
20190037. A summary table of collection details and isotopic results is presented in Table S1.
Feathers were collected under Environment and Climate Change Canada banding permit
10815 AH (SK, Canada), banding permits 23266 (IL, USA), 10800 (SK, Canada), and
10755 (ON, Canada). Samples were imported into Saskatchewan under permit 131282 and
131044. Feathers were collected in Costa Rica with permit ACT-PIM-001-2020. All feather
samples were shipped to the NHRC Stable Isotope Laboratory under permits ECCC 10815
AH and SK 131282.

Stable isotope analysis

Hydrogen and oxygen stable isotopic compositions of all feather samples were measured
at the NHRC Stable Isotope Laboratory of Environment and Climate Change Canada
in Saskatoon, SK, Canada following the methods described in Hobson & Koehler (2015)
and Koehler et al. (2023). Briefly, feather samples were cleaned of adherent debris prior
to analysis and any surface oils were removed by rinsing in 2:1 chloroform:methanol.
Feather vane material was subsequently cut from individual feathers using clean stainless
steel scissors, encapsulated in silver cups, and analysed using a Delta V Plus IRMS system
(Thermo Finnigan, Bremen, Germany) equipped with a TC/EA device and a Costech
Zero-Blank autosampler. We used Environment Canada keratin reference standards
CBS (Caribou hoof) and KHS (Kudu horn) to calibrate sample §°H (—197 and —54.1 %o,
respectively) and §'80 values (+2.50 and +21.46 %o, respectively (Qi, Coplen ¢ Wassenaar,
2011)). This normalization with calibrated keratins also corrects for any hydrogen isotope
measurement artefact caused by production of HCN (Gehre et al., 2015) in the glassy
carbon reactor as described by Soto et al. (2017). Based on replicate (n = 10) within-run
measurements of keratin standards and from historical analyses of an in-house QA/QC
reference (SPK keratin), sample measurement error was estimated at +2 %o for 8%H and
+ 0.4 %o for values §'80. All H results are reported for nonexchangeable H and for both
H and O in the standard delta notation, normalized on the Vienna Standard Mean Ocean
Water —Standard Light Antarctic Precipitation (VSMOW-SLAP) scale. We used legacy

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 418


https://peerj.com
http://dx.doi.org/10.7717/peerj.19252#supp-1
http://dx.doi.org/10.7717/peerj.19252

Peer

values for the non-exchangeable hydrogen isotopic compositions of CBS and KHS to
retain compatibility with previous analyses of RTHU feathers analysed in our laboratory
in 2007 and 2010 (Wassenaar, Hutcheson ¢~ Hendrix, 2007; Hutcheson, Hendrix ¢~ Moran,
2010).

Rescaling function
We combined the hydrogen isotope analyses of known location hatch year (HY) RTHU
reported by two previous studies (Wassenaar, Hutcheson & Hendrix, 2007; Hutcheson,
Hendrix ¢ Moran, 2010) to examine the rescaling function between the hydrogen isotopic
composition of RTHU feathers and those of precipitation. Isotopic analyses in these two
early studies were done in our laboratory and regressed the §°Hy values of HY birds to
latitude or mean annual §2H values of precipitation. For this study we considered it more
appropriate to use updated growing season (GS) precipitation values because growing
season hydrogen isoscapes were just being developed at the time of these two studies and
have been continuously improved since. As such, they provide a more accurate and relevant
representation of the stable isotopic compositions of precipitation that are incorporated
into tissues, especially for those species that have seasonal life cycles (Bowen ¢» West, 2019).
Migratory birds, including hummingbirds, often depend on dietary components derived
from shallow rooted terrestrial plants and therefore are, isotopically speaking, more likely
to reflect growing season precipitation than mean annual precipitation or groundwater.

Feathers from two birds from Saskatchewan collected for this study had §?Hy values
that were too low to be grown on the wintering grounds in Mexico or Central America. We
assumed that these were misidentified HY birds, replaced their feathers on the breeding
grounds, or were returning adult birds that retained some of feathers grown on the breeding
grounds from the previous year. These two birds were both caught in August, 2019, making
misidentification of a juvenile bird the more likely scenario. In any case, the §°H values
of these two individuals would reflect growing season precipitation in Saskatchewan and
were included in the calculations to recast the transfer function between the §2H values of
RTHU feathers to growing season precipitation (Fig. 2).

Similar to mean annual values and latitude, we measure an exceptionally strong
(r* = 0.95) relationship between §?H values of RTHU feathers and growing season
precipitation (Fig. 2), more so than for other bird species (see Hobson et al., 2012). Similar
results were seen by Moran et al. (2013) whereby §2H values of tail feathers of Rufous
Hummingbirds (RUHU, Selasphorus rufus) corresponded well to those of mean annual
precipitation. To better compare the hydrogen isotope precipitation—feather relationship
between these two species, we regressed the measured §°H values of RUHU as reported
in Moran et al. (2013) to those of growing season precipitation rather than the mean
annual values (Fig. 2). This resulted in a transfer function with a weaker relationship
(r* = 0.76), but was similar to our recalculated transfer function. For hummingbirds,
this close hydrogen isotopic coupling between feathers and growing season precipitation
is likely a result of their reliance on nectar, resulting in a simpler connection to the
hydrologic environment (Hobson et al., 2020). Hummingbirds will also variably consume
insects which can constitute a considerable portion of their diet, especially when flowering
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Figure 2 Relationship between the §*H values of feathers (§°Hy) and growing season precipitation
(6°H,) in HY Ruby-throated Hummingbirds. Feather data and locations from Wassenaar, Hutcheson &
Hendprix (2007) blue, Hutcheson, Hendrix ¢ Moran (2010) yellow, and this study (black). Growing season
precipitation §°H values (§°H,) were extracted from the updated growing season isoscapes of Terzer et al.
(2013). Dotted line represents the recast relationship for Rufous Hummingbirds measured by Moran et al.
(2013) between 8*Hy and 8°H,. Red dashed line is the relationship for aerial insectivores as determined by
Hobson & Koehler (2015).

Full-size &l DOI: 10.7717/peerj.19252/fig-2

plants are not available (Montgomerie ¢~ Redsell, 1980). However, local insects will also have
hydrogen isotopic compositions that vary with the underlying hydrogen isoscape, so that
it is difficult to separate the relative contributions of these two reservoirs to the hydrogen
isotopic composition of RTHU feathers .

Assignment algorithms

We used a likelihood-based assignment method as described by others (Hobson et al., 2012;
Wunder, 2012) to depict potential non-breeding origins of individual hummingbirds. To
accomplish this, we first created a species-specific §*Hy isoscape by re-calibrating known-
origin RTHU samples from Wassenaar, Hutcheson ¢ Hendrix (2007) and Hutcheson,
Hendrix ¢ Moran (2010) against the growing season §°H, isoscape from Terzer et al.
(2013). We used the RTHU distribution map from BirdLife International (Birdlife
International, 2022) representing the non-breeding grounds to delimit the spatial extent
of the assignment areas. We applied a normalized probability density function (Hobson et
al., 2009) to estimate the posterior likelihoods for individual cells in the calibrated isoscape
representing a potential origin for each bird. We subsequently applied a conservative 2:1
odds ratio to the spatially explicit probability densities for our samples (i.e., individual
assignment rasters), where raster cells with > 66.7% likelihood were coded as potential
origins (1) and all other locations (i.e., <66.7%) were considered as unlikely origins (0)
(Hobson et al., 2012). This resulted in a binary raster file for each individual sample, which
then were summed across assignments for all other individuals to represent potential origins

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 6/18


https://peerj.com
https://doi.org/10.7717/peerj.19252/fig-2
http://dx.doi.org/10.7717/peerj.19252

Peer

for each population. We chose this approach because individuals with high likelihood
estimates can bias depictions of population-level (i.e. summed) assignments. Spatial
analysis and assignment to origin analyses were conducted using the terra (Hijmans, 2020),
maps, and assignR (Ma et al., 2020) packages along with routines re-written from the isocat
package (Campbell et al., 2020) in the R statistical computing environment v.4.3.2 (R Core
Team, 2021). We assumed a cutoff of D(Shoener’s metric) = 0.20 to differentiate between
similar origin surfaces (Farmer, Cade & Torres-Dowdall, 2008).

RESULTS AND DISCUSSION

Assignment to origin

Similar §2Hy values were measured for all birds from North America regardless of sampling
location (Fig. 3). In fact, distributions of § 2Hf values from birds collected from SK (n = 64),
IL (n=24),and ON (n = 5) were not statistically different in pair-wise comparisons (Welch
t-test p = 0.630, 0.424, and 0.648 between SK-IL, SK-ON, and IL-ON, respectively).
Feathers from the two HY birds collected from the non-breeding grounds in Costa Rica
had §%H values of —110 and —97 %q, consistent with those of previously measured HY
birds collected from the breeding range. Contrary to the findings of Moran et al. (2013),
we observed no differences in 82Hf values between males and females captured in Illinois
(m=5, f =19) or Saskatchewan (m =20, f =44) (p =0.887).

Estimated non-breeding origins of RTHU for all sampled populations were similar
but variable with the highest areas of potential provenance ranging from central Mexico,
along the Pacific coast, and through the central part of its range in central Guatemala,
southern Belize, northern Honduras and from most of Nicaragua. Consistent with the
narrow range of §*Hy values, assignment of RTHU to their wintering range did not show
any statistical difference between any of the assignment surfaces (Fig. 4), but we did detect a
small difference between the assignment surfaces of birds from Saskatchewan and those of
Ontario and Illinois. Schoener’s D metric between SK-IL, IL-ON, and SK-ON assignment
surfaces were 0.92, 1.0, and 0.92, respectively. In this instance, this result suggests that birds
returning to Saskatchewan may have a slightly different distribution on the non-breeding
grounds as do those from the more easterly populations in Illinois or Ontario. However,
the sample size of the Ontario birds was small (n =5) and the correlation between the SK
and IL surfaces was still very good (D =0.92) so that this result is tentative at best.

A major uncertainty involved in using isotopic methods to place birds on the non-
breeding grounds is, in contrast to North American precipitation isoscapes, the relative
homogeneity of the hydrogen isoscape in central America and Mexico. If most locations on
the non-breeding grounds have similar hydrogen isotopic compositions of growing season
precipitation and thus feathers, it would be difficult to tell the difference between birds
from different locations that were captured on the breeding grounds. For example, with
North American mean annual hydrogen isoscapes, it has been estimated that approximately
30 %odifference between sample distributions is needed for adequate separation (Farmer,
Cade & Torres-Dowdall, 2008). Fortunately, there is a strong §*Hy —8°H,, relationship
for hummingbirds and standard errors of growing season isoscapes are generally lower
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Figure 3 Distribution of §Hy values collected from adult Ruby-throated Hummingbirds collected

from Saskatchewan (SK), Ontario (ON), and Illinois (IL) during the summer of 2019. Also shown are

82Hy distributions of HY birds collected on the wintering grounds in Costa Rica (CR) January 2020.
Full-size G4l DOI: 10.7717/peerj.19252/fig-3

than those of mean annual isoscapes. As a consequence, error estimates of the RTHU
feather isoscape are close to the absolute measurement the error of about & 2 %o (Fig. 5).
Predicted §°Hy values differ by up to 30 %o on the winter feather isoscape and while this
is the minimum separation for geographic placement, a strong migratory connectivity of
our sample set, if present, should be detectable by the methods used. Other uncertainties
include sampling bias (e.g., IL birds were sampled on a single day), and we were only able
to sample a single season because of pandemic restrictions in 2020.

Assignment surfaces of the breeding grounds from the two juvenile birds collected at
the same location on the very southern part of the wintering grounds in Costa Rica were
not significantly different (r =0.68, D=0.65) and placed these two birds in the northern
USA and Ontario (Figs. 6A, 6B). This result is consistent with the inferred wintering areas
from the adult birds collected at Pelee Island in Southern Ontario (Fig. 4C).

Similar to this study, Hutcheson, Hendrix ¢ Moran (2010) collected juvenile RTHU
from overwintering sites in El Salvador and Costa Rica. They reported differences in §*Hy
values between the two sites consistent with chain migration. Interestingly, one of their
collection sites was within 50 km of ours at Cébano, Costa Rica and the §2H values were
higher than our two samples (§?Hf = —57, =56 Y%o), inferring a different natal location
than those of the birds we collected. Indeed, assigning these birds to their breeding location
results in a more southerly placement (Fig. 6C) and incompatible assignment surfaces
(r =—0.6, D=0.12). The sample size is small but, in all, these observations augment those
of the Ontario adult birds and suggest that there is a low degree of migratory connectivity
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clarity, cumulative probabilities are multiplied by 1,000.
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between non-breeding and breeding grounds in this species, as also suggested by the
inferred locations of the SK, IL, and ON adult birds.

Importantly, the outcome of 10 years of winter banding of three hummingbird species in
the southern USA (Bassett ¢ Cubie, 2009) suggest that hummingbirds have low wintering
area fidelity, a conclusion that is consistent with our results from stable isotope methods.
Despite our preliminary results, a robust determination of wintering and breeding fidelity
for hummingbirds will require a concerted sampling and banding effort to determine
recaptures and isotopic compositions of wintering hummingbirds at specific sites over
multiple years.

Oxygen isotopes

Oxygen stable isotopic composition of RTHU feathers ranged from +7.0 to +18.0 %o. In
stark contrast to hydrogen isotopes where the §*Hy values are highly correlated with those
of precipitation, 8180f values show poor correlation with their 82Hf values, (12 =0.14)
and therefore the §'®O values of precipitation (Fig. 7). Considering that §°Hy values were
all within a small range, we would expect the same for §'%0; values, but clearly this was not
observed. Similar results were seen for insectivorous passerine birds (Hobson ¢ Koehler,
2015) and for monarch butterflies (Danaus plexippus) (Hobson, Kardynal ¢ Koehler, 2019),
but with a slightly higher correlation (r? & 0.3) between the §°H and §'80 values. Wolf
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et al. (2013) observed that while the §°H values of feathers from captive Japanese quail
(Coturnix japonica) reflected those of drinking water, no relationship was found for §'20
values. These results are in contrast to those of mammals, such as humans, cats, and dogs
(Ehleringer et al., 2008; Koehler ¢~ Hobson, 2019), where the meteoric relationship between
the hydrogen and oxygen isotopic compositions of hair are relatively robust.

Unlike hydrogen isotopes, the routing of oxygen isotopes from the environment
to animal tissues is not only dependent on those of environmental waters and those of
food, it is additionally complicated by respiratory processes where atmospheric oxygen
is used for the processing of fats, proteins, and carbohydrates to produce energy (ATP)
for metabolic processes (Magozzi et al., 2019). The catabolic products of respiration are
CO; and H,0 with the oxygen derived from both atmospheric oxygen and sugars or
starches. For endotherms, such as birds and mammals, it has long been known that an
inverse relationship exists between mass specific metabolic rate and body size so that
smaller species must have a larger mass specific metabolic rate than large species in order
to maintain constant body temperature (Brody & Lardy, 1946; Schmidt-Nielsen, 1984;
Taylor et al., 1981). This means that for small bodied organisms the amount of body
water produced by consumption of atmospheric oxygen during respiration must form a
larger proportion of total body water than those of large bodied organisms. Consequently,
isotopic models predict that because environmental waters form a larger proportion of the
oxygen pool in large taxa, the §!80 values of body water should be more closely related
to those of environmental waters (Bryant ¢ Froelich, 1995). Conversely, for small bodied
taxa, such as hummingbirds and passerines, this model may not apply because of the larger
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relative effect of metabolic rates, respiration, and evaporative water vapour loss on the
body water oxygen pool.

Hummingbirds have one of the smallest body weights of all avian taxa and an
exceptionally high mass specific relative metabolic rate. Indeed, hummingbirds can reach
mitochondrial oxygen consumption rates almost twice those of mammals at maximum Vo,
(Suarez et al., 19915 Suarez, 1992; Suarez, 1998). Because it is known that high metabolic
rates can additionally affect the fractionation of oxygen isotopes during respiration
whereby the preferential incorporation of 1°O over 0 is reduced at high metabolic rates
(Zanconato et al., 1992), it is likely that the variably high metabolic rates of birds, especially
hummingbirds, may further obscure or alter the isotopic composition of body water and
thus feathers. Respiration requires diffusion of O, from alveolar cavities into the blood
and mitochondria for the production of ATP. Diffusive processes are mass-dependent and
thus oxygen isotope fractionation between lung membranes and blood will depend on the
rate of O, consumption.

All things considered, it is evident that hummingbirds take the relative contribution
of respiration and metabolism to the body water pool to the extreme with high mass
specific O, consumption rates, lung O, diffusive capacities, and mitochondrial densities all
coupled with low body weight. Even further complicating this, hummingbirds also display
disparate metabolic rates, alternating between activity and topor where basal metabolic
rates may correspondingly vary by an order of magnitude (Powers, 1991). Ultimately, this
variable and large contribution of metabolically produced water serves to decouple the
oxygen isotopic composition of the body water pool from the environment, although some
coupling likely still exists, as the two feathers with the lowest §°H values also have the
lowest §'80 values (Fig. 7). Considering this weak relationship, it is impossible to calculate
a transfer function between the 880 values of feathers and those of environmental water,
necessary for geographic placement using oxygen isotopes.

CONCLUSIONS

The hydrogen isotopic compositions of feathers and those of environmental water correlate
exceptionally well for Ruby-throated Hummingbirds. The coefficient of determination (r?)
for this relationship was measured at 0.95 and is most likely a result the tight coupling
between hummingbirds and nectar in the hydrological environment. Other than this,
Ruby-throated Hummingbirds are observed to have a similar relationship between the
hydrogen isotopic composition of feathers and environmental water as other birds.

Assignment using hydrogen isotopic methods of wintering grounds from North
American adult Ruby-throated Hummingbirds as well as natal assignments of two hatch
year birds from non-breeding grounds indicate that migratory connectivity is likely weak
in this species for the populations that we sampled. Additional sampling in the eastern and
southern parts of the species’ breeding range as well as on the non-breeding grounds may
provide greater insight into potential population-specific connectivity. However, the lack
of a strong §°H,, gradient on the non-breeding grounds, coupled with sampling bias, and
limited sampling seasons may also have resulted in the similarity of §°Hy values among
sampled breeding populations.
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Hummingbirds seem to be an extreme example of the relative importance of respiration
to the oxygen isotopic composition of the body water pool, at least for small birds and
other small endothermic vertebrates. Their unique physiology may serve to obscure or
entirely decouple the oxygen isotopic compositions of environmental water with those of
keratinous tissues. Consequently, although oxygen isotopes may be useful to geographically
place mammalian species in certain circumstances (e.g. Koehler et al., 2023), these results
indicate that oxygen isotopes may have limited utility to isotopically trace locations or
migratory behaviours of birds in general and hummingbirds specifically.

ACKNOWLEDGEMENTS

This study would not be possible without the expert help of master hummingbird banders:
Cathie Hutcheson, Jared B. Clarke, and Cindy Cartwright. The efforts of Tyler Christensen,
research coordinator, Wildbird Research Group Incorporated and Anthony Squitieri made
collections in the Costa Rica banding site possible. We would also like to thank all of the
bird banding hosts and office staff for their contributions. Sample preparation in the stable
isotope laboratory was completed by K Courtney and J Fehr.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was funded by Environment and Climate Change Canada. There was no
additional external funding received for this study. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Environment and Climate Change Canada.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Geoff Koehler performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, wrote the initial manuscript, and
approved the final draft.

e Kevin J. Kardynal analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

e Ron E. Jensen conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the article, and approved the final draft.

e Keith A. Hobson analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 13/18


https://peerj.com
http://dx.doi.org/10.7717/peerj.19252

Peer

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The feather collection protocol was approved by the Research Ethics Board of the
University of Saskatchewan #20190037 and collected under Environment and Climate
Change permit 10815 AH.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Ontario samples were imported into Saskatchewan under permit 131282 and 131044.
Feathers were collected in Costa Rica with permit ACT-PIM-001-2020. Feathers were
collected in IL, USA under permit number 23266. All feather samples were shipped to the
NHRC Stable Isotope Laboratory under permits ECCC 10815 AH and SK 131282.

Data Availability
The following information was supplied regarding data availability:

g-koehler. (2025). g-koehler/RTHUassignment: RTHU assignment code (RTHU_R1).
Zenodo. https:/idoi.org/10.5281/zenodo.14911613.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.19252#supplemental-information.

REFERENCES

Baltosser WH. 1995. Annual molt in Ruby-throated and Black-chinned Hummingbirds.
The Condor 97(2):484-491 DOI 10.2307/1369034.

Bassett F, Cubie D. 2009. Wintering hummingbirds in Alabama and Florida: species
diversity, sex and age ratios, and site fidelity. Journal of Field Ornithology 80:154—162
DOI'10.1111/§.1557-9263.2009.00217 x.

BirdLife International. 2022. BirdLife International and Handbook of the Birds of the
World (2023) Bird species distribution maps of the world. Version 2023.1. Available
at http://datazone.birdlife.org/species/requestdis.

Boulet M, Norris DR. 2006. Introduction: the past and present of migratory connectivity.
Ornithological Monographs 61:1-13.

Bowen GJ, West JB. 2019. Isoscapes for terrestrial migration research. In: Hobson KA,
Wassenaar LI, eds. Tracking animal migration with stable isotopes (second edition).
Amsterdam: Elsevier, 53—84 DOI 10.1016/B978-0-12-814723-8.00003-9.

Brody S, Lardy HA. 1946. Bioenergetics and growth. The Journal of Physical Chemistry
50(2):168-169 DOI 10.1021/j150446a008.

Bryant JD, Froelich PN. 1995. A model of oxygen isotope fractionation in body
water of large mammals. Geochimica et Cosmochimica Acta 59(21):4523-4537
DOI10.1016/0016-7037(95)00250-4.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 14/18


https://peerj.com
https://doi.org/10.5281/zenodo.14911613
http://dx.doi.org/10.7717/peerj.19252#supplemental-information
http://dx.doi.org/10.7717/peerj.19252#supplemental-information
http://dx.doi.org/10.2307/1369034
http://dx.doi.org/10.1111/j.1557-9263.2009.00217.x
http://datazone.birdlife.org/species/requestdis
http://dx.doi.org/10.1016/B978-0-12-814723-8.00003-9
http://dx.doi.org/10.1021/j150446a008
http://dx.doi.org/10.1016/0016-7037(95)00250-4
http://dx.doi.org/10.7717/peerj.19252

Peer

Campbell CJ, Fitzpatrick MC, Vander Zanden HB, Nelson DM. 2020. Advancing
interpretation of stable isotope assignment maps: comparing and summarizing
origins of known-provenance migratory bats. Animal Migration 7(1):27—41
DOI 10.1515/ami-2020-0004.

Craig H. 1961. Isotopic variations in meteoric waters. Scienice 133(3465):1702—1703
DOI 10.1126/science.133.3465.1702.

Ehleringer JR, Bowen GJ, Chesson LA, West AG, Podlesak DW, Cerling TE. 2008.
Hydrogen and oxygen isotope ratios in human hair are related to geography.
Proceedings of the National Academy of Sciences of the United States of America
105(8):2788-2793 DOI 10.1073/pnas.0712228105.

English SG, Bishop CA, Wilson S, Smith AC. 2021. Current contrasting population
trends among North American hummingbirds. Scientific Reports 11:18369
DOI10.1038/s41598-021-97889-x.

Farmer A, Cade BS, Torres-Dowdall J. 2008. Fundamental limits to the accuracy of
deuterium isotopes for identifying the spatial origin of migratory animals. Oecologia
158:183—-192 DOI 10.1007/s00442-008-1143-6.

Gehre M, Renpenning J, Gilevska T, Qi H, Coplen TB, Meijer HA, Brand WA, Schim-
melmann A. 2015. On-line hydrogen-isotope measurements of organic samples
using elemental chromium: an extension for high temperature elemental-analyzer
techniques. Analytical Chemistry 87(10):5198-5205
DOI 10.1021/acs.analchem.5b00085.

Hijmans RJ. 2020. terra: spatial data analysis. CRAN: Contributed Packages. Available at
https://rspatial.github.io/terra/.

Hobson KA, Garcia-Rubio OR, Carrera-Treviiio R, Anparasan L, Kardynal KJ, McNeil
JN, Garcia-Serrano E, Mora Alvarez BX. 2020. Isotopic (8*H) analysis of stored
lipids in migratory and overwintering monarch butterflies (Danaus plexippus):
evidence for southern critical late-stage nectaring sites? Frontiers in Ecology and
Evolution 8:572140 DOT 10.3389/fev0.2020.572140.

Hobson KA, Kardynal KJ, Koehler G. 2019. Expanding the isotopic toolbox to track
monarch butterfly (Danaus plexippus) origins and migration: on the utility of stable
oxygen isotope (8'80) measurements. Frontiers in Ecology and Evolution 7:224
DOI 10.3389/fevo0.2019.00224.

Hobson KA, Koehler G. 2015. On the use of stable oxygen isotope (§'#0) measure-
ments for tracking avian movements in North America. Ecology and Evolution
5(3):799-806 DOI 10.1002/ece3.1383.

Hobson KA, Van Wilgenburg SL, Wassenaar LI, Larson K. 2012. Linking hydrogen
(8°H) isotopes in feathers and precipitation: sources of variance and consequences
for assignment to isoscapes. PLOS ONE 7(4):e35137
DOI 10.1371/journal.pone.0035137.

Hobson KA, Wassenaar LI. 2018. Tracking animal migration with stable isotopes.
London: Academic Press.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 15/18


https://peerj.com
http://dx.doi.org/10.1515/ami-2020-0004
http://dx.doi.org/10.1126/science.133.3465.1702
http://dx.doi.org/10.1073/pnas.0712228105
http://dx.doi.org/10.1038/s41598-021-97889-x
http://dx.doi.org/10.1007/s00442-008-1143-6
http://dx.doi.org/10.1021/acs.analchem.5b00085
https://rspatial.github.io/terra/
http://dx.doi.org/10.3389/fevo.2020.572140
http://dx.doi.org/10.3389/fevo.2019.00224
http://dx.doi.org/10.1002/ece3.1383
http://dx.doi.org/10.1371/journal.pone.0035137
http://dx.doi.org/10.7717/peerj.19252

Peer

Hobson KA, Wunder MB, Van Wilgenburg SL, Clark RG, Wassenaar LI. 2009. A
method for investigating population declines of migratory birds using stable
isotopes: origins of harvested lesser scaup in North America. PLOS ONE 4(11).

Hutcheson C, Hendrix L, Moran JA. 2010. An isotopic analysis of migratory connectivity
in Ruby-throated Hummingbirds. North American Bird Bander 35(1):2.

Jensen R. 2017. Modified hall trap. North American Bird Bander 42(3):5.

Koehler G, Hobson KA. 2019. Tracking cats revisited: placing terrestrial mam-
malian carnivores on §2H and §'80 isoscapes. PLOS ONE 14(9):¢0221876
DOI 10.1371/journal.pone.0221876.

Koehler G, Schmidt-Kiintzel A, Marker L, Hobson KA. 2023. Delineating origins
of cheetah cubs in the illegal wildlife trade: improvements based on the use
of hair §1¥O measurements. Frontiers in Ecology and Evolution 11:1058985
DOI 10.3389/fev0.2023.1058985.

Leimberger KG, Dalsgaard B, Tobias JA, Wolf C, Betts MG. 2022. The evolution,
ecology, and conservation of hummingbirds and their interactions with flowering
plants. Biological Reviews 97(3):923-959 DOI 10.1111/brv.12828.

Ma C, Vander Zanden HB, Wunder MB, Bowen GJ. 2020. assignR: an R package
for isotope-based geographic assignment. Methods in Ecology and Evolution
11(8):996-1001 DOI 10.1111/2041-210X.13426.

Magozzi S, Vander Zanden HB, Wunder MB, Bowen GJ. 2019. Mechanistic model
predicts tissue—environment relationships and trophic shifts in animal hydrogen and
oxygen isotope ratios. Oecologia 191(4):777-789 DOI 10.1007/s00442-019-04532-8.

Montgomerie RD, Redsell CA. 1980. A nesting hummingbird feeding solely on arthro-
pods. The Condor 82(4):21.

Moran JA, Wassenaar LI, Finlay JC, Hutcheson C, Isaac LA, Wethington SM.

2013. An exploration of migratory connectivity of the Rufous Hummingbird
(Selasphorus rufus), using feather deuterium. Journal of Ornithology 154:423-430
DOI 10.1007/s10336-012-0906-3.

Powers DR. 1991. Diurnal variation in mass, metabolic rate, and respiratory quotient
in Anna’s and Costa’s hummingbirds. Physiological Zoology 64(3):850-870
DOI 10.1086/physzool.64.3.30158211.

Prochazka P, Hobson KA, Karcza Z, Kralj J. 2008. Birds of a feather winter together:
migratory connectivity in the Reed Warbler Acrocephalus scirpaceus. Journal of
Ornithology 149(2):141-150 DOI 10.1007/s10336-007-0250-1.

Qi H, Coplen TB, Wassenaar LI. 2011. Improved online §'30 measurements
of nitrogen-and sulfur-bearing organic materials and a proposed analytical
protocol. Rapid Communications in Mass Spectrometry 25(14):2049-2058
DOI 10.1002/rcm.5088.

R Core Team. 2021. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at https://www.r-project.org.

Rosenberg KV, Dokter AM, Blancher PJ, Sauer JR, Smith AC, Smith PA, Stanton JC,
Panjabi A, Helft L, Parr M. 2019. Decline of the North American avifauna. Science
366(6461):120-124 DOI 10.1126/science.aaw1313.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 16/18


https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0221876
http://dx.doi.org/10.3389/fevo.2023.1058985
http://dx.doi.org/10.1111/brv.12828
http://dx.doi.org/10.1111/2041-210X.13426
http://dx.doi.org/10.1007/s00442-019-04532-8
http://dx.doi.org/10.1007/s10336-012-0906-3
http://dx.doi.org/10.1086/physzool.64.3.30158211
http://dx.doi.org/10.1007/s10336-007-0250-1
http://dx.doi.org/10.1002/rcm.5088
https://www.r-project.org
http://dx.doi.org/10.1126/science.aaw1313
http://dx.doi.org/10.7717/peerj.19252

Peer

Rozanski K, Araguas-Araguas L, Gonfiantini R. 1993. Isotopic patterns in modern
global precipitation. In: Swart PK, Lohmann KC, McKenzie ], Savin S, eds. Climate
change in continental isotopic records. Geophysical monograph series. Washington,
D.C.: American Geophysical Union, 1-36 DOI 10.1029/GM078p0001.

Schmidt-Nielsen K. 1984. Scaling: why is animal size so important? Cambridge: Cam-
bridge university press.

Soto DX, Koehler G, Wassenaar LI, Hobson KA. 2017. Re-evaluation of the hydrogen
stable isotopic composition of keratin calibration standards for wildlife and forensic
science applications. Rapid Communications in Mass Spectrometry 31(14):1193-1203
DOI 10.1002/rcm.7893.

Suarez RK. 1992. Hummingbird flight: sustaining the highest mass-specific metabolic
rates among vertebrates. Experientia 48:565-570 DOI 10.1007/BF01920240.

Suarez R, Lighton J, Brown G, Mathieu-Costello O. 1991. Mitochondrial respiration in
hummingbird flight muscles. Proceedings of the National Academy of Sciences of the
United States of America 88(11):4870—4873.

Suarez RK. 1998. Oxygen and the upper limits to animal design and performance.
Journal of Experimental Biology 201(8):1065-1072 DOI 10.1242/jeb.201.8.1065.
Taylor CR, Maloiy GM, Weibel ER, Langman VA, Kamau JM, Seeherman HJ, Heglund
NC. 1981. Design of the mammalian respiratory system. III. Scaling maximum
aerobic capacity to body mass: wild and domestic mammals. Respiration Physiology

44(1):25-37 DOI 10.1016/0034-5687(81)90075-X.

Terzer S, Wassenaar L, Araguas-Araguas L, Aggarwal P. 2013. Global isoscapes
for 8180 and §°H in precipitation: improved prediction using regionalized cli-
matic regression models. Hydrology and Earth System Sciences 17:4713-4728
DOI10.5194/hess-17-4713-2013.

Toledo-Aceves T, Meave JA, Gonzalez-Espinosa M, Ramirez-Marcial N. 2011. Tropical
montane cloud forests: current threats and opportunities for their conservation
and sustainable management in Mexico. Journal of Environmental Management
92(3):974-981 DOI 10.1016/j.jenvman.2010.11.007.

Wassenaar LI, Hutcheson CA, Hendrix L. 2007. A preliminary examination of the use
of hydrogen isotope ratios in estimating the natal latitudes of hatching-year ruby-
throated hummingbirds. North American Bird Bander 32(2).

Webster MS, Marra PP, Haig SM, Bensch S, Holmes RT. 2002. Links between worlds:
unraveling migratory connectivity. Trends in Ecology & Evolution 17(2):76—83
DOI 10.1016/S0169-5347(01)02380-1.

Wolf N, Newsome SD, Fogel ML, Del Rio CM. 2013. The relationship between drinking
water and the hydrogen and oxygen stable isotope values of tissues in Japanese Quail
(Cortunix japonica). The Auk 130(2):323-330 DOI 10.1525/auk.2013.12075.

Wommack EA, Marrack LC, Mambelli S, Hull JM, Dawson TE. 2020. Using oxygen
and hydrogen stable isotopes to track the migratory movement of Sharp-shinned
Hawks (Accipiter striatus) along Western Flyways of North America. PLOS ONE
15(11):e0226318 DOI 10.1371/journal.pone.0226318.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 1718


https://peerj.com
http://dx.doi.org/10.1029/GM078p0001
http://dx.doi.org/10.1002/rcm.7893
http://dx.doi.org/10.1007/BF01920240
http://dx.doi.org/10.1242/jeb.201.8.1065
http://dx.doi.org/10.1016/0034-5687(81)90075-X
http://dx.doi.org/10.5194/hess-17-4713-2013
http://dx.doi.org/10.1016/j.jenvman.2010.11.007
http://dx.doi.org/10.1016/S0169-5347(01)02380-1
http://dx.doi.org/10.1525/auk.2013.12075
http://dx.doi.org/10.1371/journal.pone.0226318
http://dx.doi.org/10.7717/peerj.19252

Peer

Wunder MB. 2012. Determining geographic patterns of migration and disper-
sal using stable isotopes in keratins. Journal of Mammalogy 93(2):360-367
DOI 10.1644/11-MAMM-S-182.1.

Zanconato S, Cooper DM, Armon Y, Epstein S. 1992. Effect of increased metabolic
rate on oxygen isotopic fractionation. Respiration Physiology 89(3):319-327
DOI10.1016/0034-5687(92)90090-].

Zenzal Jr TJ, Diehl RH, Moore FR. 2014. The impact of radio-tags on Ruby-throated
Hummingbirds (Archilochus colubris). The Condor: Ornithological Applications
116(4):518-526 DOI 10.1650/CONDOR-13-142.1.

Koehler et al. (2025), PeerJ, DOI 10.7717/peerj.19252 18/18


https://peerj.com
http://dx.doi.org/10.1644/11-MAMM-S-182.1
http://dx.doi.org/10.1016/0034-5687(92)90090-J
http://dx.doi.org/10.1650/CONDOR-13-142.1
http://dx.doi.org/10.7717/peerj.19252

