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Monarch butterflies (Danaus plexippus) fuel their migration and overwinter energy needs

through accumulated fat stores derived from plant nectars. Determining origins of these

fuels is crucial to effective conservation programs. We used stable-hydrogen (δ2H)

and carbon (δ13C) isotope measurements in stored lipids of monarchs raised under

laboratory conditions as a proof of principle for the isotopic spatial sourcing of stored

lipids. We then applied this approach to wild specimens collected from 2015 to 2018 to

infer spatial information on nectaring by fall migrants through northeast Mexico and at

the Mexican overwinter sites. Migrating monarchs derived from wide geographic natal

origins but lipid δ
2H values from migratory cohorts were not related to natal origin.

Instead, migrants exploited isotopically similar nectar sources. Distributions of lipid δ
2H

values in overwintering monarchs were broader and more negative by ∼40h suggesting

more transport of lipids from higher latitudes or additional nectaring while migrating at

higher elevations though northeastern to central Mexico. Our work establishes a new

isotopic technique for tracking origins of stored lipids in monarchs and other migratory

animals and emphasizes the importance of nectar availability in the southern portion of

the range, and especially the nectar corridor through central Mexico.

Keywords: lipids, overwintering, stable isotopes, deuterium, carbon-13, nectar corridors, migratory fueling

INTRODUCTION

Migrant species have evolved complex physiological and behavioral mechanisms that facilitate
long-distance movement, including the ability to efficiently convert dietary macromolecules to
energy for immediate use or stored as lipid, an energy dense fuel (McWilliams et al., 2004).
Understanding the nutritional ecology of migrant animals, especially those using stopover sites
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to obtain resources to fuel the next leg of their journey
is crucial for the development of effective strategies for the
management of migrant animal populations (Moore et al., 1993;
Lennox et al., 2016).

The eastern North American population of the monarch
butterfly (Danaus plexippus) is an iconic example of insect long-
distance migration where millions of adults migrate from their
natal sites in the United States and Canada to the overwintering
sites in the high-altitude oyamel fir (Abies religiosa) forests
of central Mexico. This journey is fueled by nectar (Brown
and Chippendale, 1974; Brower et al., 2006) obtained at sites
along the migratory pathway (Beall, 1948; Gibo and McCurdy,
1993; Brower et al., 2006). Lipid stores generally increase as
the butterflies approach the wintering grounds (Brower et al.,
2006). Because they rarely feed on flowers during the 4–5 month
overwintering period, they must sustain themselves on lipid
stores acquired prior to arrival at the winter roost sites, which
provide a thermal environment conducive to lipid conservation
(Alonso-Mejia et al., 1997; Williams and Brower, 2015). It was
proposed that resources acquired primarily in Texas provides
the bulk of the lipids required for both overwintering and
subsequent reproduction in spring (Brower, 1985). However,
in 2011–2012, fall monarchs in Texas had lower than average
lipid reserves, due to drought conditions, yet those at the
overwintering sites apparently had normal levels (reviewed by
Brower et al., 2015). This difference in lipid levels would
suggest that, at least in some years, monarchs actively nectar
along the floral corridor in Mexico leading to and perhaps
including their overwintering sites. To date, the real importance
of nectaring sites along the migratory journey and especially
in Mexico remains anecdotal despite their likely importance
(Saunders et al., 2019).

Understanding where monarchs obtain resources to fuel
both migratory flight and overwintering stores would provide
new insights into the migratory strategy of this species
and subsequently to overall conservation efforts (Brower
et al., 2006). More and more attention is being directed to
conditions experienced by migrating monarchs during the fall
migration with respect to overall population demographics and
conservation (Saunders et al., 2019; Taylor et al., 2019). If
there is an intrinsic marker where lipids were synthesized, it
could be used, retrospectively, to infer locations of key fueling
sites. One approach to investigate this possibility is the use of
naturally occurring stable isotopes of several elements (Hobson
and Wassenaar, 2019) as stable isotope values in foodwebs can
vary predictably across large spatial gradients due to a variety
of biogeochemical processes and that these spatial patterns are
reflected in consumers. The first studies to use stable-hydrogen
isotope measurements (δ2H) to infer natal origin of any migrant
species were carried out using wing chitin, a tissue that is
metabolically inert following synthesis, performed on monarchs
at their roost sites in central Mexico (Wassenaar and Hobson,
1998; Hobson et al., 1999). Since then, continental patterns,
or isoscapes, of both precipitation δ

2H and milkweed δ
13C

have been used to study patterns of monarch movements in
North America (Miller et al., 2012; Flockhart et al., 2013, 2017;
Altizer et al., 2015).

We speculate that despite the numerous metabolic pathways
involved in lipid synthesis, the δ

13C and δ
2H values of stored

neutral lipids could provide valuable provenance information
of monarchs as lipids are composed primarily of carbon and
hydrogen derived from plant nectars. This composition is
particularly true of palmitic and oleic acids which are the most
abundant stored lipids in monarchs (Cenedella, 1971; Brower
et al., 2006), While a North American plant leaf water δ

2H
isoscape has been developed that shows a close concordance
with patterns of amount-weighted precipitation δ

2H (West et al.,
2008, 2010), to our knowledge, no plant δ

2H carbohydrate
isoscapes exist. Foodwebs driven by plant primary production
show well-established continental gradients in δ

2H and so we
expect plant nectars and the lipids synthesized from them by
monarchs to follow the continent wide δ

2Hprecipitation isoscape
as demonstrated for chitins and keratins of numerous migratory
taxa (Hobson and Wassenaar, 2019).

Our approach was to first demonstrate that stable isotope
measurements could be used to trace nutritional origins of
stored lipids and then to apply this proof of concept to wild
migrating and overwintering monarchs in Mexico. We measured
δ
2H and δ

13C in (i) lipids from individual monarchs raised in
the laboratory on nectar sources comprised of isotopically known
carbohydrate and water values, and (ii) wing and lipid δ

2H of
monarchs collected at different sites along the migratory pathway
in northeastern to central Mexico and at the Mexican overwinter
sites. We postulate that if the isotopic distribution of lipid δ

2H
values were independent of natal origin (as derived from wing
δ
2H) but were tightly clustered, this would suggest adults fed at
geographically restricted sites that could potentially be identified.
We discuss the relevance of our findings to the ultimate goal
of tracing geographic origins of lipids in migratory monarchs
and other insects and how our approach can have significant
implications for conservation.

MATERIALS AND METHODS

Laboratory Study
Eggs were obtained from adult monarchs collected in July 2019
on the Environmental Science Western Field Station (WFS)
(43.07◦N, 81.34◦W) and reared at 25◦C, 65% RH and 16L:8D.
The larvae were reared in individual containers and provided
pieces of washed fresh, field collected milkweed (Asclepias
syriaca) leaves each day. The newly emerged adults were sexed,
caged separately to deter mating, and ten individuals (five
male and five female) were assigned to one of four isotopically
distinct dietary treatments, an approach allowing us to directly
trace isotopically contributions from dietary macromolecules to
ultimate lipid stores. The isotopic values of the treatment nectars
were : (1) high δ

13C (C4 cane sugar: mean± SD,−12.4± 0.03h,
n = 5) with high δ

2H (spiked) water (182 ± 6.1h, n = 3), (2)
high δ

13C with low δ
2H (unspiked tap) water (−55 ± 2.0h,

n = 3), (3) low δ
13C (C3 beet sugar: −26.4 ± 0/1h, n = 5) with

low δ
2H water and (4) low δ

13C with high δ
2H water (n = 5).

Deuterium spiked water was prepared by adding a quantity of
99.9 atom% heavy water (deuterium oxide) (Sigma Aldrich). The
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nectar, at a 15% concentration (with cane or beet sugar as the
nutrient sugar source), was prepared following the methodology
developed by Orley Taylor (personal communication) that avoids
fermentation. Adults were fed daily ad libitum for 5 days, after
which they were sacrificed, the fat body extracted using 2:1
(v:v) mixture of chloroform:methanol. The lipids were recovered
following evaporation in a fume hood for > 24 h (23◦C,
101.3 kPa), then frozen (−20◦C) until stable isotope analyses
were conducted.

Field Study
Monarchs were sampled between 2015 and 2018 (Mexican
permits SGPA/DGVS/002159/18, SGPA/DGVS/002299/
18.SGPA/DGVS/09159/17, SGPA/DGVS/10763/16, SGPA/
DGVS/06299/15), at several sites in northeastern to central
Mexico along the fall migration route and at overwintering
colonies (Figure 1 and Supplementary Table S1). In 2015–2016
overwintering monarchs were collected at Sierra Chincua, El
Rosario, and Piedra Herrada colonies. Evidence for isotopic
change or discrimination through the period of lipid use when
fasting at colonies would complicate interpretation of lipid

isotope values based on timing. So, to test this, in 2017–2018
monarch lipids were sampled monthly from December to
February at the Cerro Pelon colony. All monarch samples were
placed in individual paper envelopes, labeled and then frozen
(−20◦C) and shipped to Canada for stable isotope analysis.

Stable Isotope Analyses
Samples of 0.35 ± 0.02 mg of wing were weighed into pressed
silver 3.5 × 5 mm capsules, and analyzed using a Eurovector
Uniprep autosampler (Milan, Italy) carousel attached to a
Eurovector 3000 Elemental Analyzer, coupled to a Thermo Delta
V Plus isotope ratio mass spectrometer (Bremen, Germany)
in continuous flow mode with helium carrier gas. After the
samples were loaded, the Uniprep autosampler (heated to 60◦C)
was vacuum evacuated and subsequently flushed with dry
helium twice to remove adsorbed atmospheric moisture from
the crushed silver capsules. Two USGS keratin standards, EC-
01 (formerly CBS: Caribou Hoof Standard) and EC-02 (KHS:
Kudu Horn Standard of Environment Canada) were included
every ten samples. Samples were combusted at 1350◦C using
glassy carbon. Values of δ

2H of non-exchangeable hydrogen

FIGURE 1 | General study area in Northeastern Mexico. Note that the range shown in northeast Mexico includes potential non-migrants.
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were derived using the comparative equilibration approach of
Wassenaar andHobson (2003) and calibrated to Vienna Standard
Mean Ocean Water (VSMOW) using EC-01 ( ± 1.9h 1 SD,
n = 18, accepted δ

2H = −197.0h) and EC-02 ( ± 1.6h, n = 17,
accepted δ

2H = −54.1h). We used these former calibration
standard values because our original assignment algorithms were
based on these values (Hobson et al., 1999). This approach
results in identical assignments if new calibration standards are
used with correspondingly modified assignment algorithms (see
below; Soto et al., 2017). Overall (within-run) measurement error
for EC-01 and EC-02 δ

2H was ∼ 2h.
Lipid samples were analyzed in an identical fashion to wing

samples but were calibrated against the USGS water standards
sealed in silver tubes VSMOW2 (0h) and USGS 46 (−235.8h)
because no international standards for animal lipids are available
and we were interested only in relative lipid δ

2H values (note that
lipids have no exchangeable H). We compared calibration results
with several other laboratory standards including the keratins
CBS (−157h) and KHS (−35.3h) and found consistent offsets.
Overall measurement error for these standards relative to the
VSMOW scale and based on within-run replicate measurements
was ± 3h. For the laboratory experiment, water δ

2H analyses
were performed using an Off Axis Integrated Cavity Output
Spectroscopy (OA-ICOS) using a Los Gatos Research DLT-
100 laser spectrometer (Mountain view California). We used
two calibrated reference waters (INV1 δ

2H = −217.7h and
ROD3 δ

2H = −3.9h, respectively) to normalize raw delta
values to the VSMOW scale. Precisions as determined by
replicate analyses of samples and reference waters were ± 1 and
0.1h respectively.

Concurrent δ
13C and δ

15N analyses were performed using
a Costech Elemental Analyzer coupled to a Thermo Delta
Plus XL isotope ratio mass spectrometer (Thermo Instruments,
Bremen, Germany) operated in continuous flow mode with
helium carrier gas, but only δ

13C values are reported here.
Two standards, USGS-40 and USGS-41, were included for every
ten samples, and two internal laboratory standards, powdered
keratin (MP Biomedicals Inc., Cat No. 90211, Lot No.9966H)
and IAEA-CH-6 were included to monitor instrument drift and
provide a check on accuracy over the course of each analytical
session. Values of δ

13C were calibrated to VPDB using USGS-40
( ± 0.1h 1 SD, n = 8, accepted δ

13C = −26.4h) and USGS-41
( ± 0.1h, n = 8, accepted δ

13C = +37.6h). Measurement error
was ± 0.1h for δ

13C.

Assignment to Origins
We depicted the origins of wild monarchs caught in Mexico with
a likelihood-based assignment method (Hobson et al., 2009b;
Wunder, 2010), using the wing chitin δ

2H isoscape (δ2Hw)
and an amount-weighted precipitation-to-wing calibration
algorithm derived by Hobson et al. (1999). This was used
to convert amount-weighted mean annual precipitation δ

2H
(δ2Hp) isoscapes (Terzer et al., 2013; IAEA/WMO, 2015)
into δ

2Hw isoscapes. We used the 9.3h residual SD error
from this regression in our assignments. We then created a
spatial layer representing the known geographic range for the
eastern breeding population of the monarch butterfly and used

this as a mask (i.e., clip) to limit our assignment to origin
analyses (Figure 2).

We estimated the likelihood that a cell (pixel) within the
δ
2Hw isoscape represented a potential origin for a sample
by using a normal probability density function to estimate
the likelihood function based on the observed δ

2Hw, and
thus depicted the likely origins of each monarch by assigning
individuals to the δ

2Hw isoscape one at a time. We arbitrarily
chose a 2:1 odds ratio (see Van Wilgenburg et al., 2012)
to include only those pixels (coded 1) with at least a 67%
probability of origin vs. all others (coded 0). This resulted in a
map of binary values for each assigned individual representing
presence (1) or absence (0) for each cell in the isoscape. We
then summed the results of individual assignments by stacking
the surfaces. This approach thus provides assignment maps
that show the number of individuals in a sample assigned to
any given pixel.

Statistical Analyses
When data were normally distributed (Shapiro Wilk’s test),
we compared isotopic data among groups using Analysis of
Variance (ANOVA) and Tukey’s post-hoc comparisons with
statistical significance set at p = 0.05. In cases where groups
were not significantly different, they were pooled for further
analysis. Simple regression was used to establish isotopic response
variables in monarch tissues with isotope values of dietary
treatments. The above analyses were completed in SPSS Version
24 (IBM Corp, 2016).

Geographic assignments to origin were made using functions
within the R statistical computing environment (R Core Team,
2019) using scripts employing the “raster” v. 3.0-12 (Hijmans,
2020) and “maptools” v. 0.9-9 (Bivand and Lewin-Koh, 2019)
packages. Thus, the final assignment surface depicted the number
of individuals co-assigned at each pixel based on the odds criteria.

RESULTS

Laboratory Experiments
No effect of sex was found for either δ

13C [F(1, 37) = 0.10, p = 0.75]
or δ

2H [F(1, 37) = 0.035, p = 0.966] so the individual isotope
data sets were pooled. The δ

13C values of lipids were normally
distributed (Shapiro Wilk, p > 0.05) and were significantly
affected by treatment [F(3, 37) = 20.46, p < 0.001], with Tukey
post-hoc analyses revealing differences based on the expected
contrasts of C3 and C4 sugars (Supplementary Table S2). By
regressing lipid δ

13C values against sugar δ
13C values for the

unspiked water treatment (since tap water corresponded best to
environmental waters experienced by monarchs), we obtained
the relationship δ

13Clipid = 0.59 ∗
δ
13Csugar −15.08, indicating

that nectar contributed ˜59% of total carbon in the lipid.
Similarly, δ

2H values of lipids were normally distributed
(Shapiro Wilk, p > 0.05) and there was a significant effect of
treatment [F(3, 37) = 8.96, p = 0.00017], with Tukey post-hoc
analyses revealing differences based on the expected contrasts of
spiked and unspiked nectar waters (Supplementary Table S2).
The contribution of carbohydrate-based H to stored lipids was

Frontiers in Ecology and Evolution | www.frontiersin.org 4 October 2020 | Volume 8 | Article 572140

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Hobson et al. Isotopic Tracking of Monarch Lipids

FIGURE 2 | Predicted wing δ
2H isoscpae for the eastern population of North American monarch butterfly. Surface was based on the use of a predicted

amount-weighted mean growing season precipitation δ
2H dataset (Terzer et al., 2013) and the precipitation-to-wing calibration algorithm of Hobson et al. (1999).

evaluated by examining the response in lipid δ
2H with a change

from beet to cane sugar under a constant unspiked water
nectar source, which provided the relationship δ

2Hlipid = 0.27 ∗

δ
2Hsugar−279.6 indicating that sugar contributed ∼27% of the
hydrogen in adult monarch lipids. A similar analysis examining
the response in lipid δ

2H with a change from tap water to
spiked water under a constant C3 nectar sugar resulted in the
relationship δ

2Hlipid = 0.19 ∗
δ
2Hwater−272.6 revealing that nectar

water contributed about 19% of hydrogen in the fat body lipids.
As determined in controlled studies involving metabolically
inactive chitins (Hobson et al., 1999), our captive studies
provided strong evidence for a close isotopic coupling between
nectar sugars and water to synthesized lipids in monarchs. This
provided the proof of concept required to interpret isotopic
values in lipids of wild migrating monarchs.

Migration and Overwinter Samples
Wing δ

2H values of monarchs captured during migration in
northeast through central Mexico indicated that individuals
potentially originated from many geographic regions of the

breeding grounds. Both collection site and/or year did result
in some differences in mean δ

2Hw values during migration
[Supplementary Table S3; F(5, 442) = 3.60, p = 0.003], with
Nuevo Leon, 2017 being significantly different from both Nuevo
Leon and Queretaro in 2016 (Tukey’s post hoc, p < 0.05).
However, δ

2Hw lipid values did not differ across samples taken
during migration [Figure 3 and Supplementary Table S3, F(5,

442) = 1.74, p = 0.13]. There was no relationship between wing

and lipid δ
2H values (Figure 3; r2 < 0.006, p > 0.71) indicating

that body lipid during migration was independent of natal origin
and that the overall mean lipid δ

2H values were remarkably
constant regardless of wing δ

2H values. For the purpose of
illustration, we depicted origins of migrants for a subset of
three sampling periods/locations in northeast to central Mexico
(Figure 3): The first group was Queretaro andNuevo Leon (2016)
(n = 130; δ

2Hw = −110.4 ± 12.4h; δ
2Hl = −324.3 ± 14.8h;

Figures 3A,B) and Queretaro and Guanajuato (2017) (n = 99;
δ
2Hw =−107.8± 13.7h; δ2Hl =−329.5± 7.8h; Figures 3C,D).
The third group, Coahuila and Nuevo Leon (2017), was found
to be bimodal for wing δ

2H values which presents problems for
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FIGURE 3 | Depictions of potential natal locations and the relationship between lipid δ
2H and wing δ

2H for monarchs sampled during migration for (A,B) Queretaro

and Nuevo Leon (2016) (n = 130), (C,D) Queretaro and Guanajuato (2017) (n = 99), (E,F) Coahuila and Nuevo Leon (2017) with wing δ
2H < −103h (n = 118) and

(G,H) Coahuila and Nuevo Leon (2017) with wing δ
2H > −103h (n = 98). The legend represents the number of individuals at each pixel with wing δ

2H values

consistent with those predicted for that location based on a 2:1 odds ratio. In all cases, results reveal that monarchs represented diverse breeding origins but there

was, in general, no relationship between natal origin and accumulated lipid stores.
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isotopic assignments (Wunder, 2010) and so, based on inspection
of the distribution of δ

2Hw values (Supplementary Figure S1)
we split this into one group with δ

2Hw values < −103h
(n = 118; δ

2Hw = −116.8 ± 8.6h, δ
2Hl = −327.4 ± 20.1h;

Figures 3E,F) and the other with δ
2Hw values > −103h (n = 98;

δ
2Hw = −91.9 ± 8.0h, δ2Hl = −324.4 ± 16.1h; Figures 3G,H).
A similar comparison for overwintering monarchs in 2015–

2016 and 2017–2018 found that wing δ
2H values differed

among colonies [F(3, 87) = 9.57, p < 0.001] with two
homogenous isotopic groupings (Supplementary Table S3).
Lipid δ

2H values for the same sample also differed among

overwintering collections [F(4,289) = 12.69, p < 0.001] and
formed two homogenous isotopic groups with 2015–2016 groups
El Rosario, Piedra Herrada, Sierra Chincua and the 2017–
2018 Cerro Pelon group (overall mean −376.8 ± 29.6h)
showing more depleted values compared with Cerro Pelon
in 2015–2016 (−331.5 ± 21.6h). For illustrative purposes,
we depicted origins of monarchs sampled in overwinter sites
in the single season 2015−2016 (Figure 4): Cerro Pelon
(n = 25; δ

2Hw = −114.6 ± 12.2h, δ
2Hl = −340.7 ± 29.1h;

Figures 4A,B) and the combined Sierra Chincua, El Rosario
and Piedra Herrada sites (n = 63; δ

2Hw = −121.6 ± 39.7h,
δ
2Hl = −372.0 ± 35.7h; Figures 4C,D). Overall, across all

years and sites, overwintering monarchs (n = 294) had lower
lipid δ

2H than migrating individuals [n = 448; migration:
−326.4± 15.6h; overwinter:−357.6± 32.4h; F(1, 740) = 300.7,
p < 0.001; Figure 5].

In 2018 at the Cerro Pelon overwinter site, there was no effect
of sampling date or sex on lipid δ

2H values [F(3, 84) = 1.65,
p = 0.16; Supplementary Figure S2 and Supplementary

Table S4]. Lipids were not quantitatively sampled for these
specimens but we found no significant relationships (r2 < 0.006
in both cases) between lipid δ

2H values and either dry
mass or wing length.

DISCUSSION

Our isotopic approach to investigating where and how monarch
butterflies nectar to fuel the last leg of their fall migration
and accumulate the necessary lipids for overwintering are
encouraging and suggest a fundamentally new approach to
evaluating critical nectaring strategies in this species and other
animals. Our captive experiments clearly showed that stored
lipids track the isotopic values of carbohydrate and water
components of nectar diets. Despite a broad catchment origin of

FIGURE 4 | Depictions of potential natal locations and the relationship between lipid δ
2H and wing δ

2H for monarchs sampled at overwintering sites in 2015–2016:

Cerro Pelon n = 25 (A,B) and Sierra Chincua n = 19; El Rosario n = 19; Piedra Herrada n = 28 (C,D). The legend represents the number of individuals at each pixel

with wing δ
2H values consistent with those predicted for that location based on a 2:1 odds ratio.
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FIGURE 5 | Difference in lipid δ
2H values (h) between migrating and overwintering monarch butterflies based on all lipid samples analyzed across sites and years

(Supplementary Table S1). Not all specimens were run for wing δ
2H analyses and so sample sizes may differ from those depicted in Figures 3, 4.

monarchs sampled across years along their Mexican migration
route, monarch lipid δ

2H values were not related to origin
but were clustered indicating more local nectaring en route
and consistent with more southern nectar sources. Lipid δ

2H
values of overwintering monarchs were more variable, and
more negative δ

2H values compared to active migrants suggests
local nectaring at higher altitudes in some individuals or the
selective loss of monarchs with higher lipid δ

2H values detected
in migration. Taken together, our results support the need to
maintain nectaring corridors in the south including through
northeast Mexico and in the vicinity of the overwintering sites.
We encourage further isotopic research to ultimately derive
means of probabilistically assigningmonarch lipids to geographic
origins via the establishment of species-specific “liposcapes”
(Hobson and Wassenaar, 2019).

Our experimental analysis of captive monarchs allowed
to accumulate lipids post emergence on manipulated nectar
revealed that body lipids isotopically tracked dietary nectar and
water sources. We estimated that, over the 5-day post-emergence
period, about 59% of the carbon and 27% of the hydrogen in body
lipids was derived from the sugar component of nectar and that
the water in nectar contributed to about 19% of the hydrogen.
The remaining components of body lipids were presumably
derived from lipids formed at the larval stage. So, while we
clearly have demonstrated that stored lipids can be quantitatively
linked to dietary nectars, a prerequisite for applying stable

isotope techniques to ultimately track sources of nectars for wild
migrating monarchs, the larval effect in our study needs to be
considered. However, for monarchs migrating in the fall and at
overwintering sites, we can presume that little if any larval lipid
was present. In fact, it is well known that monarchs are able to
rapidly synthesize lipids when conditions permit (Beall, 1948;
Brown and Chippendale, 1974).

Although nectaring occurs at wintering colonies, its
prevalence depends on several factors and is generally considered
to be minimal and the lipid component of body mass ranges from
about 73% at arrival to 37% at departure on spring migration

(Brower, 1985, reviewed by Calvert and Lawton, 1993). We
investigated if there was evidence for isotopic discrimination
occurring through the overwintering period at the colony of
Cerro Pelon to determine if neutral lipids were differentially
mobilized during the winter thereby resulting in isotopic changes
in the remaining lipid stores. We found no evidence for lipid
isotopic change January–March and this finding supports the
potential use of stored bulk lipids in individuals at overwinter
colonies as a means of inferring past nectaring history.

Why might overwintering monarchs have more depleted
lipid δ

2H values compared to migrants in northeast Mexico?
Overwintering monarchs do require water, the degree to which
depends on ambient temperature and levels of dehydration
(Calvert and Lawton, 1993) and colonies are often located near
a water source. This situation presents a potential hydrogen
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FIGURE 6 | A migrating monarch butterfly through Nuevo Leon, Mexico. Active nectaring on flowers by migrating monarchs throughout the region is commonly

observed. Photo by Omar Franco.

source to overwinteringmonarchs but lipids, consisting primarily
of C-H bonds will not exchange with H from body water
(Wassenaar, 2019). Rather, we suspect that some overwintering
individuals had used nectar to form lipids at higher elevations,
possibly close to the overwinter sites rather than at higher
latitudes in the United States or Canada. Indeed, we expect
higher δ

2H values at lower elevations and that the altitude
effect (Clark and Fritz, 1997) would result in significantly
lower precipitation δ

2H values at the ∼3000 m elevations of
colonies along the Transvolcanic Mountain belt, in general,
and the Sierra Madre Oriental region, in particular (Wassenaar
et al., 2009, see also Hobson et al., 2009a). Although our
migration and wintering lipid samples were collected across
years, with the exception of Cerro Pelon sampled in 2015–2016,
our results indicate that monarch lipids were more variable in
their δ

2H values at the overwinter colonies and also generally
had lower lipid δ

2H values (by ∼37h) compared to those
sampled during migration in northeastern Mexico. Further
research is required to evaluate isotopic difference in stored
lipids of monarchs during migration in northeast Mexico and
those ultimately used by monarchs at overwintering colonies
in order to evaluate the importance of late-stage nectaring just
prior to and during the arrival phase at overwinter colonies.
The prediction of more negative δ

2H values of lipids at
high-elevation overwintering sites compared to lower elevation

migration sites from Texas and northeastern Mexico provides a
potentially valuable approach to tracing the importance of flowers
near the colonies.

There is much scope for future research into ways in which the
stable isotope approach can be used to refine our understanding
of origins of lipid synthesis in migrating monarchs and other
Lepidoptera. Our captive studies using both monarchs and
armyworms were necessarily of short duration (∼6 days post
eclosion) and so it was not possible to entirely remove the larval
influence on adult lipid stores. Ideally, these experiments would
be repeated on individuals that were held on manipulated diets
for long periods and then induced to go into diapause and rapidly
accumulate fat stores thereby mimicking conditions experienced
during migration. Regressions from such experiments would
better link δ

2H values of stored lipids to nectar sources integrated
during migration and overwintering sites. However, because
monarchs are nectar generalists (Tooker et al., 2002) and we
expect plant nectar to vary considerably among and within plant
species especially in water and sugar content (Abrahamczyk et al.,
2017), an ultimate means of creating lipid-specific isoscapes
(“liposcapes”) will be to either sample lipids of wild monarchs
from known (i.e., constrained) nectaring sites on the breeding
grounds prior tomigration or captivemonarchs allowed to nectar
at outdoor pens exposed to natural precipitation (see Hobson
et al., 1999). Such sampling would ideally be conducted across a
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large geographic gradient in precipitation δ
2H. That approach has

proven to be extremely successful in assigning several species of
migrant birds to molt origin (Hobson and Wassenaar, 2019). Of
course, stored bulk lipids can be derived from single geographic
sites or represent an integration of many sites spread over large
spatial gradient in environmental δ2H values. As such, in tissues
like the fat body of insects, the isotope approach will always
represent a probabilistic average compared to metabolically inert
tissues like wing chitins. Clearly, evaluating lipid turnover rates in
migratingmonarchs would allow insights into expected bulk lipid
isotope values. Here again, captive studies using monarchs in a
“migratory phase” could expose individuals to a diet-switch (i.e.,
from a depleted to an enriched 2H nectar source) that would then
allow the rate of lipid synthesis in the fat body to be quantified.
Further manipulations could also expose individuals to different
levels of flight exercise. Finally, we fully recognize that the path
ahead should involve compound-specific (fatty acid) vs. bulk
lipid isotopic analyses that promise to more accurately reflect
metabolic pathways leading to lipid synthesis (Whiteman et al.,
2019). Since stored lipids in monarchs are primarily palmitic and
oleic acids (Brower et al., 2006), the compound-specific approach
focused on these fatty acids should be rewarding.

We stress that our study was conducted largely through a
period of drought in southern Texas and northeast Mexico and
we fully expect the dynamics of lipid synthesis and storage
in migrating monarchs to change depending on fall climate
conditions. Such profound influences of climate on the migratory
and overwinter success of monarchs (e.g., Saunders et al., 2019)
means that the wing and lipid isotopic sampling of migrant and
overwintering monarchs should be conducted annually or at least
every few years to elucidate nectar origins. Overwhelmingly Our
work provides support for maintaining nectar corridors in the
southern portion of the range and especially in Mexico along the
migration route1 and potentially in the immediate vicinity of the
overwintering sites (Figure 6).

1https://monarchwatch.org/blog/2019/03/15/monarch-population-status-38/
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