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Experimental evidence shows no fractionation of strontium
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Strontium isotopes (87Sr/86Sr) can be useful biological markers for a wide range of forensic science appli-
cations, including wildlife tracking. However, one of the main advantages of using 87Sr/86Sr values, that
there is no fractionation from geological bedrock sources through the food web, also happens to be a criti-
cal assumption that has never been tested experimentally. We test this assumption by measuring 87Sr/86Sr
values across three trophic levels in a controlled greenhouse experiment. Adult monarch butterflies were
raised on obligate larval host milkweed plants that were, in turn, grown on seven different soil types
collected across Canada. We found no significant differences between 87Sr/86Sr values in leachable Sr
from soil minerals, organic soil, milkweed leaves, and monarch butterfly wings. Our results suggest that
strontium isoscapes developed from 87Sr/86Sr values in bedrock or soil may serve as a reliable biological
marker in forensic science for a range of taxa and across large geographic areas.

Keywords: Danaus plexippus; geographic assignment; isoscape; isotope ecology; migration; migratory
connectivity; monarch butterfly; plant; soil; strontium-86; strontium-87

1. Introduction

Isotopes can be powerful tools for assigning tissues or other organic substances of unknown
origin to a specific geographic location. For example, isotopes have been used in applications of
provenance in counterfeit pharmaceutical investigation [1], archaeology [2], food security [3],
wildlife migration [4–6], illegal trade [7], and narcotics [8]. By relating stable isotopes of focal
tissue to expected isotopic values across large geographic gradients, termed isoscapes [9], we can
assign the statistical probability to a specific location as the origin of the focal material [10,11].
This probabilistic assignment requires information on the change in isotopic values between the
source of the material used to develop the isoscape and the focal tissue (fractionation) as well as
the variability in the isotope values of focal tissue grown at a single location [11].

Strontium isotopes (87Sr/86Sr) are one intrinsic marker that has shown significant promise for
use in forensic science [2,8,12]. Natural variations in isotopic values of bedrock are determined
by bedrock type and age that are derived from predictable rates of radioactive decays of iso-
topes of rubidium (87Rb) to the stable isotope of strontium (87Sr; [13]). Recent attempts to model
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2 D.T.T. Flockhart et al.

these multiple processes have provided landscape-scale predictive 87Sr/86Sr surfaces that can be
applied to studies of provenance [14–16]. 87Sr/86Sr values are potentially very useful for assign-
ing geographic origins for two primary reasons. First, because 87Sr/86Sr values are influenced
by fundamentally different processes compared to light stable isotopes, such as stable hydrogen
(δ2H) and carbon (δ13C) isotopes, they can act as complimentary markers to increase the spatial
resolution for assigning tissues of unknown origin to a specific location [17]. Second, because
it is assumed that there is little or no fractionation in 87Sr/86Sr values from geological bedrock
sources through food webs and ultimately into animal tissues (in other words, there is a 1:1 linear
relationship [18]), predictive 87Sr/86Sr isoscapes based on bedrock or soil values can accurately
reflect potential areas of origin for tissues and apply to a wide range of tissues that are grown
at different trophic levels [19]. However, the transfer of Sr isotopes from the geosphere into the
biosphere without any fractionation has never been tested. Previous studies have shown that tis-
sues collected across different trophic levels from the same location show variance in 87Sr/86Sr
values both between and among trophic levels [20,21], but no study has examined 87Sr/86Sr in
multiple trophic levels while controlling for bedrock or soil type. Validating the assumption of
no fractionation in 87Sr/86Sr values across trophic levels, and deriving estimates of the variation
among all trophic levels, is paramount for the successful development of strontium isoscapes as
a robust marker for applications in forensic science.

In this paper, we use a controlled experimental design to examine 87Sr/86Sr values across three
trophic levels with monarch butterflies (Danaus plexippus) as the top-level consumer. Monarch
butterflies in eastern North America have a complex migratory system where individuals travel
between three different countries over the course of multiple breeding generations during the
annual cycle [21–24]. Since threats to the population viability of monarchs vary across space and
time, accurate and precise assignment of migratory connectivity is fundamental to protecting this
species [25]. Because monarchs are small and short-lived, approaches such as mark–recapture
and radio-tracking are largely unsuitable for delineating migratory connectivity across the annual
cycle [26]. In contrast, monarchs are an excellent model organism for studying and applying
stable isotopes to understand patterns of long-distance migration [23,24,27,28]. Larvae feed on
a single family of obligate host plants (Asclepias spp.) and they are relatively immobile during
their larval development moving only metres between plants [29], so that stable isotope values
from inert wing tissue of the adults reliably reflect the location of their larval development no
matter how far an individual has migrated [28].

Here, we investigate the hypothesis that strontium isotopes are suitable forensic markers to
determine origins by testing the assumption that there is no fractionation of 87Sr/86Sr among dif-
ferent environmental samples that contribute to the bioavailability of strontium isotopes during
development in monarch butterflies. Our objective was to measure 87Sr/86Sr isotopes among
leachable Sr from soil minerals (hereafter, mineral soil), organic soil, milkweed plants, and
monarch butterfly wing tissue and use linear models to test if these relationships differed from a
predicted 1:1 relationship.

2. Methods

2.1. Soil

We collected soil from seven locations across Canada that represented a range of soil characteris-
tics and underlying geology (Table 1). The soil was collected from natural, relatively undisturbed
sites with natural vegetation to minimize the possibility of soil inputs from outside the focal
area. After removing surface vegetation, a garden spade was used to remove approximately
0.3 × 0.3 × 0.3 m of soil (approximately 25 kg) at each location. Soil was put into rubber totes
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4 D.T.T. Flockhart et al.

and transported to the laboratory where we homogenized the sample by removing large organic
components and breaking mineralized components (except aggregates) to approximately 1 cm3

with a trowel and mixed it repeatedly before we collected a single soil sample of approximately
500 g from each geographic location to analyse for strontium isotopes. Strontium isotopes were
measured for both mineral soil material and organic soil material after we sieved the soil sample
into organic (>180 μm) and mineral (<180 μm) fractions and homogenized them. Generally,
mineral soil material is < 2 mm in diameter and contains < 20% organic carbon by weight typ-
ical of the subterranean A and B soil horizons, whereas organic soil material contains > 20%
organic carbon by weight typical of decomposing leaf litter or the O horizon nearest the soil
surface. Because the soil from BC was acidic (pH 4.0) and initially stunted the growth of milk-
weed, we added lime (0.011 g gsoil

−1) individually to each pot with BC soil (pH 6.5) to improve
milkweed growth. We then replanted seeds and continued with the experiment leaving the col-
lection of the BC soil sample to the end of the experiment after we combined the used potted soil
together and homogenizing with a trowel as indicated above.

2.2. Plants

We grew approximately 50 tropical milkweed (Asclepias curassavica) in a homogeneous sample
of each soil type. Milkweed seeds were sprouted in growth chambers (28°C, 80% relative humid-
ity, 18 h light:6 h dark) until bearing 2–4 leaves and approximately 5 cm tall, at which time single
plants were transferred to 10 cm-wide pots. The pots were labelled with the soil collection loca-
tion and moved to a glasshouse maintained under ambient light conditions at 29°C during the day
and 23°C at night. Milkweed was watered daily with distilled water and fertilized (High Nitrate
20-8-20, Plant-Prod Solutions; http://www.plantprod.com/Portals/1/WSF%27s.pdf) approxi-
mately weekly. During the period when we were raising monarch butterfly larvae, we randomly
collected 1–3 milkweed leaves from plants of each soil type daily and air-dried leaves to analyse
for strontium isotopes. Since caterpillars fed on various leaves from various plants (see below),
we pooled leaves grown from each soil location which resulted in a single plant sample for each
geographic location.

2.3. Monarch butterflies

Wild monarch butterflies can migrate long distances [23,24,27] but we required butterflies that
developed from the egg stage that were restricted to food plants grown from a single soil source.
To do so, wild-caught monarch butterflies were placed in netted enclosures with five host plants
from each location and were left to lay eggs over several hours; butterflies that developed from
these eggs were used in the isotopic analysis. For each soil type, we collected the leaves contain-
ing eggs and placed them in plastic containers with fine mesh lids. Larvae were fed ad libitum
with leaves plucked from milkweed grown in the appropriate soil type until approximately third
instar when they were moved individually to plastic containers to prevent competition for plant
material and aggressive interactions with conspecifics [32]. Larvae pupated on the mesh lids and
were transferred to a large netted enclosure for each soil type until they enclosed. After butter-
flies were allowed to dry their wings for 24 h, we transferred the butterflies to glassine envelopes
and placed them in −15°C freezers until they were analysed for strontium isotopes.

2.4. Strontium isotope analysis

Soil samples were prepared for Sr isotope analyses using a dilute acid leach procedure to extract
only the Sr that is easily dissolved in soil waters. Soil samples are weighed (ca. 0.5 g) into clean

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f G

ue
lp

h]
 a

t 0
5:

41
 2

0 
M

ar
ch

 2
01

5 



Isotopes in Environmental and Health Studies 5

leach tubes and 5 ml of 2% HNO3 added. The samples are covered and put in an ultrasonic bath
for 2 h, centrifuged and 1 ml of the liquid weighed into a clean LDPE bottle, evaporated to dry-
ness and re-dissolved in acid suitable for chromatography on Sr Spec (Eichrom). The separated
Sr collected from the columns are dried on a hot plate at 70°C and dissolved in 2% HNO3 for
measurement of isotope ratios. NIST 2710 and NIST 987 carbonate were used as reference mate-
rials. The Sr isotope ratios are measured using a ThermoFinnigan Neptune MC-ICP-MS, with
all ratios normalized to an 86Sr/88Sr ratio of 0.1194, thereby eliminating any mass-dependent
fractionation effects that may have occurred. The external analytical uncertainty in the 87Sr/86Sr
ratio is 0.0001 (2σ ) based on results for NIST 987 (n = 23) and duplicate samples (n = 5).

Plant materials are washed in vials in an ultrasonic bath for 10 min with DI water (> 18
Mohm) followed by drying the plant material at 70°C. The plant along with certified reference
materials (NIST1547A and NIST 1571A) were weighed into clean Savillex beakers to which
1 ml of concentrated HNO3 was added. The samples were digested on a 70°C hotplate with
addition of 1 ml aliquots of concentrated HNO3 until the solid is dissolved followed by 0.5 ml
aliquots of 30% H2O2 (Seastar Baseline) until a clear, uncoloured solution resulted. The samples
are split and one aliquot was prepared for Sr isotope analysis using the same method as the
soils.

Two left-side wings of each butterfly are washed in DI water ( > 18 Mohm), dried, weighed
in clean Savillex beakers, and dissolved, capped, in 1 ml of concentrated HNO3 on a 120°C
hotplate. Additional concentrated HNO3 is added until the solid is fully digested, followed by
addition of 30% H2O2 (Seastar Baseline) similar to plants. The liquid is evaporated on a 70°C
hotplate, the samples are diluted, and one aliquot was used for Sr isotope analysis using the same
procedure as the soils.

2.5. Statistical analysis

Since we had only one soil and milkweed sample per geographic location, this would have
resulted in pseudo-replication had we compared these single values to multiple butterfly sam-
ples. Thus, we used the mean monarch value for each geographic location in the regressions. We
used linear regression models and applied an offset of the dependent variable (y ∼ x + offset(x))
to test the relationships between 87Sr/86Sr values among soil, milkweed, and monarchs. The off-
set term allows us to test the null hypothesis that the slope was equal to 1 and that the intercept
was equal to 0 [33] and we therefore report the t-value statistic and p-value associated with each
estimated model parameter. Model fit was assessed using the coefficient of determination (r2)
to compare between the different analyses. All statistical analyses were run using program R v.
3.1 [34].

3. Results

We raised a total of 50 butterflies from the 7 soil types (Table 1). The range of the
87Sr/86Sr values was 0.70817–0.71010 in mineral soil, 0.70789–0.70956 in organic soil,
0.70808–0.70959 in milkweed plants, and ranged between 0.70821–0.71046 in wing tis-
sue of individual monarch butterflies (Table 1). There was a correlation of 87Sr/86Sr
among all environmental material (all p < 0.017). In all relationships, there was no sig-
nificant difference between an intercept of zero and a slope of 1 (Table 2). All min-
eral soil, organic soil, and plant material reliably predicted 87Sr/86Sr values in the but-
terfly wing tissue (Figure 1) but the coefficient of determination was the lowest when
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6 D.T.T. Flockhart et al.

Table 2. Linear model (SE of parameter estimate) of 87Sr/86Sr between leachable Sr from soil minerals (‘Mineral’),
organic soil (‘Organic’), milkweed plants (‘Milkweed’), and mean monarch butterfly wing tissue (‘Monarch’) derived
from seven locations across Canada. The test statistics report whether the intercept is significantly different from zero
and whether the slope is significantly different from one.

Model r2 Intercept Slope

Organic ∼ 0.6714 Mineral (0.1929) + 0.2329 (0.1368) 0.65 t = 1.703, p = 0.15 t = − 1.703, p = 0.15
Milkweed ∼ 0.6773 Mineral (0.1521) + 0.2288 (0.1078) 0.76 t = 2.121, p = 0.09 t = − 2.121, p = 0.09
Milkweed ∼ 0.9412 Organic (0.0568) + 0.0418 (0.0403) 0.98 t = 1.038, p = 0.35 t = − 1.036, p = 0.35
Monarch ∼ 0.6283 Mineral (0.1547) + 0.2637 (0.1096) 0.72 t = 2.405, p = 0.06 t = − 2.405, p = 0.06
Monarch ∼ 0.8502 Organic (0.1301) + 0.1064 (0.0922) 0.87 t = 1.154, p = 0.30 t = − 1.151, p = 0.30
Monarch ∼ 0.8964 Milkweed (0.1355) + 0.0736 (0.0961) 0.88 t = 0.766, p = 0.48 t = − 0.765, p = 0.48

considering mineral soil and the highest among organic soil, milkweed, and monarchs
(Table 2).

4. Discussion

Our experimental results support the hypothesis that there is minimal change in strontium iso-
topes between associated trophic levels. All environmental materials predicted mean isotopic
values in the butterfly wing tissue, suggesting that geographic variation in 87Sr/86Sr of soil or
plants may be used as a forensic marker to estimate the larval natal origin of migratory monarch
butterflies. Given the correspondence between 87Sr/86Sr and the multiple sources of bioavailable
strontium that we tested, a strontium isoscape for monarch butterflies in North America could
be constructed using bedrock-based geomorphology approaches [15,16,35] and validated using
87Sr/86Sr values derived from milkweed samples collected across the breeding distribution of
monarch butterflies [22,28].

Although we found no evidence of fractionation of Sr isotopes in our controlled experiment,
it is possible that our results may not always transfer to natural conditions. For example, studies
have shown that Sr concentrations and isotope ratios in plant material are influenced by specific
factors during uptake, such as root depth and plant-specific cycling [36]. Localized differences
in mineral weathering may also influence assignment accuracy across large geographic spatial
scales [36,37]. Therefore, a remaining challenge to fully apply Sr isotopes in provenance studies
requires quantifying the variation of the mixing processes among whole soil, leachable Sr from
soils, plants, and herbivores tissues from multiple samples within close proximity [38] to account
for within-site variation in the fractionation process that increase certainty in the assignment of
origin [39].

Strontium isotopes in bedrock and water show a general east–west gradient in North America
[15,35], a pattern that has also been shown to occur in known-origin bird feathers [17]. In this
sense, strontium isotopes are complementary to light isotopes (especially O, H) which tend to
vary in north–south gradients in North America. The complementarity aspect is important given
that using multiple isotopes can improve geographic assignment [10] that has been applied to
estimate the origin of migratory birds across large spatial areas [12,17]. Admittedly, the range
in 87Sr/86Sr values in our study did not cover the full range of values expected across North
America (e.g. [15]), but our results show that the measured values directly relate to local 87Sr/86Sr
values and that variation within the predominant isotope values across North America could be
discerned after including the between-individual variance of 87Sr/86Sr necessary in studies of
provenance [11,39]. Therefore, given small variation of between-individual values measured at
a common site, geographic assignment that involves values at the extremes of the range can be
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(a)

(b)

(c)

Figure 1. The relationship between strontium isotopes (87Sr/86Sr) in monarch butterfly wing tissue and 87Sr/86Sr iso-
topes in (a) leachable Sr from soil minerals (mineral soil), (b) organic soil, and (c) milkweed plants. Adult monarch
butterflies were raised on obligate larval host milkweed plants that were, in turn, grown on seven different soil types
collected from unique bedrock areas across Canada. Points represent mean monarch values for a given soil or milkweed
treatment and error bars are ± 1 standard deviation. In all cases, the linear model estimated mean (solid line) and 95%
CI (dotted line) of the fractionation between the materials were not significantly different from the 1:1 reference line
(dashed black).
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8 D.T.T. Flockhart et al.

dealt with easily, which is analogous to previous studies that have attempted to assign the region
of origin between two areas that have vastly different expected values [38].

Strontium isotopes incorporated into soil, plants, and herbivores should primarily reflect large-
scale underlying geology [13] with secondary inputs from localized sources of atmospheric
aerosol, fertilizers, and other inputs [20,40–42]. Small-scale variation in 87Sr/86Sr values from
localized or recent anthropogenic inputs may be one reason why some studies have found dif-
ferences among associated trophic levels [20] while others have found close correspondence
among some, but not all, trophic levels [38]. However, in the case of Blum et al. [38], varia-
tion in 87Sr/86Sr values derived from large samples of bones tissue of migratory wood warblers
likely reflected signatures from both North American breeding grounds and Caribbean wintering
grounds because of the relatively slow turnover rate of isotopes in bone [18]. However, recent
analytical advances that require smaller amounts of focal tissue mean that 87Sr/86Sr values can be
analysed from a wider range of faster growing tissues, such as feathers [17] and insect wings (our
study), that are more likely to reflect a single geographic location. This, coupled with advanced
modelling that can account for several sources of Sr inputs [16] and the ability to allocate multiple
sources of variation when assigning probabilistic surfaces of origin [11], provide the necessary
tools to fully apply Sr isoscapes for understanding provenance. Given the consistency in values
between materials that we measured, it appears that these relationships are robust over the major-
ity of 87Sr/86Sr isotopic values that would be found in monarch butterflies, and likely, across a
wide range of taxa.

Acknowledgements

Soil was collected by M. Janssen, D. Flockhart, D. Morris, and L. Rae. Assistance in the laboratory was provided by
J. Sheehy, C. Patterson, G. Nancekivell, G. Theriault-Loubier, R. Dutton, and D. Davis. Funding was provided by a
Conservation Grant from the N.E.W. Zoological Society, Inc. (DTTF), the Natural Sciences and Engineering Council
of Canada (DTTF, DRN, TKK), and the Canadian Foundation for Innovation and Ontario Research Fund (DRN, TKK).
Comments from two anonymous reviewers helped to improve this manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

D.T. Tyler Flockhart http://orcid.org/0000-0002-5832-8610

References

[1] Newton PN, Fernández FM, Plançon A, Mildenhall DC, Green MD, Ziyong L, Maria Christophel E, Phanouvong S,
Howells S, McIntosh E, Laurin P, Blum N, Hampton CY, Faure K, Nyadong L, Soong CWR, Santoso B, Zhiguang
W, Newton J, Palmer K. A collaborative epidemiological investigation into the criminal fake artesunate trade in
South East Asia. PLoS Med. 2008;5:e32.

[2] Price TD, Burton JH, Bentley RA. The characterization of biologically available strontium isotope ratios for the
study of prehistoric migration. Archaeometry. 2002;44:117–135.

[3] Holder PW, Armstrong K, Van Hale R, Millet M-A, Frew R, Clough TJ, Baker JA. Isotopes and trace ele-
ments as natal origin markers of Helicoverpa armigera – an experimental model for biosecurity pests. PLoS One.
2014;9:e92384.

[4] Hobson KA. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia. 1999;120:314–
326.

[5] Rubenstein DR, Hobson KA. From birds to butterflies: animal movement patterns and stable isotopes. Trends Ecol
Evol. 2004;19:256–263.

[6] Bowen GJ, Wassenaar LI, Hobson KA. Global application of stable hydrogen and oxygen isotopes to wildlife
forensics. Oecologia. 2005;143:337–348.

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f G

ue
lp

h]
 a

t 0
5:

41
 2

0 
M

ar
ch

 2
01

5 



Isotopes in Environmental and Health Studies 9

[7] Van der Merwe NJ, Lee-Thorp JA, Thackeray JF, Hall-Martin A, Kruger FJ, Coetzee H, Bell RHV, Lindeque M.
Source-area determination of elephant ivory by isotopic analysis. Nature. 1990;346:744–746.

[8] West JB, Hurley JM, Dudás FÖ, Ehleringer JR. The stable isotope ratios of marijuana II. Strontium isotopes relate
to geographic origin. J Forensic Sci. 2009;54:1261–1269.

[9] West JB, Bowen GJ, Cerling TE, Ehleringer JR. Stable isotopes as one of nature’s ecological recorders. Trends Ecol
Evol. 2006;21:408–414.

[10] Royle JA, Rubenstein DR. The role of species abundance in determining breeding origins of migratory birds with
stable isotopes. Ecol Appl. 2004;14:1780–1788.

[11] Wunder MB. Using isoscapes to model probability surfaces for determining geographic origins. In: West JB, Bowen
GJ, Dawson TW, Tu KP, editors. Isoscapes: understanding movement, pattern, and process on earth through isotope
mapping. New York: Springer; 2010. p. 251–270.

[12] Chamberlain CP, Blum JD, Holmes RT, Feng X, Sherry TW, Graves GR. The use of isotope tracers for identifying
populations of migratory birds. Oecologia. 1997;109:132–141.

[13] Faure G, Powell JL. Strontium isotope geology. Berlin: Springer-Verlag; 1972.
[14] Beard BB, Johnson CM. Strontium isotope composition of skeletal material can determine the birth place and

geographic mobility of humans and animals. J Forensic Sci. 2000;45:1049–1061.
[15] Bataille CP, Bowen GJ. Mapping 87Sr/86Sr Variations in bedrock and water for large scale provenance studies.

Chem Geol. 2012;304–305:39–52.
[16] Bataille CP, Laffoon J, Bowen GJ. Mapping multiple source effects on the strontium isotopic signatures of

ecosystems from the circum-Caribbean region. Ecosphere. 2012;3:118.
[17] Sellick MJ, Kyser TK, Wunder MB, Chipley D, Norris DR. Geographic variation of strontium and hydrogen

isotopes in avian tissue: implications for tracking migration and dispersal. PLoS One. 2009;4:e4735.
[18] Blum JD, Taliaferro EH, Holmes RT. Determining the sources of calcium for migratory songbirds using stable

strontium isotopes. Oecologia. 2001;126:569–574.
[19] Stewart BW, Capo RC, Chadwick OA. Quantitative strontium isotope models for weathering, pedogenesis and

biogeochemical cycling. Geoderma. 1998;82:173–195.
[20] Mauer A-F, Galer SJG, Knipper C, Beierlein L, Nunn EV, Peters D, Tütken T, Alt KW, Schöne BR. Bioavail-

able 87Sr/86Sr in different environmental samples – effects of anthropogenic contamination and implications for
isoscapes in past migration studies. Sci Total Environ. 2012;433:216–229.

[21] Malcolm SB, Cockrell BJ, Brower LP. Spring recolonization of eastern North America by the monarch butterfly:
successive brood or single sweep migration? In: Malcolm SB, Zalucki MP, editors. Biology and conservation of the
monarch butterfly. Los Angeles, CA: Natural History Museum of Los Angeles County; 1993. p. 253–267.

[22] Miller NG, Wassenaar LI, Hobson KA, Norris DR. Monarch butterflies cross the Appalachians from the west to
recolonize the east coast of North America. Biol Lett. 2011;7:43–46.

[23] Miller NG, Wassenaar LI, Hobson KA, Norris DR. Migratory connectivity of the monarch butterfly (Danaus
plexippus): patterns of spring re-colonization in eastern North America. PLoS One. 2012;7:e31891.

[24] Flockhart DTT, Wassenaar LI, Martin TG, Hobson KA, Wunder MB, Norris DR. Tracking multi-generational
colonization of the breeding grounds by monarch butterflies in eastern North America. P Roy Soc Lond B.
2013;280:20131087.

[25] Flockhart DTT, Pichancourt J-B, Norris DR, Martin TG. Unravelling the annual cycle in a migratory animal:
breeding-season habitat loss drives population declines of monarch butterflies. J Anim Ecol. 2015;84:155–165.

[26] Hobson KA, Norris DR. Animal migration: a context for using new techniques and approaches. In: Hobson KA,
Wassenaar LI, editors. Tracking animal migration with stable isotopes. Amsterdam: Academic Press; 2008. p. 1–19.

[27] Wassenaar LI, Hobson KA. Natal origins of migratory monarch butterflies at wintering colonies in Mexico: new
isotopic evidence. P Natl Acad Sci USA. 1998;95:15436–15439.

[28] Hobson KA, Wassenaar LI, Taylor OR. Stable isotopes (δD and δ13C) are geographic indicators of natal origins of
monarch butterflies in eastern North America. Oecologia. 1999;120:397–404.

[29] Urquhart FA. The monarch butterfly. Toronto: University of Toronto Press; 1960.
[30] Wheeler JO, Hoffman PF, Card KD, Davidson A, Sanford BV, Okulitch AV, Roest WR. Geological map of

Canada. Geological survey of Canada, “A” Series Map 1860A; 1996, doi:10.4095/208175 Available from:
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path= geoscan/downloade.web&search1=R= 208175

[31] Centre for Land and Biological Resources Research. Soil landscapes of Canada, v.2.2, Research Branch, Agriculture
and Agri-Food Canada. Ottawa; 1996. Available from: http://sis.agr.gc.ca/cansis/nsdb/slc/v2.2/index.html

[32] Flockhart DTT, Martin TG, Norris DR. Experimental examination of intraspecific density-dependent competition
during the breeding period in Monarch Butterflies (Danaus plexippus). PLoS One. 2012;7:e45080.

[33] McCullagh P, Nelder JA. Generalized linear models. London: Chapman and Hall; 1989.
[34] R Development Core Team. R: A language and environment for statistical computing. Version 3.1. Vienna, Austria:

R Foundation for Statistical Computing; 2014. Available from: http://R-project.org/
[35] Bowen GJ, West J. Isotope landscapes for terrestrial migration research. In: Hobson KA, Wassenaar LI, editors.

Tracking animal migration with stable isotopes. Amsterdam: Academic Press; 2008. p. 79–105.
[36] Poszwa A, Ferry B, Dambrine E, Pollier B, Wickman T, Loubet M, Bishop K. Variations of bioavailable Sr concen-

trations and 87Sr/86Sr ratios in boreal forest ecosystems: role of biocycling, mineral weathering and depth of root
uptake. Biogeochemistry. 2004;67:10–20.

[37] Sillen A, Hall G, Richardson S, Armstrong R. 87Sr/86Sr ratios in modern and fossil food-webs of the Sterkfontein
valley: implications for early hominid habitat preference. Geochim Cosmochim Acta. 1998;62:2463–2473.

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f G

ue
lp

h]
 a

t 0
5:

41
 2

0 
M

ar
ch

 2
01

5 



10 D.T.T. Flockhart et al.

[38] Blum JD, Taliaferro EH, Weisse MT, Holmes RT. Changes in Sr/Ca, Ba/Ca and 87Sr/86Sr ratios between trophic
levels in two forest ecosystems in the northeastern U.S.A. Biogeochemistry. 2000;49:87–101.

[39] Wunder MB, Norris DR. Improved estimates of certainty in stable-isotope-based methods for tracking migratory
animals. Ecol Appl. 2008;18:549–559.

[40] Graustein WC. 87Sr/86Sr ratios measure the sources and flow of strontium in terrestrial ecosystems. In: Rundel PW,
Ehleringer JR, Nagy KA, editors. Stable isotopes in ecological research. Vol. 68, Ecological studies. New York:
Springer; 1989. p. 491–512.

[41] Vitòria L, Otero N, Soler A, Canals À. Fertilizer characterization: isotopic data (N, S, O, C, and Sr). Environ Sci
Technol. 2004;38:3254–3262.

[42] Bentley AR. Strontium isotopes from the earth to the archaeological skeleton: a review. J Archaeol Method Th.
2006;13:135–187.

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f G

ue
lp

h]
 a

t 0
5:

41
 2

0 
M

ar
ch

 2
01

5 




