579

NOTE / NOTE

Trace element profiles as unique identifiers of
western sandpiper (Calidris mauri) populations

D.R. Norris, D.B. Lank, J. Pither, D. Chipley, R.C. Ydenberg, and T.K. Kyser

Abstract: Understanding the ecology and evolution of migratory animals requires information on how populations are geo-
graphically linked between periods of the annual cycle. To examine whether trace elements could be used to track migra-
tory birds, we analyzed concentrations of 42 trace elements in feathers of western sandabeéris (nauri (Cabanis,

1857)) that were grown at five different wintering sites ranging from San Francisco Bay (USA) to the Bay of Panama.
Linear discriminant analysis of 15 elements correctly classified all 26 individuals to their wintering sites, including two
sites that were separated by less than 3 km. A randomization procedure confirmed the robustness of these findings. Our
analysis suggests that trace elements can be used to assign individuals to specific sites of origin. Although we did not sam-
ple feathers from all wintering areas, the regions our sites represented comprised a significant percentage of the global
population. However, since trace element profiles appear to be highly specific to geographic sites, we suggest that this
technique is best suited for cases where samples can be obtained from the majority of populations throughout a species
range. Thus, under certain circumstances, trace element profiles may provide the potential to identify populations with a
high degree of spatial accuracy.

Résumeé : Afin de comprendre l'eologie et I'evolution des animaux migrateurs, il estaessaire de savoir comment les
populations sont reles gegraphiqguement d’'une’dede al'autre de leur cycle annuel. Nous avongatenineles concen-
trations de 42 léments en traces dans les plumes deasseaux d’Alaskadalidris mauri (Cabanis, 1857)jleves dans
cing sites diffeents d’hivernage gartis de la baie de San Francisco-(E) ala baie de Panama afin dérifeer si ces ¢é-
ments peuvent servir suivre les oiseaux migrateurs. Une analyse discriminanteailieele 15 Ements permet de classer
correctement les 26 individus d’'ajsréeur site d’hivernage, y compris dans deux emplacementsssitomins de 3 km
I'un de l'autre. Une procdure de randomisation confirme la robustesse de mdtags. Notre analyse indique que ld&-e
ments en traces peuvent servireier les individus ales sites d'origine spéiques. Bien que n'ayons pasteantillonne
le plumage dans tous les sites d’hivernage, Iggores ounos sites se trouvent rejgentent un pourcentagéeee de la
population globale. Cependant, parce que les profiledients en trace semblent hautemenitcijzries aux sites gmra-
phiques, nous croyons que cette technique peut servir de reapémale dans les cas duest possible d’ehantillonner
la majoritedes populations dans I'aire depaatition d’'une espee. Ainsi, dans certaines circonstances, les profil&d’e
ments en traces peuvefttre utilises pour identifier des populations avec un fort dedeepreision spatiale.

[Traduit par la Reaction]

Introduction the future (Marra et al. 2006). Intrinsic markers such as
stable isotopes and genes have dramatically improved our
One of the greatest challenges for understanding the eco&bility to link breeding and non-breeding populations (Ru-
ogy and evolution of migratory animals is determining howbenstein and Hobson 2004). Elemental and genetic informa-
populations are geographically linked between different petion is incorporated into tissues during one period of the
riods of the annual cycle (Webster et al. 2002). Knowledgeyear, and animals can then be sampled in subsequent periods
of migratory connectivity is essential for understanding theto estimate their location in the previous period. However,
factors that limit populations (Webster and Marra 2005) ancowing in part to the high ratio of within- to among-site var-
for developing models that successfully predict declines inability of these markers, the resolution to assign individuals
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to specific areas has thus far been limited to coarse region&ig. 1. (a) Breeding and wintering grounds of western sandpipers
scales (e.g., Hobson and Wassenaar 1997; Rubenstein et @alidris mauri) (sampling sites indicated by dots). Although win-
2002; Norris et al. 2006). A pioneering study based on eletering distribution is depicted as continuous, sandpipers are patchily
mental analysis assigned migrant and winterrger geese  concentrated in major estuaries, primarily along the Pacific coast.
species to breeding/moulting grounds (Hanson and Jondb) Mean (+SE) concentrations of six elements, out of 42 analyzed,
1976), but further use and development of the techniquén feathers of western sandpipers that were grown at the five win-
was limited. Advances in the use of high-resolution induc-tering sites shown above (S, San Francisco Bay [US]; R, Reten
tively coupled plasma mass spectrometers (HR-ICP-MS)Panama]; A, Agaillito [Panama]; L, La"RgMexico]; B, Balia
provide a unique opportunity to analyze multiple elementsSanta Mam [Mexico]). Examples were chosen to illustrate how
at low concentrations from a small tissue sample (e.g., Szeglements varied differently across sites, thereby increasing the abil-
et al. 2003; Donovan et al. 2006). Simultaneous analysis afy to discriminate between populations.
multiple markers should increase the probability of correctly
assigning individuals to specific sites (Webster et al. 2002). (a)
Because we had no a priori information on how trace ele-
ments in tissues vary over large spatial scales, we compared
elemental profiles between sites within the same period of
the annual cycle. We analyzed 42 trace elements in flight
feathers of western sandpiper€alidris mauri (Cabanis,
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If trace element profiles in feathers are distinguishable GROUNDS A NAR;
among wintering sites, this would provide a unique opportu- / 3

nity to sample individuals in other periods of the year to es-
timate their winter origin with a high degree of spatial
accuracy.
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Methods

Study species and sampling sites

Western sandpipers breed in the high Arctic of western
Alaska and far eastern Siberia and spend the boreal winter
in coastal estuaries on the Pacific coast from California to
Ecuador and, in smaller numbers, along the Atlantic coast
and in the Caribbean (Fig.al Adults moult their flight
feathers on the wintering grounds. Between 1998 and 2001,
we sampled primary flight feathers from after-hatch-year
(second wintering season or more) western sandpipers at (b)
each of five wintering sites: San Francisco Bay (USAs
5; 37.5N, 122.3W), Baha Santa Mda (Mexico; n = 6;
25°02N, 10818W), La Pa (Mexico; n 5; 2406N,
110°22W), Reten (Panama) = 6; 0800N, 80°50W), and
Agalillito (Panaman = 6; 08°00N, 80°50W).
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Trace element analysis

We measured 41 trace elements (Mn, Hg, Bi, Mg, Al, Ca,
Sc, Sr, Ba, Fe, As, Se, Na, Pb, U, Li, Ti, V, Cr, Ni, Cu, Zn,
Rb, Mo, Cd, Th, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er,
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Tm, Yb, Lu, and Hf) in feathers using a Finnigan MAT EL-
EMENT HR-ICP-MS (Finnigan MAT, Bremen, Germany).
The ELEMENT is a single-collector, double-focusing
sector-field mass spectrometer with reverse Nier—Johnson
geometry (GieBmann and Greb 1994). To prepare samples,
whole feathers (20-30 mg) were cut into small pieces (ap-
prox. 5 mm), placed in glass vials with deionized water
(>18 MQ), and then washed in an ultrasonic bath for
10 min. Water was decanted and samples were dried on a
hot plate at 70°C, cooled, and weighed into screw-top Tef-
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lon™ beakers. After 2 mL of concentrated nitric acid trace elements were kept fixed). Each iteration produced a
(HNOs) had been added, capped beakers were placed onrnew set of four eigenvalues. The four original (observed)
70 °C hot plate for digestion of samples. Once the resultingeigenvalues were then compared with the “null” distribution
liquid had cooled, 0.25 mL of hydrogen peroxide was addedf randomized eigenvalues. If 50 or fewer of the 999 null
to digest dissolved organic compounds; samples were agawigenvalues were larger than the observed eigenvalue, then
dried on a 70°C hot plate. After cooling, another 1 g of 2% the given discriminant function was considered significant
HNO; was added to dissolve residue. Samples were trang95% confidence level).
ferred to a clean, tared high-density polyethylene bottle.
Each Teflon beaker was rinsed twice with 2% HNénd - -
the rinse solution was added to the bottle. Samples were dBeSUItS and discussion
luted with 2% HNQ to a total mass of 5-6 g. To monitor ~We found that many elements varied differently across
contamination, procedure blanks were prepared in the sameintering sites, such that concentrations of some elements
fashion. One ppb of indium was mixed with all Hy®olu-  were similar between sites “A and B” while concentrations
tions. Indium is an internal standard used to monitor andf other elements were similar between sites “A, B, and C”
correct for instrument sensitivity drift, sample density, andor between sites “A and C” (Fig. ). As a result, the dis-
viscosity variations. criminant functions calculated from 15 trace element con-
Samples were introduced to the HR-ICP-MS via acentrations correctly classified all individuals to the
100 uL/min, self-aspirating Teflon nebulizer (Elemental Sci- wintering sites where they were sampled. The randomization
entific, Inc., Omaha, Nebraska) and a Scott double-pasgrocedure strongly suggested that this was not a fortuitous
spray chamber. Signal intensities were maximized by adjustesult: the magnitude of each of the four observed eigenval-
ing plasma gas flows and source lens potentials at low resd!es (9.4, 6.05, 4.13, and 3.40) was highly significant when
lution (M/AM = 300 at 5% peak height). Tuning lenses atjudged against its corresponding distribution of “null”
medium (M/AAM = 3000 to 5000 at 5% peak height) and eigenvalues (first eigenvalud? = 0.013; remaining eigen-
high (M/AM = 7500 to 10000 at 5% peak height) resolu- values:P < 0.001). Pairwise scatterplots illustrate how the
tions achieved narrow peaks while maintaining a symmetriindividuals from each of the five wintering sites are aligned
cal, triangular peak shape such that interfering isotope&cross the discriminant axes and show the significant contri-
could be separated from the analyte peaks. Isotopes of tHaition of each discriminant function to the classification of
elements were measured at resolutions appropriate to sepadividuals (Fig. 2). An assessment of analogous bivariate

rate isobaric inferences. plots using randomized data (i.e., when locations are ran-
domly assigned to individuals; cf. Manly 1998) emphasized
Statistical analyses the robustness of these findings (not shown).

We used linear discriminant analysis (LDA) to examine Our results suggest that trace element profiles in feathers
whether trace element concentrations in feathers (predictadtan be used to accurately distinguish among moulting (win-
variables) could be used to distinguish individuals originat-tering) areas used by western sandpipers. Importantly, ele-
ing from different wintering sites (groups). LDA produces mental profiles correctly classified birds overwintering at
linear combinations of predictor variables (discriminanttwo coastal sites in the Bay of Panama (Reten and Agaillito)
functions) and maximizes the among-group variation relathat were separated by less than 3 km, one up-current and
tive to the within-group variation, with the constraint that the other down-current from a river mouth, and two sites in
successive discriminant functions are not correlated witdMexico (La Pa and Bafa Santa Mdm) that were separated
one another. Since we had more elements @2) than the by less than 100 km of water. We also show that trace ele-
total number of feathersi(= 28), we reduced the number of ment profiles in feathers are relatively consistent within
elements that were included in the LDA based on two critesites. This confirms that adults show high within-season fi-
ria: elements were removed if more than 25% of the individ-delity to wintering sites and suggests that most individuals
uals sampled had zero concentrations (below detectabldo not move between different habitats, at least not while
limits) or if there was no suggestive difference in the con-they are moulting.
centration of an element between winter sites (one-way AN- We suggest that this technique will probably be useful
OVA with P > 0.15). This reduced the total number of only when there are well-defined boundaries between popu-
elements used in the LDA to 15: Mn, Mg, Sr, Ba, Fe, Se,lations and the majority of populations throughout the range
Na, Pb, V, Ni, Cu, Mo, Cd, Y, and Ce. of a species can be sampled (Donovan et al. 2006). Clearly,

Because the sample size within each group was small, thihe use of trace element profiles will be most feasible for
assumption of normality in the LDA was not met. Therefore, migratory species that are patchily distributed, for example,
we used a randomization procedure for LDA described bycoastal waders that winter in major estuaries, insects that ag-
Manly (1998, p. 275). First, we conducted a standard LDAgregate during the non-breeding season, anadromous fish
using the untransformed concentrations of elements as préhat spawn in discrete river systems, or ungulates that use
dictor variables and the five wintering sites as the groups tepecific sites for calving. In other cases, habitats that gener-
be discriminated among. This analysis generated four disate specific elemental profiles may be dispersed throughout
criminant functions (equal to the number of groups — 1)a species’ range. For example, Bortolotti et al. (1989) found
with corresponding eigenvalues. For the randomization, théhat profiles of five minerals in known-origin spruce grouse
same procedure was repeated 999 times, except that wintgiPendragapus canadensis (L., 1758)) were highly specific to
ing sites were allocated randomly among the coherendifferent forest types but because these forest types were
groups of trace element values (i.e., the rows containing thdistributed throughout the species’ range, the successful as-
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Fig. 2. Pairwise scatterplots of the scores from the four discriminant functions (labeled in upper left corners of panels) generated by the
linear discriminant analysis of 15 trace elements in feathers of western sandpipers that were grown at five different wintering sites (letters
correspond with those in Figh) Overall, excellent discrimination was achieved among wintering sites.

T1vs2 B T1vss3 T1vs4 s
41 B 4 4
B A s
. 4 4 S
- 85 g A BS RR . S
0. E SL L Ll B |l-
& |A rkr © ] R = 3 .A’Qﬁﬁ s B
= R L, L R BB
S 4 L R
o HE R
g 12vs3 12vsa s 13vs4 s
41 1 ]
T
c LA ) s S . Ss
- L A B§ R SS ﬁQR < S
10’ 0. LLL S S B r LLL&- B r BL
BS g B L BB B R gBL?‘AA
r Rh B r B r B
B B
4. R
R
-4 0 4 -4 0 4 -4 0 4

(standard deviations)

signment of individuals of unknown origin to particular geo- doubtedly improve as more genes can be screened. How-
graphic regions appeared unlikely. ever, genetic markers are constrained to assigning
In our study, we sampled only five wintering sites, but individuals to breeding areas where genetic structuring occurs

two of these sites were in the Bay of Panama, where 35% cgind cannot account for adult dispersal within a season be-
the global population is estimated to overwinter (Morrison etcause they can only link individuals with their place of birth.

al. 2001). It is estimated that an additional 10% of western We emphasize that trace elemental markers, like other
sandpipers overwinter in BaniSanta Maa. Samples from intrinsic markers, should ideally be verified using known-
three or four more key sites in the Bay of Panama plus an0rigin birds (Hanson and Jones 1976; Bortolotti et al. 1988).
other three or four sites in Mexico would increase the globaln addition, there is some evidence that the chemical compo-
representation to over 75%. Based on the number of addfition of feathers can change after growth (Hanson and Jones
tional sampling sites needed and our current discriminatory:976; Bortolotti and Barlow 1988; Bortolotti et al. 1988),
ability, we suggest that trace element profiles could be usednplying that assigning individuals of unknown origin to
to accurately separate all major western sandpiper winterin§€0graphic areas in previous periods of the annual cycle
sites. However, because elemental profiles appear to peould be problematic. Further experimental tests are required
highly site-specific, trace elements will likely not be useful t0_determine whether chemical changes after feathers are
for species with a more continuous distribution, where onnyU"y grown are specific to certain mineral types, habitats,

a small fraction of the populations can be sampled (Donovaﬁlnd (or) species. However, our results provide evidence that
et al. 2006). trace elements can be used to identify shorebird populations

with high geographic resolution and provide the potential for

The key advantage of th's technique is that 4.0 or morqracking individuals between breeding and non-breeding
markers can be analyzed simultaneously from a single tissu eas
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that a s_ubsample of elements will vary independently beAcknowIedgements

tween sites. The number of elements than can be measured , ) )
simultaneously by HR-ICP-MS analysis may balance out the We thank G.J. Fermalez, S. Nebel, D. Galindo-Espinosa,
relatively high cost (stable isotope analysis is approximately@nd P. O'Hara for help collecting feathers. D.R.N. and J.P.
one-tenth to one-half the price). Other issues associated witfere supported by Natural Sciences and Engineering Re-
these markers are likely more important to consider. Analysearch Council of Canada (NSERC) Postdoctoral Fellow-
sis of multiple stable isotopes is also possible, but thes€hips. Funding was provided by NSERC (D.B.L., R.C.Y.,
markers often show high spatial autocorrelation (e3¢ T.K.K.), the Centre for Wildlife _Ecology, Environment Can-
and 315N, 3180 and dD), reducing the likelihood that the ada (D.B.L., R._C.Y.), the O_ntano Innovat|<_)n Trust (T.K.K.),
geographic resolution of assignments will improve with the@nd the Canadian Foundation for Innovation (T.K.K.).
addition of only one or two more isotopes. The combination
of stable isotopes with genetic markers has proven usefdﬁeferences

(e.g., Kelly et al. 2005; Boulet et al. 2006) and will un- Bortolotti, G.R., and Barlow, J.C. 1988. Some sources of variation

© 2007 NRC Canada



Norris et al. 583

in the elemental composition of Bald Eagle feathers. Can. J. 2006. Migratory connectivityln Connectivity conservatioridi-

Zool. 66: 1948-1951. ted by K. Crooks and M. Sanjayan. Cambridge University Press,
Bortolotti, G.R., Szuba, K.J., Naylor, B.J., and Bendell, J.F. 1988. New York. pp. 157-183.

Stability of mineral profiles of spruce grouse feathers. J. Wildl. Morrison, R.I.G., Aubry, Y., Butler, R.W., Beyersbergen, G.W.,

Manag.52: 736-743. Donaldson, G.M., Gratto-Trevor, C.L., Hicklin, P.W., Johnston,
Bortolotti, G.R., Szuba, K.J., Naylor, B.J., and Bendell, J.F. 1989. V.H., and Ross, R.K. 2001. Declines in North American shore-

Mineral profiles of spruce grouse show habitat affinities. J.  bird populations. Wader Study Group Bud4: 34—-38.

Wildl. Manag.53: 811-817. Norris, D.R., Marra, P.P., Bowen, G.J., Ratcliffe, L.M., Royle, J.A.,
Boulet, M., Gibbs, H.L., and Hobson, K.A. 2006. Integrated analy- and Kyser, T.K. 2006. Migratory connectivity of a widely dis-

sis of genetic, stable isotope, and banding data reveal migratory tributed migratory songbird, the American redstaBet¢phaga

connectivity and flyways in the northern yellow warblddeh- ruticilla). Ornithol. Monogr.61: 14-28.
droica petechia; Aestivva group). Ornithol. Monogi61: 29-78.  Rubenstein, D.R., and Hobson, K.A. 2004. From birds to butter-
doi:10.1642/0078-6594(2006)61[29:IA0GSI]2.0.CO;2. flies: animal movement and stable isotopes. Trends Ecol. Evol.

Donovan, T., Buzas, J., Jones, P., and Gibbs, H.L. 2006. Tracking 19: 256-263. doi:10.1016/j.tree.2004.03.017. PMID:16701265.
dispersal in birds: assessing the potential of elemental marker&fubenstein, D.R., Chamberlain, C.P., Holmes, R.T., Ayres, M.P.,
Auk, 123: 500-511. Waldbauer, J.R., Graves, G.R., and Tuross, N.C. 2002. Linking

Hanson, H.C., and Jones, R.L. 1976. The biogeochemistry of blue, breeding and wintering ranges of a migratory songbird using
snow, and Ross’ geese. Special Publication No. 1, lllinois Nat- stable isotopes. Science (Washington, D.Q95: 1062-1065.
ural History Survey. Southern University Press, Carbondale, Ill.  doi:10.1126/science.1067124.

Hobson, K.A., and Wassenaar, L.l. 1997. Linking breeding andSzep, T., Moller, A., Vallner, J., Kovacs, B., and Norman, D. 2003.
wintering grounds of neotropical migrant songbirds using stable Use of trace elements in feathers of sand maRijparia riparia
hydrogen isotopic analysis of feathers. Oecolo@@9: 142—-148. for identifying moulting areas. J. Avian Biol34: 307-320.
doi:10.1007/s004420050068. doi:10.1034/j.1600-048X.2003.03026.x.

GieBmann, U., and Greb, U. 1994. High resolution ICP—-MS — aWebster, M.S., and Marra, P.P. 2005. The importance of under-
new concept for elemental mass spectrometry. Fresenius’ J. standing migratory connectivityln Birds of two worlds: the
Anal. Chem.350: 186-193. ecology and evolution of temperate-tropical migration systems.

Kelly, J.F., Ruegg, K.C., and Smith, T.B. 2005. Combining isotopic  Edited by R. Greenberg and P.P. Marra. Johns Hopkins Univer-
and genetic markers to identify breeding origins of migrant sity Press, Washington, D.C. pp. 199-209.

birds. Ecol. Appl.15: 1487-1494. Webster, M.S., Marra, P.P., Haig, S.M., Bensch, S., and Holmes,
Manly, B.F.J. 1998. Randomization, bootstrap and Monte Carlo R.T. 2002. Links between worlds: unraveling migratory connec-
methods in biology. 2nd ed. Chapman and Hall, New York. tivity. Trends Ecol. Evol. 17: 76-83. do0i:10.1016/S0169-

Marra, P.P., Norris, D.R., Haig, S.M., Webster, M., and Royle, J.A. 5347(01)02380-1.

© 2007 NRC Canada



