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Abstract The Blue Swallow (Hirundo atrocaerulea) is a
threatened intra-African migrant with breeding populations
in three geographically disjunct regions. We analysed sta-
ble hydrogen, nitrogen and carbon isotope ratios in feather
keratin to determine whether these vary among breeding
populations, and whether feathers can be used to infer
migratory connections between breeding and non-breeding
areas. Blue Swallows from the three major breeding
populations differed significantly in terms of their feather
6D and 0N values [South Africa/Swaziland: D =
—25.1 £ 6.7%0 Vienna Standard Mean Ocean Water
(VSMOW), 6"°N = 10.4 & 1.0%0 atmospheric nitrogen
(AIR); Zimbabwe: 6D = —59.9 + 7.5%0 VSMOW, 6"°N =
10.1 &= 0.6%0 AIR; Malawi/Tanzania: 6D = —43.2 &
10.8%0 VSMOW, 6'°N = 11.7 £ 1.3%0 AIR], but not in
terms of feather 6'°C. We also analysed feathers from
seven individuals caught in the non-breeding range on
the shores of Lake Victoria in Uganda. A discriminant
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function analysis assigned four of these birds to the South
Africa/Swaziland breeding population and two to the
Malawi/Tanzania breeding population (P > 0.997), with
the remaining individual not being unambiguously
assigned. Our results reveal that migratory connections in
this threatened species can be inferred from feather stable
isotope analysis, and that there is overlap in the wintering
ranges of at least two of the three major breeding
populations.
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Introduction

Population declines in migratory birds can be caused by
factors operating in breeding areas, non-breeding areas
and/or along migration routes, and the development of
effective conservation strategies for migrants can
thus present significant challenges (Carlisle et al. 2009;
Goodenough et al. 2009; Holmes 1997; Sherry and Holmes
1996). Among Nearctic—Neotropical migrants, for exam-
ple, winter habitats as well as stopover sites along migra-
tion routes have been identified as critical determinants of
population limitation (Carlisle et al. 2009; Sherry and
Holmes 1996), and the mitigation of specific factors
operating at a single stopover site can be instrumental in
halting population declines (Baker et al. 2004). The con-
servation of migratory species requires knowledge of their
ecology in breeding and non-breeding areas, as well as
along migration routes (Goodenough et al. 2009; Holmes
1997; Sherry and Holmes 1996), and the challenges
inherent in conserving migrants are exacerbated when
connections between populations are not well understood.

@ Springer



J Ornithol

The Blue Swallow (Hirundo atrocaerulea Sundevall) is
an intra-African migrant whose recent population declines
have led to it being red-listed as “Vulnerable” globally
(BirdLife International 2008). The South African/Swazi
breeding population, which has declined to approximately
80 breeding pairs, is thought to be in imminent danger of
local extinction and has been red-listed as “Critically
Endangered” (Evans and Barnes 2000). Factors implicated
in the species’ decline over the last two decades include
habitat destruction through agriculture and forestry
(Wakelin and Hill 2007), as well as its habit of nesting
underground in sinkholes and aardvark (Orycteropus afer)
burrows, where birds are vulnerable to flooding and
disturbance (Spottiswoode 2005; Turner 2004).

The Blue Swallow’s known core breeding range consists
of three geographically disjunct areas, namely the mistbelt
grasslands of eastern South Africa and Swaziland, the
eastern highlands of Zimbabwe, and montane grasslands
of northern Malawi and southwestern Tanzania (Fig. 1;
Spottiswoode 2005; Turner 2004). In South Africa and
Zimbabwe, the swallows depart by the end of April, and
return in August—October (Harrison et al. 1997). The non-
breeding range includes southern Uganda, western Kenya,
and northeastern Democratic Republic of Congo (DRC)
(Fig. 1; Spottiswoode 2005; Turner 2004). However, the
migratory links between breeding and non-breeding pop-
ulations and the routes followed by migrating birds remain
almost entirely unknown.
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Fig. 1 Approximate breeding (black) and non-breeding (cross-
hatched) ranges of the Blue Swallow (Hirundo atrocaerulea),
redrawn from Spottiswoode (2005), Turner (2004) and BirdLife
International (2008)
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The use of stable isotope analysis to infer migratory
connections has increased exponentially in the last decade
(Hobson and Wassenaar 2008; Rubenstein and Hobson
2004). The method relies on the fact that feathers are
metabolically inert, and their isotopic composition thus
reflects the area in which they were grown (Chamberlain
et al. 1997; Hobson and Wassenaar 1997). This approach
has proven particularly useful in the case of species whose
non-breeding ranges and/or migration routes include
remote areas with few active ringers (Chamberlain et al.
2001; Yohannes et al. 2005, 2007). In this study, we
explore the potential of naturally-occurring stable isotope
ratios in feathers to distinguish between various Blue
Swallow breeding populations, with the goal of identifying
migratory connections between breeding and non-breeding
populations. Specifically, we ask (1) whether population-
specific stable isotope signatures exist in Blue Swallow
feathers that can potentially be used to infer the origin of
wintering individuals, and (2) whether birds caught in the
central African non-breeding range can be assigned to one
of the breeding populations on the basis of feather stable
isotope ratios.

Methods
Feather collection

We obtained primary feathers from Blue Swallows from
each of the three major breeding populations. To ensure
that these feathers were grown in the respective breeding
ranges, we obtained feathers only from chicks and/or
juveniles. Feathers were obtained between 1996 and 2009
from Blue Swallows at various sites in KwaZulu-Natal
Province, South Africa (29°45'-30°15’S, 29°55'-30°15’E,
n = 19), Kaapschehoop, Mpumalanga Province, South
Africa (25°37'S, 30°45'E, n = 21), Malalotja Nature
Reserve, Swaziland (26°08’'S 31°07'E, n = 2), Nyanga
National Park, Zimbabwe (18°12'S, 32°45'E, n = 11), and
Nyika National Park, Malawi (10°34’S, 33°50'E, n = 9).
Feathers were obtained either from chicks in nests or from
juveniles trapped with mistnets. In July 2005, we obtained
feathers from seven Blue Swallows (five adult females and
two first-year immature birds of unknown sex) mistnetted
in the non-breeding range at Sango Bay, Uganda (00°56'S,
31°42'E), on the shores of Lake Victoria. The feathers we
obtained from these birds were relatively worn and not
recently grown, and we are confident that they were not
grown on the wintering grounds. Although all the indi-
viduals we were able to sex were females, males also
winter at Sango Bay, and non-breeding ranges do not
differ between the sexes (S.W. Evans, personal
communication).
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Sample preparation and analysis

Feathers were cleaned in a 2:1 chloroform:methanol
solution to remove surface oils and contaminants and then
air-dried for at least 24 h in a fume hood (Hobson et al.
2003). For 6"°C and ¢'°N analyses, 2-3 mg feather sam-
ples were placed in tin capsules and then combusted at
1,020°C in an Elemental Analyser (Flash EA, 1112 Series;
Thermo Fisher Scientific, Waltham, MA, USA). The
3C/"C and '"N/"N isotope ratios were then determined
using a Thermo Delta V Plus continuous-flow isotope
ratio mass spectrometer (CFIRMS; Thermo Fisher Scien-
tific) interfaced with the elemental analyser using a Con-
Flo IV gas controller (Thermo Fisher Scientific).
Laboratory working standards (C and N: homogenised
dried chicken blood calibrated against standards C652
ANU sucrose, NIST 1577b bovine liver and NIST 1547
peach leaves; H: NBS22, NBS30 and PEF1) were inclu-
ded at intervals (on average, after every 10 unknown
samples) to correct for analytical drift. Measurement
precision, based on repeated measurements of laboratory
working standards, was +0.56%o for 6D, 0.15%. for SN
and 0.05%o for 6'3C. It should be noted, however, that D
measurements for non-exchangeable hydrogen in feather
keratin may be less precise than laboratory standards, with
reported values of +4%o. (Wassenaar and Hobson 2000a;
Wunder et al. 2005).

Analyses of 0D in animal tissues are complicated by the
exchangeable hydrogen fraction that equilibrates with
water vapour in the environment in which the tissues are
stored (Wassenaar and Hobson 2000a, 2003). To correct
for the exchangeable hydrogen fraction, we used the
comparative equilibration approach where samples are
equilibrated with the same ambient water vapour as keratin
working standards with known non-exchangeable 6D val-
ues (Wassenaar and Hobson 2003). Blue Swallow feather
samples (2-3 mg) and three keratin working standards
[BWB-II = —108 =& 4%0 Vienna Standard Mean Ocean
Water (VSMOW), CFS = —138 &£ 5% VSMOW, CHS =
—187 &+ 2% VSMOW; Wassenaar and Hobson 2003]
were weighed into silver capsules and then stored for 72 h
in a room prior to analysis. The “H/'H ratios of the feather
samples, keratin working standards and laboratory working
standards were measured using a high temperature TC/EA
elemental analyzer with pyrolosis at 1,450°C that was
coupled to the CFIRMS as described above. Following
analysis, feather J0D values were corrected for the
exchangeable hydrogen fraction by fitting a linear regres-
sion model to measured versus actual 6D values for the
three keratin working standards, and applying the correc-
tion derived in this way to the 6D values of the feather
samples, following Wassenaar and Hobson (2003).

Data analyses

Analyses of variance (ANOVA) were used to compare
feather stable isotope ratios among populations, after
checking assumptions of normality using Kolmogorov—
Smirnov Tests (Zar 1999). In order to investigate the cor-
relation between 6D values of feathers and precipitation
during the breeding season, we obtained predicted precip-
itation 0D values for January (middle of the Blue Swallow
breeding season; Turner 2004; Spottiswoode 2005) cor-
rected for altitudinal variation from the Online Isotopes in
Precipitation Calculator (http://www.waterisotopes.org;
Bowen et al. 2005; Bowen 2010) for each area where we
obtained feathers. In the case of the South African/Swazi
population, we used the average of the predicted oD pre-
cipitation values for Kaapschehoop and the approximate
centre of the area in KwaZulu-Natal where feathers were
obtained.

We used discriminant function analysis (DFA) to test
the reliability of assigning birds to breeding grounds on the
basis of feather 6D and 6'°N (Wassenaar and Hobson
2000b), using the data for feathers collected in the three
breeding areas, with breeding area as the independent
(grouping) variable and 6D and 6'°N as dependent vari-
ables. We then used DFA to assign each wintering bird to
one of the breeding populations. For all DFAs, we assumed
equal a priori classification probabilities for each breeding
population. All statistical procedures were carried out in
Statistica 8.0 (StatSoft, Tulsa OK, USA).

Results

Feather 0D values varied significantly among the three
breeding populations (ANOVA, F, 0 = 98.911, P < 0.001;
Table 1, Fig. 2), with significant differences between all
three populations (Tukey HSD post-hoc test; Table 1).
Feather 0'°N also exhibited significant among-population
variation (ANOVA, F,s9 = 8.490, P < 0.001; Table 1,
Fig. 2). Feather 6'°C did not vary significantly among
populations (ANOVA, F, 60 = 0.531, P = 0.591; Table 1,
Fig. 2). A DFA correctly assigned 57 of 62 birds (=92%) to
their breeding grounds. Within the South African/Swazi
sample, feather 6D values did not differ significantly
between birds from KwaZulu-Natal and Mpumalanga/
Swaziland (¢ test, t, 4; = 1.152, P = 0.255), but birds from
the latter sub-population had slightly but significantly
depleted 6'°N values (7 test, t; 30 = 2.170, P = 0.036) and
01°C values (1 test, 1, 4; = 2.543, P = 0.017).

The 6D values of feathers collected from Blue Swallows
at Sango Bay (non-breeding range) varied from —44 to
—11%0 VSMOW (Fig. 2). The relatively wide ranges of 6D
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Table 1 Stable isotope ratios (mean + SD) of feather keratin in Blue Swallows (Hirundo atrocaerulea) from each of the major known breeding

areas

Breeding population oD
(%0 VSMOW)

South Africa/Swaziland

Zimbabwe

—25.1 £ 6.7 a (=30)
—59.9 £ 7.5 b (—=52)

Malawi/Tanzania —43.2 £ 10.8 ¢ (—44)

SN sh3C

(%o AIR) (%o VPDB)
104+ 10a —162+17a
10.1 £ 06 a —156+1.1a
117+13b —159+16a

For each element, significant differences among populations are indicated by different letters. 6D values in parentheses are the predicted values
for precipitation in January in each breeding area (Bowen et al. 2005; Bowen 2010)

VSMOW Vienna Standard Mean Ocean Water, AIR atmospheric nitrogen, VPDB Vienna PeeDee Belemnite
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Fig. 2 Feather 6D and 6"°N for Blue Swallows (Hirundo atrocaer-
ulea) from each of the three major breeding areas, as well as seven
birds caught on the non-breeding range at Sango Bay, Uganda

and 6'°N values (Fig. 2) for wintering birds provides fur-
ther evidence against the possibility that these feathers
were grown at Sango Bay. Discriminant function analysis
assigned four of seven wintering birds to the South African
breeding population and two of seven wintering birds to the
Malawian/Tanzanian  breeding population (Table 2,
Fig. 2). However, one wintering individual (ring J57764)
could not be reliably assigned to a single breeding popu-
lation, with relatively high posterior probabilities of
belonging to both the South African/Swazi and Malawian/
Tanzanian populations (Table 2).

Discussion

Our data confirm that Blue Swallows originating from the
three major known breeding ranges differ significantly in
feather 0D and 6'°N values, making it possible to infer the
origin of wintering birds from their feather stable isotope
ratios. Although there is some overlap in both 6D and §'°N
between the various breeding populations, they are suffi-
ciently isotopically distinct for at least some wintering
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Table 2 Posterior probabilities that Blue Swallows (Hirundo
atrocaerulea) wintering at Sango Bay, Uganda belong to each of the
three major known breeding populations, calculated using discrimi-
nant function analysis

Individual
(ring number)

Breeding population

South Africa/Swaziland Malawi Zimbabwe
AM24856 0.999 0.000 0.000
157760 0.033 0.860 0.107
157761 0.999 0.000 0.000
157762 0.999 0.000 0.000
157763 0.971 0.025 0.003
157764 0.554 0.433 0.013
157765 0.069 0.928 0.003

Probabilities in bold indicate instances where an individual could be
unambiguously assigned to one of the three breeding populations

individuals to be assigned to specific breeding populations.
One limitation of this study concerns the fact that all the
feathers we obtained from wintering birds were from
females or unsexed juveniles, and our conclusions are
based on the untested assumption that feather stable isotope
ratios do not differ between sexes.

Typically, 6D in precipitation and thus animal tissues
decreases with increasing latitude (Bowen et al. 2005; Clark
and Fritz 1997; Hobson and Wassenaar 1997), and the
majority of isotopic studies of avian migration patterns have
made use of this global pattern of variation in 6D (Hobson
et al. 2004; Hobson and Wassenaar 1997; Kelly et al. 2002;
Meehan et al. 2001). In our study, however, the highest-
latitude Blue Swallow population (South Africa/Swaziland)
exhibited the most enriched feather 6D values, with the
population from intermediate latitudes (Zimbabwe) exhib-
iting the most depleted values. These differences are cor-
related with variation in precipitation 6D (Bowen et al.
2005; Bowen 2010; Table 1), driven in part by altitudinal
variation. Precipitation D becomes progressively depleted
with increasing altitude, with a corresponding depletion of
feather keratin 6D (Hobson et al. 2003). In South Africa
and Swaziland, Blue Swallows breed at altitudes of
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850-1,900 m, whereas the Zimbabwean population breeds
at altitudes of 1,500-2,300 m (Spottiswoode 2005). The
Malawian birds also breed at relatively high altitudes
(>2,000 m), but feather 4D in the latter population may also
reflect the influence of the nearby freshwater Lake Malawi
on local precipitation. It should be noted, however, that the
precipitation éD values for January provided in Table 1 are
unlikely to be representative of the hydrogen sources used
for feather synthesis by Blue Swallow chicks, and the 6D of
their food items likely integrates precipitation inputs over
longer time scales.

We have assumed that the feather dD of adult Blue
Swallows exhibits the same relationship with local pre-
cipitation 0D as that of nestlings, and that adults and nes-
tlings from each breeding range should exhibit similar
feather 6D values. This assumption, however, does not
hold for all species; the feather 6D values of primary
feathers from adult Cooper’s Hawks (Accipiter cooperii)
were significantly enriched compared to feathers from
nestlings (Meehan et al. 2003). These authors advanced
three nonexclusive hypotheses as to the mechanisms
underlying this variation, namely (1) adult feathers may
contain hydrogen derived from migrant avian prey, (2)
adult feathers, although grown on the breeding grounds,
may be synthesised from body reserves laid down while
wintering at lower latitudes, and (3) high heat loads
experienced by incubating adults may lead to enrichment
of body water, and growing feathers, because of a greater
proportion of total water loss occurring via evaporative,
and thus fractionated, pathways (McKechnie et al. 2004).
It is very unlikely that similar differences exist between
nestling and adult feather 4D in Blue Swallows, since
adults feed on non-migratory, aerial insects, and the species
typically nests in cool, moist subterranean sites. Although
we cannot exclude possibility (2) above, the absence of
wintering adult feather 0D values that are outside the range
for nestlings from known breeding sites argues against this
possibility.

Diet-tissue discrimination factors for carbon in avian
feathers vary from slightly negative values to approxi-
mately +7%o (Bearhop et al. 2002; Hobson and Clark
1992). The feather 6'>C values of all three Blue Swallow
populations suggest that the birds feed in food webs
whose bases are dominated by plants with C, and/or
crassulacean acid metabolism (CAM) photosynthesis
(O’Leary 1988; Farquhar et al. 1989), an observation
consistent with their mid- to high-altitude grassland hab-
itats (Spottiswoode 2005; Turner 2004; Vogel et al.
1978). The feather 0'°C values of Blue Swallows from
South Africa and Swaziland are within the range for Barn
Swallow (Hirundo rustica) feathers moulted at various
sites in the eastern half of South Africa, as are feather
55N values (Szep et al. 2009).

The feather D and 8'°N values of wintering Blue
Swallows caught at Sango Bay, Uganda, suggest that birds
wintering at this site originate from at least two of the
major breeding populations, and that the wintering ranges
of the South African/Swazi and Malawian/Tanzanian
populations overlap. One of the wintering individuals could
not be unambiguously assigned to a breeding population,
an observation that could reflect (1) the overlap in 6D and
0'°N values between South African/Swazi and Malawian
swallows, (2) the relatively small number of feathers we
were able to obtain from Malawian birds, or (3) an origin
for this bird outside the three major breeding areas.
Additional small breeding populations occur in the south-
eastern DRC and southern Malawi (Mt. Mulanje; Evans
et al. 2002; Fishpool and Evans 2001). Moreover, a fairly
large area of potentially suitable but as yet unexplored Blue
Swallow habitat exists in the southern DRC (S.W. Evans,
personal communication).

The use of stable isotopes to track the movements of
intra-African migrants is complicated by the fact that the
continent is situated over the equator, and thus lacks the
uni-directional latitudinal gradients in precipitation 6D that
exist in North America and Eurasia (Bowen et al. 2005).
Nevertheless, stable isotope-based approaches have proved
useful in examining interspecific variation in stop-over site
selection in Palearctic migrants that moult along their
migration route (Yohannes et al. 2005, 2007). Our results
reveal that this approach can also be used to infer migratory
connections between populations that breed and winter in
different parts of the continent. In the case of the Blue
Swallow and other threatened species, this kind of infor-
mation is vital for coordinating conservation activities
between regions occupied by the birds at different times of
the year.

Zusammenfassung

Stabile Isotopenanalyse zur rdumlichen Konnektivitit
eines gefihrdeten innerafrikanischen Zugvogels, der
Stahlschwalbe (Hirundo atrocaerulea)

Die Stahlschwalbe (Hirundo atrocaerulea) ist ein gefihr-
deter innerafrikanischer Zugvogel mit Brutpopulationen in
drei geografisch getrennten Regionen. Wir untersuchten die
Mengenverhiltnisse stabiler Wasserstoff-, Stickstoff- und
Kohlenstoffisotope im Keratin der Federn, um herauszu-
finden, ob diese sich zwischen Brutpopulationen unter-
scheiden und ob Federn Aufschluss iiber Zugwege
zwischen Brut- und Wintergebieten geben konnen. Stahl-
schwalben der drei Hauptbrutpopulation unterschieden
sich signifikant durch das 6D und 515N in ihren Federn
(Siidafrika/Swasiland: 6D = —25.1 & 6.7% VSMOW,
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015N = 10.4 &+ 1.0%0 AIR; Zimbabwe: 6D = —59.9 +
7.5%0 VSMOW, 015N = 10.1 £ 0.6%0 AIR; Malawi/
Tansania: oD = —43.2 £+ 10.8%0 VSMOW, 615N =
11.7 £ 1.3%0 AIR), aber nicht durch 613C. Wir unter-
suchten auch Federn von sieben Individuen, die auBerhalb
der Brutgebiete an den Ufern des Victoriasees in Uganda
gefangen wurden. Eine Diskriminanzanalyse ordnete vier
dieser Vogel der Siidafrika/Swasiland- und zwei der
Malawi/Tansania-Brutpopulation zu (P > 0.997), wihrend
das verbleibende Individuum nicht eindeutig zugeordnet
werden konnte. Unsere Ergebnisse zeigen, dass Zugwege
in dieser gefihrdeten Art durch stabile Isotopenanalyse der
Federn abgeleitet werden konnen und dass es in den
Wintergebieten von mindestens zwei der drei Hauptbrut-
populationen Uberschneidungen gibt.

Acknowledgments We thank Ben Smit and Bryan Maritz for their
assistance in the field, and Dr Roy Bhima, Lawrence Kuchipanga and
the staff of Nyika National Park, Malawi for their support. Len
Wassenaar kindly provided hydrogen laboratory standards for
exchangeable hydrogen corrections, Corneile Minnaar assisted with
sample preparation, Mark Robertson produced the line map for Fig. 1,
and Craig Symes commented on the manuscript. Two anonymous
reviewers provided constructive comments on earlier versions of the
manuscript. We also sincerely thank Steven Evans, Ara Monadjem,
and everyone else who contributed Blue Swallow feathers to this
study; this paper was written by A.E.M. and S.W. after the senior
author’s untimely death, and we were thus unable to obtain the names
of all these individuals.

References

Baker AJ, Gonzalez PM, Piersma T, Niles LJ, de Lima Serrano do
Nascimento I, Atkinson PW, Clark NA, Minton CDT, Peck MK,
Aarts G (2004) Rapid population decline in red knots: fitness
consequences of decreased refuelling rates and late arrival in
Delaware Bay. Proc R Soc Lond B 271:875-882

Bearhop S, Waldron S, Votier SC, Furness RW (2002) Factors that
influence assimilation rates and fractionation of nitrogen and
carbon stable isotopes in avian blood and feathers. Physiol
Biochem Zool 75:451-458

BirdLife International (2008) Hirundo atrocaerulea. In: IUCN
2009. TUCN red list of threatened species. Version 2009.1.
<http://www.redlist.org>

Bowen GJ (2010) The online isotopes in precipitation calculator,
version 2.2. http://www.waterisotopes.org

Bowen GJ, Wassenaar LI, Hobson KA (2005) Global application of
stable hydrogen and oxygen isotopes to wildlife forensics.
Oecologia 143:337-348

Carlisle JD, Skagen SK, Kus BE, Van Riper C, Paxton KL, Kelly JF
(2009) Landbird migration in the American west: recent progress
and future research directions. Condor 111:211-225

Chamberlain CP, Blum JD, Holmes RT, Feng X, Sherry TW, Graves
GR (1997) The use of isotope tracers for identifying populations
of migratory birds. Oecologia 109:132-141

Chamberlain CP, Bensch S, Feng X, Akesson S, Andersson T (2001)
Stable isotopes examined across a migratory divide in Scandi-
navian willow warblers (Phylloscopus trochilus trochilus and
Phylloscopus trochilus acredula) reflect their African winter
quarters. Proc R Soc Lond B 267:43-48

@ Springer

Clark ID, Fritz P (1997) Environmental isotopes in hydrogeology.
Lewis, Boca Raton

Evans SW, Barnes KN (2000) Blue Swallow Hirundo atrocaerulea.
In: Barnes KN (ed) The Eskom red data book of birds of South
Africa, Lesotho and Swaziland. BirdLife South Africa, Johan-
nesburg, pp 32-34

Evans SW, Cohen L, Sande E, Monadjem A, Hoffmann D, Mattison
H, Newbery P, Ndanganga K, Friedmann Y (2002) Blue swallow
(Hirundo atrocaerulea) international action plan. Final Work-
shop Report. In: Conservation Breeding Specialist Group,
Johannesburg

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope
discrimination and photosynthesis. Annu Rev Plant Physiol Plant
Mol Biol 40:503-537

Fishpool LDC, Evans MI (2001) Important bird areas in Africa and
associated islands. Priority sites for conservation. BirdLife
International, Cambridge

Goodenough AE, Elliot SL, Hart AG (2009) The challenges of
conservation for declining migrants: are reserve-based initiatives
during the breeding season appropriate for the pied flycatcher
Ficedula hypoleuca Ibis 151:429-439

Harrison JA, Allan DG, Underhill LG, Herremans M, Tree AJ, Parker
V, Brown CJ (1997) The atlas of southern African birds. Volume
2: Passerines. Birdlife South Africa, Johannesburg

Hobson KA, Clark RG (1992) Assessing avian diets using stable
isotopes II: factors influencing diet-tissue fractionation. Condor
94:189-197

Hobson KA, Wassenaar LI (1997) Linking breeding and wintering
grounds of neotropical songbirds using stable hydrogen isotopic
analysis of feathers. Oecologia 109:142-148

Hobson KA, Wassenaar LI (eds) (2008) Tracking animal migration
with stable isotopes. Academic, London

Hobson KA, Wassenaar LI, Mila B, Lovette I, Dingle C, Smith TB
(2003) Stable isotopes as indicators of altitudinal distributions
and movements in an Ecuadorean hummingbird community.
Oecologia 136:302-308

Hobson KA, Aubry Y, Wassenaar LI (2004) Migratory connectivity
in Bicknell’s thrush: locating missing populations with hydrogen
isotopes. Condor 106:905-909

Holmes RT (1997) Understanding population change in migratory
songbirds: long-term and experimental studies of Neotropical
migrants in breeding and wintering areas. Ibis 149:2-13

Kelly JF, Atudorei V, Sharp ZD, Finch DM (2002) Insights into
Wilson’s warbler migration from analyses of hydrogen stable-
isotope ratios. Oecologia 130:216-221

McKechnie AE, Wolf BO, Martinez del Rio C (2004) Deute-
rium stable isotope ratios as tracers of water resource use:
an experimental test with rock doves. Oecologia
140:191-200

Meehan TD, Lott CA, Sharp ZD, Smith RB, Rosenfield RN,
Stewart AC, Murphy RK (2001) Using hydrogen isotope
geochemistry to estimate the natal latitudes of immature
Cooper’s hawks migrating through the Florida keys. Condor
103:11-20

Meehan TD, Rosenfield RN, Atudorei VN, Bielefeldt J, Rosenfield
LJ, Stewart AC, Stout WE, Bozek MA (2003) Variation in
hydrogen stable-isotope ratios between adult and nestling
Cooper’s hawks. Condor 105:567-572

O’Leary MH (1988) Carbon isotopes in photosynthesis. Bioscience
38:328-336

Rubenstein DR, Hobson KA (2004) From birds to butterflies: animal
movement patterns and stable isotopes. Trends Ecol Evol
19:256-263

Sherry TW, Holmes RT (1996) Winter habitat quality, population
limitation, and conservation of Neotropical-Nearctic migrant
birds. Ecology 77:36-48


http://www.redlist.org
http://www.waterisotopes.org

J Ornithol

Spottiswoode CN (2005) Blue swallow. In: Hockey PAR, Dean WRJ,
Ryan PG (eds) Roberts birds of southern Africa. The Trustees of
the John Voelcker Bird Book Fund, Cape Town

Szep T, Hobson KA, Vallner J, Piper SE, Kovacs B, Szabo DZ,
Mgller AP (2009) Comparison of trace element and stable
isotope approaches to the study of migratory connectivity: an
example using two hirundine species breeding in Europe and
wintering in Africa. J Ornithol 150:621-636

Turner A (2004) Family Hirundinidae (swallows and martins). In: Del
Hoyo J, Elliott A, Christie DA (eds) Handbook of the birds of the
world. Vol. 9: cotingas to pipits and wagtails. Lynx, Barcelona,
pp 602—685

Vogel JC, Fuls A, Ellis RP (1978) The geographical distribution of
kranz grasses in South Africa. S Afr J Sci 74:209-215

Wakelin J, Hill TR (2007) The impact of land transformation on
breeding blue swallows Hirundo atrocaerulea Sundevall, in
Kwazulu-Natal, South Africa. J Nat Conserv 15:245-255

Wassenaar LI, Hobson KA (2000a) Improved method for determining
the stable-hydrogen isotopic composition of complex organic
materials of environmental interest. Environ Sci Technol
34:2354-2360

Wassenaar LI, Hobson KA (2000b) Stable-carbon and hydrogen
isotope ratios reveal breeding origins of red-winged blackbirds.
Ecol Appl 10:911-916

Wassenaar LI, Hobson KA (2003) Comparative equilibration and
online technique for determination of non-exchangeable hydro-
gen of keratins for use in animal migration studies. Isotopes
Environ Health Stud 39:211-217

Wunder MB, Kester CL, Knopf FL, Rye RO (2005) A test of
geographic assignment using isotope tracers in feathers of known
origin. Oecologia 144:607-617

Yohannes E, Hobson KA, Pearson DJ, Wassenaar LI (2005) Stable
isotope analyses of feathers help identify autumn stop-over sites
of three long-distance migrants in Northeastern Africa. J Avian
Biol 36:235-241

Yohannes E, Hobson KA, Pearson DJ (2007) Feather stable-isotope
profiles reveal stopover habitat selection and site fidelity in nine
migratory species moving through sub-Saharan Africa. J Avian
Biol 38:347-355

Zar JH (1999) Biostatistical analysis. Prentice Hall, New Jersey

@ Springer



	Stable isotope analysis of migratory connectivity in a threatened intra-African migrant, the Blue Swallow (Hirundo atrocaerulea)
	Abstract
	Introduction
	Methods
	Feather collection
	Sample preparation and analysis
	Data analyses

	Results
	Discussion
	Zusammenfassung
	Stabile Isotopenanalyse zur räumlichen Konnektivität eines gefährdeten innerafrikanischen Zugvogels, der Stahlschwalbe (Hirundo atrocaerulea)

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


