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ABSTRACT
The European Starling (Sturnidae: Sturnus vulgaris L.) is an invasive bird in North
America where it is an agricultural pest. In British Columbia (Canada), the starling
population increases in orchards and vineyards in autumn, where they consume and
damage ripening fruits. Starlings also cause damage in dairy farms and feedlots by
consuming and contaminating food and spreading diseases. Damage can be partly
mitigated by the use of scare devices, which can disperse flocks until they become
habituated. Large-scale trapping and euthanizing before starlings move to fields and
farms could be a practical means of preventing damage, but requires knowledge of natal
origin. Within a small (20,831 km2), agriculturally significant portion of south-central
British Columbia, the Okanagan-Similkameen region, we used 21 trace elements in
bone tissue to discriminate the spatial distribution of juvenile starlings and to reveal
the geographic origin of the problembirds in fall. Stepwise discriminant analysis of trace
elements classified juveniles to their natal origin (minimum discrimination distance of
12 km) with 79% accuracy. In vineyards and orchards, the majority (55%) of problem
birds derive from northern portions of the valley; and the remaining 45% of problem
birds were a mixture of local and immigrant/unassigned birds. In contrast, problem
birds in dairy farms and feedlots were largely immigrants/unassigned (89%) and 11%
were local from northern region of the valley. Moreover, elemental signatures can
separate starling populations in the Valley yielding a promising tool for identifying
the geographic origin of these migratory birds.

Subjects Agricultural Science, Biogeography
Keywords Agricultural Pest, Bone tissue, Dairy Farms, European starling, Geochemical
fingerprinting, Migratory bird, Pest management, Trace elements, Vineyard

INTRODUCTION
European starling (Sturnus vulgaris L.) is one of the most successful non-native species in
North America (Vuilleumier, 2009). A few hundred birds were introduced inNewYork City
in 1890 (David, 2010; Kerpez & Smith, 1990; Linz et al., 2007). Surviving descendant birds
spread rapidly throughout North America in the following years (Cabe, 1993; Linz et al.,
2007) and have now grown to a population of many millions. The perception of starlings
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changed along with population size from a beautiful, robin size ‘Chunky’ songbird into an
aggressive and costly pest.

Starling is listed as one of the three worst invasive birds in the World Conservation
Union List of ‘100 of the world’s worst invasive alien species’ (Lowe et al., 2004). According
to the International Union for Conservation of Nature, its conservation status is considered
to be of least concern on the basis of its probability of extinction. It is considered as an
agricultural pest, especially in fruit crops such as cherries, berries, and grapes (Pimentel,
Zuniga & Morrison, 2005; BCGA, 2013; Conover, Berryman & Dolbeer, 2007; Virgo, 1971).

The migration pattern of European starlings varies regionally and individually. In some
areas, most of the breeding individuals are sedentary (Kessel, 1953; Suthers, 1978). Some
individuals migrate in some years and not in others. Some juveniles migrate, but even their
nest mates (siblings) might not (Kessel, 1953). Generally, spring migration occurs between
mid-February to end of March and fall migration occurs from September to December
(Dolbeer, 1982; Kessel, 1953). Starlings can cover up to 1,000–1,500 km if needed in search
of food especially during winter (Linz et al., 2007).

The Okanagan-Similkameen region is a nationally significant agricultural region in
Canada due to climatic and geological suitability. The valley is ideal for several tree fruits
such as apples, peaches, and other soft fruits, like cherries, berries, and grapes, and for
livestock operations including both dairy farms and beef cattle feedlots. Around 97.5%
of British Columbia’s vineyard and 98% of the province’s apples and grapes are grown in
the south-central Okanagan-Similkameen region region (Neuhauser, 2013; Growers, 2015).
In the northern Okanagana region, livestock operations, such as dairy farms and feedlots,
grains and forage crops predominate (Growers, 2015; BCGA, 2013). The cold short winters,
warm summers, rural/urban interface, and availability of year-round food sources in the
Okanagan-Similkameen region provide excellent starling habitat.

Large flocks of up to 1,000s starlings are known to destroy fruits in the vineyards, orchards
and depredate cattle feed at dairy farms (Glahn, 1981). Annually around $800 million USD
worth of agricultural crops were destroyed by starlings in the United States, based on crop
losses of $5/ha (Pimentel, 2000). In livestock facilities, starlings consume and contaminate
around 15–20 tons of cattle feed per day (Linz et al., 2007). Annually, around $3 million
USD per year is lost in vineyards and tree fruit farms in the Okanagan-Similkameen region
alone (BCGA, 2012).

A Starling Control Program (SCP) was initiated in the Okanagan-Similkameen region of
British Columbia in 2003 (BCGA, 2010) to control the starling population and the damage
they cause. Agricultural industries, environmental agencies, and regional districts supported
the program (BCGA, 2010). The SCP traps birds in various locations in the Okanagan-
Similkameen region throughout the year. From 2003 to 2013 around 544,000 birds were
trapped by the control program (OSSCP, 2014). Although the control program has been
trying to reduce the starling population by aggressively trapping all year round, numbers
appear to be increasing from 996 to 23,592 from 1974 to 2013 (National Audubon Society,
2016), especially in the fall season due to migration and natal dispersal. Starling numbers
increase in vineyards and orchards in fall (BCGA, 2013), but dispersion and movement
patterns of starlings has not been well understood in the Okanagan-Similkameen region. It
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is necessary to find the origin of thesemigrant birds to enhance program effectiveness. Thus,
understanding the natal origin and movement pattern of migratory pests, like starlings,
is important for developing successful management (Cabe, 1993; Neuhauser, 2013). The
main objective of this research is to identify the origin of the migratory starlings using a
geochemical (trace element) fingerprinting approach in the Okanagan-Similkameen region
so that starling might be managed at sources.

Biogeochemical markers such as stable isotopes (Hobson, 1999; Hobson, 2005a; Hobson,
2005b; Szép et al., 2009) and trace elements analyses (Szép et al., 2003; Szép et al., 2009) are
potential methods to trace the origin and migration of such birds because the markers are
indicators of the environment of origin. Starlings can disperse long distances and retain
stable isotopes and trace element signatures in tissues reflecting natal food (Hobson, 1999),
location, and habitat (Szép et al., 2009). These chemical signatures can be applied as tools
to reconstruct animal movement pathways (Ethier et al., 2013).

We chose trace elements over light isotope ratios for this study for two reasons. First,
isotope ratios in birds can be homogeneous for thousands of kilometres (Inger & Bearhop,
2008), an order ofmagnitude larger than theOkanagan-Similkimeen region. In contrast, the
province of British Columbia andOkanagan-Similkameen region are geochemically diverse
across spatial scales of tens of kilometres or less (Okulitch, 2013), making trace elements
potentially much more sensitive for tracking regional starling movements (Neuhauser,
2013). Second, trace elements can provide a higher specificity than isotopes because of the
larger number of potential variables (Szép et al., 2009). We hypothesized that the elemental
composition of starling bones depends on geographic region. Because birds acquire trace
element signatures in their tissues from their diet, and these signatures reflect the chemical
composition of the area in which the tissue was generated, or keep the record of past
feeding history as recorded in long turnover tissues (Hobson, 1999; Szép et al., 2009).

We used samples of starling leg bone tissue (tarsometatarsus) commonly known as
tarsus or metatarsus to fingerprint natal origins of individual starlings. Feather tissue is
more convenient to use but we chose bone because feathers moult seasonally shedding the
evidence of natal origin, whereas the turnover rate of bone tissue is as much as 30 years
(Tieszen et al., 1983; Lanocha & Kalisinska, 2012). Bone tissues are very useful for origin
analysis as the mineral phase in the bone matrix grows rapidly when an individual is a
juvenile and then turns over very slowly (Neuhauser, 2013). Most bone mass consists of
type I collagen and apatite (a mineral composedmainly of calcium and phosphate) (Boonen
et al., 2010). The bone mineralization is analogous to the geological mineral (Boonen et al.,
2010) and is known as hydroxyapatite, Ca5 (PO4)3OH (Boskey, 2007; Pasteris, Wopenka &
Valsami-Jones, 2008). Other cations and anions easily substitute into the mineral matrix
of apatite. Thus, other elements, derived from the diet can be incorporated into bone to
create a fingerprint, representing the food an individual has ingested (Grynpas et al., 1993).
The decision of using bone is also supported by an earlier study of six European starling
tissues (bone, liver, heart, muscle, brain, and feather) that identified bone as the tissue for
statistically separating populations of starlings across much of its range in British Columbia
(Neuhauser, 2013).
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Figure 1 Map of the study area (Okanagan-Similkameen region) with sampling sites in British
Columbia (BC), Canada. Filled black circles represent sampling sites for juvenile starlings, whereas
unfilled black circles represent sampling sites for adult starlings. Black circles with black dots represent the
sampling sites where both adults and juveniles were collected.

Full-size DOI: 10.7717/peerj.8962/fig-1

In this study, we evaluated the geochemical fingerprint of juvenile starlings throughout
the Okanagan-Similkameen region, and compared these signatures to that of problem birds
caught in the fall trapped in fruit crops in and dairy farms. By fingerprinting starling natal
origin, appropriate management to reduce starling populations could be implemented in
focused areas to reduce the damage created by starlings.

MATERIAL AND METHODS
Study Area
British Columbia (BC) is the western-most province of Canada and has high geological
diversity in rock types (Natural Resources Canada, 2012) (Fig. 1). The Okanagan-
Similkameen region in south-central British Columbia is about 200 km long and 20
km wide (Fig. 1). It lies in between the Columbia and Cascade Mountain ranges in
the southern interior of BC. The valley bedrock is comprised of volcanic, sedimentary,
metamorphic and intrusive rocks (Okulitch, 2013). Southern Okanagan-Similkameen
region is heterogeneous, made up of volcanic, metamorphic, plutonic, and sedimentary
rocks, and overlain by glacial sediments (Okulitch, 2013). CentralOkanagan ismade up lava,
andesite with quartz-filled amygdales. The northern Okanagan is made up of Paleozoic
phyllite, argillite, schist, amphibolitic, quartzite, carbonaceous, micaceous chlorite and
other minor constituents (Table S1) (Okulitch, 2013).

Starling habitat is generally the lower elevation portion of a long valley, approximately
between 300 and 700 m elevation. Above 700 m, the valley rises quickly to a plateau of
>1,200 m (Fig. S1), greatly constraining distribution and likely movement and migration
to a relatively small area (Fig. S1).
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Sampling
Sampling was performed in summer (May–July) and in fall/winter of 2015. In summer,
only juveniles, having little prior chance to disperse beyond their natal habitat, were
collected to establish fingerprints of source populations. Thus, their bone tissue will
reflect the elemental fingerprint of the sites where they were collected. To make our trace
element fingerprint library more representative, juveniles were collected from almost all the
Okanagan-Similkameen cities/towns, and lands used for different agricultural activities,
such as vineyards, orchards, dairy farms, feedlots, grasslands, and landfill sites.

In fall, problem birds (both adult and juveniles (<1 year)) were collected in
vineyard/orchards and dairy farms/feedlots. The age of the birds was determined from
their plumage (Szép et al., 2003; Szép et al., 2009). Additionally, aging by plumage was
validated by the chronology of skull development (skull ossification–skulling) in juveniles
(McKinney, 2004). Five randomly selected samples, which were considered as juvenile
through plumage, were dissected to observe developmental stage by skulling (Mueller &
Weise, 1996). These starlings are considered pests and hereafter referred to as ‘‘problem
birds’’.

Sampling was performed in collaboration with the Starling Control Program (SCP),
British Columbia Grapesgrowers’ Association (BCGA). The work was conducted in
accordance with the ethics training requirements of the Canadian Council on Animal
Care (CCAC)/ National Institute Animal User Training (NIAUT) program certificate
number 7252-1. A team of professional trappers contracted by the BCGA, has been
trapping and euthanizing starlings following the guidelines of the Canadian Council
on Animal Care every year. We obtained frozen sample from SCP trappers and each
individual bird is considered as a single sample. Altogether, 105 juveniles were collected
from ten different locations situated at distances from 12 to 190 km apart throughout
the Okanagan-Similkameen region in 2015. The number of juvenile samples collected
in summer varied depending on availability at each location, 20 from Kelowna, 10 from
Hullcar, 10 from Salmon Arm, 9 from Armstrong, 9 from Mara, 18 from Vernon, 10 from
Oliver, 8 from Osoyoos, 6 from Penticton and 5 from Keremeos. In fall, 118 problem
birds (including young adults <1 year, n= 20; and adults: 1+ years, n= 98) were collected
from vineyards/orchards and dairy farms and feedlots having major starling problem.
Some of the problem bird sampling locations are the same where juveniles were collected
like Vernon (n= 4), Pentiction (n= 27), Keremeos (n= 5), Kelowna (n= 14), and Oliver
(n= 15); however, Okanagan falls (n= 4), Summerland (n= 30), Coldstream (n= 10), and
Lumby (n= 9) were added in fall. These locations spread across Okanagan-Similkameen
region from south to north (Fig. 1).

Sample preparation
Samples were prepared by methods described by Norris et al. (2007) with some
modification. Briefly, the bone was cleaned by removing outer skin and marrow. Bones
were washed repeatedly with ultra-pure water (18 M � cm−1), dried at room temperature
(20 ◦C) (Szép et al., 2009) and weighed. The clean fragments of the bone sample, weighing
between 30 mg to 80 mg each, were put separately into Teflon tubes. Trace element grade

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 5/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.8962


concentrated nitric acid (2 ml) was added to each tube and placed in a heating block
75 ◦C (±5 ◦C) until the bone was completely dissolved. Samples were then cooled to room
temperature, and then one milliliter of trace metal grade hydrogen peroxide was added to
further digest the dissolved organic compounds (Norris et al., 2007). Samples were then
evaporated on a hot plate at 85 ◦C (±5 ◦C) (Szép et al., 2003; Neuhauser, 2013). After
cooling, 2 ml of 1% HNO3 with 1 ppb indium internal standard was added to each vial to
dissolve the residue over a period of 2 h at room temperature.

Samples were transferred quantitatively with three washes of the HNO3 indium solution
into acid-washed high-density polyethylene tubes to a final volume of 10 mL (Norris et
al., 2007; Neuhauser, 2013). Sample blanks were prepared in the same way for every set
of digestions to monitor contamination (Donovan et al., 2006; Norris et al., 2007; Szép et
al., 2009). Sub-samples were further diluted 100-fold with 1 ppb indium-1% HNO3 for
ICP-MS analysis and 5 and 10 fold with 1ppm yttrium-1% HNO3 for ICP-OES analysis.
Samples were diluted to fall within the detection limits of the instruments.

Trace element analysis
We measured 21 elements: aluminium (Al), silver (Ag), barium (Ba), calcium (Ca),
cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), molybdenum (Mo), manganese
(Mn), lead (Pb), sulphur (S), scandium (Sc), selenium (Se), tin (Sn), strontium (Sr),
vanadium (V), zinc (Zn), magnesium (Mg), sodium (Na), and potassium (K) in bone
tissue. The elements were selected on the basis that they are present at levels high enough
for reliable quantification, and could also vary in space.

Seventeen of the 21 elements were analysed by Thermo-Fisher Element XR sector field
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) (Poesel et al., 2008; Neuhauser,
2013). A subset of four highly-abundant elements, Ca, Mn, Na, and K, were analysed via a
Thermo-Electron Corporation, iCAP 6000 Series XR Inductively Coupled Plasma-Optical
Emission Spectrometer (ICP-OES) (Szép et al., 2003; Szép et al., 2009; Neuhauser, 2013).
For ICP-MS, elements were analysed in either low resolution or medium resolution mode
to resolve polyatomic interferences. Both instruments were calibrated by external multi-
element standards. Four different concentrations of multi-element standards were run to
produce calibration curves (Poesel et al., 2008). Indium (Norris et al., 2007) and yttrium
(Neuhauser, 2013) were used as an internal standard for ICP-MS and ICP-OES respectively
to correct for instrument drift, sample density and to improve accuracy and repeatability.
The blank and reference solutions were run at 20-sample intervals throughout the analysis.
Three replicate analyses were done for each sample. Relative Standard Deviation (RSD) of
the analysis was between 1–2%.

Statistical analysis of data
The elemental concentration was normalized to the concentration of calcium rather than
mass tominimize variability in the ratio of mineral:collagen content. The collagen structure
of bone bonds relatively poorly with metals, whereas the mineral apatite substitutes cations
and anions relatively easily into its structure. As birds develop, the relative content of
apatite increases (Rogers & Zioupos, 1999; Currey, 2004; Currey, Brear & Zioupos, 2004;
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Pasteris, Wopenka & Valsami-Jones, 2008). Normalizing with calcium, therefore, removes
this variability due to collagen content. After calcium normalization, the data were then
standardized via z-scoring to prevent individual elements from having a disproportionate
influence on the groupings derived from multivariate analyses (Fowler, Cohen & Jarvis,
1998; Norusis, 2016).

A multivariate analysis of variance (MANOVA) was used to analyse trace element
profiles of juvenile bone tissue collected in different locations (Norusis, 2016). A multiple
discriminant analysis (Hair et al., 2010) of juvenile samples was performed to discard
elements (variables), which were little related to group distinction, and also to develop
the predictive model of group membership based on trace elements (chemical profile of
bone). A discriminant function (equation) was developed based on the linear combination
of the predictor variables (trace elements) that provides the best discrimination (correctly
separating individual birds) among the predetermined groups (Lachenbruch & Goldstein,
1979; Greenough, Longerich & Jackson, 1997; Szép et al., 2009). The predetermined groups
were the sites where the juvenile starlings were caught. The stepwise method and
Mahalanobis distance (Hair et al., 2010) were used for the analysis because of the large
number of variables (20 different element concentrations).

The stepwise method looks at each element (variable), one at a time, and determines
which element is the best predictor of group membership, and ultimately generates the
best set of variables to predict group membership. Cross-validation assessed the success
of the proper bird groupings via the discriminant function and rules. In order to classify
objectively the problem birds with respect to origin, the value obtained from each function
for each problem bird was normalized (ratio of sample/ratio of centroid) by the centroid
value of each site. Thus, if an individual problem bird were to lie at the centroid for a
particular site, its value with respect to that site would be one. Each bird’s probable origin
was identified by how closely that bird’s normalized value approximated the centroid
values of each site. For some of the problem birds, the discriminant function value was too
high to assign a specific juvenile source population. For such birds, we have categorized
them as immigrant/unassigned birds.

Cluster analysis (Hartigan, 1975) was performed to evaluate the spatial separation
of the elemental fingerprint of starlings and the identification of likely immigrants. In
this study, the ward.D method (Ward, 1963; Murtagh & Legendre, 2014) with Euclidean
distance measures was used for analysis, which provided better separation of individual
birds with similar signatures and geographic location. Additionally, an average method
with correlation distance was used to compute a test of significance of the clusters (by
calculating the p-value of the cluster). The R package ‘‘pvclust ’’ (Suzuki & Shimodaira,
2014) was used; it uses bootstrap resampling techniques to compute the p-value for
each cluster. This method generates thousands of bootstrap replications by randomly
sampling elements of the data. For each of the clusters, Approximately Unbiased (AU) and
Bootstrap Probability (BP) values were calculated. The AU probability values (p-values)
are computed by multiscale bootstrap resampling where AU ≥ 95% are considered to be
strongly supported by the data, while BP corresponds to the frequency that the cluster is
identified in bootstrap copies (Suzuki & Shimodaira, 2014).
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Figure 2 Distribution of juvenile starlings caught in different locations in the Okanagan-Similkameen
region, British Columbia. Stepwise discriminant analysis of juvenile starlings (n= 105) from 10 different
locations based on first two canonical discriminant functions (rc = 0.07,P < 0.0001) calculated from 20
trace elements. Different color represents different sampling area, and the black square represents the cen-
troid of each sampling area.

Full-size DOI: 10.7717/peerj.8962/fig-2

Statistical analysis was conducted in SPSS ver. 24.0 and R statistical software version
3.3.1 (R Development Core Team, 2014) with the cluster (Maechler et al., 2017) and pvclust
(Suzuki & Shimodaira, 2014) packages. Map projections of data were done in ArcGIS 10.4.

RESULTS
Spatial separation of source population of starlings in the
Okanagan-Similkameen region
The source population trace element fingerprint library for the Okanagan-Similkameen
region was developed from juvenile starlings collected from 10 different locations.
Multivariate comparison of 20 elements in the juvenile (n= 105) population using
MANOVA shows there is a significant difference in the trace elemental composition of
juvenile bone among locations (Wilks’ λ <0.0001, F = 6.655, df = 180, 645.230, power =
1, p< 0.0001).

A stepwise discriminant analysis of 20 trace elements based on the juveniles (n= 105)
collected at 10 different locations, provided four canonical discriminant functions with
significantly high eigenvalues (>1), and canonical correlations (rc > 0.70), that separated
juvenile samples from respective sites (Wilks’ λ= 0.001, 0.11, 0.73, χ2

= 633, 428, 247,
p< 0.0001) (Fig. 2). Ten elements (K, Mg, Na, Ag, Cd, Ba, Sc, Cr, Cu, and Se) out of
20, were used as the best predictor variables in discriminating group membership. The
probabilities of correctly classifying juveniles to their respective locations using stepwise
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Table 1 Classification results for juvenile starlings to its predicted locations in the Okanagan-Similkameen region, British Columbia. The predicted group member-
ship shows the percentage of correctly classified samples, based on the cross-validation function in the SPSS software package where 79.0% of original grouped cases cor-
rectly classified.

Year Site Predicted GroupMembership (%)

Kelowna Hullcar Salmon Arm Armstrong Mara Vernon Oliver Osoyoos Penticton/
Summerland

Keremeos No of
sample

2015 Kelowna 95 0 0 0 0 5 0 0 0 0 20
Hullcar 0 90 0 0 0 0 0 10 0 0 10
Salmon Arm 0 0 70 20 10 0 0 0 0 0 10
Armstrong 0 0 0 78 22 0 0 0 0 0 9
Mara 0 0 0 33 67 0 0 0 0 0 9
Vernon 0 0 0 0 0 100 0 0 0 0 18
Oliver 0 0 0 0 10 0 60 30 0 0 10
Osoyoos 0 0 0 0 0 37 37 25 0 0 8
Penticton 0 0 0 0 0 0 0 0 67 33 6
Keremeos 0 0 0 0 0 0 0 0 0 100 5
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discriminant analysis are shown in Table 1. The table shows the predicted classification
(group membership) using cross-validation from different locations compared to the
apparent or actual observation. The overall probability of correctly classifying juveniles was
79% (P < 0.0001, Press’s Q; Table 1). The juveniles were grouped 67%–100% correctly,
with Osoyoos as an exception. Only 25% of the Osoyoos juveniles were correctly grouped
by location. Mostly the misclassification pattern that occurred was among nearby locations.
For example, a high rate of misclassification, 30% and 37% (Table 1), occurred between
Oliver and Osoyoos (∼17 km apart), 33% between Penticton and Keremeos (∼45 km
apart), and 22% and 33% between Mara and Armstrong (Table 1). Hence, almost all the
misclassification occurs between sites that are very close to each other, with one exception,
between Osoyoos and Vernon in 2015 (37%, ∼165 km apart, Table 1).

Cluster analysis of juveniles shows broadly similar results. The clusters (ward.Dmethod)
grouped juveniles from different sites into different clusters, even separating individuals
derived from locations≤12 km (Fig. 3) apart. Since there is no particular rule for choosing
the height in the ward.D method dendrogram, the rule of thumb height of 10 was applied.
Between 33–100% of juveniles from the same locations were grouped together at the height
of 10 (Fig. 3). Approximately unbiased (AU) values obtained via the average method were
used to test the significance of the clusters. Ten major significant clusters with red boxes
(AU p-value > 0.95) separated juveniles from different geographic locations (Fig. S2).
Thus, juvenile grouping with respect to geographic location in cluster analysis supports
the predicted membership results derived from stepwise discriminant analysis. Thus, our
results are robust to different multivariate statistical methods.

Identification of the source population of problem birds in the
Okanagan-Similkameen region
The source population of problem birds was identified by comparing their trace element
fingerprint with the juvenile fingerprint library. Cluster analysis of all birds including
both juvenile (n= 105), and problem birds (<1 year adults (n= 20), and 1 + year adults
(n= 98)) depicts two distinct clusters, separating most problem birds into one cluster and
another cluster comprising amix of the remaining problem birds and juvenile birds (Fig. 4).
Around half of the problem birds (n= 52, 44%) clustered separately, indicating chemical
composition distinct from the juvenile fingerprint library (Fig. 4). Problem birds having
trace element fingerprints distinct from the Okanagan-Similkameen populations (doesn’t
match our library) were considered as immigrant/unassigned birds, likely originating from
unsampled sites within the Valley or from outside of the Valley.

To identify the origin of the remaining (n= 66, 56%) local problem birds in the
Okanagan-Similkameen region, the same four canonical discriminant functions were
used. The first function explained 44.2% of the total variance among locations. The second
function explained 33.0%, and the third and fourth explained 11.7% and 6.1%, respectively
of the total variance among locations. The problem birds collected in fall were divided
into two groups. First, problem birds collected in vineyards and orchards and second,
those collected at dairy farms and feed lots. The majority (55%) of problem birds caught in
vineyards and orchards were consistent with trace element signatures of juvenile birds from
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the North Okanagan. Specifically, the highest contributing site was Vernon (41%) (Fig. 5).
The remaining 45% of problem birds were a mixture of local and immigrant/unassigned
birds (29% southern local, 2% central local), 14% of problem birds in vineyards and
orchards were immigrants/unassigned (Fig. 5). In contrast to vineyards and orchards, the
problem birds caught on dairy farms and feedlots were largely immigrants/unassigned
(89%) and only 11% were local from northern site (Vernon) (Fig. 5).

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 11/20

https://peerj.com
https://doi.org/10.7717/peerj.8962/fig-3
https://doi.org/10.7717/peerj.8962/fig-4
http://dx.doi.org/10.7717/peerj.8962


Figure 5 Map of the origin of the source population of problem birds caught in vineyards /orchards
and dairy farms/feedlots in the Okanagan-Similkameen region, British Columbia. The radius of the cir-
cle depends on the percentage contributed from particular sites.

Full-size DOI: 10.7717/peerj.8962/fig-5

DISCUSSION
Spatial separation of starlings
Resolving populations in space revealed distinct trace elemental signatures within the
200 km length of the Okanagan-Similkameen region. The spatial separation of starling
in this study using bone tissue trace elemental fingerprinting is comparable to spatial
separation of other birds at scales ranging between kilometers to continental distances
using feather tissue trace elemental fingerprinting (Poesel et al., 2008; Szép et al., 2009).
For example, white-crowned sparrow (Zonotrichia leucophrys F.) samples collected from
four dialect populations were distinguished within 400 km (Poesel et al., 2008). Similarly,
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sand martin (Riparia riparia L.) and barn swallow (Hirundo rustica L.) populations were
separated within and between continents (i.e., across Europe and between European
and African moulting sites) (Szép et al., 2003; Szép et al., 2009). In our study, the shortest
distance separating sites with distinct chemical signatures was 12 km (between Vernon and
Armstrong).

Site-specificity of the elemental compositions of bones from juvenile starling is similar
to analyses of natal origin from nestlings and juvenile sand martins (Riparia riparia L.)
(Szép et al., 2003) and for western sandpiper using feather tissue (Calidris mauri Cabanis;
Norris et al., 2007).

Moreover, a high degree of similarity in feeding and foraging habitat of juveniles could
be factors maintaining the similarity of juvenile bone trace element composition in local
populations. Since most juveniles collected within sites were chemically similar, it appears
that these juveniles had not dispersed. Thus, the juvenile fingerprint library adequately
represents the fingerprints of source populations at particular sites in the valley.

The chemical signature of a few juvenile birds caught within a site matched with
fingerprints from other sites according to the predicted group membership derived from
discriminant analysis. Such misclassification of juveniles among nearby sites such as Oliver
and Osoyoos may have arisen due to overlapping foraging ranges of the juveniles or adults
feeding chicks, geological similarity between nearby sites, similar agricultural practices
and food choice. These mechanisms are not mutually exclusive and all may have been
operating. Finally, misclassification noted in a few birds between the sites that are 100s of
kilometers apart geographically might be due to differences in food choice and early short
distance dispersal or geochemical similarity between remote sites.

The overall degree of classification of juvenile fingerprints was 79% among sites.
This is similar to the degree of differentiation reported for shearwaters (Calonectris
Cory & Oustalet) 75-89.9% (Gómez-Díaz & González-Solís, 2007) and lower than that
in white-crowned sparrows 100% across 400 km (Poesel et al., 2008). The dissimilarity
of chemical composition among sites within the Okanagan-Similkameen region may be
due to geologic factors (Ethier et al., 2013), and/or hydrologic factors including irrigation
(Poesel et al., 2008). The underlying geology of the Okanagan-Similkameen watershed is
very diverse within small spatial scales (Okulitch, 2013).

Similarly, soil chemistry is non-uniform over the landscape (Goitom Asfaha et al., 2011).
Water, mineralogy and soil microbiology affect soil chemistry. Solutes present in soil water
can be derived from weathering of rocks and minerals locally or could have come from
water (precipitation and irrigation). The trace elements move from minerals to soil water
(Galgano et al., 2008) where they are taken up by plants. In turn, plants form the base of the
food web, eventually accumulating in animal tissues, forming a unique marker. The trace
element availability in soil can be further modified by factors like soil pH, water content
and porosity (Kelly, Heaton & Hoogewerff, 2005; Kim & Thornton, 1993).

Trace element composition in bone tissues can yield a very specific biogeochemical
marker. Out of 21 elements analysed, ten elements (K, Mg, Na, Ag, Cd, Ba, Sc, Cr, Cu,
and Se) were used in a discriminant analysis that classified juveniles source populations.
All are cations (Se is also an oxyanion) and could potentially substitute into apatite. For
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example, Pb substitutes for Ca in hydroxyapatite in bone with a turnover rate ranging from
1–8% per year depending on the type of bone tissue (Martin et al., 2007). The shortlisted
elements from the discriminant analysis are therefore a mixture of those elements, which
could easily be present in bone, and could also vary in space.

Assigning problem starlings to natal populations
Problem birds were assigned to potential natal populations through discriminant analyses.
However, some of the problem birds could not be assigned to its source population and
were designated as immigrant/unassigned problem birds. Failure to assign origins for a
portion of the problem birds could be caused by continued addition of elements to bone
over large unknown space over time. Second, adult starlings >1 year old, natal fingerprints
may differ inter annually, especially if foraging by such a generalist might change for
different climatic years. Third, problem birds could come from outside the region.

The problem bird contribution to vineyards and orchards in the southern part of the
Okanagan-Similkameen region was mostly from the northern end of the valley. It is likely
that the birds reared in the northern part of the valley move south as fruit ripens in the fall.
The remaining problem birds in vineyards and orchards are a mixture of local (southern)
and immigrant/unassigned birds. This is consistent with documented migration patterns
in starling. Generally, fall migration occurs from September to December (Kessel, 1953;
Dolbeer, 1982).

The problem birds on dairy farms and feedlots were amixture of immigrants/unassigned
and local birds. The high immigrant/unassigned population in the north Okanagan is likely
because these sites are close to unsampled source populations further to the north. During
winter, dairy farms and feedlots provide, adequate shelter and warmth and a diverse supply
of food and water (Palmer, 1976). Several past studies have noted that the flocks of starlings
increase in number and concentrate on dairy farms and feedlots in winter (Palmer, 1976;
Glahn, 1981). Moreover, one of the challenges to this type of studies is that the trace
element profiling is more difficult for wide-ranging, continuously distributed species as
the number of potential source areas is vast. If the organism migrates long distances, then
trace elements alone might not be sufficient to track their origin. Also trace elements alone
would not be sufficient for tracking the origin of migratory organisms that undertake
large-scale movements and forage in diverse geochemical environments. However, the
combined use of trace elements and isotopes could help track continental-scale movement
patterns. Besides identifying bird origins, the trace elemental signature could be used in
several other ecological studies of birds, including matching breeding populations with
overwintering populations, tracking fine-scale dispersal (Poesel et al., 2008), identifying
migratory connectivity (Szép et al., 2009) and identifying moulting areas (Szép et al., 2003).

CONCLUSION
The results provide evidence that bone tissue elemental fingerprints of migratory pest
starlings can be used to identify the natal origin of starlings with a high spatial resolution
(10s of km). The technique can be very effective in an area like the Okanagan-Similkameen
region with highly diverse geology. Most of the problem birds in vineyards and orchards of
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the south were identified as local birds; very few were immigrants/unassigned. In contrast,
in dairy farms and feedlots in the north, most of the problem birds were identified as
immigrants/unassigned to the valley, probably because migration in fall/winter is generally
southerly and the populations to the north were not sampled. This study reveals that
trace element fingerprints, a natural environmental tracer, can track the origin of mobile
organisms like starlings. Knowing the origins of problem birds enables managers to make
more informed decisions about how and where to concentrate control efforts.

ACKNOWLEDGEMENTS
We would like to thank Mr. David Arkinstall for his support in the trace analysis lab.
Thanks to Ms. Ashleigh Duffy, Mr. Kevin Kuemper and Dinesh Adhikary for their support
during field trips.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was funded by British Columbia Grapegrowers’ Association and Mitacs.
Additionally, this project was funded through the Agriculture Environment Initiative
with funds sourced from Agriculture and Agri-Food Canada and the British Columbia
Ministry of Agriculture, and administered by the Investment Agriculture Foundation of
British Columbia. There was no additional external funding received for this study. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
British Columbia Grapegrowers’ Association and Mitacs.
Agriculture and Agri-Food Canada.
British Columbia Ministry of Agriculture.
Investment Agriculture Foundation of British Columbia.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Upama Khatri-Chhetri performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper, and approved the final draft.
• John G. Woods and Ian R. Walker analyzed the data, authored or reviewed drafts of the
paper, and approved the final draft.
• P. Jeff Curtis conceived and designed the experiments, authored or reviewed drafts of
the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplementary Files.

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 15/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.8962#supplemental-information
http://dx.doi.org/10.7717/peerj.8962


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.8962#supplemental-information.

REFERENCES
BCGA. 2010. The starling control program in the Okanagan–Similkameen. Penticton:

British Columbia Grape Growers Association Available at http://www.rdosmaps.
bc.ca/min_bylaws/ contract_reports/CorpBd/2011/05March3/BoardReports/
StarlingControlProgram2010expanded.pdf .

BCGA. 2012. Starling control program: annual report. Penticton: British Columbia Grape
Growers Association Available at http://www.grapegrowers.bc.ca/ starling-control-
program.

BCGA. 2013. A starling control program for the Okanagan Similkameen: annual report.
Penticton: British Columbia Grape Growers Association Available at http://www.
grapegrowers.bc.ca/ starling-control-program.

Boonen S, Vanderschueren D, Callewaert F, Haentjens P. 2010. Aging and bone loss.
Osteoporosis in Men 89(12):207–219.

Boskey AL. 2007.Mineralization of bones and teeth. Elements 3:387–393 Available at
http:// pbsb.med.cornell.edu/pdfs/Elements_V3n6_Boskey_v1.pdf .

Cabe PR. 1993. European starling(Sturnus vulgaris), version 2.0. In: Poole AF,
Gill FB, eds. The Birds of North America. Ithaca: Cornell Lab of Ornithology
DOI 10.2173/bna.48.

Conover MR, Berryman JH, Dolbeer RA. 2007. Use of decoy traps to protect blueberries
from juvenile European starlings. Human-Wildlife Conflicts 1(2):265–270 Available at
https://digitalcommons.unl.edu/ cgi/ viewcontent.cgi?article=1087&context=hwi.

Currey JD. 2004. Tensile yield in compact bone is determined by strain, post-yield
behaviour by mineral content. Biomechanics 37:549–556
DOI 10.1016/j.jbiomech.2003.08.008.

Currey JD, Brear K, Zioupos P. 2004. Notch sensitivity of mammalian mineralized
tissues in impact. Proceedings of the Royal Society B: Biological Sciences 271:517–522
DOI 10.1098/rspb.2003.2634.

DavidM. 2010. Birds of Canada. Toronto: Dorling Kindersley Canada.
Dolbeer RA. 1982.Migration patterns for age and sex classes of blackbirds and starlings.

Journal of Field Ornithology 53(1):28–46.
Donovan T, Buzas J, Jones P, Gibbs HL. 2006. Tracking dispersal in birds: assessing the

potential of elemental markers. Auk 123(2):500–511 DOI 10.1093/auk/123.2.500.
Ethier DM, Kyle CJ, Kyser TK, Nocera JJ. 2013. Trace elements in claw keratin as

temporally explicit indicators of geographic origin in terrestrial mammals. Annales
Zoologici Fennici 50(1–2):89–99 DOI 10.5735/086.050.0108.

Fowler J, Cohen L, Jarvis P. 1998. Practical statistics for field biology. Second edition.
Hoboken: Wiley.

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 16/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.8962#supplemental-information
http://dx.doi.org/10.7717/peerj.8962#supplemental-information
http://www.rdosmaps.bc.ca/min_bylaws/contract_reports/CorpBd/2011/05March3/BoardReports/StarlingControlProgram2010expanded.pdf
http://www.rdosmaps.bc.ca/min_bylaws/contract_reports/CorpBd/2011/05March3/BoardReports/StarlingControlProgram2010expanded.pdf
http://www.rdosmaps.bc.ca/min_bylaws/contract_reports/CorpBd/2011/05March3/BoardReports/StarlingControlProgram2010expanded.pdf
http://www.grapegrowers.bc.ca/starling-control-program
http://www.grapegrowers.bc.ca/starling-control-program
http://www.grapegrowers.bc.ca/starling-control-program
http://www.grapegrowers.bc.ca/starling-control-program
http://pbsb.med.cornell.edu/pdfs/Elements_V3n6_Boskey_v1.pdf
http://dx.doi.org/10.2173/bna.48
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1087&context=hwi
http://dx.doi.org/10.1016/j.jbiomech.2003.08.008
http://dx.doi.org/10.1098/rspb.2003.2634
http://dx.doi.org/10.1093/auk/123.2.500
http://dx.doi.org/10.5735/086.050.0108
http://dx.doi.org/10.7717/peerj.8962


Galgano F, Favati F, CarusoM, Scarpa T, Palma A. 2008. Analysis of trace elements in
southern Italian wines and their classification according to provenance. Food Science
and Technology 41:1808–1815 DOI 10.1016/j.lwt.2008.01.015.

Glahn JF. 1981. Use of starlicide to reduce starling damage at livestock feeding op-
erations. In: Great plains wildlife damage control workshop preceeding. Lincoln:
University of Nebraska, 273–277Available at https://digitalcommons.unl.edu/ cgi/
viewcontent.cgi?article=1123&context=gpwdcwp.

Goitom Asfaha D, Quétel CR, Thomas F, HoracekM,Wimmer B, Heiss G, Dekant C,
Deters-Itzelsberger P, Hoelzl S, Rummel S, Brach-Papa C, Van Bocxstaele M, Ja-
mind E, Baxter M, Heinrich K, Kelly S, Bertoldi D, Bontempo L, Camin F, Larcher
R, Perini M, Rossmann A, Schellenberg A, Schlicht C, Froeschl H, Hoogewerff J,
Ueckermann H. 2011. Combining isotopic signatures of n(87Sr)/n(86Sr) and light
stable elements (C, N, O, S) with multi-elemental profiling for the authentication
of provenance of European cereal samples. Journal of Cereal Science 53(2):170–177
DOI 10.1016/j.jcs.2010.11.004.

Gómez-Díaz E, González-Solís J. 2007. Geographic assignment of seabirds to their
origin: combining morphologic, genetic, and biogeochemical analyses. Ecological
Applications 17(5):1484–1498 DOI 10.1890/06-1232.1.

Greenough JD, Longerich HP, Jackson SE. 1997. Element fingerprinting of okanagan
valley wines using ICP—MS: relationships between wine composition, vine-
yard and wine colour. Australian Journal of Grape and Wine Research 3:75–83
DOI 10.1111/j.1755-0238.1997.tb00118.x.

Growers BC. 2015. A guide to BC’s agriculture resources. The British Columbia. Abbots-
ford: Agriculture in the Classroom Foundation Available at https://www.bcaitc.ca/
sites/default/ files/Grow%20BC/GrowBC_2014.pdf .

Grynpas MD, Hancock RGV, Greenwood C, Turnquist J, Kessler MJ. 1993. The effects
of diet, age, and sex on the mineral content of primate bones. Calcified Tissue
International 52(5):399–405 DOI 10.1007/BF00310206.

Hair JF, BlackWC, Babin BJ, Anderson RE. 2010.Multivariate data analysis:a global
perspective. 7th edition. London: Pearson United States.

Hartigan JA. 1975. Clustering algorithms. New York: A Wiley Publication in Applied
Statistics, 1–351.

Hobson KA. 1999. Tracing origins and migration of wildlife using stable isotopes: a
review. Oecologia 120(3):314–326 DOI 10.1007/s004420050865.

Hobson KA. 2005a. Stable isotopes and the determination of avian migratory connectiv-
ity and seasonal interactions. The Auk 122(4):1037–1048 DOI 10.1093/auk/122.4.1037.

Hobson KA. 2005b. Using stable isotopes to trace long-distance dispersal in birds and
other taxa. Diversity and Distributions 11(2):157–164
DOI 10.1111/j.1366-9516.2005.00149.x.

Inger R, Bearhop S. 2008. Applications of stable isotope analyses to avian ecology. Ibis
150(3):447–461 DOI 10.1111/j.1474-919X.2008.00839.x.

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 17/20

https://peerj.com
http://dx.doi.org/10.1016/j.lwt.2008.01.015
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1123&context=gpwdcwp
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1123&context=gpwdcwp
http://dx.doi.org/10.1016/j.jcs.2010.11.004
http://dx.doi.org/10.1890/06-1232.1
http://dx.doi.org/10.1111/j.1755-0238.1997.tb00118.x
https://www.bcaitc.ca/sites/default/files/Grow%20BC/GrowBC_2014.pdf
https://www.bcaitc.ca/sites/default/files/Grow%20BC/GrowBC_2014.pdf
http://dx.doi.org/10.1007/BF00310206
http://dx.doi.org/10.1007/s004420050865
http://dx.doi.org/10.1093/auk/122.4.1037
http://dx.doi.org/10.1111/j.1366-9516.2005.00149.x
http://dx.doi.org/10.1111/j.1474-919X.2008.00839.x
http://dx.doi.org/10.7717/peerj.8962


Kelly S, Heaton K, Hoogewerff J. 2005. Tracing the geographical origin of food: the
application of multi-element and multi-isotope analysis. Trends in Food Science &
Technology 16(12):555–567 DOI 10.1016/j.tifs.2005.08.008.

Kerpez TA, Smith NS. 1990. Competition between European starlings and na-
tive Woodpeckers for nest cavities in Saguaros. The Auk 107(April):367–375
DOI 10.2307/4087621.

Kessel B. 1953. Distribution and migration of the European Starling in North America.
The Condor 55(2):49–67 DOI 10.2307/1365026.

KimKW, Thornton I. 1993. Influence of uraniferous black shales on on the trace
element composition of soils and food crops, Korea. Environmental Geochemistry
and Health 15(2–3):119–133 DOI 10.1007/BF02627830.

Lachenbruch PA, GoldsteinM. 1979. Discriminant analysis. BioMetrics 35(1):69–85
DOI 10.2307/2529937.

Lanocha N, Kalisinska E. 2012. Trace metals and micronutrients in bone tissues of the
red fox vulpes vulpes (L., 1758). Acta Theriol 57:233–244
DOI 10.1007/s13364-012-0073-1.

Linz GM, Jeffrey HomanH, Gaulker SM, Penry LB, BleierWJ. 2007. European starlings:
a review of an invasive species with far-reaching impacts. In:Managing vertebrate
invasive species: proceedings of an international symposium. University of Nebraska,
378–386 Available at https://digitalcommons.unl.edu/ cgi/ viewcontent.cgi?article=
1023&context=nwrcinvasive.

Lowe S, BrowneM, Boudjelas S, De Poorter M. 2004. 100 of the world ’ s worst invasive
alien species. A selection from the global invasive species database. Vol. 12(3). The
Invasive Species Specialist Group ISSG a Specialist Group of the Species Survival
Commission SSC of the World Conservation Union IUCN 12pp First Published as
Special Liftout in Aliens, 12 DOI 10.1614/WT-04-126.1.

Maechler M, Rousseeuw P, Struyf A, Hubert M, Hornik K. 2017. Cluster: cluster analysis
basics and extensions. R package version 2.1.0 Available at https:// cran.r-project.org/
web/packages/ cluster/ cluster.pdf .

Martin R, Naftel S, Nelson AJ, SappWD. 2007. Comparison of the distributions
of bromine, lead, and zinc in tooth and bone from an ancient Peruvian burial
site by X-ray fluorescence 1. Canadian Journal of Chemistry 85:831–836
DOI 10.1139/V07-100.

McKinney R. 2004. Skull pneumatization in passerines: a table of last dates many
passerines in the Northeast can be aged safely by skulling. North American Bird
Bander 29(4):164–170 Available at https:// sora.unm.edu/ sites/default/ files/ journals/
nabb/v029n04/p0164-p0170.pdf .

MuellerWP,Weise CM. 1996. An assessment of age determination methods for captured
passerine birds. University of Wisconsin Milwaukee Field Station Bulletins.UWM
Digital Commons: 21–27Available at https://dc.uwm.edu/ fieldstation_bulletins/157/ .

Murtagh F, Legendre P. 2014.Ward’s hierarchical agglomerative clustering method:
which algorithms implement Ward’s criterion? Journal of Classification
31:274–295 DOI 10.1007/s00357-014-9161-z.

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 18/20

https://peerj.com
http://dx.doi.org/10.1016/j.tifs.2005.08.008
http://dx.doi.org/10.2307/4087621
http://dx.doi.org/10.2307/1365026
http://dx.doi.org/10.1007/BF02627830
http://dx.doi.org/10.2307/2529937
http://dx.doi.org/10.1007/s13364-012-0073-1
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1023&context=nwrcinvasive
https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1023&context=nwrcinvasive
http://dx.doi.org/10.1614/WT-04-126.1
https://cran.r-project.org/web/packages/cluster/cluster.pdf
https://cran.r-project.org/web/packages/cluster/cluster.pdf
http://dx.doi.org/10.1139/V07-100
https://sora.unm.edu/sites/default/files/journals/nabb/v029n04/p0164-p0170.pdf
https://sora.unm.edu/sites/default/files/journals/nabb/v029n04/p0164-p0170.pdf
https://dc.uwm.edu/fieldstation_bulletins/157/
http://dx.doi.org/10.1007/s00357-014-9161-z
http://dx.doi.org/10.7717/peerj.8962


National Audubon Society. 2016. The 65th to 114th christmas bird count historical
results. Available at http://www.christmasbirdcount.org .

Natural Resources Canada. 2012. The Atlas of Canada. Geology and Geosciences.
Government of Canada. Available at www.nrcan.gc.ca/maps-tools-and-publications/
maps/atlas-canada/10784.

Neuhauser J. 2013. Using trace elements to chemically fingerprint european starlings.
MSc. dissertation, Department of Earth, Environmental and Geographic Sciences,
University of British Columbia Okanagan, British Columbia, Canada Available at
https:// open.library.ubc.ca/ cIRcle/ collections/ubctheses/ 24/ items/1.0165534.

Norris DR, Lank DB, Pither J, Chipley D, Ydenberg RC, Kyser TK. 2007. Trace element
profiles as unique identifiers of western Sandpiper (Calidris mauri) populations.
Canadian Journal of Zoology 85:579–583 DOI 10.1139/Z07-024.

Norusis MJ. 2016. IBM SPSS statistics 24.0. Chicago: SPSS Inc.
Okulitch AV. 2013. Geology, Okanagan Watershed, British Columbia. In: Geological

Survey of Canada Government of Canada DOI 10.4095/292220.
OSSCP. 2014. Okanagan similkameen starling control program. Penticton: Report to

the regional district Okanagan-Similkameen Available at http://www.rdosmaps.
bc.ca/min_bylaws/ contract_reports/CorpBd/2014/08Apr17/BoardReports/ 3_
1StarlingControlProgramApril2014.pdf .

Palmer TK. 1976. Pest bird damage control in cattle feedlots : the integrated systems
approach. In: Vertbrate pest conference procedings. Available at https://www.
semanticscholar.org/paper/PEST-BIRD-DAMAGE-CONTROL-IN-CATTLE-
FEEDLOTS%3A-THE-Palmer/80fcdc51a47b4289d06c657c71688accd3940366 .

Pasteris JD,Wopenka B, Valsami-Jones E. 2008. Bone and tooth mineralization: why
apatite? Elements 4:97–104 DOI 10.2113/GSELEMENTS.4.2.97.

Pimentel D, Lach L, Zoniga R, Morrison D. 2000. Environmental and economic
costs of nonindigenous species in the United States. BioScience 50:53–65
DOI 10.1641/0006-3568(2000)050[0053:EAECON]2.3.CO;2.

Pimentel D, Zuniga R, Morrison D. 2005. Update on the environmental and economic
costs associated with alien-invasive species in the United States. Ecological Economics
52(3):273–288 DOI 10.1016/j.ecolecon.2004.10.002.

Poesel A, Douglas Nelson A, Lisle Gibbs H, John OlesikW. 2008. Use of Trace element
analysis of feathers as a tool to track fine-scale dispersal in birds. Behavioural Ecology
and Sociobiology 63(1):153–158 DOI 10.1007/s00265-008-0644-y.

RDevelopment Core Team. 2014. R: a language and environment for statistical comput-
ing. Vienna: R Foundation for Statistical Computing.

Rogers KD, Zioupos P. 1999. The bone tissue of the rostrum of a mesoplodon den-
sirostris whale: a mammalian biomineral demonstrating extreme texture.Materials
Science Letters 18:651–654 DOI 10.1023/A:1006615422214.

Suthers HB. 1978. Analysis of resident flock of starlings. In: Bird Banding Winter 1978.
Princeton: Department of Biology, Princeton University Available at https:// sora.
unm.edu/ sites/default/ files/ journals/ jfo/ v049n01/p0035-p0046.pdf .

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 19/20

https://peerj.com
http://www.christmasbirdcount.org
www.nrcan.gc.ca/maps-tools-and-publications/maps/atlas-canada/10784
www.nrcan.gc.ca/maps-tools-and-publications/maps/atlas-canada/10784
https://open.library.ubc.ca/cIRcle/collections/ubctheses/24/items/1.0165534
http://dx.doi.org/10.1139/Z07-024
http://dx.doi.org/10.4095/292220
http://www.rdosmaps.bc.ca/min_bylaws/contract_reports/CorpBd/2014/08Apr17/BoardReports/3_1StarlingControlProgramApril2014.pdf
http://www.rdosmaps.bc.ca/min_bylaws/contract_reports/CorpBd/2014/08Apr17/BoardReports/3_1StarlingControlProgramApril2014.pdf
http://www.rdosmaps.bc.ca/min_bylaws/contract_reports/CorpBd/2014/08Apr17/BoardReports/3_1StarlingControlProgramApril2014.pdf
https://www.semanticscholar.org/paper/PEST-BIRD-DAMAGE-CONTROL-IN-CATTLE-FEEDLOTS%3A-THE-Palmer/80fcdc51a47b4289d06c657c71688accd3940366
https://www.semanticscholar.org/paper/PEST-BIRD-DAMAGE-CONTROL-IN-CATTLE-FEEDLOTS%3A-THE-Palmer/80fcdc51a47b4289d06c657c71688accd3940366
https://www.semanticscholar.org/paper/PEST-BIRD-DAMAGE-CONTROL-IN-CATTLE-FEEDLOTS%3A-THE-Palmer/80fcdc51a47b4289d06c657c71688accd3940366
http://dx.doi.org/10.2113/GSELEMENTS.4.2.97
http://dx.doi.org/10.1641/0006-3568(2000)050[0053:EAECON]2.3.CO;2
http://dx.doi.org/10.1016/j.ecolecon.2004.10.002
http://dx.doi.org/10.1007/s00265-008-0644-y
http://dx.doi.org/10.1023/A:1006615422214
https://sora.unm.edu/sites/default/files/journals/jfo/v049n01/p0035-p0046.pdf
https://sora.unm.edu/sites/default/files/journals/jfo/v049n01/p0035-p0046.pdf
http://dx.doi.org/10.7717/peerj.8962


Suzuki R, Shimodaira H. 2014.Hierarchical clustering with P-Vlaues via multiscale
bootstrap resampling: package ‘ Pvclust’. Available at https:// cran.r-project.org/web/
packages/pvclust/ pvclust.pdf .

Szép T, Hobson KA, Vallner J, Piper SE, Kovács B, Szabó DZ, Moller A. 2009. Compari-
son of trace element and stable isotope approaches to the study of migratory connec-
tivity: an example using two hirundine species breeding in europe and wintering in
Africa. Journal of Ornithology 150(3):621–636 DOI 10.1007/s10336-009-0382-6.

Szép T, Moller AP, Vallner J, Kovacs A, Norman D. 2003. Use of trace elements in
feathers of sand martin riparia riparia for identifying moulting areas. Journal of
Avian Biology 34(3):307–320 DOI 10.1034/j.1600-048X.2003.03026.x.

Tieszen LL, Boutton TW, Tesdahl KG, Slade NA. 1983. Fractionation and turnover
of stable carbon isotopes in animal tissues: implications for 13C analysis of diet.
Oecologia 57(1–2):32–37 DOI 10.1007/BF00379558.

Virgo BB. 1971. Bird damage to sweet cherries in the Niagara Peninsula, Ontario. Plant
Science 423:415–423 Available at https://www.nrcresearchpress.com/doi/pdfplus/10.
4141/ cjps71-081.

Vuilleumier F. 2009. Birds of North America. New York: Dorling Kindersley.
Ward JH. 1963.Hierarchical grouping to optimize an objective function. American

Statistical Association 58(301):236–244 DOI 10.1080/01621459.1963.10500845.

Khatri-Chhetri et al. (2020), PeerJ, DOI 10.7717/peerj.8962 20/20

https://peerj.com
https://cran.r-project.org/web/packages/pvclust/pvclust.pdf
https://cran.r-project.org/web/packages/pvclust/pvclust.pdf
http://dx.doi.org/10.1007/s10336-009-0382-6
http://dx.doi.org/10.1034/j.1600-048X.2003.03026.x
http://dx.doi.org/10.1007/BF00379558
https://www.nrcresearchpress.com/doi/pdfplus/10.4141/cjps71-081
https://www.nrcresearchpress.com/doi/pdfplus/10.4141/cjps71-081
http://dx.doi.org/10.1080/01621459.1963.10500845
http://dx.doi.org/10.7717/peerj.8962

