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ABSTRACT

Strontium (Sr) isotope analysis can provide detailed biogeographical and ecological information about modern and
ancient organisms. Because Sr isotope ratios (4’Sr/%°Sr) in biologically relevant materials such as water, soil, vegetation,
and animal tissues predominantly reflect local geology, they can be used to distinguish geologically distinct regions as well
as identify highly mobile individuals or populations. While the application of Sr isotope analysis to biological research
has been steadily increasing, high analytical costs have prohibited more widespread use. Additionally, accessibility of
this geochemical tool has been hampered due to limited understanding of (z) the degree to which biologically relevant
materials differ in their spatial averaging of 8’ Sr/%%Sr ratios, and (i) how these differences may be affected by lithologic
complexity. A recently developed continental-scale model that accounts for variability in bedrock weathering rates and
predicts Sr isotope ratios of surface water could help resolve these questions. In addition, if this Tocal water’ model
can accurately predict #7Sr/%Sr ratios for other biologically relevant materials, there would be reduced need for
researchers to assess regional Sr isotope patterns empirically. Here, we compile 87 Sr/%0Sr data for surface water, soil,
vegetation, and mammalian and fish skeletal tissues from the literature and compare the accuracy with which the local
water model predicts Sr isotope data among these five materials across the contiguous USA. We find that measured Sr
isotope ratios for all five materials are generally close to those predicted by the local water model, although not with
uniform accuracy. Mammal skeletal tissues are most accurately predicted, particularly in regions with low variability
in 87Sr/%Sr predicted by the local water model. Increasing regional geologic heterogeneity increases both the offset
and variance between modelled and empirical Sr isotope ratios, but its effects are broadly similar across materials. The
local water model thus provides a readily available source of background data for predicting #’Sr/8°Sr for biologically
relevant materials in places where empirical data are lacking. The availability of increasingly high-quality modelled Sr
data will dramatically expand the accessibility of this geochemical tool to ecological applications.
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I. INTRODUCTION

Strontium (Sr) isotope analysis is a powerful and increasingly
utilized tool for studying spatial aspects of modern, historical,
and fossil ecosystems. In addition to identifying habitat use
and migration routes of individuals (e.g. Chamberlain etal.,
1997; Bacon etal., 2004; Feranec, Hadly & Paytan, 2007;
Hoppe & Koch, 2007; Gibson-Reinemer et al., 2009; Sellick
etal., 2009; Baumann & Crowley, 2015), Sr isotopes can be
used to detect the source of poached animals (e.g. Vogel,
Eglington & Auret, 1990; Koch etal., 1995), and identify
the origin and range expansions of introduced species (e.g.
Wolfl etal., 2012). Sr isotopes are useful for provenance
studies because their spatial variability is primarily driven
by underlying geology. Such spatially discrete isotopic
patterning can be highly effective for documenting patterns
of landscape use and mobility, and may be further enhanced
when combined with other stable isotopes such as carbon
(e.g. Hoppe, 2004; Britton, 2009; Widga, Walker &
Stockii, 2010), nitrogen (e.g. Koch etal., 1995), oxygen (e.g.
Hoppe, 2004; Evans, Chenery & Fitzpatrick, 2006; Britton,
2009; Widga etal, 2010; Baumann & Crowley, 2015),
hydrogen (e.g. Matthews, 2007; Sellick et al., 2009), or sulfur
(e.g. Britton, 2009).

Early applications of Sr isotope analysis focused on
quantifying weathering rates for minerals and rocks (e.g.
Blum, Erel & Brown, 1993; Miller, Blum & Friedland, 1993;
Horton etal., 1999; Rose & Fullagar, 2005), and the sources
and fates of Sr in rivers (e.g. Brass, 1976; Wadleigh, Veizer
& Brooks, 1985; Goldstein & Jacobsen, 1987; Palmer &
Edmond, 1989). However, the potential ecological insight
offered by Sr isotope analysis is growing dramatically due
to analytical advances (e.g. high performance laser ablation
and multicollector inductively coupled plasma mass spec-
trometry), as well as recent regional- and continental-scale
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models of Sr isotope distributions (e.g. Bataille & Bowen,
2012; Bataille, Lafoon & Bowen, 2012; Bataille etal., 2014).
The relevance of Sr isotopes to ecological research has
been recognized for over two decades. Ericson (1985) first
demonstrated that Sr isotope ratios in human tooth enamel
from archaeological contexts reflect local geology. Vogel
etal. (1990) confirmed that Sr isotope ratios in elephant
bone and ivory distinguish individuals from localities on
different types of bedrock, and shortly thereafter, Sealy
etal. (1991) demonstrated that biogenic Sr isotope ratios are
preserved in fossil bone. Sr isotopes in fossil bone and dentine
have the potential to be diagenetically altered, but fossil
enamel 1s relatively resistant to post-burial alteration (Hoppe,
Koch & Furutani, 2003). This increases the possibility of
looking at changes in organismal mobility over time. Yet
despite these advances, until recently, the number of studies
utilizing Sr ratios remained relatively limited. Over the past
decade, scientists have increasingly employed Sr isotope
ratios to address questions about the mobility and origin
of a variety of modern and ancient organisms including
anadromous fish (e.g. Koch etal., 1992; Kennedy et al., 2000;
Bacon etal., 2004; Barnett-Johnson ezal, 2008; Walther &
Thorrold, 2008; Miller etal., 2011), migratory songbirds
(e.g. Chamberlain etal., 1997; Blum, Taliaferro & Holmes,
2001; Sellick etal., 2009), large herbivores (e.g. Sealy etal.,
1991; Koch etal,, 1995; Hoppe etal., 1999; Hoppe, 2004;
Britton, 2009; Hedman et al., 2009; Radloff ez al., 2010; Widga
etal., 2010; Baumann & Crowley, 2015), extinct hominins
(Copeland etal., 2012), and historic populations of people
(e.g. Ericson, 1985; Ezzo, Johnson & Price, 1997; Price,
Burton & Bentley, 2002; Bentley, 2006; Evans etal., 2006;
Juarez, 2008; Maurer et al., 2012). Sr is also useful for sourcing
agricultural products such as rice (Kawasaki, Oda & Hirata,
2002), corn (Benson, 2010), wine (Marchionni etal., 2013),
milk (Crittenden etal., 2007), and illicit drugs (West etal.,
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2009). Such provenance applications are possible because Sr
1sotope ratios in biological materials (e.g. soils, vegetation,
and animal tissues) largely reflect those in local bedrock,
which are dictated by rock age and mineralogy (Aberg, 1995).
Although there is great potential for using Sr isotope
analysis to enhance the study of ecological systems, there
has been little work synthesizing current knowledge of
how different biologically relevant materials (e.g. surface
water, ossified tissues from mammals or fish, vegetation,
and soil) integrate local-to-regional Sr from weathered
bedrock. Additionally, the accuracy of regional-scale models
for predicting Sr 1sotope ratios in different materials is poorly
constrained. Here, we compile a database of published Sr
1sotope data for surface water, soil, vegetation, and skeletal
tissues from mammals and fish for the contiguous USA.
Using this data set, we first evaluate the geographic coverage
for each material. Next, we assess the accuracy at which
a continental-scale local water model (Bataille & Bowen,
2012) can estimate Sr isotope ratios in biologically relevant
materials. We also test how regional variability in lithology
impacts the model’s predictive power. This comprehensive
survey summarizes the current state of knowledge on Sr
1sotope ratios in ossified tissues, vegetation, soil, and surface
water across the USA. It also illustrates where additional
empirical data would help resolve remaining uncertainties.

II. BACKGROUND ON STRONTIUM ISOTOPES

There are four naturally occurring isotopes of Sr. Three of
these isotopes are stable (*®Sr, 83y, and #Sr), while the
fourth (¥7Sr) is produced by the B-decay of rubidium (#’Rb)
(reviewed in Banner, 2004; Bentley, 2006). Most applications
of Sr isotopes compare the amount of radiogenic ®’Sr to
the amount of stable ®°Sr in a given material. Sr isotope
ratios vary considerably in rocks at the Earth’s surface
because they are affected by both chemical composition and
age. For example, whereas mafic basalts display ®7Sr/%Sr
ratios between approximately 0.702 and 0.705 (which are
reflective of the Earth’s mantle), continental crustal rocks,
such as granites, exhibit Sr isotope ratios around 0.716
(reviewed in Capo, Stewart & Chadwick, 1998; Banner,
2004). Carbonates form in equilibrium with sea water,
which has had a relatively constant ”Sr/%°Sr composition
of 0.707-0.709 throughout the Phanerozoic (DePaolo &
Ingram, 1985; McArthur, Howarth & Bailey, 2001). As a
rock ages, its 87 Sr/%%Srincreases due to continued production
of #7Sr. Consequently, siliciclastic sediments typically have
higher #7Sr/#Sr ratios than carbonates because they contain
older detrital material (Bataille etal., 2014). Very old (ie.
Archacan and Proterozoic) igneous rocks can exhibit Sr
isotope ratios >0.8 (reviewed in Banner, 2004; Bataille
& Bowen, 2012). Due to the extended half-life of ”Rb
(48.8 x 107 years), these patterns are stable over ecologically
meaningful timescales.

The incorporation of Sr into biological systems begins
with the weathering of rocks and subsequent release of

Sr into soils and surface water. Mobilized Sr can then be
incorporated into plants and animal tissues (e.g. Toots &
Voorhies, 1965; Rosenthal, Cochran & Eves, 1972). The
biological uptake of Sr (which readily substitutes forﬂCaQJr
1ons) occurs with negligible fractionation (reviewed in Aberg,
1995; Capo etal,, 1998; Banner, 2004), and the minimal
fractionation that does occur can be accounted for during
data normalization (Krabbenhoft etal, 2010). Thus, for
example, the Sr isotope composition of an animal’s tissues
reflects an integrated signal of Sr sources ingested by the
organism during tissue formation. Therefore, 87Sr/%0Sr can
be used to track animal movement across landscapes or
distinguish migrant and local individuals within a population
(e.g. Chamberlain etal., 1997; Hoppe & Koch, 2007; Sellick
etal., 2009; Baumann & Crowley, 2015).

The use of Sr isotopes for reconstructing an organism’s
geographical history or other ecological information relies
on good knowledge of local to regional isotopic variability.
These critical reference data can be empirically derived
or modelled. Both approaches have advantages and
disadvantages as discussed below.

(1) Empirical data

Measuring Sr isotope ratios for samples collected in the field
1s a primary means of quantifying variability in biologically
available Sr. Empirical data are also essential for evaluating
model predictions of bioavailable Sr. Although there are
now automated analytical systems that allow for relatively
high analytical throughput (e.g. Chesson etal, 2012), the
time and costs associated with collecting and analysing local
samples for Sr isotope ratios remain substantial. Additionally,
variability in the spatial and temporal span incorporated by
different materials may pose challenges to comparing their
Sr isotope ratios directly.

Local Sr isotope ratios are typically evaluated using surface
water (e.g. Chesson etal, 2012), soils (Ingram & Weber,
1999; Barnett-Johnson etal., 2008; Walther, Thorrold &
Olney, 2008; Wolff et al., 2012; Baumann & Crowley, 2015),
vegetation (Keller, Blum & Kling, 2007; Reynolds, Quade
& Betancourt, 2012), or ossified tissues from animals with
limited home ranges (Hoppe etal., 1999; Blum etal., 2000;
Porder, Payton & Hadly, 2003; Widga et al., 2010; Christian,
Banner & Mack, 2011; Reynolds etal., 2012). While each of
these materials offers meaningful data, they differ in how they
integrate ‘local’ conditions. The spatial and temporal breadth
across which materials accumulate Sr may also impact their
isotopic comparability (e.g. Ezzo etal, 1997; Hoppe etal.,
1999; Blum etal., 2001; Porder etal., 2003; Feranec etal.,
2007; Hedman et al., 2009; Radloff et al., 2010; Maurer et al.,
2012; Slater, Hedman & Emerson, 2014; Brennan etal.,
2015). For example, because root and soil depths vary,
contributions from available Sr sources (c.g. weathering
bedrock versus atmospheric or colluvial material) may differ
among individual plant and soil samples (Hodell ezal., 2004;
Poszwa etal., 2004; Frei & Frie, 2011). Conversely, animal
or surface water samples may incorporate Sr from multiple
soil depths, or integrate Sr across a variety of geographic
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scales (e.g. Graustein & Armstrong, 1983; Gosz & Moore,
1989; Miller et al., 1993; Poszwa et al., 2004; Bern, Townsend
& Farmer, 2005; Chadwick ez al., 2009; Pett-Ridge, Derry &
Kurtz, 2009; Reynolds et al., 2012). Additionally, biologically
relevant materials differ in the amount of time they take to
form (and therefore in the amount of time they incorporate
Sr). Whereas most mammalian teeth form over 1-3 years,
mammalian bone averages Sr input on annual to decadal
scales (depending on lifespan). Otoliths form incrementally
throughout a fish’s life, foliage incorporates Sr on seasonal to
annual scales, and soils may differentially integrate Sr across
decades to millennia. Finally, the sources for a particular body
of water may vary seasonally (due to shifting precipitation
or run-off sources; e.g. Curtis & Stueber, 1973; Douglas,
Chamberlain & Blum, 2002; Price etal., 2002; Rose &
Fullagar, 2005; Feranec etal, 2007, Hamann & Kennedy,
2012; Brennan etal., 2015), or on longer timescales (due
to changes in bedrock weathering; e.g. Douglas etal., 2013;
Brennan etal, 2015). Thus, the comparability of Sr data
among different materials is a topic of debate (Semhi, Clauer
& Probst, 2000; Walther & Thorrold, 2009).

Local to regional geologic complexity (i.e. lithological,
structural, and temporal heterogeneity) also plays an
important role in shaping variability in #Sr/%Sr among
sites. In geologically simple areas, such as ancient ocean
basins, Sr isotope ratios should be relatively homogenous
(e.g. Sillen etal., 1998; Blum etal., 2001; Keller ezal., 2007,
Hedman ezal., 2009; Frei & Frie, 2011; Maurer efal., 2012;
Reynolds etal., 2012). However, in lithologically, structurally,
or temporally complex regions (e.g. mountainous zones,
accretionary terranes), Sr isotope ratios are expected to be
more variable (Hoppe etal., 1999).

(2) Modelled data

To date, spatially explicit models of Sr isotope ratios, or
‘Sr 1soscapes’, have only been developed for the USA and
the circum-Caribbean (Xin, 1993; Sillen etal., 1998; Blum
etal., 2000; Porder etal., 2003; Maurer etal., 2012; Reynolds
etal., 2012; Hegg, Kennedy & Fremier, 20135). Modelled Sr
ratios can provide local and regional reference data without
the need to conduct laborious field and laboratory studies.
For example, modelled Sr ratios can be used to assess
quickly whether or not an individual is local to a specific
site and identify potential geographic origins for immigrants
(reviewed in Beard & Johnson, 2000; Bataille & Bowen,
2012; Bataille etal., 2012, 2014). The ubiquitous challenges
for Sr models are resolution limitations, spatial variability of
model quality, and reliance on empirical data. Consequently,
the accuracy of models varies with geographic location,
bedrock complexity, and the presence of allochthonous
surficial geology (e.g. alluvium, glacial drift).

The first strontium isoscape for North America was
based solely on bedrock age (Hobson, Barnett-Johnson &
Cerling, 2010). This model provided a starting point for
testing the consistency of biologically available Sr isotope
ratios for localities underlain by older and younger rock,
and identifying the origins of non-local migratory animals.
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Unfortunately, the match between modelled and empirical
data was relatively poor, in part because the model did
not account for differential weathering among lithologies.
Although Sr isotope ratios in biological materials largely
reflect bedrock, they do not necessarily reflect bulk bedrock.
For example, because carbonates contain more Sr and
weather faster than siliciclastics, bioavailable Sr from a region
underlain by a mixture of clastic and chemical sedimentary
rocks will be biased towards the ®Sr/%°Sr of carbonate
(Beard & Johnson, 2000). Similarly, different minerals within
a single igneous or metamorphic rock can differ in their
Sr 1sotope ratios, and those that weather more quickly (e.g.
potassium feldspar or micas) will have a greater influence on
bioavailable Sr (Stueber, Pushkar & Baldwin, 1972; Gold-
stein & Jacobsen, 1987; Horton ez al., 1999; Pretti & Stewart,
2002). Differential weathering may also cause glacial drift or
alluvium to contribute more to the bioavailable Sr pool than
local bedrock (e.g. Blum etal., 1993; Rose & Fullagar, 2005).
Such biases can result in poor matches between measured Sr
1sotope ratios in plants, animals, soils and water, and those
estimated by bedrock models (Curtis & Stueber, 1973; Widga
etal., 2010; Hegg etal., 20135; Baumann & Crowley, 2015).

Recently, Bataille & Bowen (2012) developed a local water
model that predicts #’Sr/%Sr in surface waters by coupling
a bedrock model with a chemical weathering model that
accounts for variable contributions of different lithologies
to dissolved Sr in soil water. Establishing the degree to
which this local water model predicts Sr isotope ratios for
additional biologically relevant materials could significantly
advance the accessibility of Sr isotopes to ecological research
in the USA. However, a systematic test of its predictive
power across multiple materials and across the model’s
spatial extent is required to assess fully the potential of this
tool for provenance studies. Using our compiled database
of empirical Sr data and the local water model, we test two
hypotheses: (i) modelled #”Sr/%Sr more accurately predicts
empirical Sr isotope ratios for water and animals (which
are capable of averaging Sr across large regions) than soils
and vegetation (which sample Sr from more localized areas);
(1) because areas that are less complex with respect to
lithology and rock age can have more constant Sr isotope
ratios at smaller spatial scales, we expect that modelled data
from homogenous regions predict 8 Sr/%°Sr of biologically
relevant materials better than modelled output for more
heterogeneous regions. Specifically, we hypothesize that the
variance of modelled versus empirical Sr isotope ratios is
larger in more geologically complex regions.

III. METHODS

(1) Data acquisition

We compiled Sr isotope data for water, soil, and biological
materials from the contiguous USA. Among the 69 works
consulted (Hart & Tilton, 1966; Eastin & Faure, 1970;
Jones & Faure, 1972; Stueber etal., 1972; Curtis & Stueber,
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1973; Brass, 1976; Fisher & Stueber, 1976; Graustein &
Armstrong, 1983; Ericson, 1985; Wadleigh etal, 1985;
Stordal & Wasserburg, 1986; Goldstein & Jacobsen, 1987;
Gosz & Moore, 1989; Palmer & Edmond, 1989; Koch
etal., 1992; Blum etal., 1993, 2000, 2001; Miller etal., 1993;
Xin, 1993; Price etal., 1994, 2002; Yang, Telmer & Veizer,
1996; Chamberlain etal., 1997; Ezzo etal, 1997; Hoppe
etal., 1999; Ingram & Weber, 1999; Beard & Johnson,
2000; Kennedy etal., 2000; English etal.,, 2001; Gross etal.,
2001; Douglas etal., 2002; Pretti & Stewart, 2002; Van der
Hoven & Quade, 2002; Cooke et al., 2003; Porder et al., 2003;
Bacon etal,, 2004; Hoppe, 2004; Rose & Fullagar, 2005;
Benson etal., 2006; Singleton ezal., 2006; Hoppe & Koch,
2007; Price, Burton & Stoltman, 2007; Barnett-Johnson
etal., 2008; Quinn, Tucker & Krighaum, 2008; Walther &
Thorrold, 2008; Walther ¢t al., 2008; Benson, Stein & Taylor,
2009; Britton, 2009; Gibson-Reinemer ez al., 2009; Hedman
etal., 2009; Jorgenson etal., 2009; Sellick etal., 2009; West
etal., 2009; Benson, 2010; Widga etal., 2010; Beehr, 2011;
Christian efal., 2011; Miller et al., 2011; Chesson etal., 2012;
Hamann & Kennedy, 2012; Reynolds ezal., 2012; Wolft et al.,
2012; McCall, 2013; Hegg et al., 2013a; Eerkens etal., 2014;
Slater etal., 2014; Baumann & Crowley, 2015), data were
available for modern precipitation, tap, surface and ground
water, soil, dust, vegetation, feathers, shells, osseous material
(dentine, bone and enamel) from a variety of modern and
historic terrestrial and aquatic organisms, and enamel from
Pleistocene fossil mammals (see Tables S1 and S2). Materials
from archaeological sites were excluded because they are at
risk of having been moved outside of their ‘natural’ range
by humans. Although we endeavoured to include data for
individual specimens, only summary data were available for
some studies. When geographic coordinates of specimens
were not included in publications, we used Google Earth
to georeference reported geographic information (e.g. maps
or locality names). When necessary, authors of publications
were contacted to clarify locality information.

2) Data analysis
( ¥
(@) Predicting 57 Sr/%0 Sr

We focused our analyses on the 87Sr/%Sr ratios of five
materials with good sample sizes and the widest geographic
coverage: (1) surface water (lakes, rivers, streams and run-off),
(1) vegetation (wood, leaves, and roots from lichens, mosses,
trees, shrubs, herbs and grasses), (i) osseous tissues of
mammals (bone, dentine and enamel), (iv) osseous tissues
of fish (bone and otoliths), and (v) soil. Other materials (e.g.
shells, feathers, dust and precipitation) were excluded from
analysis due to small sample sizes. Prior to analysis, all
specimens with multiple Sr data points (e.g. serially sampled
teeth or water samples collected repeatedly from the same
locality) were summarized to their median ratios.

Using the Bataille & Bowen (2012) local water model
raster (http://wateriso.utah.edu/waterisotopes/pages/
data_access/ArcGrids.html), we evaluated the modelled
(expected) Sr isotope ratio for each specimen according

to its georeferenced location. To account for spatial
uncertainties in the local water model (see Appendix S1)
as well as uncertainty in the georeferencing of empirical
data points, expected (modelled) ”Sr/8°Sr for each sample
was calculated as the median Sr isotope ratio within a 5 km
radius of the empirical point’s geographic coordinates. Using
the exact coordinate values to recover model estimates of
empirical samples (or median values calculated across larger
sampling radii) generates highly similar results. Specimens
from the few areas where the local water model did not have
estimated Sr isotope ratios were removed from the analysis.

We then calculated the difference between the observed
(empirical) and modelled (expected) 87Sr/®Sr for each
specimen. Given a perfect model, the expected ratio should
exactly match the observed ratio of the specimen. Therefore,
if the model performs well, observed versus expected ratios (i.e.
‘Sr offset’) should generally approach zero. To evaluate this
expectation, we created histograms of Sr offset for specimens
from each of the five materials and evaluated their frequency
distributions using their kurtosis (peakedness) and skewness
(severity of distribution tails). We further used distribution
of Sr offsets to test for overall agreement between the
empirical and modelled data by calculating a bootstrapped
95% confidence interval around the median ratio for each
material. If the 95% confidence interval includes Sr offsets
of 0.0, this is an indication that the local water model is a
strong predictor of the Sr ratio for a particular material. We
also evaluated overall model accuracy for each material
by calculating the percent error for each specimen as
the magnitude (absolute value) of Sr offset divided by the
empirical (measured) Sr ratio, multiplied by 100. Finally, we
plotted Sr offset for each specimen on maps of the contiguous
USA to examine the spatial coverage for available empirical
data for each material.

(b) Sr complexity, geographic standardization and spatial averaging

Spatial variability in Sr isotope ratios is directly related to
geologic complexity, which may affect the predictive accu-
racy of the local water model. We used the regional isotopic
variability predicted by the local water model to test the
relationship between Sr offset and geologic (Sr) complexity.
Specifically, we defined ‘Sr complexity’ as the standard
deviation of modelled Sr ratios within a 50 km radius of each
specimen’s georeferenced location. Because empirically
based studies are usually limited to one or a few localities, and
because some studies produce more data than others, indi-
vidual publications and the geologic settings in which their
data were collected could dominate the analysis and bias the
derived relationship between Sr offset and complexity. To
mitigate these biases, we geographically standardized the
data set by calculating the median Sr offset for all specimens
of a particular material sampled from the same locality.
Using the geographically standardized data, we then
applied quantile regression to quantify relationships between
Sr complexity and the magnitude of Sr offset for each
material. We separately analysed the 25th, 50th, and 75th
quantiles for each material’s distribution using the R library
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(B) Vegetation
(N = 426)

(D) Fish skeletal
(N = 1290)
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Fig. 1. Maps of compiled empirical Sr data for (A) sursface water, (B) vegetation, (C) mammal skeletal tissues, (D) fish skeletssal
tissues, and (E) soil. Point colours illustrate the degree to which the Bataille & Bowen (2012) local water model overpredicts (negative
values, cool colours), and underpredicts (positive values, warm colours) empirical data. Geographic distribution and sample sizes
vary among materials. Sample numbers are raw and have not been geographically standardized.

‘quantreg’ (Hobson etal., 2010; Bataille & Bowen, 2012;
Chesson etal, 2012) and bootstrap routine to estimate
regression significance. Quantile regression is ideally suited
for this analysis because relationships between Sr offset and
Sr complexity are not expected to be simple. For example,
it is intuitive that the local water model would accurately
predict the Sr isotope ratios for mammals from a geologically
homogenous region, and the variability in the quality of that
prediction should be low. However, in a region with greater
Sr complexity, #7Sr/#Sr for some individuals may be poorly
predicted (due to the incorporation of more isotopically
variable Sr or limitations in the resolution of the model).
Thus, the variance in Sr offset is also expected to increase with
increasing Sr complexity, producing a polygonal relationship.
This is particularly likely for water bodies and animals,
which can (but may not necessarily) integrate Sr across large
geographic areas. To test our expectation that variance
increases with Sr complexity (the standard deviation of
modelled Sr ratios within 50 km from the sample location),
we binned Sr offset into 0.01 units of standard deviation:
low (<0.01), medium (0.100-0.199), and high (>0.200), and
tested for stepwise changes in variance with increasing Sr
complexity using Levene tests (Koenker, 2015).
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Finally, to confirm the degree to which spatial averaging
of a particular tissue might affect the predictive accuracy of
the local water model, we also compared Sr offsets between
small (<100kg) and large (>100kg) mammals (Table S1),
anadromous and freshwater fish (Table S2), and fish and sur-
face waters from small (<1000 km?) versus large (> 1000 km?)
watersheds using Wilcoxon rank sum tests (Sokal & Rohlf,
2012). We limited these comparisons to regions with low
Sr complexity predicted by the local water model, which is
where sample sizes and mean differences in 87Sr/%°Sr among
materials are the largest. All analyses were conducted in R
version 3.1.1 (R Development Core Team, 2014), including
the packages raster (Hijmans, 2015), fields (Nychka, Furrer &
Sain, 2015), quantreg (Koenker, 2015), car (Fox & Weisberg,
2010) and moments (Komsta & Novomestky, 2015).

IV. RESULTS

(1) Geographic coverage is variable across
materials

The geographic distribution of specimens for each material
1s variable (Fig. 1). Surface water (N =374; 352 after
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Fig. 2. Histograms of Sr offset between observed (empirical) and expected (modelled) data for (A) surface water, (B) vegetation,
(C) mammal skeletal tissues, (D) fish skeletal tissues, and (E) soil. Data presented here have been geographically standardized to limit
autocorrelation. Colours illustrate model overprediction and underprediction as in Fig. 1, dashed lines demark offsets of 0.0, and
horizontal error bars are bootstrapped 95% confidence intervals around median estimates for each material. Kurtosis, skewness,
and sample size (after geographic standardization) are also provided.

geographic standardization) and vegetation (N =426; 143
after geographic standardization) have the broadest and
densest coverage across the contiguous USA, with data
from 32 and 28 states, respectively. Data from mammalian
skeletal tissues (N = 308; 80 after geographic standardization)
are available across 16 states, but are concentrated in the
southeastern (Florida and Georgia) and midwestern USA
(Kentucky, Ohio, Michigan, Indiana, and Wisconsin). The
geographic coverage for soil (V' =295; 189 after geographic
standardization) is the poorest. Soil data are only available
from 10 states, which are split between restricted regions of
the southwest (most data are from bordering regions of New
Mexico, Arizona, Utah, and Colorado) and northeast. Data
for fish skeletal tissues, which represent the largest number
of individual specimens before geographic standardization
(V=1290; 86 after geographic standardization), exist for
18 states. These occur in pockets along the Atlantic coast,
Colorado and Utah, and California and Washington.

(2) Measured Sr isotope ratios are generally well
predicted by the local water model

After geographically standardizing the data, all frequency dis-
tributions show high kurtosis (Fig. 2), illustrating that Sr offset
is generally focused around a single ratio (near 0.0 in all cases).
However, only mammal skeletal tissues have bootstrapped
median estimates that encompass 0.0 (Table 1). All other
materials exhibit some tendency towards negative Sr offsets
(i.e. model overprediction of Sr ratios). While the median
offsets for surface waters, vegetation, fish skeletal tissues, and
soils all approach 0.0 (Table 1), the magnitudes away from
zero are all within the measurement limits of #”Sr/#Sr anal-
yses, indicating they are securely non-zero. Skewness of Sr
offset is negative for all materials with the exception of soil
(Fig. 2). Skewness for soils and particularly fish osseous mate-
rials is low, highlighting a relatively even balance between
overprediction and underprediction by the local water
model. However, skewnesses for surface waters, mammal
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Table 1. Calculated 95% bootstrapped confidence intervals for the median Sr offset of each material (after geographic

standardization)

95% confidence interval Surface water Vegetation Mammal skeletal Fish skeletal Soil
Upper —0.0069 —0.00037 0.00038 —0.0017 —0.000092
Lower —0.0017 —0.0021 —0.00071 —0.0033 —0.0016

Confidence intervals for mammals (in bold) surround 0.0, indicating very good agreement between modelled and empirical Sr data.

Table 2. Percent of data for each material predicted by the local water model within different degrees of model accuracy (modelled

versus empirical Sr offset as a percent of empirical 87 Sr/80Sr data)

Predictive accuracy Surface water (%) Vegetation (%) Mammal skeletal (%) Fish skeletal (%) Soil (%)
Within 1% 80.7 84.6 93.8 81.4 97.9
Within 0.1% 17.3 16.1 35.0 10.5 29.6
Within 0.01% 2.3 0 7.5 0 5.8
Within 0.001% 0 0 2.5 0 0.5

Samples for which model predictions are within 0.001% mirror the precision of measurement error for empirical Sr ratio analysis.

skeletal tissues, and vegetation are higher, indicating a more
extended negative tail (model overprediction) in these mate-
rials. Some materials are predicted more accurately than
others (Table 2). 80.7-97.9% of the data (depending on
material) are predicted within 1% of their empirical ratios,
10.5—35% of the data are predicted within 0.1%, 0—7.5% are
predicted within 0.01%, and 0-2.5% are predicted within
0.001% (which is essentially equal to analytical measurement
error). With the exception of soils, which have the highest
percentage of data predicted within 1%, mammal skeletal
tissues are the best predicted among the materials (Table 2).

(3) Increased Sr complexity leads to larger and
more variable offset between modelled and
measured Sr isotope ratios

Quantile regressions (Fig. 3, Table 3) show that there
are generally significant positive relationships between the
absolute value of Sr offset and regional Sr complexity. All
quantiles reveal significant positive relationships for surface
waters and vegetation. Significant positive relationships for
fish skeletal tissues are only seen at the 75th quantile; while
also positive, quantile regressions for soils and mammals are
not significant. The median quantile for soils is negative and
non-significant (Table 3).

As predicted, variance in Sr offset increases with increasing
Sr complexity (Fig. 4 and Table S3). Increased variance is
highly significant between samples from regions with low and
medium Sr complexity for all materials (Table S3). Surface
water and vegetation both have data from regions with high
Sr complexity, and we do observe an increase in variance
between regions of medium and high Sr complexity for both
materials. However, we did not quantitatively compare Sr
offset between medium and high complexity regions due to
small sample sizes and low power (N =3 for each material
at high complexity).

Biological Reviews (2015) 000—000 © 2015 Cambridge Philosophical Society

(4) Mammal skeletal tissues are most accurately
predicted, particularly at low Sr complexities

We find significant pairwise differences in magnitude of Sr
offset among materials atlow Sr complexities (Fig. 5, Table 4).
Sr offset for mammal skeletal tissues is significantly smaller
than the offset for all other materials except soils (Table 4). Sr
offset for soils is significantly smaller than that for fish skeletal
tissues and surface water (Fig. 5, Table 4). All other compar-
isons are either marginally significant (i.e. not maintained
after Bonferroni correction; fish skeletal-vegetation, fish
skeletal —surface water, soil-vegetation) or non-significant
(surface water—vegetation, mammal skeletal—soil). Among
materials in regions with medium Sr complexities, mammal
skeletal tissues tend to remain more accurately predicted.
Sr offset for mammals is significantly smaller than that
for vegetation, and the difference in Sr offset between
mammal skeletal material and surface water is marginally
significant (Fig. 5, Table 4). Results are highly consistent
when modelled Sr ratios are estimated using the specimens’
exact georeferenced coordinates (Fig. S1).

low Sr complexities, Sr isotope
ratios are significantly better predicted for large-mammal
(>100kg) than small-mammal skeletal tissues (Wilcoxon
Test: W =489, P=0.018; Fig. 6). This pattern is consistent
when using a 10kg cut-off between ‘small’ and ‘large’

In regions with

mammals. Conversely, 87 Sr/%0Sr for surface water in small
watersheds (<1000 km?) is better predicted than in large ones
(W =3864, P < 0.01). There are no differences in Sr offset
between fish skeletal tissues from small versus large watersheds
(W =294, P=0.39; Fig. 6) or between anadromous and
freshwater fish (W =336, P=0.21). All of these results are
consistent when modelled Sr is the point estimate at the
georeferenced locality, or the median modelled Sr ratio
within either a 5 or 10 km radius (Fig. S2).
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Fig. 3. 75th (dashed), 50th (solid) and 25th (dotted) quantile regressions for the magnitude (absolute value) of Sr offset against
regional Sr complexity for (A) surface water, (B) vegetation, (C) mammal skeletal material, (D) fish skeletal material, and (E) soils.
As predicted, the magnitude of Sr offset increases with regional Sr complexity in many cases. Strong separation between the 75th
and 25th quantiles (particularly for surface waters, vegetation, and fish skeletal tissues) suggests that while offset between model
estimates and empirical data can increase significantly with increasing complexity, the local water model can still predict Sr ratios
with remarkable accuracy in complex regions. Regressions for mammal skeletal tissues and soils are non-significant. Quantile
regression results for soil are less straightforward (e.g. crossed 25th and 50th quantile lines), and likely reflect the relatively poor
spatial representation of soil data in the literature (limited or no empirical data were available from moderately or highly complex
regions). Patterns for soil may also be complicated by temporal and spatial averaging of Sr across different depths and soil horizons.

V. DISCUSSION

(1) Model limitations

The predictive power of the Bataille & Bowen (2012) model is
compromised by its limitations in formulation and capacity
to incorporate all potential sources of Sr (see Appendix
S1). A limitation particularly relevant to this study is the
absence of an independent prediction of % Sr/%°Sr for

siliciclastic sediments. Bataille & Bowen (2012) applied the
same average approach to predict the #7Sr/80Sr ratio in
igneous rocks and siliciclastic sediments, effectively assuming
that for siliciclastics, deposition age represents the actual
age of the rock. Consequently, the Bataille & Bowen (2012)
local water model does not capture the isotopic variability
in siliciclastic sediments associated with their parent rock
and recycling history. To predict the #7Sr/%°Sr for local
waters, Bataille & Bowen (2012) used a bedrock model
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Table 3. Parameter estimates and bootstrapped significance values for 25th, 50th, and 75th quantile regressions for Sr offset versus

regional Sr complexity for each material

25th quantile 50th quantile 75th quantile
Substrate Slope &+ S.E. Slope &+ S.E. Slope & S.E.
Surface water 0.24%* £ 0.049 0.50%* £ 0.099 0.90%* £0.17
Vegetation 0.28* +0.13 0.58* +0.24 1.28%* +0.37
Soil 0.095£0.12 —0.25£0.22 0.294+0.33
Fish skeletal —0.0060 £ 0.12 0.21+0.32 1.07** +0.24
Mammal skeletal 0.039£0.028 0.15£0.16 0.47£0.76

Significant relationships are in bold. Single and double asterisks denote significance levels of P < 0.05 and P < 0.01, respectively.

that gives a relatively uniform 87Sr/®Sr prediction for
siliciclastic sediments centered around 0.7115. This ratio
will overpredict %7Sr/%°Sr in regions where siliciclastic
sediments have young and mafic parents (e.g. American
Cordillera) and underpredict Sr/%°Sr in regions where
siliciclastic sediments have been recycled numerous times
(e.g. Appalachian orogenic belt). This challenge leads to
geographic trends in the prediction accuracy of the local
water model. Combined with geographic biases among
materials in our compiled data set, such model limitations
may explain part of the difference in predictive accuracy
observed among materials.

Bataille etal. (2014) partially resolved this model
formulation issue by developing an independent siliciclastic
sediment sub-model that leverages terrane age and lithology
to account for the control of parent rock on the 87Sr/%Sr
variability of siliciclastic sediments in Alaska, USA. Their
modelling efforts also included a better representation of local
variability in #7Sr/%0Sr and better prediction uncertainty.
Combined, such improvements enhanced the predictive
power of the models, with 97 and 59% of empirical ®”Sr/#Sr
ratios of regional water samples predicted within 1 and
0.1% of predicted ratios, respectively (Bataille etal., 2014). A
similarly improved version of the model is in development
for the contiguous USA.

(2) Spatial sampling of empirical data is highly
variable

Despite decades of research, the spatial coverage of available
empirical data is remarkably poor and geographically biased;
for most materials, samples have only been analysed from
a handful of states, and geographic coverage differs among
materials (Fig. 1). Consequently, there are large swathes
of the contiguous USA with no empirical data to validate
model predictions or make comparisons among materials. In
particular there are relatively few samples taken from regions
with high Sr complexity (i.e. regions with high Sr variability).
Some materials have been geographically sampled more
thoroughly than others, but limited overlap among materials
prevents spatially standardized comparisons among them.
This is a clear knowledge gap that future empirical studies
should address.
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(3) Variability in modelled versus measured Sr
isotope ratios is larger in more complex regions

Our results support expectations that (z) the local water
model predicts 87Sr/%°Sr ratios better in more geologically
homogenous areas, and (x) variance in offset between
observed (empirical) and expected (modelled) Sr isotope
ratios is larger in more complex regions. Model accuracy is
good at low Sr complexities, but variability in Sr offset (and
offsetitselfin the case of surface waters and vegetation; Fig. 3)
increases with Sr complexity. This finding is a meaningful
caveat for those interested in studying geologically complex
regions. Whereas many provenance research questions
benefit from high Sr complexity, model accuracy in complex
regions may not be sufficient to answer these questions and
an empirical approach will likely be needed.

Interestingly, mammal skeletal tissues and soils show no
significant linear relationships between Sr offset and geologic
complexity, suggesting invariance in model fit with respect
to underlying regional Sr variability. The soil sample is
particularly depauperate in specimens from regions with
greater Sr complexity (which may contribute to the lack
of relationship). The mammal sample has better coverage
(with subequal sampling of both low and medium complexity
regions), yet still does not exhibit strong relationships between
Sr offset and complexity.

Soils are a somewhat anomalous data set in several ways.
First, sample sizes are very low for soils from regions
with moderate or high Sr complexity. Second, there is
variability in the age and depth of the soil samples that we
included in our compiled data set. Most (but not all) authors
reported sample depth. However, it 1s not clear how much
time 1s integrated within particular samples. Soil formation
processes and timing can vary considerably among regions
with differing climate, topography, and vegetation cover.
Therefore, spatial patterns for soil may be complicated by
temporal averaging of Sr across different soil horizons. Third,
soil samples can vary considerably in their clay, sand, and
organic content. There does not appear to be a consensus
in the literature as to which portion of soils should be
analysed. Among the various sources we included in our
analyses, authors reported analysing Sr eluted from various
leachates including ammonium acetate (Bataille & Bowen,
2012; Bataille ezal., 2012, 2014), acetic acid (Miller et al., 1993;
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Fig. 4. Variance in the magnitude of Sr offsets among regions with low, medium, and high regional Sr complexity for (A) surface
water, (B) vegetation, (C) mammal skeletal material, (D) fish skeletal material, and (E) soils. Grey dots represent groups from
high-complexity regions with less than five specimens. Asterisks denote significant differences in variance between complexity bins.
Variance increases significantly between low and medium Sr complexity for all five materials. There are qualitative increases in
variance between medium and high Sr complexity regions for surface water and vegetation (sample sizes from complex regions are

too small for statistical analysis).

Cooke etal., 2003; Reynolds etal., 2012), hydrochloric acid
(Benson ez al., 2006, 2009; Benson, 2010), or hydrofluoric acid
(Xin, 1993). Nevertheless, even with the added complications
of the soil data set, including profound heterogeneity in
composition and preparation techniques, the power of the
Bataille & Bowen (2012) local water model to predict soils is
not dramatically altered compared to other materials.
Predictive quality of the model for mammal skeletal tissues
across our data set appears less influenced by differences in
underlying geology than other materials (Fig. 3). While this
may partially reflect geographic bias in the mammal data
set (see Section V.4), together with lower overall Sr offset,
this may also be an indication that mammal tissues and the
model integrate Sr in similar ways (or at least the end result

is more cquitable than for other materials), making mammal
tissues particularly well suited for the model. However,
depending on home range size, frequency of movement, and
randomness of movements within a region, mobile mammals
may not fully capture local Sr variability. Characterizing
local 87Sr/®Sr ratios in more complex regions will likely
require samples from less-mobile (or non-mobile) materials
and larger sample sizes. Recognition of these trends will be
particularly important when comparing data among regions.

(4) Modelled Sr isotope ratios are informative
predictors of empirical data

Our results indicate that there are differences in how
well Sr isotope ratios are predicted among materials
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Fig. 5. Boxplots comparing the magnitude of Sr offsets among materials in regions of low, medium, and high Sr complexity across
the contiguous USA. In regions of low Sr complexity, Sr offset for mammal skeletal tissues is significantly lower than all other
materials except soil (Table 4). Soils have significantly lower offset than fish skeletal tissues. In regions of medium Sr complexity,
the only comparisons with significant or marginally significant differences include mammal skeletal tissues, which continue to show
relatively low Sr offset (e.g. they are particularly well-predicted; Table 4). In regions with high Sr complexity, there are only data for
surface water and vegetation, and samples sizes are too small for statistical comparisons.

(Figs 2 and 5), providing partial support for our hypothesis
that Sr ratios of animal tissues and water are better
predicted than soils and vegetation. As expected, the
offset between modelled and measured Sr ratios is slightly
larger for vegetation than mammal skeletal tissues at low
geologic complexities (Fig. 5, Table 4). However, somewhat
unexpectedly, there i1s no difference between soils and
mammal skeletal tissues, and mammal skeletal tissues are
more accurately estimated than all other materials, including
surface water and fish skeletal tissues.

As discussed above, soils are a rather anomalous data set.
There are several possible reasons why the local water model
predicts 87 Sr/%0Sr for mammalian skeletal tissues with higher
confidence than other materials at low Sr complexities,
including surface waters for which the model was built. First,
whereas water samples come from a diversity of localities
spanning the entire continent, the majority of the mammals
included in our dataset come from Florida and portions of the
central USA that are dominated by marine sediments (Fig. 1).
Carbonate-dominated landscapes are less complicated for
the local water model to predict. Additionally, &’ Sr/%Sr for
the siliciclastic sediments of the Mississippi basin are relatively
similar to the average ratio that Bataille & Bowen (2012) used
for this lithology. Consequently, the model might be expected
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to perform especially well in these regions. However, we note
that not all Sr ratios for mammals are well predicted in these
regions (dark green point in Florida of Fig. 1). Moreover,
mammals from other regions (e.g. southwest USA; Fig. 1)
are also well predicted. Therefore, geographic bias cannot be
solely responsible for the fit between modelled and measured
Sr isotope data for mammals.

Second, temporal variability in the isotopic composition
of surface waters may affect the match between modelled
and empirical data. The isotopic composition of surface
water can shift seasonally or from year to year due to
variability in precipitation sources, weathering, and run-off
(Graustein & Armstrong, 1983; Gosz & Moore, 1989), and
is of particular concern in areas with glacial or permafrost
cover (e.g. Sembhi etal., 2000; Keller, Blum & Kling, 2010;
Hindshaw etal., 2011). Although temporal variability in Sr
isotope ratios is inconsistent and relatively small compared to
spatial variability (reviewed in Brennan eal., 2015), because
the vast majority of water localities included in our data
set were only sampled once, it is possible that measured Sr
1sotope ratios for these samples are seasonally biased and
may vary slightly from the predicted average Sr ratio for
their respective localities. While temporal variability in Sr
can also affect fish otoliths or tooth enamel, this is less likely
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Table 4. Results from pairwise Wilcoxon tests comparing Sr offsets among materials for regions with (a) low Sr complexity, and (b)
medium Sr complexity

Material Vegetation Mammal skeletal Fish skeletal Soil

(a) Low Sr complexities
Surface water 12639 (0.73) 4379 (0.00024) 6364 (0.049 17461 (0.0028)
Vegetation 2106 (0.00041) 3344 (0.010 8814 (0.028
Mammal skeletal 2046 (0.0000014) 4316.5 (0.066)
Fish skeletal 6016 (0.000035)

(b) Medium Sr complexities
Surface water 1884 (0.19) 959 (0.010 2263 (0.76) 344 (0.58)
Vegetation 181 (0.0064) 428 (0.20) 67 (1.0)
Mammal skeletal 600 (0.062) 31(0.10)
Fish skeletal 77 (0.47)

Significance estimates (P values) are presented in parentheses. Comparisons that maintain significance after Bonferroni correction are in
bold. Comparisons that are marginally significant (i.e. those that do not pass Bonferroni correction) are underlined.

to be a concern for our data set, which only includes bulk ~ mammals, which can integrate Sr across broader spatial
Sr isotope ratios representing multiple growing seasons for  scales, have lower Sr offsets between modelled and empirical

these materials. ratios than smaller mammals (Fig. 6). Model accuracy is also

Third, 1t 1s possible that the level of agreement between scale dependent for surface water (1.e. significant differences
observed and expected Sr isotope ratios for mammals may  in Sr offsets for large versus small watersheds; Fig. 6), but
reflect the manner in which mammals integrate spatial not for fish. Better-predicted Sr isotope ratios for large

information. Perhaps unsurprisingly, we find that larger =~ mammals and small watersheds suggests that the manner
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(or the ultimate underlying spatial resolution) in which
these materials integrate Sr is most similar to the local
water model. Larger Sr offsets for small mammals (and
immobile materials such as plants and soils) likely reflect
local heterogeneity that is not captured by the model, while
larger Sr offsets for large watersheds may result from greater
spatial averaging of these water bodies (e.g. the Mississippi
River) compared to the model. It is notable that these
results differ from those of Hegg ezal. (20135), who found
that the power of their model to predict ®’Sr/®Sr for river
water using bedrock composition decreased for watersheds
<1000km? in the Pacific Northwest. Discrepancies could
indicate particularities of the Pacific Northwest. Importantly,
the smaller watersheds explored by Hegg etal. (20135) also
had lower geologic complexity than the larger watershed
for which their model was constructed; thus, there may have
been conflation of two important drivers of model quality. By
expanding the geographic scope of our analyses, we are able
to differentiate better the impacts of these two factors. We
also suspect that the addition of differential weathering and
bedrock ages increases the predictive accuracy of the Bataille
& Bowen (2012) local water model for smaller watersheds.

While we recover differences in model predictive power
among materials, it is possible that the local water model is
simply inappropriate for estimating Sr isotope ratios of large
water bodies or highly mobile fish. Bataille & Bowen (2012)
produced an additional model called the ‘catchment water
model’, which assimilates contributions of Sr from different
rock lithologies and ages within a water catchment. Although
it is a more complicated comparison, we can test if using
the catchment water model to predict 87Sr/%Sr for surface
water and fish (and using the local water model to predict
vegetation, mammal skeletal tissues, and soil) () improves
predictions for either surface waters or fish, and () changes
the relative predictive accuracy among the five materials in
our database. Using this analytical design, surface waters
are better predicted by the catchment water model than the
local water model for regions with low Sr complexity (water:
W =52550.5, P =0.0040), but fish skeletal tissues are not
(W =3098, P =0.066). Sr offset for mammal skeletal tissues
1s still lower than surface water (although marginally so
after Bonferroni correction; W =5861, P=0.039) and fish
(W =2021, P=0.0011; Fig. S3; Table S4). Additionally,
surface water from small rivers is still better predicted than
large ones (W = 4880, P <« 0.01), and Sr offset for fish skeletal
tissues continues to be indistinguishable between small and
large rivers (W =293, P = 0.81). Thus, while the catchment
water model improves predictions for surface waters, there
are still limitations in the degree to which it can predict Sr
1sotope ratios.

There are several possible reasons why mammal skeletal
tissues are consistently predicted more accurately than those
of fish. First, whereas the primary Sr source for mammals
(food) 1s typically locally derived, the primary Sr source for
fish (water) may come from far upstream. Second, most of
the sampled mammals likely incorporated Sr from smaller
geographic areas than fish. The majority of fish that have
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been studied using Sr are highly mobile species such as
salmon and shad (see Table S2). These fish are able to
move upstream and among watersheds, which may result
in a poor fit between modelled and predicted Sr for fish
even in small watersheds. The consistent observation that
there are no differences in Sr offset between anadromous
and freshwater fish at low complexities using either the local
water model (W =336, P=0.21) or the catchment water
model (W =348, P=0.97), suggests that all of the fish taxa
included in our analysis are generally mobile enough to
decouple from model predictions (Brennan etal., 2015).

Overall, our results suggest that the local water model
developed by Bataille & Bowen (2012) provides informative
estimates of local " Sr/%Sr for all five materials (Fig. 2,
Table 1). After geographic standardization, 80.7-97.9% and
10.5-35.0% of ®7Sr/%0Sr ratios were predicted within 1 and
0.1% of empirical ratios, respectively (Table 2). Particularly
good agreement between predicted and measured Sr isotope
ratios for large-bodied mammal skeletal tissues and small
watersheds suggests that at least some research questions
(e.g. exploration of migratory patterns in mammals) may be
largely addressed without the need for additional exhaustive
empirical sampling for local to regional background Sr ratios.
However, Sr provenance work frequently relies on differences
at the fourth decimal place to distinguish localities or identify
mobile individuals. Thus, even 0.1% predictive accuracy
may not be sufficient for some ecological applications.

VI. CONCLUSIONS

(1) Strontium isotope analysis can provide unique ecological
and biogeographical information about modern and ancient
organisms. Existing empirical Sr data for biologically
relevant materials in the contiguous USA are spatially
heterogeneous, and in most cases, geographically limited.
Although we cannot evaluate the comparability of Sr
isotope ratios among biologically relevant materials within
a particular locality, overall our data synthesis indicates
that the evaluated biologically relevant materials may differ
slightly in the degree to which they record local Sr variability.
Determination of which material is ‘best’ at approximating
local Sr will depend on the question of interest as well as
local to regional Sr variability.

(2) The Bataille & Bowen (2012) local water model appears
to be exceptionally effective at predicting Sr isotope ratios for
mammal skeletal tissues (particularly large-bodied mammals)
and surface waters (particularly small watersheds).

(3) Modelled Sr data from surface water, vegetation,
ossified animal tissues, and soils generally appear sufficient
for establishing a comparative framework and evaluating the
ecological significance of empirical samples.

(4) Although the local water model provides a readily
available source of background data for predicting 87 Sr/#Sr
ratios in places where empirical data are lacking, its predictive
accuracy may not be sufficient for some research questions.
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Additional supporting information may be found in the
online version of this article.

Appendix S1. Discussion of spatial uncertainties in the local
water model developed by Bataille & Bowen (2012).

Table S1. Mammalian taxa included in analyses, their
geologic age ranges, and body masses.

Table S2. Iish taxa included in analyses.

Table S3. Results from stepwise Levene tests comparing
the homogeneity of variance in Sr offsets between low and
medium Sr complexity sites for each material.

Table S4. Results from pairwise Wilcoxon tests comparing
Sr offsets among materials for regions with (a) low Sr
complexity, and (b) medium Sr complexity.

Fig. S1. Boxplots comparing the magnitude of Sr offsets
for materials from regions with low, medium, and high Sr
complexity across the contiguous USA.

Fig. S2. Boxplots comparing magnitudes of Sr offsets for
small- (<100 kg) and large-mammal (> 100 kg cut-off) skeletal
tissues, and surface water and fish skeletal tissues from small
and large watersheds using the georeferenced locality (‘0 km
buffer’), the median modelled Sr ratio within a 5 km radius
(‘5 km buffer’), and the median modelled ratio within a 10 km
radius (‘10 km buffer’) for regions with low Sr complexity.

Fig. S3. Boxplots comparing magnitudes of Sr offsets among
materials from low, medium, and high Sr complexity settings
across the contiguous USA.

(Recewved 15 December 2014; revised 11 August 2015; accepted 21 August 2015)

Biological Reviews (2015) 000—000 © 2015 Cambridge Philosophical Society



