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ABSTRACT 

Tracking timber back to its point of origin is crucial in order to prevent illegal logging 

and preserve our natural forests. Stable isotope ratios can provide useful information on 

the geographic origin of trees due to differences based on surrounding environmental, 

climatic and geological conditions in which the plant grew. Thus isotope ratios of wood 

can provide a screening tool to assist in ruling whether timber comes from a legal or 

illegal source. In this study we analysed three light stable isotopes and one heavy stable 

isotope in order to develop a model able to propose a zone of geographic origin of 

Bigleaf maple (Acer macrophyllum) in the Pacific Northwest of North America. 

Oxygen (δ
18

O), carbon (δ
13

C) and nitrogen (δ
15

N) isotope ratios were measured in α-

cellulose and whole-wood of Bigleaf maple sampled in 73 trees from four different 

states (California, Oregon, Washington and British Columbia). In addition strontium 

(
87

Sr/
86

Sr) ratios of 10 trees were measured across this range. The relationships between

these isotope ratios were examined based on geographic, climatic and geologic 

information in order to attempt to distinguish trees from different locations. To test the 

method, five blind samples were analysed to yield a proposed zone of origin.  

Carbon and nitrogen ratios did not show coherent geographic trends in this species 

across the sampled region. However, oxygen and strontium ratios revealed spatial 

patterns with distance from the coast and latitude. Using oxygen, blind test samples 

were able to be distinguished in some cases at a state level. We conclude that δ
18

O

and
87

Sr /
86

Sr ratios provide the most promising methods for identifying latitudinal and

longitudinal origin, respectively.  

KEYWORDS 

Isotope, geochemistry, timber tracking, wood provenance, geographic origin, illegal 

logging, Pacific Northwest 
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INTRODUCTION 

Illegal logging threatens some of the world’s most valuable forests and poses significant 

environmental impacts globally. For example deforestation accounts for up to one-third 

of total anthropogenic carbon dioxide emissions (IPCC 2013). Additionally, illegal 

logging fosters economic and social crime both in producer and consumer countries 

(Cerutti and Tacconi 2008). The World Bank (2006) estimates that illegal timber trade 

worldwide generates approximately US$10-15 billion annually with additional revenue 

losses of about US$5 billion. Other estimates suggest that 20-50% of the $180 billion 

timber traded per year worldwide originates from an illegal source(Nellemann 2012).  

 

Many countries have adopted new laws or international conventions to reduce illegal 

logging such as the United States Lacey Act and the Australian Illegal Logging 

Prohibition Act (Johnson and Laestadius 2011). Governments restricting imports of 

illegal timber products are faced with the issue of distinguishing legal products from 

illegal ones. Current traceability methods such as marking logs, QR barcoding and 

computer-based documentation is susceptible to manipulation (Tzoulis and 

Andreopoulou 2013). Methods to verify the provenance of timber are required to improve 

the detection of illegally logged timber, aid forest management, and assure consumers 

that the timber they purchase originates from sustainably managed forests, such as 

through the Forest Steward Council schemes. 

 

Genetic, geochemical, and climatic information preserved in wood all have the potential 

to serve as tools for provenancing. Emerging traceability techniques such as DNA 

fingerprinting and stable isotope ratio measurements have the potential to provide an 
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objective tool to track timber (Dormontt et al. 2015). The use of DNA fingerprinting has 

been proposed by some authors as a tool for verifying tree provenances (Asif and Cannon 

2005, Lowe and Cross 2011, El Sheikha et al. 2013). This method involves comparing 

the genotype of the sample with unknown origin with reference data of known origin (El 

Sheikha et al. 2013). However, it can be difficult to recover viable DNA sequences from 

wood, particularly processed timber (Rachmayanti et al. 2009), although this has been 

achieved (Lowe and Cross 2011). Additionally, as DNA fingerprints directly reflect the 

variations in natural populations within the native area of the species, this method is more 

difficult to apply to plantation trees. Additional data from isotopic analysis can assist in 

providing a verification of the geographic source of timber, including from plantations 

(Kagawa and Leavitt 2010). 

 

Isotopes of an element differ only in the number of neutrons resulting in a change of 

atomic mass, but not in chemical properties. Variations in elemental isotope ratios 

provide a way of directly following and tracing details of elemental cycling in the 

biosphere (Fry 2006). Overall, the isotopic compositions of plant materials reflect several 

factors such as elemental source materials and growth environments. For example, the 

carbon isotopic composition of plant materials strongly depends on discrimination during 

photosynthesis which can be influenced by environmental effects such as light, water and 

salinity (Farquhar et al. 1989). The nitrogen isotopic composition mainly depends on soil 

nutrition (Cernusak et al. 2008, Gerhart and McLauchlan 2014). The oxygen composition 

primarily reflects the oxygen isotopic composition of local source water (Craig 1961, 

Bowen and Wilkinson 2002). Plants then uptake these chemical signatures from their 

environment and we are able to measure the differences in masses between the heavy and 
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light isotopes. Although isotopes of strontium are generally considered radiogenic over 

geologic time (and thus not stable), for the purposes of timber tracking and at human time 

scales, we refer to 
87

Sr/
86

Sr ratios as stable. 

 

Forensic science has utilised isotope ratios as a tool for verification, and authenticity for 

products such as wine (Capron et al. 2007), orange juice (Rummel et al. 2010), honey 

(González Martı́n et al. 1998), coffee beans (Rodrigues et al. 2011), and has even been 

used as evidence in human cases (Meier-Augenstein and Fraser 2008). Values of light 

element isotope ratios, Hydrogen (H), Carbon (C), Nitrogen (N), Oxygen (O), and 

Sulphur (S), can be related to the conditions of geographic origin such as climate, 

distance to the sea, altitude, latitude, proximity to volcanic emissions, fungal associations 

and agricultural practices (Asif and Cannon 2005, Fry 2006, West et al. 2006), whilst 

heavy elements such as Strontium (Sr) in biological materials often reflect the growth 

substrate (ie. geological context) of the plant or food source of an animal (Craig 1961, 

English et al. 2001, Durante et al. 2013).  

 

A good example of the potential of isotope ratios for provenancing plant derived products 

is that of orange juice which has been sampled from several regions in North- and South-

America, Africa and Europe (Rummel et al. 2010). This study measured stable isotope 

ratios of (δ
2
H), (δ

13
C), (δ

15
N), (δ

34
S) and (

87
Sr/

86
Sr) in fruit juices in order to detect 

adulteration. Regional isotopic discrimination was most successful when combining this 

multi-element isotope approach based on the mixture of geographical, climatic and 

lithological variables. For example, 
87

Sr/
86

Sr orange juice ratios were found to provide a 

high potential for assigning the samples based on varying lithology and bedrock ages. 
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Whilst the δ
2
H ratios, which behave similar to oxygen isotopes (Lathja and Michener 

2007), correlated strongly with latitude in which values were more negative in sites 

furthest from the equator. Similar spatial patterns in the isotope ratios of plant tissues 

were found in in conifer needles around the European Alps (Gori et al. 2015). This study 

demonstrated that the variations in δ
2
H, δ

18
O and δ

15
N values appeared to have a strong 

relationship with geographic origin.  

 

Tree ring δ
13

C ratios from pine trees in the southwest United States have been used as 

tool for provenance (Kagawa and Leavitt 2010). Based on their methods, this study was 

able to report a 50% success rate in determining the geographic origin of trees within this 

region. Furthermore, δ
18

O and δ
13

C measurements have been used to help identify the 

declared origin of larch wood, between Austria and Siberia (Horacek et al. 2009). Their 

findings indicate that larch wood sampled from two different locations can be 

distinguished through oxygen isotopes based on the spatial patterns associated with 

precipitation. Archaeological studies have also utilised 
87

Sr/
86

Sr ratios to provenance 

timber (English et al. 2001). In this paper, ancient beams used to build great houses in 

New Mexico were compared to surrounding areas to ultimately determine the source 

forest. 

Stable isotope background 

The stable isotopic compositions of light elements (H, C, N, O, S) are often reported as 

‘delta’ (δ) values in parts per thousand (‰) enrichments or depletions in the heavy 

isotope relative to a standard of known composition. For example, the stable carbon 

isotope composition (δ
13

C) is expressed as follows: 
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𝛿 𝐶13 =  (
𝐶13 / 𝐶12  𝑠𝑎𝑚𝑝𝑙𝑒

𝐶13 / 𝐶12  𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  𝑋 1000    (eq. 1) 

 

The stable isotopic compositions of heavy elements such as Sr are often reported as 

straightforward decimal ratios (eg. 
87

Sr/
86

Sr=0.7906). Soil 
87

Sr/
86

Sr ratios are often 

strongly tied to bedrock and dust inputs (Naiman et al. 2000, English et al. 2001). The 

87
Sr/

86
Sr ratio of bedrock is a function of the initial 

87
Rb/

86
Sr ratio and the age of the rock, 

Stronitum-87 is derived from the slow radioactive decay of Rubidium over billions of 

years. Strontium is a high-mass alkali metal present in all rock and the ratio of 
87

Sr/
86

Sr is 

relatively unaffected by inorganic (e.g. dissolution and precipitation in calcite) and 

biological processes (e.g. plant uptake)(Capo et al. 1998). Seawater can be a source of 

atmospherically deposited Sr as the ocean is a large reservoir of bioavailable Sr and sea 

spray transported inland carries its 
87

Sr /
86

Sr inland (Graustein and Armstrong 1983, 

Goldstein and Jacobsen 1987, Quade et al. 1995).  

 

The delta value or the Sr isotope ratio of a sample can be explained by a mass balance 

equation of the proportion of the product: 

𝛿𝑠𝑎𝑚𝑝𝑙𝑒= 𝛿𝑝𝑜𝑜𝑙_𝐴
𝑋 𝑓𝑝𝑜𝑜𝑙_𝐴 +  𝛿𝑝𝑜𝑜𝑙_𝐵  𝑋 𝑓𝑝𝑜𝑜𝑙_𝐵  (eq.2) 

 

Where 𝑓 describes the relative fraction of pools A and B (𝑓
𝑝𝑜𝑜𝑙_𝐴

+ 𝑓
𝑝𝑜𝑜𝑙_𝐵

= 1 ). 

Rearranging equation 2 allows determining the fraction of one end member (Wiederhold 

2015)(eq. 3): 

𝑓𝑝𝑜𝑜𝑙_𝐴 =  
𝛿𝑠𝑎𝑚𝑝𝑙𝑒 −  𝛿𝑝𝑜𝑜𝑙_𝐵

𝛿𝑝𝑜𝑜𝑙_𝐴− 𝛿𝑝𝑜𝑜𝑙_𝐵
       (eq.3) 
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Study species 

Bigleaf maple (Acer macrophyllum, Sapindaceae) is a North American tree native to the 

Pacific Northwest at low to middle elevations from San Diego, CA to Vancouver Island, 

BC and occurs in a wide range of climates. Bigleaf maple accounts for ~18 percent of the 

total hardwood volume in the Pacific Northwest (USDA, 1990). Highly figured wood that 

includes wavy or quilted grain patterns is very valuable and is sought after for use in 

veneer, and high-end timber products including guitar bodies and pianos (USDA, 1990). 

Study Area 

Mean annual precipitation values from the study sites in the Pacific Northwest vary from 

~2710 to 7074 cm annually. The oxygen isotopic composition of precipitation modelled 

for the region presents a ~6‰ variation from north to south of the Pacific Northwest 

(Bowen 2010). A majority of the region was formed approximately 200 million years ago 

as the North American Plate started to drift westward during the rupture of supercontinent 

Pangaea (Dietz and Holden 1970). The Bigleaf maple samples measured in this project 

lie within volcanic, sedimentary and plutonic bedrock of relative young ages  
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Figure 1Bigleaf maple sites within the Pacific Northwest of North America. This study site spans 

~925km over four different states in Canada and the United States: British Columbia, Oregon, 

Washington and California. The yellow triangles (32) and the inset highlight the highly sampled 

region within the Northern Cascades, Washington. The red triangles (41) represent sites that include 

4-5 tree samples from that region. 

Aims 

Plant isotope ratios are strongly influenced by predictable geographically-dependent 

variables such as environment, climate and geology (Dansgaard 1964, Capo et al. 1998, 

McCarroll and Loader 2004, West et al. 2006, Bowen 2010). We explored the 

relationship between three light stable isotope ratios (δ
18

O, δ
13

C and, δ
15

N) as well as one 

heavy stable isotope ratio 
87

Sr /
86

Sr in Bigleaf maple wood in the Pacific Northwest to 

develop a model able to constrain the geographic origin of trees. The innovation of our 

study lies mainly in the strength of combining a multi-isotope analysis with 10 different 

explanatory variables that may have a direct physiological influence on isotope 

discrimination. We hypothesise that the δ
18

O Bigleaf maple values will vary spatially 
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with latitude and altitude, whilst the δ
13

C and δ
15

N values will vary based on the local 

climate and therefore may provide additional spatial information. The heavy isotope 

87
Sr/

86
Sr values are predicted to vary with geological environment and with the distance 

from the coast. In order to test the utility of these hypothesised spatial relationships of 

δ
18

O, δ
13

C and δ
15

N in provenance wood we will propose possible zones of origin for five 

blind samples.  

METHODS 

Sample collection and preparation 

A suite of Bigleaf maple (Acer macrophyllum) wood was collected across the Pacific 

Northwest in 2014 by the United States Forestry Service in collaboration with Professor 

Andrew Lowe and Dr. Eleanor Dormontt from the University of Adelaide for the use of 

DNA fingerprinting analysis. Small ~3cm wood cores were extracted from trees of the 

same species in a variety of settings from four different states: British Columbia, Canada 

and Washington, Oregon and California, USA (Fig. 1). The majority of the Bigleaf maple 

trees sampled were found within the valleys following the riverbeds (pers. comm 2014). 

73 wood samples with known geographic locations (“reference samples”) and five 

additional blind samples were obtained for the purpose of this project. Sample 

preparation and methods conducted on all wood samples are outlined in Fig. 2. To 

interpret isotope variations in Bigleaf maple, relationships between latitude, longitude, 

elevation, modelled mean annual precipitation isotopes (δ
2
H and δ

18
O), mean 

temperature, minimum and maximum vapour pressure deficit values, distance from the 

coast and precipitation were also addressed. 
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LIGHT ISOTOPE ANALYSIS 

Both blind (n=5) and reference (n=73) cambium wood samples were pulverised to a 

homogeneous fine powder using an Omni Bead Ruptor Homogenizer and a Retsch Mixer 

Mill MM 400 and stored in Eppendorf tubes. Whole-wood (denoted “ww” subscript) and 

α-cellulose (denoted “cell” subscript) extraction methods were conducted on all samples 

for isotope analysis (Fig. 2). Powdered samples were weighed out using a Satorius 

R200D balance before analysis to determine δ
18

Ocell, δ
13

Ccell,. δ
15

Nww ratios for both blind 

and reference samples. All light stable isotope ratios were analysed by Mark Rollog at the 

University of Adelaide using a Euro Vector Elemental Analyser attached to a continuous 

flow Nu horizon Gas Chromatography Isotopic Ratio Mass Spectrometer. All reference 

standards are outlined in Table 2. 

α-cellulose extraction 

The α-cellulose extraction method for wood modified by Song (pers. comm 2015, after; 

Brendel et al. 2000, Evans and Schrag 2004), was used to remove mobile resins, 

heartwood substances and organic and inorganic compounds from wood using organic 

solvents. Removing these mobile components from the wood yields a more accurate 

signal, with respect to climate variability and annual growth, compared to whole-wood 

measurements for carbon and oxygen isotopes (Loader et al. 2003). Detailed methods for 

stable isotope methods are outlined in Appendix A. 

HEAVY ISOTOPE ANALYSIS 

For 10 selected samples (table 2), ~20mg of whole-wood was combusted in a muffle 

furnace for six hours at 650C, contained in acid cleaned quartz ware. Strontium was 

separated from the remaining ash by using triple-distilled acids Sr specific resin columns 
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(Sr-Spec resin, ElChrom Industries) (as detailed in Farkaš et al. 2011). The Sr isotope 

abundance and 
87

Sr/
86

Sr ratios, were analysed in the University of Adelaide Stable and 

Radiogenic Isotope Mass Spectrometry Laboratory using a Phoenix Thermal Ionization 

Mass Spectrometer instrument manufactured by Isotopx. Standards for this method are 

outlined in Table 2 and further detail is outlined in Appendix B. 

 

 
Figure 2 Sample preparation flow chart indicating the methods involved to measure the isotope 

ratios for Bigleaf maple 

Table. 1 Isotopic analyses for Bigleaf maple wood and corresponding international reference standards.  

Isotope analysis Standards 
 δ13Ccell Glutamic acid, Glycine, TBA 
δ18Ocell  PET, IAEA, NO3 

δ15Nww TPA 
87Sr/86Sr BCR-2, SRM 987 

Blind tests 

In order to test the utility of isotopic provenancing of wood we conducted five blind tests. 

Five Bigleaf maple samples with unknown locations, but coming from the same set of 
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sites were measured to determine the δ
13

Ccell, δ
18

Ocell and δ
15

Nww ratios. Due to time and 

financial limitations, we were unable to analyse strontium in these blind samples. The 

sample preparation and instrumental measurements followed the same procedure as the 

reference Bigleaf maple samples as above. Each blind sample was provided a claim of 

geographic origin directed by the DNA timber tracking laboratory group at the University 

of Adelaide. Due to our findings, δ
18

Ocell ratios were the only isotope measurements used 

to attempt to support or reject the claims of origin for the blind samples. To do this, a 

±0.5‰ envelope was calculated around the measured δ
18

Ocell ratios for each blind sample. 

This range of values was then compared to δ
18

Ocell ratios from the reference Bigleaf 

maple dataset. Reference samples were considered consistent with the blind sample when 

the δ
18

Ocell ratios fell within 0.5‰ of the measured value. Claims of origin were then 

supported or rejected based on a range of questions (Tables 4-8). 

Statistical analysis 

Statistical analysis (Table 2 and Figures 11-12) were conducted with Rstudio 0.99.486 by 

an installation of “gclus” and “VEGAN” packages through the Comprehensive R Archive 

Network. An auto-correlation was determined between 10 variables to establish how each 

variable relates to one another. Nonmetric Multidimensional Scaling (NMDS) ordination 

points were determined for δ
18

Ocell, δ
13

Ccell and δ
15

Nww  values for the Bigleaf dataset 

including blinds (n=78). NMDS ranks each samples relationship with one another based 

on the isotopes values in a multidimensional space. Detailed methods are located in the 

Appendix. 
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Geographic Information System  

ArcGIS 10.3.1 used for data compilation for 10 variables (Table. 2). QGIS 2.8.2 used for 

producing location maps (Figs. 1) and blind sample maps (Figs. 5-9). Detailed methods 

are located in Appendix A. 

Variables 

Geographical coordinates (latitude and longitude) were determined using a global 

positioning system in the field upon sample collection. Distance from the coast was 

calculated using Google maps for each sample. Elevation, maximum vapour pressure 

deficit, minimum vapour pressure deficit, mean annual precipitation and mean 

temperature values were determined using 30-year normal climate data from the PRISM 

climate group database. Modelled precipitation water isotope data were extracted from 

waterisotopes.org. Geological information was extracted from the United States 

Geological Survey Map of America database. 

OBSERVATIONS AND RESULTS 

The isotopic ratios measured for the Bigleaf maple samples are reported in Appendix A. 

δ
18

Ocell ratios (n=73) range from 19 to 26.4‰, with an average of 24.1‰ and 1 standard 

deviation of 1.5‰. δ
18

Oww ratios (n=32) range from 22.7 to 19.3‰, with an average of 

20.5‰ and 1 standard deviation of 0.8‰. There is on average ~3.6‰ difference between 

the δ
18

Ocell and the δ
18

Oww ratios. δ
13

Ccell ratios (n=73) range from -31.1 to -24.5‰, with 

an average of -27.0‰ and 1 standard deviation of 1.7‰. δ
15

Nww ratios (n=73) range from 

-10.3 to 0.4‰, with an average of -4.0‰ and 1 standard deviation of 1.7‰. 
87

Sr/
86

Sr 

ratios range from 0.70411 to 0.7085, with an average of 0.70558 and 1 standard deviation 
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of 1.404E-03. Error values for the lighter isotopic analyses are: ±0.4 per mil for δ
15

N and 

δ
18

O, and ±0.1 per mil for δ
13

C. 
87

Sr/
86

Sr 2 standard deviation error average is 0.00004. 

δ18O  

δ
18

Ocell ratios display a significant relationship with latitude (p< 0.001) , longitude (p< 

0.001), distance from the coast (p< 0.05), minimum vapour pressure deficit (p< 0.05) and  

mean temperature (p< 0.01) (Table. 2). The strongest relationship is between δ
18

Ocell and 

latitude (R
2
= 0.18). There is no significant relationship with modelled precipitation water 

isotopes; (δ
18

O and δ
2
H). We do not observe a significant relationship between δ

18
Ocell 

and elevation in this dataset. 

δ13C & δ15N 

Our analysis yields no significant relationships between the δ
13

Ccell ratios and the 10 

variables examined in this study (Table. 2). However, there are some significant 

relationships between δ
15

Nww and maximum vapour pressure deficit (p< 0.05) and 

distance from the coast (p< 0.01).  

87Sr/86Sr  

Our results (Table. 2) yield significant relationships (p< 0.05) between 
87

Sr/
86

Sr ratios 

and longitude, distance from the coast and minimum vapour pressure deficit. There is a 

strong relationship between distance from the coast and 
87

Sr/
86

Sr (R
2
=0.51, p< 0.05). The 

highest 
87

Sr/
86

Sr value, sample #400, reflecting values consistent with modern seawater, 

0.709176 (Veizer et al. 1997).Whilst samples with the lowest values, samples #370, #51, 

#354 and 344, reflect values similar to average basaltic bedrock, 0.70400 (Moorbath and 

Walker 1965).  
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Table 2 Results of least squared regression: slope, intercept, R
2 
and adjusted R

2
 calculated through R 

between isotope values and 10 variables for Bigleaf maple from the Pacific Northwest. * indicates=p-value 

<0.05, **=p-value <0.01. All details for variables are outlined in Appendix A. 

Variables Slope Intercept R2 Adjusted R2 p-value 

δ15N whole-wood                  n= 73           

Latitude -0.15 3.15 0.02 0.01 0.15 

Modelled δ18O precipitation. -6.59 -0.21 0.02 0.008 0.21 

Distance from Coast 0.01 -5.10 0.12 0.10 **0.002 

Elevation 0.001 -4.44 0.03 0.02 0.09 

Maximum vapour pressure deficit 0.38 -7.73 0.08 0.06 *0.015 

Minimum vapour pressure deficit 0.66 -4.42 0.01 0.004 0.40 

Modelled δ2H precipitation. -0.03 -7.21 0.02 0.01 0.14 

Mean temperature -0.18 -3.07 0.02 0.007 0.22 

Longitude 0.21 21.93 0.001 -0.003 0.38 

Mean annual precipitation -0.0007 -2.77 0.03 0.02 0.10 

δ13C wood cellulose              n= 73           

Latitude -0.06 -23.85 0.005 -0.008 0.54 

Modelled δ18O precipitation. 0.20 -24.52 0.01 0.005 0.24 

Distance from Coast -0.004 -26.47 0.02 0.007 0.22 

Elevation -0.001 -26.63 0.01 0.004 0.25 

Maximum vapour pressure deficit -0.03 -26.54 0.00 -0.034 0.80 

Minimum vapour pressure deficit -0.12 -26.83 0.00 -0.013 0.86 

Modelled δ2H precipitation. 0.02 -24.73 0.01 0.0001 0.31 

Mean temperature 0.22 -28.06 0.03 0.01 0.13 

Longitude -0.25 -57.69 0.01 0.001 0.29 

Mean annual precipitation -0.0001 -26.78 0.00 -0.01 0.86 

δ18O wood cellulose             n= 73           

Latitude -0.35 40.45 0.18 0.1689 **0.0001 

Modelled δ18O precipitation. 0.28 27.48 0.04 0.03 0.07 

Distance from Coast -0.007 24.91 0.07 0.06 *0.02 

Elevation -0.001 24.49 0.03 0.01 0.14 

Maximum vapour pressure deficit 0.06 23.82 0.00 -0.01 0.80 

Minimum vapour pressure deficit -1.78 25.23 0.08 0.07 *0.01 

Modelled δ2H precipitation. 0.03 27.76 0.06 0.03 0.06 

Mean temperature 0.39 22.12 0.12 0.10 **0.002 

Longitude -0.73 -64.92 0.16 0.15 **0.0003 

Mean annual precipitation 0.02 23.73 0.00 -0.008 0.54 

87Sr/86Sr whole-wood          n= 10 
(multiplied 
by 1000)          

Latitude -0.0001 0.70 0.02 -0.10 0.68 

Modelled δ18O precipitation. 0.0006 0.71 0.25 0.16 0.13 

Distance from Coast 0.00001 0.70 0.51 0.45 *0.02 

Elevation 0.00001 0.70 0.37 0.29 0.06 

Maximum vapour pressure deficit -0.0006 0.71 0.31 0.22 0.09 
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Minimum vapour pressure deficit -0.0045 0.70 0.47 0.41 *0.02 

Modelled δ2H precipitation. 0.0001 0.71 0.35 0.26 0.07 

Mean temperature 0.0005 0.70 0.19 0.09 0.20 

Longitude -0.0010 0.58 0.41 0.34 *0.04 

Mean annual precipitation 0.00001 0.70 0.19 0.09 0.20 

Spatial isotope patterns 

Mean δ
18

Ocell ratios plotted by state visually demonstrate the strong relationship with 

latitude (Fig. 3 and 4). Mean δ
18

Ocell ratios decrease by 2.7‰ with increasing latitude 

from California to British Columbia (~925km). These values also demonstrate a 

relationship by longitude, where δ
18

Ocell ratios increase with increasing longitude (Fig. 5).  

 

Figure 3 δ
18

Ocell ratios measured from Bigleaf maple samples with latitude. Samples are coloured by 

state: CA= California (n=5), OR= Oregon (n=10), WA=Washington (n=54) and BC= British 

Columbia (n=4).  Linear regression line applied to indicate spatial trend. 
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Figure 4 Mean δ
18

Ocell ratios grouped by state with latitude. Samples are coloured by state :CA= 

California (n=5), OR= Oregon (n=10), WA=Washington (n=54) and BC= British Columbia (n=4). X 

axis error bars = latitude range, Y axis error bars = standard error 

 

Figure 5 δ
18

Ocell ratios measured from Bigleaf maple samples with longitude. Samples are coloured by 

state: CA= California (n=5), OR= Oregon (n=10), WA=Washington (n=54) and BC= British 

Columbia (n=4).  Linear regression line applied to indicate spatial trend. 

Statistical auto-correlation results (figure 10) between 10 variables explain the correlation 

strength between one another. This process was conducted in order to distinguish which 

variables were statistically independent. The variables are ordered and coloured by 

correlation. Our results demonstrate that latitude for these sites in the Pacific Northwest is 
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statistically independent from the other nine variables. Many of the climatic variables are 

strongly correlated to one another. This suggests that caution should be used in 

interpreting climatic variables as independent drivers of observed trends. Moreover, 

longitude and distance from the coast are strongly correlated and in a broad sense are 

interchangeable in this dataset. 
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Figure 6 Auto-correlation based on 10 variables relating to 73 Bigleaf maple reference sites. 

Variables are ordered and coloured by correlation. Pink=highly correlated, Blue= moderately 

correlated, Yellow = statistically independent.  

 

The strong relationship between 
87

Sr/
86

Sr ratios and distance from the coast is evident in 

Figure 7. 51% of the variation in 
87

Sr/
86

Sr ratios of Bigleaf maple whole-wood can be 
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explained by the tree’s distance from the coast. Using the two end member mixing model 

equations (eq. 2 and 3) we were able to determine how much Sr is derived from seawater 

and how much Sr is from basaltic bedrock in influencing the Bigleaf maple 
87

Sr/
86

Sr 

ratios measured (Fig 8). The end member values used were: seawater = 0.709 and basaltic 

bedrock = 0.704. Increasing distance from the coast displays a higher percentage of Sr 

from basaltic bedrock, indicating a spatial source based pattern (Fig 9). Additionally, 

there is a trend moving towards the coast where higher percentages of Sr from seawater 

are apparent (Fig 10). 

 

Figure 7
87

Sr/
86

Sr Bigleaf maple ratios with distance to the coast (km). Linear regression line indicates 

spatial pattern: values decrease with increasing distance from the coast. 
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Figure 8 Two end member mixing model showing the relationship between Sr derived modern 

seawater (%) versus Sr derived basalt bedrock (%) in Bigleaf maple wood. Linear regression 

explains 1:1; pool A equal = pool B. 

 

 

Figure 9 The relationship between the influence of Sr derived basalt bedrock (%) as a source for 

Bigleaf maple with distance from the coast (km). Linear regression line applied to indicate this 

pattern. 
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Figure 10 The relationship between the influence of Sr derived modern seawater (%) as a source for 

Bigleaf maple with distance from the coast (km). Linear regression line applied to indicate this 

pattern. 

Blind tests 

ORDINATION APPROACH 

The NMDS ordination was run on the whole Bigleaf maple dataset including the blinds in 

order to view the blind samples amongst the reference dataset in a multi-variate space by 

using δ
18

Ocell, δ
13

Ccell and δ
15

Nww  values from each sample. The expectation was to use the 

ordination as a multi-element isotope tool to try to determine the geographic origin of the 

blind samples. Ordination plots (Fig. 11 and 12) have been coloured by state, which can 

also be seen as latitude, and by distance from the coast to uncover spatial patterns useful 

for geographic origin. Our results from the ordination were unable to provide any 

relationships using this multi-element approach. 
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Figure 11 NMDS ordination for Bigleaf maple dataset (n=78) coloured by state. 

 

Figure 12 NMDS ordination for Bigleaf maple dataset (n=78) coloured by distance from the coast 

(km) 
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OXYGEN ISOTOPE DETERMINATION OF BLINDS 

In order to show the potential of isotope ratios as a tool for provenance we conducted five 

blind tests. Five claim locations were provided with the samples that could be either true 

or false. These claims were then evaluated based on δ
18

Ocell ratios of the blind samples as 

this system provided the most useful information in order to determine the geographic 

origin of the Bigleaf maple in the Pacific Northwest (Fig. 5 and 6). By comparing the 

δ
18

Ocell ratios of the blind samples (±0.5‰) to the reference we rejected three of the claim 

locations. The actual origin of the samples was then revealed to determine whether the 

isotopic assessment of the claims was correct. 

Blind test 1 

Figure 13 Blind sample #1 claim location test. Red star= claim location, blue circles= consistent 

reference samples, green triangle= true location. 
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The first blind sample’s claim site was proposed for the North Cascades, WA. Nine 

consistent reference samples (δ
18

Ocell values ±0.5‰) indicated the blind sample could be 

located from Washington or British Columbia and included the claimed site of origin. 

Therefore, the based on this approach, the claim was supported as true. However, the 

actual site for blind sample 1 was located from Olympic Peninsula A, not the North 

Cascades, so the claim was false. The method failed to discern that the claim was false 

but did identify the actual site (Olympic Peninsula A) as a consistent reference site. At 

the broadest scale, the actual state of origin (Washington) was correctly identified. 

 
Table 3 Blind sample #1 with claim site, blind sample 1 δ

18
Ocell value, consistent reference sites (δ

18
Ocell 

values ±0.5‰), actual claim and responses to claim. 

Sample ID Site Latitude Longitude δ18Ocell ‰ Rank 

Blind 1 Claim: North Cascades, WA Claim: 46.432528 Claim: -121.836194 Measured: 
22.2 

 

Samples consistent with Blind 1: n=9   

344 British Columbia, Canada 49.0760 -122.2354 22.3 1 

377 Northern WA 48.4898 -121.6167 22.5 2 

102 North Cascades, WA 46.5108 -121.8573 22.5 2 

385 Northern WA 48.4914 -121.6183 22.6 3 

90 North Cascades, WA 46.5621 -121.7096 22.6 3 

392 Olympic Peninsula A, WA 46.9976 -123.0428 22.7 4 

274 North Cascades, WA 46.4566 -121.7961 22.7 4 

325 North Cascades, WA 46.6048 -122.4602 22.7 4 

149 North Cascades, WA 46.4421 -121.9964 21.7 4 

Blind 1 Actual: Olympic Peninsula 
A, WA 

Actual: 46.99763 Actual: -123.04281 
False site claim  

Is the actual state of origin (WA) identified correctly? Yes  

Is the actual site among those identified? Yes  

Would you reject the claim as false based on isotope ratios? No  
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Blind test 2 

 

Figure 14 Blind sample #2 claim location test. Red star= claim location, blue circles= consistent 

reference samples, green triangle= true location 

The second blind sample’s claim site was Olympic Peninsula E, WA. Two consistent 

reference samples indicated the blind sample could be located from north or south of 

Washington State. Therefore, the claim was rejected as false. However, the claim site was 

true, as the actual site for blind sample 2 was located from Olympic Peninsula E. The 

actual site (Olympic Peninsula E) was not included in the consistent reference sites. 

However, the isotopic values were able to correctly identify Washington as the possible 

state or origin. 
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Table 4 Blind sample #2 with claim site, blind sample 21 δ
18

Ocell value, consistent reference sites (δ
18

Ocell 

values ±0.5‰), actual claim and responses to claim. 

Sample ID Site Latitude Longitude δ18Ocell ‰ Rank 

Blind 2 Claim: Olympic Peninsula E Claim: 47.6897 Claim: -122.9029 Measured: 
20.6 

 

Samples consistent with Blind 2: n=2   

79 North Cascades, WA 46.5900 -121.6655 20.5 1 

380 Northern WA 48.4901 -121.6183 20.8 2 

Blind 2 Actual: Olympic Peninsula E, 
WA 

Actual: 47.6897 Actual: -122.9029 
True site claim  

Is the actual state of origin (WA) identified correctly? Yes  

Is the actual site among those identified? No  

Would you support the claim as a true based on isotope ratios? No  

Blind test 3 

 
Figure 15 Blind sample #3 claim location test. Red star= claim location, blue circles= consistent 

reference samples, green triangle= true location. 

The claimed site of origin for blind sample 3 was Northern Washington. Nine consistent 

reference samples indicated the blind sample could be located from Washington or 

British Columbia. The claimed site was among those that were consistent with the 
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measured value. Therefore, based on this approach, the claim was supported as true. In 

fact, the claim site was true with blind sample 3 locating from Northern WA. Using this 

method, the actual site (Northern WA) was included in the consistent reference sites as 

well as the actual state of origin (Washington). 

Table 5 Blind sample 31 with claim site, blind sample 3 δ
18

Ocell value, consistent reference sites (δ
18

Ocell 

values ±0.5‰), actual claim and responses to claim. 

Samples ID Site Latitude Longitude δ18Ocell ‰ Rank 

Blind 3 Claim: Northern WA Claim: 48.4901 Claim: -121.6183 Measured: 
22.3 

 

Samples consistent with Blind 3: n=9   

344 Olympic Peninsula A, WA 49.0760 -122.2354 22.3 1 

377 North Cascades, WA 48.4898 -121.6167 22.5 2 

102 North Cascades, WA 46.5108 -121.8573 22.5 2 

90 North Cascades, WA 46.5621 -121.7096 22.6 3 

385 North Cascades, WA 48.4914 -121.6183 22.6 3 

274 North Cascades, WA 46.4566 -121.7961 22.7 4 

325 Northern WA 46.6048 -122.4602 22.7 4 

392 Northern WA 46.9976 -123.0428 22.7 4 

201 British Columbia, Canada 46.5388 -121.8145 22.8 5 

Blind 3 Actual: Northern WA Actual: 48.4901 Actual: -121.6183 True site claim 

Is the actual state of origin (WA) identified correctly? Yes  

Is the actual site among those identified? Yes  

Would you support the claim as a true based on isotope ratios? Yes  
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Blind test 4 

 
Figure 16 Blind sample #4 claim location test. Red star= claim location, blue circles= consistent 

reference samples, green triangle= true location. 

The site of origin for blind sample 4 was proposed for Northern CA. Ten consistent 

reference samples indicated the blind sample could be located from Washington or 

British Columbia. Therefore, based on this approach, the claim was rejected as false. The 

claim site was false with blind sample 4 actually originating from Olympic Peninsula E. 

Using this method; the actual site (Olympic Peninsula E) was included in the consistent 

reference sites as well as the actual state of origin (Washington). 
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Table 6 Blind sample #4 with claim site, blind sample 41 δ
18

Ocell value, consistent reference sites (δ
18

Ocell 

values ±0.5‰), actual claim and responses to claim. 

Sample ID Site Latitude Longitude δ18Ocell ‰ Rank 

Blind 4 Claim: Northern CA Claim: 40.8962 Claim: -123.9246 Measured: 
23.5 

 

Samples consistent with Blind 4: n=10   

376 Northern WA 48.4893 -121.616 23.5 1 

418 Olympic Peninsula C, WA 47.2612 -123.48 23.5 1 

223 North Cascades, WA 46.7614 -121.958 23.4 2 

390 Olympic Peninsula A, WA 46.9976 -123.042 23.7 3 

344 British Columbia, Canada 49.0760 -122.235 22.3 4 

336 British Columbia, Canada 49.0767 -122.239 23.2 4 

119 North Cascades, WA 46.3653 -121.723 23.8 5 

438 Olympic Peninsula E, WA 47.6902 -122.903 23.9 5 

337 British Columbia, Canada 49.0767 -122.238 23.1 6 

398 Olympic Peninsula B, WA 47.1884 -123.562 23.1 6 

Blind 4 Actual: Olympic Peninsula 
E, WA Actual: 47.69026 Actual: -122.903 

False site claim 

Is the actual state of origin (WA) identified correctly? Yes  

Is the actual site among those identified? Yes  

Would you reject the claim as false based on isotope ratios? Yes  
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Blind test 5 

 

Figure 17 Blind sample #5 claim location test. Red star= claim location, blue circles= consistent 

reference samples, green triangle= true location. 

 

Lastly, the claimed site of origin for blind sample 4 was Central Western OR. Three 

consistent reference samples indicated the blind sample could be located from 

Washington State. Therefore, based on this approach, the claim was rejected as false. 

However, the actual site of origin Central Western OR and the claim was true. Using this 

method, the actual site (Central Western OR) was not included in the consistent reference 

sites. Additionally, the Oregon state was not successfully identified as a possible origin. 
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Table 7 Blind sample #5 with claim site, blind sample51 δ
18

Ocell value, consistent reference sites (δ
18

Ocell 

values ±0.5‰), actual claim and responses to claim. 

Sample ID Site Latitude Longitude δ18Ocell 
‰ 

Rank 

Blind 5 Claim: Central West OR Claim: 44.6426 Claim: -123.3242 Measured: 
21 

 

Samples consistent with Blind 5: n=3   

276 North Cascades, WA 46.4880 -121.869 20.9 1 

380 Northern WA 48.4901 -121.618 20.8 2 

79 North Cascades, WA 46.5900 -121.665 20.5 3 

Blind 5 Actual: Central 
Western OR Actual: 44.6426 Actual: -123.3242 

True Claim 

Is the actual state of origin (OR) identified correctly? No  

Is the actual site among those identified? No  

Would you support the claim as a true based on isotope ratios? No  

DISCUSSION 

The purpose of this study was to investigate whether spatially useful information can be 

determined from measuring a suite of isotope ratios in wood from Bigleaf maple in the 

Pacific Northwest for the purpose of supporting or rejecting geographic origin claims. 

There is evidence in the literature of the strength in applying a multi-element isotope (e.g. 

C, O, N, S, Sr) approach to source determination of plant material (Rodrigues et al. 

2011). However, it is sometimes possible to obtain spatial patterns from only one or two 

isotope ratios (Horn et al. 1993, English et al. 2001, Kagawa and Leavitt 2010, Gori et al. 

2015). We expected to see a spatial variability with altitude, latitude and continentality 

for δ
18

O ratios. The δ
13

C and δ
15

N values are expected to vary based on site specific 

growth conditions. The heavy isotope 
87

Sr/
86

Sr values were predicted to vary with the 

geologic substrate and with the distance to the coast. Within this isotopic framework we 

aim to propose zones of origin for 5 blind samples of the same species and locations.  
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We found that δ
18

Ocell and 
87

Sr/
86

Sr values provide the strongest evidence in determining 

the geographic origin of Bigleaf maple within the Pacific Northwest. The spatial patterns 

of δ
18

Ocell in Bigleaf maple most likely reflect the spatial patterns of the meteoric water 

isotopic compositions (Bowen and Wilkinson 2002). The patterns in oxygen and 

strontium ratios are particularly useful due to the depth of understanding in the lierature 

of the factors that influence spatial variation in these isotopes. Due to the high mass value 

of Sr, fractionation from biological and geological processes is very minimal in 

comparison to lighter isotope systems eg. H, C, O, S (Capo et al. 1998). Therefore, 

87
Sr/

86
Sr values of a sample produce information about the provenance or geologic 

interactions, unaffected by local variations in temperature and biological processes. 

Oxygen isotope ratios in precipitation have been monitored globally since the 1960s and 

are considered a spatially strong and predictable isotope system. (Bowen 2010). 

 

Many researchers have identified spatial variability in δ
18

O ratios of precipitation due to a 

combination of rainout effects and the effect of recycling on air masses (Dansgaard 1964, 

Rozanski et al. 1992, Gat 1996). As precipitating air masses travel from the equator 

towards the poles, depletion in δ
18

O occurs due to the heavy isotope preferentially 

condensing, leaving the vapour depleted in 
18

O. This process is known as the “latitude 

effect” and goes on to explain the patterns found in figures 5 and 6. These findings are 

consistent with other studies that see the latitude effect in oxygen isotope ratios of plant 

tissues (Horacek et al. 2009, Gori et al. 2015). Additionally, a “continental effect” is 

present in our findings, revealing a depletion of δ
18

Ocell ratios with longitude (Fig. 5). 

This is also due to the heavy isotope preferentially moving from the gaseous to liquid 

phase as an air mass moves across land (Dansgaard 1964). Contrary to expectations, we 
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did not find a relationship between δ
18

Ocell and altitude. This may be explained by the 

source water for the tree. The Bigleaf maple trees sampled are growing within the valleys 

of mountain ranges and therefore the moisture from snow melt from higher altitudes may 

be contributing to these values. 

 

In addition, there is a strong relationship between 
87

Sr/
86

Sr ratios and distance from  the 

coast. Overall, Bigleaf maple samples measured closer to the coast indicate higher 

87
Sr/

86
Sr values. The spatial patterns found within the 

87
Sr/

86
Sr values could represent the 

source of Sr between the bedrock (Moorbath and Walker 1965) and modern seawater 

(Veizer et al. 1997) (Fig. 9 and 10). Seawater can be a source of atmospherically 

deposited Sr as the ocean is a large reservoir of bioavailable Sr and sea spray transported 

inland carries its 
87

Sr /
86

Sr inland (Graustein and Armstrong 1983, Goldstein and 

Jacobsen 1987, Quade et al. 1995). However, these samples were only run once for 10 

different sites, additional sample measurements and runs could provide a stronger spatial 

signal. Collecting local rock and water samples of the region may provide additional 

information in regards to further understanding the Sr system within the Pacific 

Northwest.  

 

The δ
13

Ccell and δ
15

Nww Bigleaf maple values revealed no significant spatial patterns in 

the Pacific Northwest as a tool for provenance, suggesting only a weak site effect on 

δ
13

Ccell and δ
15

Nww values. Individually analysis of the N and C values provided no 

spatial patterns, neither when combined in a multivariate space. The signal to noise ratio 

is too low to yield any coherent spatial patterns. We suggest that this could be due to the 

effect of complex biological fractionations associated with the microclimate (Farquhar et 
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al. 1989).  Many studies have reported that 
13

C fractionation is largely dependent on 

inherent physiological tree responses such as stomatal conductance and photosynthetic 

rate (Farquhar et al. 1989, Diefendorf et al. 2010, Battipaglia et al. 2013). Furthermore, 

the nitrogen isotopic composition of wood is thought to be depend on soil, research has 

shown that organic fertilisers can increase the δ
15

N content in plants, whilst artificial 

fertilisers decrease it (Yuan et al. 2012). Soil data could be useful to isotopic timber 

tracking if the soils in which the trees grew differed over geographic space. Additionally, 

δ
15

N values have been reported to reflect local emissions of anthropogenic nitrogen 

compounds (Battipaglia et al. 2010). The addition of variables such as distance from a 

motorway or distance from may help clarify geographic variations in the δ
15

N values for 

this study.  

 

The blind sample tests assisted in determining how accurate the isotope ratios in Bigleaf 

maple are as a tool for provenance. The δ
13

Ccell and δ
15

Nww values were not considered 

when attempting to prove or disprove the blind claim due to the lack of spatial variation 

reported from the Bigleaf maple dataset. Unfortunately due to research budget limits, 

87
Sr/

86
Sr values were not measured on the five blind samples. In light of this, δ

18
O was 

the only isotope value used for the blind tests in order to accept or reject the claims. 

Overall, blind test results reveal that based on our method, we were able to successfully 

identify the correct State of origin for 4 out of 5 blind samples. This was especially 

evident when discerning sample values from Washington versus California. However, 

there is a bias in sampling from Washington State (n=54) compared to other States (n=4-

10). This bias therefore created many consistent samples matched to those values in 

Washington. Results reveal it is difficult to distinguish between Oregon and Washington 



Courtney Jane Guy 

Tracking timber with isotopes in the Pacific Northwest 

 

38 

 

due to this bias effect and possibly due to their close proximity in relation to latitude. Sr 

measurements for this site could help constrain a more reliable source of origin, by 

assisting to define the distance from the coast or longitude. Actual sites were recognized 

in consistent reference samples for three out of five of the tests. There were two blind 

samples for which the actual site was not among those identified as consistent with the 

measured value. This indicates that the measured value for the blind sample was >0.5‰ 

different than the value for the tree in the reference dataset. This could be due to natural 

variation in wood from different growth conditions in different years. In addition, the 

isotopic measurements for the blind samples were only run once; therefore, measurement 

errors could introduce uncertainty. Running multiple measurements for each sample 

could help to confirm these values. The blind tests allowed us to successfully support or 

reject two out of five claims of origin. In some cases, such as blind sample 1, claims of 

origin were unable to be rejected due to consistent reference samples from the false claim 

location. 

 

Stable isotope measurements on wood could compliment other techniques used to track 

timber such as DNA fingerprinting. DNA fingerprinting lies within the strengths of 

assisting to identify genetic populations, whilst stable isotopic analysis can provide 

information on the geographic origin. Although, in order for these methods to become 

more robust and reliable reference databases need to be developed for particular taxa of 

interest. 

CONCLUSIONS  

Within this project it is evident that isotope ratio analysis of wood has potential use with 

tracking timber. 
87

Sr/
86

Sr and δ
18

Ocell ratios provide the strongest basis for determining 
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geographic origin of Bigleaf maple along the Pacific Northwest. The 
87

Sr/
86

Sr ratios can 

provide information about the longitude or distance to the coast, whilst the δ
18

Ocell ratios 

can provide information on the latitude of a given site. The spatial relationships between 

87
Sr/

86
Sr and δ

18
Ocell ratios are encouraging for the ability to track timber. 

 

δ
13

Ccell and δ
15

Nww Bigleaf maple ratios did not show a strong variability spatially along 

the Pacific Northwest and therefore would not be a suitable proxy for determining 

geographic origin of Bigleaf maple. This could be due to complicated biological 

fractionations associated with the microclimate. Additional isotope ratios such as Sulphur 

(as seen in Rodrigues et al. 2011) could be applied to identify the geographic origin of 

maple. 

 

The next approach would be to measure 
87

Sr/
86

Sr in blind test samples of Bigleaf maple 

and compare to δ
18

O to test the accuracy of the combined method as a tool for 

provenance. The addition of strontium isotope ratios for all sites could provide spatial 

information such as distance from the coast and longitude. In developing these methods 

with the use of Sr and O isotope measurements we will allow for an even more robust 

model for the field of timber tracking.  
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APPENDIX B: DATA 

Bigleaf maple reference and blind samples with measured light isotope ratios and corresponding variables 

Sample  Latitude Longitude 
δ15Nww 

(‰) 
δ18Ocell(

‰) 
δ13Ccel

l (‰) 
Distance from 
the Coast (km) 

Modelled 
Mean Ann. 
ppt δ18O 
(‰) Elevation 

Maximum 
Vapour 
Pressure 
Deficit (hPa) 

Minimum 
Vapour 
Pressure 
Deficit (hPa) 

Modelled 
Mean 
Ann. ppt 
δ2H (‰) 

Mean 
temperature 

Precipitation 
(inch) 

51 46.65894 

-
121.60213

9 -4.6 24.6 -27.1 170.00 -13.96 420 11.82 0.9 -108.4 3.51 1521.88 

57 46.63678 

-
121.71191

7 -3.9 24.3 -25.3 163.00 -12.9 488 11.10 0.94 -100.74 3.45 1541.29 

79 46.59006 -121.6655 -4.3 20.5 -28.1 166.00 -13.96 347 12.10 0.93 -108.4 3.73 1478.4 

90 46.56217 

-
121.70961

1 -4.7 22.6 -26.1 163.00 -12.9 452 11.52 0.83 -100.74 3.77 1538.67 

102 46.51081 

-
121.85738

9 -3.6 22.5 -29.4 151.00 -12.9 449 10.65 0.66 -100.74 4 1594.82 

119 46.36539 

-
121.72255

6 -4.2 23.8 -26.5 170.00 -12.9 581 11.81 0.52 -100.74 2.89 1878.5 

129 46.43967 -121.77575 -4.4 24.7 -27.2 158.00 -12.9 522 11.61 0.54 -100.74 3.72 1692.23 

138 46.43183 -121.91975 -5.3 26.2 -25.5 151.00 -12.9 411 11.18 0.5 -100.74 4.04 1675.9 

149 46.442 

-
121.99644

4 -1.9 21.7 -27.0 146.00 -12.9 325 11.44 0.49 -100.74 4.44 1649.26 

159 46.54586 

-
121.90783

3 -5.6 24.0 -28.2 148.00 -12.9 525 10.18 0.67 -100.74 3.9 1640.96 

171 46.43253 

-
121.83619

4 -4.7 25.0 -25.8 158.00 -12.9 484 11.54 0.58 -100.74 3.76 1614.71 



176 46.46317 

-
121.87338

9 -2.6 24.8 -28.6 158.00 -12.9 555 9.96 0.66 -100.74 3.84 1701.95 

190 46.52511 

-
121.89047

2 -1.8 25.8 -25.6 150.00 -12.9 279 11.84 0.57 -100.74 4.52 1467.88 

214 46.53883 -121.8145 -1.6 19.0 -31.1 155.00 -12.9 518 10.65 0.78 -100.74 3.8 1577.28 

223 46.76147 

-
121.95805

6 -0.6 23.4 -24.5 142.00 -13.91 685 9.38 0.95 -108.19 2.62 1788.59 

244 46.59758 

-
122.36569

4 -1.1 21.3 -29.2 156.00 -11.78 310 10.64 0.41 -92.74 5.14 1985.3 

251 46.46528 

-
122.17288

9 -2.4 25.4 -30.4 132.00 -12.44 242 11.27 0.45 -97.47 5.13 1725.82 

263 46.43956 

-
121.64222

2 -3.6 25.0 -28.0 173.00 -13.96 1041 8.47 0.91 -108.4 1.6 1720.37 

274 46.45661 

-
121.79619

4 -2.9 22.7 -25.9 161.00 -12.9 804 8.10 1.18 -100.74 3.56 1892 

276 46.48806 

-
121.86916

7 -3.7 20.9 -28.7 154.00 -12.9 746 7.90 1.15 -100.74 3.97 1833.73 

285 46.49122 -121.9005 -3.3 24.6 -25.3 166.00 -12.9 407 10.93 0.53 -100.74 4.25 1569.11 

304 46.48367 

-
121.97208

3 -3.5 25.2 -26.4 147.00 -12.9 573 9.64 0.6 -100.74 4.05 1763.95 

310 46.45611 

-
121.02902

8 -3.8 24.1 -28.6 220.00 -13.86 1267 8.54 1.67 -107.49 0.56 854.72 

316 46.46542 

-
122.11716

7 -1.5 24.9 -30.6 138.00 -12.44 270 11.35 0.48 -97.47 4.8 1701.72 

325 46.60486 -122.46025 -3.4 22.7 -31.1 106.00 -11.78 509 8.77 0.74 -92.74 5.03 1998.62 



380 48.49012 -121.6183 -3.3 20.8 -25.7 80.00 -12.61 199 9.31 0.56 -98.23 3.84 2150.8 

371 45.44617 -122.15849 -3.8 24.9 -25.4 140.00 -12.18 326 10.18 0.83 -95.87 5.5 1985.8 

353 44.64265 -123.3242 -4.7 24.5 -25.7 58.50 -10.85 218 10.11 0.41 -89 6.54 1598.03 

356 40.89623 -123.92467 -4.7 26.1 -25.8 18.30 -12.09 260 10.47 0.62 -92.33 6.68 1397.69 

394 46.9981 -123.04279 -4.0 24.0 -25.8 58.00 -10.67 312 9.18 0.67 -84.43 5.69 1884.55 

398 47.18842 -123.56166 -2.8 23.1 -26.0 48.00 -10.42 97 8.10 0.29 -82.18 6.14 2490.75 

417 47.26116 -123.48066 -4.8 25.1 -30.8 57.00 -10.42 122 8.75 0.25 -82.18 6.05 2773.29 

427 47.24774 -123.88987 -4.3 24.6 -27.3 27.00 -10.24 60 8.01 0.33 -80.79 6.09 2785.45 

432 47.68977 -122.90298 -2.2 24.8 -28.4 111.00 -10.48 5 8.38 0.74 -82.21 6.27 1067.04 

427a 47.24774 -123.88987 -4.3 24.6 -27.3 27.00 -10.24 60 8.01 0.33 -80.79 6.09 2785.45 

426 47.24765 -123.89033 -4.2 25.9 -26.4 25.00 -10.24 60 8.01 0.33 -80.79 6.09 2785.45 

425 47.24747 -123.89066 -6.2 25.5 -27.6 25.00 -10.24 60 8.01 0.33 -80.79 6.09 2785.45 

424 47.2478 -123.89062 -5.2 24.6 -26.5 25.00 -10.24 60 8.01 0.33 -80.79 6.09 2785.45 

414 47.26087 -123.4799 -5.5 24.7 -25.8 55.00 -10.42 122 8.75 0.25 -82.18 6.05 2773.29 

418 47.26126 -123.47998 -4.1 23.5 -24.9 55.00 -10.42 122 8.75 0.25 -82.18 6.05 2773.29 

417a 47.26116 -123.48066 -4.8 25.6 -30.9 55.00 -10.42 122 8.75 0.25 -82.18 6.05 2773.29 

416 47.26103 -123.4804 -4.7 24.9 -25.6 55.00 -10.42 122 8.75 0.25 -82.18 6.05 2773.29 

400 47.18873 -123.56135 -4.4 24.7 -25.5 48.00 -10.42 97 8.10 0.29 -82.18 6.14 2490.75 

407 47.18816 -123.56039 -3.2 24.7 -27.8 48.00 -10.42 97 8.10 0.29 -82.18 6.14 2490.75 

401 47.18894 -123.56109 -4.8 24.8 -25.8 48.00 -10.42 97 8.10 0.29 -82.18 6.14 2490.75 

431 47.68933 -122.90262 0.4 22.9 -26.6 112.00 -10.48 5 8.38 0.74 -82.21 6.27 1067.04 



438 47.69026 -122.90338 -1.8 23.9 -26.3 112.00 -10.48 5 8.38 0.74 -82.21 6.27 1067.04 

439 47.69005 -122.90332 -4.6 24.1 -26.1 112.00 -10.48 5 8.38 0.74 -82.21 6.27 1067.04 

393 46.99775 -123.04277 -4.7 24.1 -26.3 58.00 -10.67 312 9.18 0.67 -84.43 5.69 1884.55 

392 46.99763 -123.04281 -4.4 22.7 -26.5 58.00 -10.67 312 9.18 0.67 -84.43 5.69 1884.55 

390 46.99767 -123.04224 -4.4 23.7 -25.5 58.00 -10.67 312 9.18 0.67 -84.43 5.69 1884.55 

389 46.9978 -123.04211 -4.3 24.0 -25.6 58.00 -10.67 312 9.18 0.67 -84.43 5.69 1884.55 

376 48.48932 -121.61605 -5.8 23.5 -27.9 80.00 -12.61 199 9.31 0.56 -98.23 3.84 2150.8 

385 48.49149 -121.61837 -4.7 22.6 -27.9 80.00 -12.61 199 9.31 0.56 -98.23 3.84 2150.8 

381 48.49028 -121.61848 -4.2 24.8 -24.8 80.00 -12.61 199 9.31 0.56 -98.23 3.84 2150.8 

377 48.48989 -121.6167 -4.5 22.5 -29.7 80.00 -12.61 199 9.31 0.56 -98.23 3.84 2150.8 

344 49.07609 -122.23546 -10.3 22.3 -26.7 70.00 -11.51 129 7.76 0.75 -89.82 5.74 1721.92 

336 49.07678 -122.23856 -6.5 23.2 -26.6 70.00 -11.51 93 8.06 0.72 -89.82 5.8 1628.16 

342 49.07656 -122.23602 -6.1 24.2 -26.2 70.00 -11.51 129 7.76 0.75 -89.82 5.74 1721.92 

337 49.07679 -122.23832 -10.1 23.1 -26.2 70.00 -11.51 93 8.06 0.72 -89.82 5.8 1628.16 

354 44.64291 -123.32417 -1.6 26.2 -25.8 58.50 -10.85 218 10.11 0.41 -89 6.54 1598.03 

352 44.6429 -123.324 -4.1 26.4 -26.0 58.50 -10.85 218 10.11 0.41 -89 6.54 1598.03 

347 44.6428 -123.32268 -3.5 23.8 -25.1 59.50 -10.85 218 10.11 0.41 -89 6.54 1598.03 

353a 44.64265 -123.3242 -4.7 24.5 -25.7 58.00 -10.85 218 10.11 0.41 -89 6.54 1598.03 

370 45.44602 -122.15835 -4.0 24.5 -25.0 140.00 -12.18 326 10.18 0.83 -95.87 5.5 1985.8 

366 45.44637 -122.15688 -2.3 26.0 -25.6 141.00 -12.18 326 10.18 0.83 -95.87 5.5 1985.8 

373 45.44682 -122.15751 -4.2 25.8 -26.2 141.00 -12.18 326 10.18 0.83 -95.87 5.5 1985.8 



368 45.44622 -122.15791 -2.4 26.4 -25.7 140.00 -12.18 326 10.18 0.83 -95.87 5.5 1985.8 

363 40.89487 -123.93055 -5.5 25.1 -26.5 17.50 -12.09 161 9.47 0.42 -92.33 6.82 1356.38 

362 40.89497 -123.93027 -4.0 26.3 -25.6 17.00 -12.09 161 9.47 0.42 -92.33 6.82 1356.38 

358 40.89592 -123.92595 -3.6 25.5 -28.8 18.00 -12.09 260 10.47 0.62 -92.33 6.68 1397.69 

361 40.89541 -123.92944 -4.7 26.4 -27.7 17.70 -12.09 161 9.47 0.42 -92.33 6.82 1356.38 

 Blind 1     -5.4 22.2 
-

27.19                 

 Blind 2     -4.0 20.6 
-

30.35                 

 Blind 3     -5.3 22.3 
-

30.08                 

 Blind 4     -6.2 23.5 
-

26.90                 

 Blind 5     -5.5 21 
-

27.88                 

 
Bigleaf maple  samples with corresponding 

87
Sr/

86
 values. Geological data from USGS database for the map of North America 

Sample 

ID 

87
Sr/

86
Sr 2 Std Dev Whole-wood 

weight (mg) 

Rock type* Distance 

from coast 

(km)** 

Bedrock age 

range *** 

285 7.0419760E-01 

 

3.5451671E-05 

 

16.02 

 

Volcanic 

 

166 

 

Miocene 

51 7.0461141E-01 

 

2.9088124E-05 

 

20.01 

 

Sedimentary 

 

189 

 

Quaternary - 

Tertiary 

363 7.0711700E-01 

 

5.8057849E-05 

 

15.71 

 

Sedimentary 

 

17 

 

Cretaceous- 

Jurassic 

354 7.0482685E-01 

 

7.2039037E-05 

 

20.72 

 

Volcanic 

 

58 

 

Paleogene 

400 7.0853939E-01 

 

4.0033641E-05 

 

17.62 

 

Sedimentary 

 

48 

 

Miocene 

426 7.0615441E-01 

 

4.6097077E-05 

 

17.56 

 

Sedimentary 

 

25 

 

Oligocene - 

Eocene 

376 7.0603075E-01 5.0445298E-05 17.41 Sedimentary 80 Quaternary 



     

370 7.0411513E-01 

 

3.5144752E-05 

 

19.46 

 

Volcanic 

 

141 

 

Miocene 

325 7.0529925E-01 3.1408748E-05 

 

19.24 

 

Volcanic 

 

 

124 

 

Miocene - 

Oligocene 

344 7.0491516E-01 

 

4.7901390E-05 

 

19.01 

 

Plutonic 

 

70 

 

Late Jurassic 

 

 



APPENDIX B: ANALYSIS 

Bigleaf maple sample preparation 

In 2014 73 Bigleaf maple wood samples were shaved with a scalpel and stored into 

Eppendorf tubes. The samples were processed with a Retsch Mixer Mill MM 400 with 2 

large metal balls until homogenised.  

5 blind Bigleaf maple wood samples were received in 2015 and prepared in the same 

way. 

Sample analysis 

-cellulose extraction for δ
13

C & δ
18

O 

The -cellulose extraction method for wood was modified by Dr. Xin Song (per comm. 

2015 after Brendel and Evans) and applied to the 78 known Bigleaf maple samples plus 

the 5 blind samples.  

This modified method follows:  

Wood samples were prepared in labelled 5mL polypropylene tubes.  

Using 1000uL pipette, 800uL acetic acid was added to the sample tubes.  

Using 200uL pipette, 80uL nitric acid was added to the sample tubes.  

With caps secured, the tubes were inserted into heating blocks and extract for 100 

minutes at 120 C (optimal temperature range between 119C and 124C), in order to 

remove lignin, non-cellulose polysaccharides, and most hemicellulose.  

The tubes were tapped/shaken approximately every 10 minutes to improve the reaction 

and mix the acids and sample in tube.  

The tubes were then removed from the heat to cool for 3-5 minutes.  

The tubes were uncapped slowly in case of pressure build up.  



Using 1000uL pipette, 500uL of ethanol was added to the tubes.  

The tubes were capped, inverted then shaken.   

Tubes were placed into a centrifuge for 5 minutes at 5000rpm 

Using the 200uL pipette, supernatant was removed and placed into a waste beaker and the 

pippette tip was discarded.  

500uL of ethanol was added to the tubes.  

The tubes were capped, inverted then shaken.  

Tubes were placed again into a centrifuge for 5 minutes at 5000rpm 

Using the 200uL pipette, supernatant was removed and placed into a waste beaker and the 

pippette tip was discarded.  

500uL of DDW was added to the tubes.   

The tubes were capped, inverted then shaken.  

Tubes were placed into a centrifuge for 5 minutes at 5000rpm.   

Using the 200uL pipette, supernatant was removed and placed into a waste beaker and the 

pippette tip was discarded. 

200uL of 17% NaOH was added to the tubes, sealed, and then kept at room temperature 

for 30 minutes.   

The tubes were then centrifuged and the supernatant removed in order to remove 

hemicellulose.  

To rinse, 200uL of DDW was added. 

The tubes were centrifuged for 5 minutes at 5000rpm and the supernatant was removed.  

200uL of 1% HCl was added.   

The tubes were centrifuged and the supernatant was removed in order to remove any 

remaining NaOH. DDW was added (almost filled the tube).  



The tubes were centrifuged and the supernatant was removed.  

DDW was added (almost filled the tube).  

The tubes were centrifuged and the supernatant was removed until pH reached between 

5.5 and 7.0 (typically after 2 or 3 rinses).  

150uL of ethanol was added.  

The tubes were centrifuged for 5 minutes at 5000rpm and the supernatant was removed.  

150uL of acetone was added.  

The tubes were placed in the centrifuge for 5 minutes at 5000rpm 

The caps were loosened and then placed in a warm oven (45-50 C) until dried.  

Cellulose samples of 25microg for carbon and oxygen were weighed into tin and silver 

capsules, respectively.  

The capsules were then folded into cubes using tweezers and placed into a tray and 

placed in a 40C oven for 48 hours.  

The plate was then taken to the Isotope Laboratory for analysis with Mark Rollog in the 

Mass Spectrometer. 

 

87
Sr/

86
Sr  

Cleaning Teflon vials pre-analysis: 

12 Telfon 60ml pfa vials were provided with thanks to Dr. Juraj Farkas. 

Cleaning procedure: 

The vials were filled with 5ml of 6M nitric acid and placed on a hot plate at 140C for 48 

hours with the lids lightly screwed on.  

The Teflon vials were removed from the hot plate and the nitric acid was disposed.  

The vials were rinsed with deionised water 3 times.  



5ml of 6M HCL was then added to the vials, lids were screwed on and placed on the 

hotplate at 140C for 24 hours.  

The Teflon vials were removed from the hot plate and hydrochloric acid was disposed. 

The vials were rinsed with deionised water 3 times.  

5ml of 15M single distilled nitric acid was added to the vials, lids were screwed on and 

the containers were placed on the hotplate at 140C until ready for use or stored in a clean 

container until required. 

24 ceramic crucibles (30ml?) were rinsed with deionised water 3 times then placed in a 

beaker of 10% nitric acid for 2 hours on low heat for cleaning.  

To dry the crucibles were placed in a 100C oven overnight. 

Sample preparation procedure: 

For 10 selected samples (table 1), 15-20mg of Bigleaf maple wood were shaved using a 

scalpel and weighed.  The samples were then placed into clean ceramic crucibles and 

ashed in a muffle furnace at 650C for 6 hours.  

The clean Teflon vials were filled with 2mL of 7M HNO3  

Containers were shot twice with an anti-static gun 

After cool down (~4 hours), the 10 ashed samples plus the 2 BCR-2 standards were 

emptied into the Teflon containers 

Lids were screwed on and the vials were left on a 140C hotplate for 48 hours to allow for 

wood digestion 

0.5mL of hydrogen peroxide was added to sample 1 and 5 as there was a ‘black spot’ in 

each of these vials. This could be indicative of residue carbon from bark 

Remove lids and leave the vials on the hotplate to dry down (evaporate) 

For the 10 samples, add 5mL 7M HNO3 and dry down again 



Sample was discarded and ashed and prepared again due to blue fluff (lab coat) 

contaminating the vial 

 

The 2 BCR-2 standards were digested by David Bruce as follows: 

Add 4mL of HF acid double distilled, leave on hot plate with lid on for 48 hours 

Dry down then add a ~5mL of concentrated 15M HNO3 to minimise any solubles 

Samples were dried down to evaporate on the hot plate 

Add 2mL of 7M HNO3 and 4mL of double distilled HF acid  

Leave on the 140C hot plate for 72 hours 

Dry down then add 2mL 7M HNO3 and leave on the hot plate with lid on for 24 hours 

Dry down then take off the hot plate – ready for Sr column chemistry 

 

Sr column chemistry: 

The Sr fraction was separated from a sample matrix by conventional column chemistry 

using a Sr-Spec resin (EIChrom Industries) with 3NHNO3 and H2O as working solutions. 

The University of Adelaide procedure followed with guidance from David Bruce 

(Halverson, modified 27/01/2009): 

Remove columns from 3.5M HNO3 storage container using blue pp forceps. 

Rinse 3 times with deionised water and place in racks with a small waste container below 

Load 200µL of Sr specific resin SPS (Eichrom) to the column neck using a 1mL pipette – 

avoid bubbles in the column neck 

Wash (allow all acid to drip through into waste container) resin with 1 reservoir (fill 

column neck) of 3.5M HNO3 

Wash resin with at least 2 reservoirs of 3.5M of deionised water 



Equilibrate resin with 0.5mL of 3.5M HNO3 using a pipette 

Load sample in 0.5mL of 3.5M HNO3 using a pipette 

Wash column twice with 0.6mL of HNO3 using a pipette 

Remove waste container from below and dispose of correctly 

Place a clean 30mL Teflon vial below to catch the Sr in the following steps 

Wash column twice with 0.5mL of deionised water using a pipette 

Add 1 drop of 0.05M H3PO4 to Sr Teflon vial 

Add ≤1mL of 15M HNO3 to oxidise any organics 

Dry the vials without a lid on a hotplate (100C) 

You should see a residual spot which is desirably clear 

Cap the vials and store until TIMS analysis  

Rinse the columns 3 times using a pipette and deionised water to remove any remaining 

Sr spec resin in the column neck 

Return the columns to the 3.5M HNO3 storage container 

Loading for Sr analysis on TIMS 

20 rhenium filaments were prepared for the analysis of 
87

Sr/
86

Sr into the mass 

spectrometer: 

Previously used posts with rhenium filaments were stripped back using a handheld 

sander. 

New rhenium filaments were welded onto the posts 

Samples were loaded onto the rhenium filaments with 1 drop of Birck’s solution (NIST) 

using a clean filtered pipette 

The filaments were heated using an electronic current until red hot (~2.7Amps) 



1 microlitre of SRM 987, an internationally recognised standard, was loaded onto a 

filament with amount? H3PO4 and Birck’s solution and placed add the beginning and end 

of the run. 

 

Blind test 

Five Bigleaf maple samples were provided to this project as “blind samples” by the DNA 

Timber Tracking Laboratory group from the University of Adelaide.  

Claims of origin, either true or false, were provided to us. 

Blind samples were prepared for isotopic measurements: 
18

Ocell, 
13

Ccell and 
15

Nww.  

A ±0.5‰ envelope was calculated in excel around the measured δ
18

Ocell ratios for each 

blind sample. This range of values was then compared to δ
18

Ocell ratios from the reference 

Bigleaf maple dataset. Reference samples were considered consistent with the blind 

sample when the δ
18

Ocell ratios fell within 0.5‰ of the measured value. Claims of origin 

were then supported or rejected based on a range of questions (Tables 4-8). 

 

Statistical analysis 

Descriptive statistics (means, standard deviations) were carried out for all the stable 

isotope series and explanatory variables. 

R version 2.13.2 (2011-09-30) Copyright (C) 2011 The R Foundation for Statistical 

Computing ISBN 3-900051-07-0 Platform: i386-pc-mingw32/i386 (32-bit) 

Statistical packages: readr, readxl, ggplot2, dplyr 

Using R for multivariate analysis 

Open R > file > new project > create new project name 

Command + shift +N to create new script window 



Tools > Install packages > readr, readxl, dplyr, ggplot2 

Geographic Information System 

The site location map (figure1.) was produced using ArcGIS 10.3.1 accessed through the 

University of Adelaide’s remote server ADAPT Adelaide hosted by Citrix. ArcGIS was 

also used to compile data from various sources using the geoprocessing spatial tool 

“extract multi value to points”.  

 

Spatial geoprocessing: 

Sample name, latitude and longitude data was added to an excel spreadsheet and saved as 

an .csv file 

Data layers were added to the map with “add data”. The .csv file I created was added first 

then any external raster files from PRISM, USGS and waterisotopes.org were added. 

Geographic system conflicts were avoided by: right clicking on a layer > export data > 

data frame 

This creates all the layers in the same geographic format as the first layer added eg. 

WGS1984 

Tools > Spatial tools > Extract multi value to points” 

The inputs used were the XY data points (.csv) file for the maple. 

Rasters such as MAO from waterisotope.org were dragged into the output and the files 

were renamed 

Spatial data was then extracted based on the XY maple points and added to the attribute 

table 

Data was exported to excel for statistical use by opening the attributes table > table 

options > export and saving as a text file 



To sort double check the data use the FID column 

 

Mapping: 

In a new map project, XY maple data points were added as per above 

A base layer of North America was added to the map by “add layer” then add csv. File 

with xy points for samples as delimited layer. 

Assistance was provided by the ArcGIS Resource help library online and Dr. Ramesh 

Raja Segaran from the University of Adelaide 

 

Using ‘R’ Statistical Program: 

Create .csv file first with columns: sample ID, C, O, N, and all variables.  

Auto-correlation: 

Install “gclus” package 

script= 

all_data <- read.csv(file name of csv.) load data 

dta <-all_data[c(1, 2, 3 all variable columns)] get variable data 

dta.r <- abs(cor(dta)) get correlations 

dta.col <- dmat.color(dta.r) get colors 

 

To re-order variables so those with highest correlation are closest to the diagonal: 

dta.o <- order.single(dta.r) 

cpairs(dta, dta.o, panel.colors=dta.col, gap=.5, main=”title”) 

Ordination (NMDS): 

Install “VEGAN” package 



Script:  

dataord <- read.csv(file name csv.) load data 

variables <- dataord[,c(5,6,7)] isotope columns 

row.names(variables) <- dataord$SAMPLES 

variables <- scale(variables) 

NMDS <- metaMDS(variables, distance=”euclidean’) 

plot(NMDS) 

extract the xy points = scores(NMDS) and scores(NMDS, display=”species”) 

write.csv.(scores(NMDS, display=”species”), file=”isoscores”.txt 

write.csv.(scores(NMDS), file=”sample scores”.txt 

 

Variables metadata: 

USGS North American Map: 

Database of the Geologic Map of North America- Adapted from the Map by J.C. Reed, 

Jr. and others (2005) 

http://pubs.usgs.gov/ds/424/ds424_metadata.html 

Extracted using ArGIS for each data point 

 

PRISM climate data: 

http://www.prism.oregonstate.edu/normals/ 

Download 800m spatial resolution for 30 year normal annual data 

 

Modelled water isotopes: 

http://wateriso.utah.edu/waterisotopes/pages/data_access/ArcGrids.html 

http://pubs.usgs.gov/ds/424/ds424_metadata.html
http://www.prism.oregonstate.edu/normals/
http://wateriso.utah.edu/waterisotopes/pages/data_access/ArcGrids.html


Download water isotope data bundles for use in ArcGIS. Bundles include data site 

locations and raster datasets in ArcGIS Grid format. 

 


