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The overall health and persistence of whitebark pine is of international concern. Extensive tree mortality
and loss of vigor due to the non-native pathogen white pine blister rust (Cronartium ribicola A. Dietr.),
mountain pine beetle (Dendroctonus ponderosae Hopkins), altered fire regimes, and climate change
endanger the existence of whitebark pine, which is an important food source (pine nuts) for several wild-
life species. Prior stable isotope analysis revealed variability in intrinsic water-use efficiency and nutri-
tional status; however, small sample sizes prohibited the identification of geo-climatic effects on those
isotopes. We summarize carbon isotope discrimination (D13C, a measure of intrinsic water-use efficiency)
and the natural abundance of d13C, d15N and d34S in whitebark pine nuts in the Northern Rockies. Spatial
differences in geography, soil parent material and climate (e.g., summer mean temperature, number of
degree-days below 0 �C, mean annual precipitation, Hargreaves climatic moisture deficit, and the frost-
free period) contributed to the low to moderate spatial resolution in selected models (R2 values ranged
from 0.24 to 0.51). The importance of soil parent material in all models demonstrated whitebark pine
exhibits previously unknown edaphic variation. Identification of the mechanistic drivers contributing
to spatial heterogeneity in D13C provides an opportunity to select seed sources better suited to optimize
long-term survival, vigor and cone production. Matching genetic resources to sites projected to support
whitebark pine in future climates would ensure species persistence, while safeguarding an important
wildlife food. Suitable wildlife habitat for projected warmer, drier climates was characterized as low val-
ues of D13C (<13.5‰) and was concentrated in the southeastern portion of the Northern Rockies.
Whitebark pine nuts at the landscape scale exhibited unique d34S and d15N values relative to other wild-
life foods, but these isotope values can overlap other plant materials in more localized areas. Future appli-
cations to determine the proportion of pine nuts in assimilated diets will need to accommodate spatial
heterogeneity, potential temporal variation in d13C, nutrient concentrations, animal tissue turnover rates,
and seasonal availability of other foods. Further studies of the abiotic and biotic factors on C, N, and S
cycles and the relationship between photosynthetic and heterotrophic tissue are needed for a better
mechanistic understanding of the determinants of the natural abundance of d13C, D13C, d15N and d34S.

Published by Elsevier B.V.
1. Introduction and spring diets for several species of wildlife (Robbins et al.,
The large, energy-rich wingless seed (�15 mg) of whitebark
pine (Lanner and Gilbert, 1994) is a major food source in the fall
2006; Lorenz et al., 2008). However, the overall health and long-
term persistence of whitebark pine is in jeopardy (COSEWIC,
2010; Federal Register, 2011) due to white pine blister rust
(Cronartium ribicola A. Dietr.), mountain pine beetle (Dendroctonus
ponderosae Hopkins), altered fire regimes resulting in successional
replacement, and climate change (Keane et al., 2012). Due to its
decline, a geographically broad sample of seeds has been amassed
for developing blister rust resistant seedlings for restoration
(Mahalovich and Dickerson, 2004; Mahalovich et al., 2006), study-
ing the species’ genetic architecture (Richardson, 2001; Richardson
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et al., 2002; Mahalovich and Hipkins, 2011), quantifying the diet-
ary importance of whitebark pine nuts in Yellowstone grizzly bears
(Ursus arctos horribillis) (Felicetti et al., 2003), and characterizing
seed sources (this study) that are more likely to persist under drier,
warmer climates (IPCC, 2014) using stable isotope analysis (SIA).

Stable isotopes in plants act as markers to discern atmospheric
and decomposition processes, characterize plant interactions and
describe trophic food webs (Peterson and Fry, 1987; Fry, 2006;
West et al., 2006). d13C has also been employed as a measure of fit-
ness to determine intrinsic water-use efficiency (WUE),

d13Cleaf ¼ d13Cair � a� ðb� aÞCi=Ca ð1Þ

where isotope fractionation by diffusion into stomata (a = 4.4‰)
and the enzyme ribulose-biphosphate carboxylase (b � 28‰) are
constants and Ci/Ca is the ratio of the intercellular leaf space to
ambient CO2 (Farquhar et al., 1982, 1989). Seibt et al. (2008) later
described d13C more as a measure of mesophyll conductance
(Cc/Ca, or the ratio of chloroplast to ambient CO2), and as such,
d13C can vary independently of WUE. Moreover, WUE models were
established using photosynthetic tissue; thus, there may be
additional considerations in utilizing heterotrophic (non-
photosynthesizing) tissue to determine d13C and D13C, particularly
when C may be assimilated post-carboxylation (Brüggemann
et al., 2011; Offermann et al., 2011; Werner et al., 2012). Because
d13C is negatively correlated with carbon isotope discrimination
(D13C) and D13C is correlated with hydraulic parameters in trees
(Martínez-Vilalta et al., 2004), D13C has the potential to be a useful
proxy for drought tolerance (Cregg and Zhang, 2000).

Nitrogen isotope (d15N) analysis has been used to capture the
integration of N cycling (Martinelli et al., 1999; Evans, 2001), iden-
tify mycorrhizal associations (Nadelhoffer et al., 1996; Hobbie and
Hobbie, 2008), record site disturbance (Vitousek et al., 1997;
Craine et al., 2009), and understand physiological adaptations
related to fitness (Kranabetter, 2014). Fewer studies have exam-
ined large-scale geographic patterns in d34S (Hobson and
Wassenaar, 1997; Hebert and Wassenaar, 2005; Hobson, 2008) or
the role of d34S in plant growth and reproduction, partly due to
higher costs of analysis and/or lack of convenient tissue prepara-
tion methods (Tcherkez and Tea, 2013).

Our study involved an interdisciplinary approach to investigate
spatial and temporal variation in d13C, D13C, d15N and d34S in het-
erotrophic tissue (pine nuts) encompassing six seed zones
(Mahalovich and Dickerson, 2004) (Fig. 1). Spatially explicit isotope
maps (isoscapes) have practical applications in monitoring and
managing changing landscapes (Vitousek et al., 1997; Craine
et al., 2009; Nicotra et al., 2015). Baseline isotope data will make
it possible to better quantify assimilated diets in wildlife and pro-
vide a legacy measure against which future diets and habitat use
can be compared. The presence of intraspecific variation in D13C
would allow geneticists an opportunity to select individuals better
suited for optimal long-term survival, vigor and cone production to
ensure species persistence, while safeguarding an important wild-
life food. The relationship between d13C, d15N and d34S in whitebark
pine nuts and source C, N and S, respectively, provides the tools
necessary to assess the ecology of this important species. The
objectives of our whitebark pine nut study were:

1. Evaluate the presence of temporal variation for d13C, D13C, d15N
and d34S.

2. Characterize the natural abundance of d13C, D13C, d15N and d34S.
3. Identify and spatially model key geographic, edaphic and cli-

matic variables contributing to patterns of variation in d13C,
D13C, d15N and d34S.

4. Evaluate the efficacy of d13C, d15N and d34S as dietary markers.
5. Where unique isotope values are potentially absent, develop a
predictive model to characterize an unambiguous multi-
isotope signature.

2. Material and methods

2.1. Study area

The Northern Rockies was defined as the area encompassing
eastern Washington, northern Idaho, Montana and northwestern
Wyoming (Fig. 1). Whitebark pine seeds were obtained from seed
stores from the Inland West Whitebark Pine Genetic Restoration
Program (Mahalovich and Dickerson, 2004). Selected seed lots
(n = 145) provided a representative geographic sample from
42.40� to 48.97�N latitude, 108.87� to 118.47�W longitude and
1546 m to 3138 m in elevation. Approximately equal sample sizes
characterized six regions (seed zones) delineated by common blis-
ter rust infection levels and mountain ranges (Mahalovich and
Dickerson, 2004). The western-most sample in easternWashington
was analyzed as part of the Selkirk-Cabinet (SKCS) seed zone. Sam-
pled seed lots spanned a discontinuous, 17-year period due to
masting reproductive behavior (i.e., synchronous and intermittent
production of large quantities of seeds) (1991 (n = 3), 1992 (n = 9),
1993 (n = 1), 1995 (n = 16), 1996 (n = 22), 1997 (n = 3), 1999 (n = 1),
2001 (n = 5), 2002 (n = 5), 2003 (n = 24), 2004 (n = 1), 2005 (n = 11),
2006 (n = 15), 2007 (n = 5), 2008 (n = 5), 2009 (n = 14), 2010
(n = 5)).

2.2. Stable isotope analysis (SIA)

Seed preparation was performed at the Washington State
University (WSU) Wildlife Habitat-Nutrition Laboratory. SIA
requires <2 mg of organic matter (Robbins et al., 2004). Due to
the low digestibility of whitebark pine hulls in bear (Ursus spp.)
diets (i.e., presence of hulls found in scat), pine nuts tissue was
extracted from each seed to serve as the tissue of interest for sub-
sequent analyses. Adjusting for hull weight and the possibility of
empty seeds, 42 seeds or 68.5 g were processed per sample. All val-
ues were reported on a 100% dry-matter basis. Lipid removal was
conducted on half of each sample in order to minimize variation
in D13C (O’Leary, 1981; Marshall et al., 2007; Post et al., 2007).
Lipids were extracted with ether on a Goldfisch fat extraction
apparatus (AOAC, 2012). The mean effect of lipid extraction was
enrichment, with a difference of 3.09‰ and 0.20‰ between
untreated and lipid extracted samples for d13C and d15N, respec-
tively (Appendix A, Fig. A1). Because plant tissues have low sulfur
concentrations (<1 wt.%), Parr bomb combustion was used on the
remaining half of each sample to chemically extract sulfur
(ASTM, 1964). All sulfur compounds were converted to sulfate in
a closed high-temperature reactor under high O2 pressure
(2.5 MPa) (Siegfriedt et al., 1951). During combustion, the sulfur
content of each sample was quantitatively converted to sulfite
(SO3), which reacted with 100 ml of DI water to form sulfuric acid
(H2SO4). The dissolved sulfate was transferred to a beaker and
mixed with a few drops of BaCl2, filtered (HA Millipore 0.45 lm
membrane filter), and combusted at 500 �C for 10 min to yield
BaSO4 for SIA.

Processed samples were analyzed for d13C, d15N and d34S and
total C, N and S (%) at the WSU Stable Isotope Core Laboratory.
An ECS 410 (Costech Analytical, Valancei, CA) elemental analyzer
interfaced with a Delta Plus XP (Thermo-Finnigan, Breman) mass
spectrometer analyzed samples via continuous flow isotope ratio
mass spectrometry (Fry et al., 1992). We reported isotopic compo-
sitions of d13C, d15N and d35S as parts per thousand (‰) relative to
Vienna Pee Dee Belemnite, Nair, and Vienna Cañon Diablo Troilite



Fig. 1. Sample locations within whitebark pine seed zones in the USDA Forest Service Inland West Genetic Restoration Program (USA) (Mahalovich and Dickerson, 2004;
Mahalovich et al., 2006; Mahalovich and Hipkins, 2011).

176 M.F. Mahalovich et al. / Forest Ecology and Management 359 (2016) 174–189
standards, respectively. The internationally distributed standards
for d13C were TS Limestone NBS 18, 19, and 22; IAEA-CO-1 and
9; L-SVEC lithium carbonate, RM8543, and USGS 24, 40, and 41.
The internationally distributed standards used for d15N were USGS
32, 25, and 26. The internationally distributed standards used for
d35S were International Atomic Energy Agency IAEA-S-1, 2, 3,
S05, and S06; and NBS127. Based on known standards run with
our samples, measurements were repeatable and accurate within
an analytical error of ±0.2‰ for d13C and d15N and ±0.5‰ for d34S.

Carbon isotope discrimination was calculated with the follow-
ing linear approximation (Farquhar et al., 1982, 1989):

D13C ¼ ðda � dpÞ=ð1þ dpÞ ð2Þ
where dp was the isotopic composition of pine nuts
(d13Clipids extracted) and da was the isotopic composition of atmo-
spheric air based on the two-year average of d13C for each cone
and seed development period (Owens et al., 2008) from a monitor-
ing site nearest our study area (La Jolla Pier, CA). During our study
period, da increased from �7.9‰ to �8.34‰ (Keeling et al., 2005).

2.3. Soil parent material

Derivations of soil parent material were obtained from compila-
tions of 1:100,000 to 1:500,000 scale USGS geology layers (USGS,
2005a, 2005b, 2005c). To increase statistical power, hundreds of
differing rock lithologies were classified into major rock classes
reflecting broad differences in physical and chemical composition.
The Spatial Analyst – Extract Values to Points tool within ArcGIS
10.0 (ESRI, 2011) was used to identify and code rock class for each
sample location (seed source).

2.4. Climate data extraction

To accommodate temporal variation for each two-year cone and
seed development period, point extractions of 23 annual and
seasonal current-climate derived measures were obtained from
ClimateWNA version 5.10 (Wang et al., 2012; Hamann et al.,
2013) corresponding to the seed year (t) and prior year of cone
development (t � 1); these data were then averaged for each
sample. PROC VARCLUS in SAS version 9.4 (SAS Institute, 2013)
was employed to examine significant correlations among the
climatic variables and to identify those variables that explained
the majority of the variation. Among five clusters explaining
83.7% of the total variation, key climatic variables were character-
ized as hot (summer mean temperature from June to August (�C),
TSM), cold (number of degree-days below 0 �C, DD0), wet (mean
annual precipitation (mm), MAP), dry (Hargreaves climatic mois-
ture deficit (mm), CMD), and the frost-free period (FFP). Available
climate spatial data for isoscape modeling were obtained from
AdaptWest for the 1981–2010 climate normal period (Hamann
et al., 2013).

2.5. Statistical analysis

SAS statistical software, R-stat version 15.2 (R Development
Core Team, 2010) and ArcGIS 10.0 were used for tabular and spatial
statistical analysis. Data screening of all samples involved univari-
ate tests of normality of model residuals; no transformations of
isotope values were required. Each sample was assigned to a seed
zone based on its geographic location. We investigated the factors
associated with regional differences in pine nut isotopes with uni-
variate ANOVAs by seed zones and simple linear regressions of
geography, soil parent material and key climate variables. Signifi-
cant differences among seed zones were further assessed with
Duncan’s multiple comparison tests. Means ± 1 SD were reported.
Prior to developing predictive regression models, variation in each
isotope was tested for the presence of temporal variation using
simple linear regression and the Durbin-Watson test. Because each
sample only represented one cone collection year from one loca-
tion, temporal variation arising from cone and seed development



Fig. 2. Whitebark pine nut isotopic compositions for d13Cuntreated, D13Clipids extracted,
d15N and d34S (parts per thousand [‰]) in the Northern Rockies, grouped by soil
parent material representing seed years 1991–1993, 1995–1997, 1999, 2001–2010
(n = 145). Vertical bars represent ±1 SD.
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was not independent of the length of time seeds were kept in cold
storage (i.e., potential tissue decomposition from volatilization). A
p-value of 60.05 for the aforementioned analyses was considered
significant.

We determined the best model using the generalized equation:

Yi ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b4X4 þ � � � bnXn ð3Þ
where Yi was the isotope value for seed source i, b1�n were regres-
sion coefficients, and X1�n were 13 quantitative independent
variables and one categorical variable (soil parent material). The
year covariate reflected the combined two-year cone and seed
development period and length of time seeds were in cold storage.
Geographic independent variables included first and second-order
latitude, longitude and elevation to characterize linear and nonlin-
ear geographic patterns, along with northwest departure and south-
west departure to better describe the complex topography in the
Northern Rockies (Rehfeldt, 1995). Northwest departure, defined
as the product of latitude and longitude, was the geographic dis-
tance along an imaginary grid that runs from northwest to south-
east. Southwest departure, defined as the product of longitude
and latitude�1 was the geographic distance along an imaginary grid
that runs from southwest to northeast. The remaining independent
variables included five climatic variables and one categorical vari-
able made up of nine, soil parent materials (Fig. 2). Pearson correla-
tion coefficients among the independent variables were examined
prior to model selection to ensure multicollinearity was not present
(rP 0.90). Isotope model selection involved a backwards step-wise
approach. Independent variables during each stage of model selec-
tion were further evaluated for potential multicollinearity relative
to the variance inflation factor, sign and standard error for each
retained variable, and overall model R2 (O’Brien, 2007). Significant
independent variables were retained in the final model if they
met a conservative significance probability (p 6 0.10). In the final
stage of model selection, non-significant soil parent materials were
pooled.

2.6. Isoscape modeling

Isoscapes for each isotope were created using the regression
coefficients of each independent variable from the selected model
generalized to the 1981–2010 climate normal period (Hamann
et al., 2013). Where temporal variation was found, isoscape model-
ing proceeded based on a mean response for our study period, with
the recognition there were year-to-year differences. The broad
sampling also precluded setting aside a model validation dataset,
which we recognize limits the assessment of model accuracy.
However, we believe the selected models provide the basis for an
initial assessment of broad, geo-climatic patterns of pine nut iso-
topes and the direction needed for temporal and spatial sampling
for future model validation.

Model coefficients were multiplied by their respective raster
layers and summed using Raster Calculator in ArcGIS 10.0. Output
was clipped by elevation to eliminate model inaccuracy outside the
natural range of whitebark pine observed in our dataset. Spatial
isotope model estimates were improved by (1) subtracting pre-
dicted isotope values from each observed isotope value, (2) deriv-
ing an inverse distance weighted residual layer, (3) clipping the
residual output layer to the elevation range of our samples, and
(4) summing the predicted and residual isotope estimated layers.
Spatial isotope hybrid estimates (predicted + residual) and residu-
als were classified for presentation using a five-interval quantile
split of the cumulative distribution of each isotope. The final hybrid
product integrated the larger-scale analysis of multiple regression
with the finer-scale power of spatial interpolation (Bowen et al.,
2009; Bowen, 2010). Spatial interpolation and inclusion of the
residuals enabled us to account for other processes that were not
captured adequately with the original independent variables.
Residual isoscapes were determined to be free of spatial autocorre-
lation using Moran’s I statistic. Predicted and residual isoscapes
were represented at the 1-km grid scale.

2.7. Detection of unique isotope signatures

We used a two-step screening process to identify dietary
markers. Classification tree analysis (CART, R-stat version 15.2)
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was used to determine the degree to which samples from each
seed zone could be classified with a multivariate pattern among
isotopes and seed year. To avoid over-fitting these data, the pruned
tree corresponding to the minimum cross-validation error
occurred with a tree size = 5. Finally, isotope bi-plots were com-
pared to other wildlife foods to corroborate the presence of unique
dietary markers.
3. Results

Carbon isotope values for pine nuts ranged from �26.8‰ to
�21.4‰, D13C from 11.3‰ to 16.8‰, d15N from �4.6‰ to +4.9‰,
and d35S from 3.1‰ to 13.6‰. The Greater Yellowstone-Grand
Teton (GYGT) seed zone was more d13C-enriched, with correspond-
ing lowerD13C than the other seed zones (Table 1). The Bitterroots-
Idaho Plateau (BTIP) seed zone was more d15N-enriched than the
Central Montana (CLMT), Mission-Glacier Park (MSGP) and
Selkirk-Cabinet (SKCS) seed zones, and the GYGT and Clark Fork-
Lolo Pass (CFLP) seed zones were more enriched than the MSGP
and SKCS seed zones. The CLMT and GYGT seed zones were more
d34S-depleted, as compared to all other seed zones (Table 1).
3.1. Pearson correlations

Geographic variables were correlated (Table 2) resulting in a
strong positive correlation between latitude and longitude
(p < 0.01) and a strong negative correlation between latitude and
elevation and longitude and elevation (p < 0.01). We found a low
negative correlation (p < 0.01) between both latitude and longitude
for d13C, indicating samples located farther north and west were
more depleted, but a moderate to low positive correlation
(p < 0.01) between latitude and longitude for d34S and D13C, where
samples farther north and west were more enriched. A low nega-
tive correlation (p < 0.01) between latitude and d15N indicated
samples farther north were more depleted. We found a low posi-
tive correlation (p < 0.01) between elevation and d13C and d15N
indicating pine nuts from higher elevations were more enriched,
but a moderate to low negative correlation (p < 0.01) between ele-
vation and d34S and D13C, where pine nuts from higher elevations
were more depleted. Pine nuts from areas with higher climatic
moisture deficits and more degree days below 0 �C were d13C-
enriched, with lower D13C (p < 0.01). Conversely, pine nuts from
areas with longer frost-free periods were d13C-depleted, with
higher D13C (p < 0.01). Pine nuts collected from areas with a higher
climatic moisture deficit were d15N-enriched (p < 0.01), whereas
pine nuts with longer frost-free periods were d15N-depleted
(p = 0.01). All climatic variables were significantly correlated with
d34S, where pine nuts became more enriched with a higher sum-
mer mean annual temperature, longer frost-free period, and
Table 1
Mean ± 1 SD for whitebark pine nut carbon (d13C), carbon isotope discrimination (D13C), nit
Bitterroots-Idaho Plateau (BTIP), Central Montana (CLMT), Greater Yellowstone-Grand Te
Cabinet (SKCS) seed zones. One-way ANOVAs (F5,139 and p-values) and post hoc Duncan’s m
effects are not significantly different (a = 0.05).

Seed zone n d13Cuntreated (‰) D

BTIP 17 �24.49 (1.14) b 1
CLMT 20 �24.53 (1.20) b 1
GYGT 38 �23.79 (1.09) a 1
CFLP 20 �24.79 (0.72) b 1
MSGP 25 �24.70 (1.32) b 1
SKCS 25 �24.69 (1.08) b 1
F5,139 3.58 3
p 0.01 0

Northern Rockies 145 �24.42 (1.16) 1
greater mean annual precipitation, but becamemore depleted with
an increased climatic moisture deficit and more degree days below
0 �C (p 6 0.02).
3.2. Temporal variation

Simple linear regressions for seed year were significant for d13C
(p = 0.04), but non-significant for d15N (p = 0.65) and d34S
(p = 0.36). Using the Durban–Watson test, we found no correlation
between d13C, d15N and d34S and the amount of time seeds were
kept in cold storage (p values ranged from 0.07 to 0.65). Because
significance levels were inconsistent based on the temporal refer-
ence frame for d13C, we took a conservative approach and included
seed year as a covariate during model building for all isotopes.
3.3. Isoscape modeling

Simple linear regressions for each isotope were low and signif-
icant for latitude (p 6 0.01). Longitude was significant for all iso-
topes (p 6 0.01) except d15N (Table 3). Elevation was low and
significant for all isotopes (p 6 0.01). Broad-scale spatial variation
for soil parent materials was low and significant for each isotope
(p 6 0.01). Mean d13C-enriched tissue originated from alluvium,
calcium (Ca)-Sedimentary and sedimentary soil parent material,
low D13C from alluvium, glacial, and sedimentary sources, d15N-
depleted tissues from metamorphic, Ca-Metasedimentary and
metasedimentary sources, and d34S-enriched tissues from meta-
morphic, intrusive, Ca-Metasedimentary and metasedimentary
sources (Fig. 2). Soil parent material simple linear regression
models explained more of the total variation for d13C, D13C, and
d34S (R2 varied from 0.15 to 0.33), whereas latitude explained more
of the variation for d15N (R2 = 0.14). Coefficients of determination
were low for all climate variables and all isotopes (R2 varied from
<0.01 and non-significant to 0.23 and p 6 0.01, respectively).

Akaike’s Information Criterion adjusted for small sample sizes
(AICc) indicated the multiple regression models better explained
spatial heterogeneity associated with each isotope as compared
to the simple linear regressions (Table 3). Where multicollinearity
may have been suggested amongmodels due to changes in the sign
for each coefficient (e.g., longitude for d13C and latitude and eleva-
tion for d34S), variance inflation factors were <10.0 for each
retained term in the selected models. Small differences between
R2 and adjusted-R2 also indicated models were not over-fit.

The only multiple regression model to retain a significant
temporal component of variation was d13C (R2 = 0.32). Compar-
isons between the d13C models indicated Latitude and the first
and second-order Elevation effects were significant only in the
temporal model (Table 3). Soil parent material, shorter frost-free
periods and warmer summer temperatures remained unchanged
rogen (d15N) and sulfur (d34S) stable isotopes (parts per thousand [‰]) collected in the
ton (GYGT), Clark Fork-Lolo Pass (CFLP), Missions-Glacier Park (MSGP), and Selkirk-
ultiple comparison tests are character coded within columns; similar letters for main

13Clipids extracted (‰) d15N (‰) d34S (‰)

3.79 (0.91) b 1.01 (1.49) a 9.47 (1.15) a
3.70 (1.06) b �0.34 (2.07) bc 7.94 (0.77) b
3.07 (0.97) a 0.55 (1.78) ab 7.53 (1.48) b
3.98 (0.84) b 0.41 (1.92) ab 9.28 (0.82) a
3.75 (1.05) b �1.30 (1.66) c 9.49 (1.72) a
3.86 (0.98) b �1.11 (1.96) c 9.44 (0.92) a
.50 6.29 13.91
.01 <0.01 <0.01

3.62 (1.02) �0.14 (1.98) 8.72 (1.51)



Table 2
Pearson correlation coefficients among geographic and climatic factors influencing spatial variability in carbon (d13Cuntreated), carbon isotope discrimination (D13Clipids extracted),
nitrogen (d15N) and sulfur (d34S) stable isotopes (parts per thousand [‰]) for whitebark pine nuts in the Northern Rockies (n = 145). Significant correlations (p 6 0.05) are in bold
letters, ns = non-significant.

Longitude W Elevation (m) TSMa CMD FFP MAP DD0 d13C D13C d15N d34S

Latitude N 0.71 �0.83 0.08 �0.67 0.66 0.52 �0.43 �0.32 0.31 �0.37 0.44
<0.01 <0.01 ns <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Longitude W �0.78 0.29 �0.35 0.75 0.63 �0.68 �0.27 0.30 �0.13 0.51
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 ns <0.01

Elevation (m) �0.47 0.37 �0.76 �0.56 0.72 0.33 �0.31 0.26 �0.43
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01

TSM 0.35 0.56 0.14 �0.71 �0.05 0.02 0.02 0.19
<0.01 <0.01 ns <0.01 ns ns ns 0.02

CMD �0.39 �0.57 0.08 0.27 �0.23 0.31 �0.30
<0.01 <0.01 ns <0.01 <0.01 <0.01 <0.01

FFP 0.55 �0.75 �0.33 0.35 �0.22 0.48
<0.01 <0.01 <0.01 <0.01 0.01 <0.01

MAP �0.47 �0.16 0.12 �0.10 0.40
<0.01 0.05 ns ns <0.01

DDO 0.21 �0.23 0.07 �0.33
0.01 0.01 ns <0.01

d13C �0.81 0.14 �0.19
<0.01 ns 0.02

D13C �0.09 0.19
ns 0.02

d15N �0.18
0.03

a TSM = summer mean temperature from June to August (�C), CMD = Hargreaves climatic moisture deficit (mm), FFP = frost-free period, MAP = mean annual precipitation
(mm), DD0 = degree-days below 0 �C (chilling degree-days).
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in both models. Because our sampling design was constrained by
masting reproductive behavior, we proceeded with d13C isoscape
modeling based on the mean effect for our study period.

The selected model for d13C (R2 = 0.25) increased from the
northwest to the southeast in relatively flat geographic clines
(Table 3, Fig. 4a) with soils parent materials being dominant factors
driving spatial patterns (Fig. 3a). Samples originating from
Ca-Sedimentary and sedimentary soil parent material were d13C-
enriched, while those from Ca-Metasedimentary soil parent mate-
rial were d13C-depleted (Fig. 3a). The selected model for D13C
increased from the northwest to the southeast in nearly flat geo-
graphic and climatic clines and moderate edaphic variation
(Table 3, Figs. 3b and 4b), with Ca-Sedimentary and sedimentary
soil parent material being dominant factors driving spatial pat-
terns. Samples originating on Ca-Sedimentary and sedimentary soil
parent material had lower D13C (Fig. 3b). As the length of the frost-
free period increased and mean annual precipitation decreased,
D13C increased (Table 3). d15N increased from the northwest to
the southwest (Table 3, Figs. 3c and 4c), where longitude domi-
nated spatial patterns. Samples originating on metamorphic and
metasedimentary soil parent material were d15N-depleted
(Fig. 3c). The isotope with the highest model coefficient of
determination was d34S (Table 3, Figs. 3d and 4d) where longitude
and latitude were dominant factors driving spatial patterns. Like
D13C, d34S became more depleted from the northwest to the
southeast. Samples originating on Ca-Metasedimentary, intrusive,
metamorphic and metasedimentary soil parent material were
d34S-enriched (Fig. 3d).

Spatially interpolated residuals (observed–predicted) were
examined for isotope model stability (Appendix B, Fig. B1). d15N
and d13C showed the greatest model inaccuracies indicating we
were unable to adequately capture site effects with the suite of
independent variables available for modeling. D13C and d34S mod-
els showed increasing accuracy, indicating the retained indepen-
dent variables better captured isotope variation. For d34S, this
improvement was largely due to capturing the sulfur signature
relative to soil parent materials (Fig. 3d).
3.4. Unique isotope signatures

Classification tree analysis yielded a multi-isotopic signature
(Table 4a); however, the overall error classification was high
(57.2%) and global cross-validation indicated only 42.8% of the
samples were correctly classified (62/145 samples) (Table 4b).
Explanatory variables contributing to the final model were d34S,
d13C and d15N with no temporal rule set. In terms of misclassifica-
tions, the lowest rate occurred among pine nuts from the GYGT
seed zone, where seed sources were likely to be misclassified as
being from the BTIP or SKCS seed zones. Pine nuts from the SKCS
seed zone showed the greatest misclassification rate (220%) with
the most erroneous classification attributed to the CLMT seed zone.
The CLMT seed zone (160%) was also over-fit, where seed sources
were likely to be misclassified as being from the BTIP or SKCS seed
zones. Not represented in any terminal node was the MSGP seed
zone, with the most erroneous misclassification assigned to the
SKCS seed zone.

Themean d34S (7.53‰ (n = 37)) for the GYGT seed zone (Table 1)
was lower than the mean d34S (9.32‰ (n = 5)) reported by Felicetti
et al. (2003). Bi-plots of d15N � d13C, d15N � d34S and d13C � d34S
(Fig. 5) indicated pine nuts occupied a trophic position of primary
producer and its relative position as a heterotroph varied among
plots. The d15N � d34S bi-plot (Fig. 5b) indicated pine nuts were
uniquely different from other naturally occurring wildlife foods.

4. Discussion

Many ecological processes are only apparent at certain spatial–
temporal scales (Levin, 1992). Isotope models for d13C, D13C and
d15N indicated a high degree of redundancy in this portion of the
species range (Table 3), where low to moderate R2 values were also
present for the full models prior to initiating model selection
(R2 = 0.32, 0.37 and 0.30, respectively). Similar results were found
for mitochondrial (mtDNA), chloroplast (cpDNA) and isozyme
markers in whitebark pine, where spatial heterogeneity was only
present at larger scales, independent of the local environment



Table 3
Selection criteria for candidate models of geographic, edaphic (soil parent material), climatic and temporal factors influencing spatial variability in carbon (d13C), carbon isotope
discrimination (D13C), nitrogen (d15N), and sulfur (d34S) stable isotopes (parts per thousand [‰]) for whitebark pine nuts in the Northern Rockies, collected during 1991–1993,
1995–1997, 1999, 2001–2010 (n = 145). Except for d13C, selected isotope models are those with the smallest value for Akaike’s Information Criterion adjusted for small sample
sizes (AICc).

Model Ka R2 b Adj.
R2 c

pd AICc
e

d13Cuntreated

�13.75 � 0.23 ⁄ (Latitude) 2 0.10 0.10 <0.01 177.48
�8.17 � 0.14 ⁄ (Longitude) 2 0.07 0.07 <0.01 182.20
�26.82 + 0.001 ⁄ (Elevation) 2 0.11 0.10 <0.01 176.70

�24.44 � 0.72 ⁄ (Ca-Metasedimentary) + 0.84 ⁄ (Ca-Sedimentary) + 0.86 ⁄ (Sedimentary) 5 0.15 0.14 <0.01 173.35

�25.39 + 0.01 ⁄ (CMD)f 2 0.08 0.07 <0.01 182.03
�25.51 + .001 ⁄ (DD0) 2 0.04 0.04 0.01 186.94
�23.36 � 0.01 ⁄ (FFP) 2 0.11 0.10 <0.01 176.90
�23.88 � 0.004 ⁄ (MAP) 2 0.03 0.02 0.05 189.43
�23.93 � 0.04 ⁄ (TSM) 2 <0.01 – ns 193.05

�41.94 + 0.13 ⁄ (Longitude) + 0.001⁄(Elevation) � 0.57 ⁄ (Ca-Metasedimentary) + 0.75 ⁄ (Ca-Sedimentary)
+ 0.65 ⁄ (Sedimentary) + 0.21 ⁄ (TSM) � 0.01 ⁄ (FFP)

9 0.25 0.21 <0.01 165.34⁄

54.93 � 0.05 ⁄ (Year) + 0.25 ⁄ (Latitude) + 0.15 ⁄ (Longitude) � 0.004 ⁄ (Elevation) + 0.000001 ⁄ (Elevation2)
� 0.47 ⁄ (Ca-Metasedimentary) + 0.64 ⁄ (Ca-Sedimentary) + 0.83 ⁄ (Sedimentary) + 0.43 ⁄ (TSM) � 0.02 ⁄ (FFP)

12 0.32 0.27 <0.01 157.97

D13Clipids extracted

4.82 + 0.19 ⁄ (Latitude) 2 0.09 0.09 <0.01 141.20
�1.21 + 0.13 ⁄ (Longitude) 2 0.08 0.07 <0.01 143.02
15.68 � 0.001 ⁄ (Elevation) 2 0.10 0.10 <0.01 139.14

13.65 � 1.17 ⁄ (Ca-Sedimentary) � 1.07 ⁄ (Sedimentary) 4 0.17 0.16 <0.01 131.88
14.18 � 0.004 ⁄ (CMD) 2 0.05 0.05 0.01 148.57
14.54 � 0.001 ⁄ (DD0) 2 0.05 0.05 0.01 148.46
12.48 + 0.01 ⁄ (FFP) 2 0.12 0.11 <0.01 137.90
13.12 + 0.0003 ⁄ (MAP) 2 0.01 0.01 ns 154.56
13.26 + 0.02 ⁄ (TSM) 2 <0.01 – ns 156.56

17.38 � 0.001 ⁄ (Elevation) � 1.01 ⁄ (Ca-Sedimentary) � 0.80 ⁄ (Sedimentary) � 0.22 ⁄ (TSM)
+ 0.01 ⁄ (FFP) � 0.001 ⁄ (MAP)

8 0.31 0.28 <0.01 114.08⁄

d15N
20.7 � 0.45 ⁄ (Latitude) 2 0.14 0.13 <0.01 327.70
13.12 � 0.12 ⁄ (Longitude) 2 0.02 0.01 ns 346.39
�3.41 + 0.001 ⁄ (Elevation) 2 0.07 0.06 <0.01 338.48

0.11 � 1.01 ⁄ (Metasedimentary) 3 0.05 0.04 0.01 341.52

�1.99 + 0.01 ⁄ (CMD) 2 0.10 0.09 <0.01 334.40
�0.75 + 0.001 ⁄ (DD0) 2 0.01 – ns 348.19
1.05 � 0.01 ⁄ (FFP) 2 0.05 0.04 0.01 341.93
0.43 � 0.001 ⁄ (MAP) 2 0.01 <0.01 ns 347.40
�0.47 + 0.03 ⁄ (TSM) 2 <0.01 – ns 348.82

939.29 � 0.71 ⁄ (Latitude) � 16.46 ⁄ (Longitude) + 0.01 ⁄ (Elevation) + 0.07 ⁄ (Longitude2)
� 0.000002 ⁄ (Elevation2) � 1.28⁄(Metamorphic) � 0.74 ⁄ (Metasedimentary)

9 0.24 0.20 <0.001 322.39⁄

d34S
�10.27 + 0.41 ⁄ (Latitude) 2 0.20 0.19 <0.01 237.55
�30.66 + 0.35 ⁄ (Longitude) 2 0.26 0.25 <0.01 225.59
�12.77 + 0.002 ⁄ (Elevation) 2 0.18 0.18 <0.01 239.51

7.70 � 0.92 ⁄ (Alluvium) + 1.60 ⁄ (Ca-Metasedimentary) + 1.43 ⁄ (Intrusive) + 0.82 ⁄ (Metamorphic)
+ 1.90 ⁄ (Metasedimentary)

7 0.33 0.30 <0.01 220.58

10.09 � 0.01 ⁄ (CMD) 2 0.09 0.08 <0.01 255.28
10.95 � 0.002 ⁄ (DD0) 2 0.11 0.10 <0.01 252.40
6.71 + 0.02 ⁄ (FFP) 2 0.23 0.23 <0.01 231.10
7.03 + 0.001 ⁄ (MAP) 2 0.16 0.15 <0.01 244.46
6.24 + 0.21 ⁄ (TSM) 2 0.04 0.03 0.02 263.65

�1660.76 � 8.07 ⁄ (Latitude) + 32.66 ⁄ (Longitude) � 0.01 ⁄ (Elevation) + 0.09 ⁄ (Latitude2) � 0.14 ⁄ (Longitude2)
+ 0.000002 ⁄ (Elevation2) + 1.05 ⁄ (Ca-Metasedimentary) + 1.35 ⁄ (Intrusive) + 1.39 ⁄ (Metamorphic)
+ 1.37 ⁄ (Metasedimentary)

12 0.51 0.47 <0.01 186.29⁄

a Number of model parameters.
b R2 (coefficient of determination).
c Adjusted R2.
d Significance probability associated with model, ns = non-significant.
e Akaike’s Information Criterion adjusted for small sample sizes (AICc), selected model for isoscapes indicated with an asterisk (⁄).
f Climate variables: CMD = Hargreaves climatic moisture deficit (mm), DD0 = number of degree days below 0 �C, FFP = frost-free period, MAP = mean annual precipitation

(mm), and TSM = summer mean temperature from June to August (�C).
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Fig. 3. Significant (p 6 0.10) soil parent materials retained in the selected regression models for (a) d13Cuntreated, (b) D13Clipids extracted, (c) d15N, and (d) d34S (parts per thousand
[‰]) for whitebark pine nuts in the Northern Rockies. Non-significant soil parent materials are represented in a pooled category.

Fig. 4. Integrated whitebark pine nut (a) d13Cuntreated, (b)D13Clipids extracted, (c) d15N and (d) d34S (parts per thousand [‰]) hybrid regression isoscapes for the Northern Rockies.
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(Richardson, 2001; Richardson et al., 2002; Mahalovich and
Hipkins, 2011). Broad-scale intraspecific variation and low to mod-
erate resolution genecological models were found in other species
classified as generalists (Rehfeldt, 1994a; Morgenstern, 1996),
where differentiation involved only those populations represent-
ing geographic and climatic extremes (Townsend et al., 1972;
Rehfeldt, 1979, 1994b; Rehfeldt et al., 1984). Knowledge of these
regional patterns in whitebark pine will be important for under-
standing spatial heterogeneity over larger geographic areas and
for prioritizing areas for conservation.

Temporal variation (seed year) was not trivial for d13C, con-
tributing approximately 5% of the total variation in our final model,
where enrichment occurred with increasing summer temperatures
and shorter frost-free periods (Table 3). Climate-related temporal



Table 4
Tree splitting rules (number of trees = 5) for internal nodes (a) and global cross-
validation classification matrix (b) resulting from the classification tree analysis of
d13C, d15N and d34S (parts per thousand [‰]) in whitebark pine nuts collected from
1991 to 1993, 1995 to 1997, 1999, and 2001 to 2010. The classification tree correctly
predicted the origin of only 42.87% of the samples (62/145 samples). Temporal
variation was unremarkable.

(a)

Node Threshold value Terminal node

Yes No

1 d34S < 8.45‰ – –
2 d13C < 24.66‰ CLMT GYGT
3 d15NP 1.59‰ – CFLP
4 d34S < 9.03‰ BTIP SKCS

(b)

Predicted seed zone Known seed zonea

BTIP CFLP CLMT GYGT MSGP SKCS

BTIP 1 1 1 1 1 0
CFLP 5 6 0 4 0 0
CLMT 2 3 11 7 4 5
GYGT 1 0 7 25 5 0
MSGP 0 0 0 0 0 0
SKCS 8 10 1 1 15 20

TotalKnown 17 20 20 38 25 25
TotalPredicted 5 15 32 38 0 55

% Correct 29 75 160 100 0 220

a Bitterroots-Idaho Plateau (BTIP), Clark Fork-Lolo Pass (CFLP), Central Montana
(CLMT), Greater Yellowstone-Grand Teton (GYGT), Missions-Glacier Park (MSGP)
and Selkirk-Cabinet (SKCS) seed zones.

Fig. 5. Bi-plot comparisons of whitebark pine nut (a) d13C � d15N, (b) d15N � d34S
and (c) d13C � d34S (parts per thousand [‰]) relative to other dietary foods (Felicetti
et al., 2003; Chaffee et al., 2007; Schwartz et al., 2014, Forin-Noreus, WSU School of
the Environment, unpublished data).
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variation operated at both regional and local scales and we
addressed this source of variation using current-climate measures
(Hamann et al., 2013) for each two-year cone and seed develop-
ment period (Owens et al., 2008). Temporal variation among our
samples may have also arisen from long-term seed storage. Living
tissue stored frozen (�40 �C) typically avoids decomposition; how-
ever, seeds in long-term storage ultimately deteriorate due to
structural mechanics (Walters et al., 2010) or the release of volatile
organic compounds during seed aging (Mira et al., 2010). Our anal-
ysis of the length of time seeds were kept in cold storage and their
isotopic values showed no correlation, even though some samples
had been in storage for as long as 20 years. Temporal variation not
accounted for in our models may have arisen due to our choice of
heterotrophic plant tissue.

Plant physiology studies in WUE have their origins in photosyn-
thetic (foliar) tissue, where tests of stomatal conductance, leaf
vapor pressure and mesophyll conductance reflect processes of
photosynthetic fractionation of current photoassimilates
(Farquhar et al., 1982, 1989; Werner et al., 2012). Concerns over
post-photosynthetic fractionation and its dependency on environ-
mental and plant physiological processes (Brendel, 2001;
Brüggemann et al., 2011 and Offermann et al., 2011) have the
potential to complicate the interpretation d13C and D13C (O’Leary,
1988). Inter-annual differences in climate (Kelly et al., 2013), cur-
rent and recent photoassimilates, as well as stored reserves are
known to impact seed production (Miyazaki, 2013). After we
accommodated current climatic measures and annual variation in
da (Eq. (2)), we assumed temporal effects of post-photosynthetic
fractionation on pine nut isotopic values were negligible or absent.
This assumption was supported in temperate deciduous trees with
masting reproductive behavior, where fruit production was inde-
pendent of stored C (Hoch et al., 2013). Mixed results were
obtained in other carbon resource depletion studies, including no
effect to tissue-specific depletion in others (reviewed in Sala
et al., 2012). Ontogeny may also impact the assimilation strategy
for heterotrophic tissues where reproduction, maintenance and
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response to stress in older plants exert a higher demand on recent
assimilates (Monserud and Marshall, 2001; Cernusak et al., 2009,
reviewed in Werner et al., 2012). Increment cores analyzed
in situ from approximately half (n = 85) of the trees contributing
to our samples averaged 125 years (±71 SD) and were considered
in the mature age class, lending support to negligible temporal
variation due to post-photosynthetic fractionation. We pursued
additional testing to determine the offset between pine needle
and nut tissue collected from the same genotypes (n = 5) and the
subsequent impact of estimating D13C from heterotrophic tissue
(Appendix A). Pine nut tissue was more enriched than needle tissue
for d13C (Cernusak et al., 2009) and the magnitude of the enrich-
ment was smaller in untreated (2.33‰) vs. lipid extracted
(5.06‰) samples (Appendix A, Fig. A1). Because the offset between
tissues varied in the same direction (enrichment), pine nut tissue
was deemed to not introduce additional noise in estimating
D13C. With these considerations in mind, we proceeded cautiously
with the interpretation of pine nut d13Cuntreated and D13Clipid extracted

values relative to the published literature on WUE.
Few whitebark pine studies of d13C and WUE were available for

comparison. Our range of d13C (�26.8‰ to �21.4‰) was not differ-
ent from needle tissue (�24.2‰) west of our study area in Ingles
Pass, WA (Gower and Richards, 1990) or within our study area
(�25.5‰) in the Sapphire Mountains, MT (Sala et al., 2012).
Untreated pine nuts were more d13C-enriched when compared to
the range reported for terrestrial plants following the Calvin cycle
C3 pathway (�34‰ to �22‰), and lipid-extracted samples
(�24.4‰ to �19.06‰), overlapped the range reported for Crassu-
lacean acid metabolism (CAM) plants (�20‰ to �16‰) (Smith
and Epstein, 1971; O’Leary, 1981, 1988; Vogel, 1993; Gannes
et al., 1998; Fry, 2006; Karasov and del Rio, 2007). Enrichment of
d13C in whitebark pine as compared to other C3 plants was antici-
pated due to tissue type and the harsher growing conditions at
higher elevations (Marshall and Zhang, 1994; Hobson, 2008).
High-elevation species typically have compressed growing seasons
(rFFP.d13C = �0.33, p < 0.01, Table 2), where the amount and varia-
tion of precipitation available during a short growing season
impacts a species’ ability to assimilate carbon (rMAP.d13C = �0.16,
p = 0.05, Table 2). The most d13C-enriched ecosystemwas the GYGT
seed zone (Table 1, Fig. 4a), which in this portion of the species
range has the highest elevation populations in our study area
(3140 m). Multiple plant species surveys of D13C along altitudinal
gradients have also shown decreased discrimination at higher alti-
tudes (reviewed in Marshall and Zhang, 1993) and our Pearson cor-
relation coefficient (r = �0.31, p < 0.01, Table 2) and linear
regression equation for whitebark pine fits this pattern (Table 3).
Relative to Hopkins’ Bioclimatic Law (1920), as latitude increased,
the pattern of d13C becoming more depleted was also apparent
(Tables 2 and 3).

Several lines of evidence lend support to D13C as a proxy for
drought tolerance in whitebark pine. Morphological and physiolog-
ical traits associated with drought tolerance (e.g., shorter needle
length, slower growing seedlings, the ability to colonize drier, more
exposed sites, etc.) were found among seeds sources from the BTIP
and GYGT seed zones (Mahalovich et al., 2006; Keane et al., 2012).
Smaller D13C measured in needle tissue of Pinus spp. were attribu-
ted to increased photosynthetic capacity and/or decreased stom-
atal conductance (Piñol and Sala, 2000; Sala et al., 2001) or
increased sapwood area per unit of leaf area and leaf specific con-
ductivity (Sala et al., 2012). Desirable whitebark pine habitat could
thus be described by seed sources (i.e., D13C < 13.5‰) that persist
in warmer and more arid climates, which possess a greater poten-
tial to migrate north in latitude and upslope in elevation onto
suitable substrates (Fig. 2b).

D13C has also been viewed as an attractive proxy for drought
tolerance in tree improvement programs (Cregg and Zhang,
2000). Relationships between D13C and drought tolerance have
been detected in some conifers (Guy and Holowachuk, 2001;
Letts et al., 2009; Marshall and Zhang, 1993; Zhang and Marshall,
2005); however, no relationship (Cregg and Zhang, 2001; Seibt
et al., 2008) or mixed results have been obtained in others
(Zhang et al., 1997; Zhang and Cregg, 2005; Zhang and Marshall,
2005; Kerr et al., 2015). Additional research focused on the
response of whitebark pine photosynthetic and heterotrophic
tissues to more direct measures of WUE and drought tolerance
are needed.

Pine nut d15N values were within the range reported for terres-
trial plants (�10‰ to +10‰) (Fogel et al., 1997; Martinelli et al.,
1999; Evans, 2001; Chaffee et al., 2007). The geographic pattern
of d15N enrichment increasing from the northwest to the southeast
is typical of a gradient moving from moister to more arid ecosys-
tems and may also indicate a higher percentage of ectomycor-
rhizae in the northwest (Nadelhoffer et al., 1996; Hobbie and
Colpaert, 2003; Hobbie and Hobbie, 2008), as fungal fruiting is
more limited in the colder, drier conditions at higher elevations
(i.e., BTIP and GYGT seed zones) (Mohatt et al., 2008). Pine nuts
originating on metasedimentary and metamorphic soil parent
material were d15N-depleted (Fig. 2c). Only recently, geologic N
was recognized as a source of ecologically available N to forests
(Martinelli et al., 1999). Consistent with our findings, Morford
et al. (2011) found foliar d15N in conifers to be similar to N-rich
sedimentary bedrock and growing in N-rich sedimentary and
metasedimentary rocks. Where we found geographic and edaphic
variation for d15N (Tables 1 and 2), climatic factors, temporal vari-
ation, and total N (%) (Appendix C, Table C1) were not important.
We also found no relationship between d15N and N% (R2 = 0.12
p = 0.16, Appendix C). Thus, applications of a natural abundance
d15N isoscape that is relatively invariant provides a powerful refer-
ence frame for studies of d15N enrichment as a consequence of
anthropogenic nitrogen deposition (Gebauer and Schulze, 1991;
Jung et al., 1997, reviewed in Prenni et al., 2014), successional
change (Hobbie et al., 2000) or major biotic disturbances such as
beetle outbreaks (Lahr and Sala, 2014).

The isotope model with the highest resolution was d34S
(Table 3), indicating a more direct relationship between source S
and nutrient routing (Tcherkez and Tea, 2013). Pine nuts
(3.1‰ to 13.6‰) were more enriched than the natural abundance
range (�5‰ to +6‰) reported for temperate plants (Hoefs, 2004;
Fry, 2006). This wide range in d34S reflects differences in source
geology, sulfur chemistry, and chemical weathering of the soil par-
ent material. Soils very depleted in d34S (e.g., �30‰) are known to
occur across western North America; however, more enriched d34S
may be found in sedimentary, metamorphic, granitic and basaltic
deposits (e.g., �20‰ to +50‰) (Hoefs, 2004). Specific to our study
area, sulfur-bearing soil parent materials were the sedimentary,
Ca-Sedimentary, metasedimentary, Ca-Metasedimentary deposits
such as limestone and dolomite found in western Montana or gyp-
sum found in forested areas in the GYGT seed zone. Igneous rocks
typically have little sulfur; however, a few of our d34S-enriched
pine nut samples originated on intrusive soil parent material
within the GYGT seed zone. Other potential source pools contribut-
ing to nutrient cycling and plant assimilation could be due to the
active geology and/or atmospheric deposition from sulfur emitting
geothermal vents in this region (Krouse and Grinenko, 1991;
Werner et al., 2008).

The importance of soil parent material in all isotope models
demonstrated whitebark pine exhibits previously unknown
edaphic variation. In general, conifers exhibiting intraspecific vari-
ation attributed to surface geology or soil parent material are
sparse and when present it occurs at local (Millar, 1989; Morford
et al., 2011) or regional (Jenkinson, 1966; Kruckeberg, 1967;
Furnier and Adams, 1986; Oline et al., 2000) levels. It is widely held



Fig. A1. The relationships between whitebark pine photosynthetic (needle) and
heterotrophic (nut) tissue indicating enrichment of d13C and d15N and depletion for
d34S (n = 5). The figure shows the measured (symbols) and modeled (dashed lines)
between pine needle and nut tissue isotope values. Solid lines indicate a one-to-one
relationship between tissue types. The pattern of enrichment (positive relationship)
was similar and non-significant for d13Cuntreated – 12.19 + 0.45 ⁄ X (R2 = 0.20, ns) and
d13Clipids extracted = �6.76 + 0.55 ⁄ X (R2 = 0.23, ns) and positive and significant for
d15Nuntreated = 0.73 + 1.09 ⁄ X (R2 = 0.99, p < 0.01) and d15Nlipids extracted = 0.52
+ 1.04 ⁄ X (R2 = 0.94, p < 0.01). The reverse pattern of depletion (negative relation-
ship) was non-significant for d34S = 14.62 � 0.48 ⁄ X (R2 = 0.59, ns).

184 M.F. Mahalovich et al. / Forest Ecology and Management 359 (2016) 174–189
that the distribution of whitebark pine is presumed to be limited
by competition with other conifers at lower timberline (e.g., lodge-
pole pine, Engelmann spruce (Picea engelmannii Parry ex Engelm.)
and subalpine fir (Abies lasiocarpa (Hook.) Nutt.) or lower temper-
atures at upper elevations (Keane et al., 2012). The strong spatial
signal for edaphic variation demonstrated in this study may further
explain the current species distribution and subsequent limits
imposed on species range shifts to the south and east (Fig. 3). Spe-
cies adaptation to edaphic factors is generally ascribed to
genotype-by-environment interactions (Maliondo and Krause,
1985) or mountain-island effects limiting gene flow among popu-
lations (Hamrick et al., 1979). Thus, knowledge of edaphic varia-
tion in key adaptive traits (e.g., D13C) for whitebark pine has
important implications in common garden studies, selective breed-
ing programs and seedling deployment strategies (Morgenstern,
1996).

CART analysis among isotopes indicated larger differences
(>6‰) in the absolute range for d13C were needed to develop a
more robust multi-stable isotope predictive model. The results
however, conceptually express the regional relationships and rela-
tive importance among isotopes (Table 4). Prior to pruning, tempo-
ral variation in the final node was indicated for the 2006 seed year.
Following pruning to minimize the cross-validation error, temporal
variation however, was unremarkable. The geostatistical residual
analyses (Appendix B, Fig. B1) indicated broader sampling within
our study area would unlikely yield a multi-isotopic predictive
model suitable for determining individual life histories.

The final method employed to identify unique isotope signa-
tures involved comparisons of pine nut d13C, d15N, and d34S values
to other dietary foods in the Northern Rockies (Felicetti et al., 2003;
Chaffee et al., 2007; Schwartz et al., 2014, Fortin-Noreus, WSU
unpublished data). Pine nuts were not so d13C-enriched as to con-
found the analysis of assimilated diets composed of anthropogenic
sources (e.g., pet food, bird seed, or human food waste) high in C4

plant products such as corn (�12‰) and sugar cane (�10‰)
(Tieszen and Fagre, 1993). Pine nuts were distinct from naturally
occurring foods (e.g., ungulates, insects, and other plants and ber-
ries) when both d15N (depleted) and d34S (enriched) were consid-
ered (Fig. 5b). This unique signature however, may not always
occur. Schwartz et al. (2014) identified three other d34S-enriched
foods that were collected within the Yellowstone caldera. These
included white clover (Trifolium repens L.) at 11.6‰, Kentucky
bluegrass (Poa pratensis L.) at 6.0‰, and ants (Formica spp.) at
6.1‰. While sample sizes were small (n = 1) and from a limited
geographic area, Schwartz et al. (2014) cautioned against assuming
that whitebark pine nuts will have a unique d34S value. Thus, future
applications to determine the proportion of pine nuts in assimi-
lated wildlife diets will need to accommodate the spatial hetero-
geneity (Table 1), potential temporal variation in d13C (Layman
et al., 2012), nutrient concentrations (Appendix C, Table C1)
(Phillips and Koch, 2002; Phillips et al., 2005), seasonal availability
of each food (Fortin et al., 2013), as well as animal tissue turnover
rates (Phillips and Eldridge, 2006).

5. Management implications

Empirical measures of adaptive capacity fill an overlooked or
ignored component of bioclimatic envelope modeling and species
vulnerability assessments (Nicotra et al., 2015). Isoscapes, as
demonstrated in this interdisciplinary study, are well-suited to
provide this quantitative measure of adaptive capacity, e.g., spa-
tially explicit variation in D13C as a proxy for WUE. Regional pat-
terns in soil parent material identified herein will also refine
projected species’ climate space relative to suitable substrates.
Methodological advances and compound-specific analyses will
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provide new insights to address the open questions as to whether
D13C in pine nuts is directly coupled with needle physiology,
drought tolerance, and the role of post-carboxylation fractionation
between tissue types. This information along with seasonal and
annual patterns of WUE will facilitate interpreting the physiologi-
cal response in whitebark pine to changing environmental condi-
tions (Gower and Richards, 1990; Cernusak et al., 2009). We are
hopeful D13C will serve as a cost-effective measure to evaluate
the correlated response of WUE, blister rust resistance and late
winter cold hardiness to refine selections, seedling deployment
and conservation strategies for whitebark pine. Where direct rela-
tionships between D13C and drought tolerance can be established,
whitebark pine will continue to fulfill a role as both a keystone and
foundation species, while providing wildlife forage and habitat. We
also demonstrated the efficacy of an efficient sulfur extraction
method (Parr bomb extraction) of both photosynthetic and hetero-
trophic plant tissue for SIA, which may stimulate further plant
studies in S cycling (Tcherkez and Tea, 2013) and new applications
of d34S as a dietary marker in other species. Comparisons among
several wildlife foods indicated both d34S and d15N signatures were
unique dietary markers; however, a larger more comprehensive
profile of key foods are needed to accommodate spatial and tempo-
ral heterogeneity among isotopes. Knowledge of these isotope sig-
nals in whitebark pine is essential such that the dynamics of the
species’ response to climate change, land use patterns, future oil
and gas drilling, and the effects of abiotic and biotic stressors
(e.g., drought, wildland fire, beetle outbreaks) can be better
predicted (Robbins et al., 2004; Nicotra et al., 2015) and linked
with legacy conditions (Werner et al., 2012) to guide conservation
strategies and management actions.
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Appendix A. Whitebark pine stable isotope discrimination
(offset) between nut and needle tissue

The objective here was to establish the relationship of d13C, d15N
and d34S between whitebark pine photosynthetic (needle) and het-
erotrophic (nut) tissues. Scionwood from the upper third of each
tree crown was collected in situ in late fall 2014 (n = 5) from the
same genotypes used in the SIA of nut tissue. Sampled trees repre-
sented the Bitterroots-Idaho Plateau (BTIP (n = 2)), Greater
Yellowstone-Grand Teton (GYGT (n = 2)) and Selkirk-Cabinets
(SKCS (n = 1)) seed zones (Mahalovich and Dickerson, 2004). Sam-
ples were held in cold storage at 1.7 �C prior to sample preparation.
Secondary needles were clipped from each sample (5 g) and sam-
ple preparation and SIA proceeded as outlined in Section 2. We
assumed the differences between pine needle and nut tissue would
be that of enrichment for d13C due to high lipid content (Cernusak
et al., 2009; Brüggemann et al., 2011), but we had no suppositions
for d15N and d34S.
, (c) d15N and (d) d34S (parts per thousand [‰]) isoscapes in the Northern Rockies
nder prediction, and values near zero (neutral colors) indicate adequate prediction.
to the web version of this article.)



Fig. C1. Whitebark pine nut total elemental C, N and S (%) in the Northern Rockies,
grouped by soil parent material representing seed years 1991–1993, 1995–1997,
1999, 2001–2010 (n = 145). Vertical bars represent ±1 SD.

Table C1
Mean ± 1 SD of whitebark pine nut of total C, N and S (%) collected in the Bitterroots-
Idaho Plateau (BTIP), Central Montana (CLMT), Greater Yellowstone-Grand Teton
(GYGT), Clark Fork-Lolo Pass (CFLP), Missions-Glacier Park (MSGP) and Selkirk-Cabinet
(SKCS) seed zones and Northern Rockies (USA). One-way ANOVAs (F5,139 and p-values)
and post hoc Duncan’s Multiple Comparison tests are character coded within
columns; similar letters for main effects are not significantly different (a = 0.05).

Seed zone n C (%)A N (%) S (%)

BTIP 17 62.35 (2.30) a2 3.40 (0.48) a 10.36 (1.18) a
CLMT 20 62.79 (2.65) a 3.39 (0.38) a 10.25 (1.18) a
GYGT 38 63.45 (2.13) a 3.44 (0.39) a 9.92 (1.41) a
CFLP 20 63.24 (2.22) a 3.56 (0.65) a 10.06 (1.79) a
MSGP 25 63.14 (2.27) a 3.25 (0.38) a 9.71 (1.41) a
SKCS 25 62.70 (2.58) a 3.43 (0.58) a 9.93 (1.22) a
F5,139 0.72 1.00 0.63
p 0.61 0.42 0.68

Northern Rockies 145 63.02 (2.33) 3.41 (0.48) 10.00 (1.38)

A Determined from stable isotope analysis of d13Cuntreated.
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Mean differences (±1 SD) between pine nut and needle tissue
were d13Cuntreated = 2.3‰ (1.07‰), d13Clipids extracted = 5.06‰
(1.08‰), d15Nuntreated = 0.71‰ (0.34‰), d15Nlipids extracted = 0.51‰
(0.68‰), and d34S = �1.9‰ (2.4‰). The relationship of photosyn-
thetic to heterotrophic tissue was enrichment for d13C and d15N
and depletion for d34S (Appendix A, Fig. A1). Where we found sup-
port for d34S-depletion between photosynthetic and heterotrophic
tissue (Tcherkez and Tea, 2013), we were surprised that whitebark
pine did not follow this pattern for d15N (Evans, 2001; Hobbie and
Colpaert, 2003; Tcherkez and Hodges, 2008). Further studies are
needed to determine if this departure of d15N-depletion in pine
nuts is compound specific (e.g., protein, lipids). Offsets based on
simple linear regressions between tissues and sample preparation
procedures (e.g., untreated, lipids extracted) (Fig. A1) will facilitate
future within-species and inter-species comparisons.
Appendix B. Isotope model residuals

See Fig. B1.
Appendix C. Whitebark pine nut elemental C, N and S (%)
composition

Elemental C, N and S (%) from SIA provides information on nutri-
ent routing in plant physiology research and serves as an additional
control in mixing models to identify specific dietary foods. Total C
ranged from 62.35% to 63.45%, N from 3.25% to 3.56%, and S from
9.92% to 10.36%. Higher values of total C originated from sedimen-
tary, Ca-Sedimentary, and Ca-Metasedimentary soil parent mate-
rial, total N from sedimentary and metamorphic and total S from
Ca-Metasedimentary and metasedimentary sources (Appendix C,
Fig. C1). Coefficients of determination were low and non-
significant for d13C and total C (R2 = 0, p = 0.98), d15N and total N
(R2 = 0.01, p = 0.16) and d34S and total S (R2 = 0.02, p = 0.08). Total
C, N, and S were also invariant among seed zones and no further
statistical procedures were pursued (Appendix C, Table C1).

References

American Society for Testing and Materials (ASTM), 1964. Standard method of test
for sulfur in petroleum products by the bomb method. In: Annual Book of ASTM
Standards. American Society for Testing and Materials, Philadelphia, PA. D129,
pp. 76–80.

Association of Agricultural Chemists (AOAC) Official Methods of Analysis, 2012. In:
Horwith, W., Fisher, H.J., Robertson, A.J. Reynolds, H. (Eds.), Fat (crude) or ether
extract in animal feed (Method 920.29). 19th ed. Literary Licensing, LLC, 1024 p.

Bowen, G.J., West, J.B., Vaughn, B.H., Dawson, T.E., Ehleringer, J.R., Fogel, M.L.,
Hobson, K., Hoogewerfl, J., Kendall, C., Lai, C.-T., Miller, C.C., Noone, D., Schwarcz,
H., Still, C.J., 2009. Isoscapes to address large-scale earth science challenges.
EOS, Trans. Am. Geophys. Union 90 (13), 109–116. http://dx.doi.org/10.1029/
2009EO130001.

Bowen, G.J., 2010. Statistical and geostatistical mapping of precipitation water
isotope ratios. In: West, J.B., Bowen, G.J., Dawson, T.E., Tu, K.P. (Eds.), Isoscapes:
Understanding Movement, Pattern, and Process on Earth through Isotope
Mapping. Springer Science+Business Media B.V, pp. 139–160. http://dx.doi.org/
10.1007/978-90-481-3354-3.

Brendel, O., 2001. Does bulk-needle d13 reflect short-term discrimination? Ann. For.
Sci. 58 (2), 135–141. http://dx.doi.org/10.1051/forest:2001113.

Brüggemann, N., Gesser, A., Kayler, Z., Keel, S.G., Badeck, F., Barthel, M., Boeckx, P.,
Buchmann, N., Brugnoli, E., Esperschütz, J., Gavrichkova, O., Ghashghaie, J.,
Gomez-Casanovas, N., Keitel, C., Knohl, A., Kuptz, D., Palacio, S., Salmon, Y.,
Uchida, Y., Bahn, M., 2011. Carbon allocation and carbon isotope fluxes in the
plant–soil–atmosphere continuum: a review. Biogeosciences 8, 3457–3489.
http://dx.doi.org/10.5194/bg-8-3457-2011.

Cernusak, L.A., Tcherkez, G., Keitel, C., Cornwell, W.K., Santiago, L.S., Knohl, A.,
Barbour, M.M., Williams, D.G., Reich, P.B., Ellsworth, D.S., Dawson, T.E., Griffiths,
H.G., Farguhar, G.D., Wright, I.J., 2009. Why are non-photosynthetic tissues
generally 13C enriched compared with leaves in C3 plants? Funct. Plant Biol. 36,
199–213. http://dx.doi.org/10.1071/FP08216.

Chaffee, M.A., Shanks, W.C., III, Rye, R.O., Schwartz, C.C., Adams, M.G., Carlson, R.R.,
Crock, J.G., Gemery-Hill, P.A., Gunther, K.A., Kester, C.L., King, H.D., Podruzny, S.
R., 2007. Applications of trace-element and stable-isotope geochemistry to
wildlife issues, Yellowstone National Park and Vicinity, Chapter J. In: Morgan, L.
A. (Ed.) Integrated geosciences studies in the greater Yellowstone area—
Volcanic, tectonic, and hydrothermal processes in the Yellowstone
geoecosystem: US Geological Survey Professional Paper 1717, p. 303–334.

http://dx.doi.org/10.1029/2009EO130001
http://dx.doi.org/10.1029/2009EO130001
http://dx.doi.org/10.1007/978-90-481-3354-3
http://dx.doi.org/10.1007/978-90-481-3354-3
http://dx.doi.org/10.1051/forest:2001113
http://dx.doi.org/10.5194/bg-8-3457-2011
http://dx.doi.org/10.1071/FP08216


M.F. Mahalovich et al. / Forest Ecology and Management 359 (2016) 174–189 187
COSEWIC, 2010. Assessment and Status Report on the Whitebark Pine Pinus
albicaulis in Canada. Species at Risk Act (2002) Whitebark pine listed as
endangered in Alberta and British Columbia June 2012. http://www.
sararegistry.gc.ca/species/speciesDetails_e.cfm?sid=1086.

Craine, J.M., Elmore, A.J., Aidar, M.P., Bustamante, M., Dawson, T.E., Hobbie, E.A.,
Kahmen, A., Mack, M.C., McLauchlan, K.K., Michelsen, A., Nardoro, G.B., Pardo, L.
H., Peñuelas, Reich, P.B., Schuur, E.A.G., Stock, W.D., Templer, P.H., Virginia, R.A.,
Welker, J.M., Wright, I.J., 2009. Global patterns of foliar nitrogen isotopes and
their relationships with climate, mycorrhizal fungi, foliar nutrient
concentrations, and nitrogen availability. New Phytol. 183 (4), 980–992.
http://dx.doi.org/10.1111/j.1469-8137.2009.02917.

Cregg, B., Zhang, J., 2000. Carbon isotope discrimination as a tool to screen for
improved drought tolerance. In: Proc. 11th Metropolitan Tree Improvement
Alliance (METRIA) Conference, Gresham, OR, August 23–24, 9 p. <http://www.
ces.ncsu.edu/fletcher/programs/nursery/metria/metria11/cregg/index.html>.

Cregg, B., Zhang, J., 2001. Physiology and morphology of Pinus sylvestris seedlings
from diverse sources under cyclic drought stress. For. Ecol. Manage. 154, 131–
139. http://dx.doi.org/10.1016/S0378-1127(00)00626-5.

ESRI, 2011. ArcGIS Desktop: Release 10. Environmental Systems Research Institute,
Redlands, CA.

Evans, R.D., 2001. Physiological mechanisms influencing plant nitrogen isotope
composition. Trends Plant Sci. 6 (3), 121–126. http://dx.doi.org/10.1016/S1360-
1385(01)01889-1.

Farquhar, G.D., O’Leary, M.H., Berry, J.A., 1982. On the relationship between carbon
isotope discrimination and the intercellular carbon dioxide concentration in
leaves. Austral. J. Plant Physiol. 9 (2), 121–137. http://dx.doi.org/10.1071/
PP9820121.

Farquhar, G.D., Ehleringer, J.R., Hubick, K.T., 1989. Carbon isotope discrimination
and photosynthesis. Annu. Rev. Plant Physiol. 40, 503–537. http://dx.doi.org/
10.1146/annurev. pp. 40.060189.002443.

Federal Register, 2011. USDI-Fish and Wildlife Service, 50 CFR Part 17 [Docket No.
FWS–R6–ES–2010–0047; MO 92210–0–0008]. Endangered and Threatened
Wildlife and Plants; 12-Month Finding on a Petition To List Pinus albicaulis as
Endangered or Threatened With Critical Habitat 76(38), 42631–42654.

Felicetti, L.A., Schwartz, C.C., Rye, R.O., Haroldson, M.A., Gunther, K.A., Phillips, D.L.,
Robbins, C.T., 2003. Use of sulfur and nitrogen stable isotopes to determine the
importance of whitebark pine nuts to Yellowstone grizzly bears. Can. J. Zool. 81,
763–770. http://dx.doi.org/10.1139/z03-054.

Fogel, M.L., Tuross, N., Johnson, B.J., Miller, G.H., 1997. Biogeochemical record of
ancient humans. Org. Geochem. 27 (5/6), 275–287. http://dx.doi.org/10.1016/
S0146-6380(97)00060-0.

Fortin, J.K., Schwartz, C.C., Gunther, K.A., Teisberg, J.E., Haroldson, M.A., Evans, M.A.,
Robbins, C.T., 2013. Dietary adjustability of grizzly bears and American black
bears in Yellowstone National Park. The J. Wildlife Manage. 77 (2), 270–281.
http://dx.doi.org/10.1002/jwmg.483.

Fry, B., 2006. Stable Isotope Ecology. Springer Science+Business Media, LLC,
New York.

Fry, B., Brand, W., Mersch, F.J., Tholke, K., Garritt, R., 1992. Automated analysis
systems for coupled d13C and d15N measurements. Anal. Chem. 64 (3), 288–291.
http://dx.doi.org/10.1021/ac00027a009.

Furnier, G.R., Adams, W.T., 1986. Geographic patterns of allozyme variation in
Jeffrey pine. Am. J. Botany 73, 1009–1015, <http://www.jstor.org/stable/
2444119>.

Gannes, L.Z., Del Rio, C.M., Koch, P., 1998. Natural abundance variations in stable
isotopes and their potential uses in animal physiological ecology. Comp.
Biochem. Physiol. 119 (3), 725–737. http://dx.doi.org/10.1016/S1095-6433(98)
01016-2.

Gebauer, G., Schulze, E.D., 1991. Carbon and nitrogen isotope ratios in different
compartments of a healthy and a declining Picea abies forest in the
Fichtelgebirge, NE Bavaria. Oecologia 87 (2), 198–207. http://dx.doi.org/
10.1007/BF00325257.

Gower, S.T., Richards, J.H., 1990. Larches: deciduous conifers in an evergreen world.
Bioscience 40 (11), 818–826. http://dx.doi.org/10.2307/1311484.

Guy, R.D., Holowachuk, D.L., 2001. Population differences in stable carbon isotope
ratio of Pinus contorta Dougl. ex Loud.: relationship to environment, climate of
origin, and growth potential. Can. J. Botany 79 (3), 274–283. http://dx.doi.org/
10.1139/b01-001.

Hamann, A., Wang, T., Spittlehouse, D.L., Murdock, T.Q., 2013. A comprehensive,
high-resolution database of historical and projected climate surfaces for
western North America. Bull. Am. Meteorol. Soc. 94 (9), 1307–1309. http://dx.
doi.org/10.1175/BAMS-D-12-00145.1.

Hamrick, J.L., Linhart, Y.B., Mitton, J.B., 1979. Relationships between life history
characteristics and electrophoretically detectable genetic variation in plants.
Annu. Rev. Ecol. System. 10, 173–200. http://dx.doi.org/10.1146/annurev.
es.10.110179.001133.

Hebert, C.E., Wassenaar, L.I., 2005. Feather stable isotopes in western North
American waterfowl: spatial patterns, underlying factors, and management
applications. Wildlife Soc. Bull. 33 (1), 92–102. http://dx.doi.org/10.2193/0091-
7648(2005) 33[92:FSIIWN]2.0.CO;2.

Hobbie, E.A., Hobbie, J.E., 2008. Natural abundance of 15N in nitrogen-limited forests
and tundra can estimate nitrogen cycling through mycorrhizal fungi: a
review. Ecosystems 11 (5), 815–830. http://dx.doi.org/10.1007/s10021-008-
9159-7.

Hobbie, E.A., Colpaert, J.V., 2003. Nitrogen availability and colonization by
mycorrhizal fungi correlate with nitrogen isotope patterns in plants. New
Phytol. 157 (1), 115–126. http://dx.doi.org/10.1046/j.1469-8137.2003.00657.
Hobbie, E.A., Macko, S.A., Williams, M., 2000. Correlations between foliar d15N and
nitrogen concentrations may indicate plant-mycorrhizal interactions. Oecologia
122 (2), 273–283. http://dx.doi.org/10.1007/PL00008856.

Hobson, K.A., Wassenaar, L.I., 1997. Linking breeding and wintering grounds of
neotropical migrant songbirds using stable hydrogen isotopic analysis of
feathers. Oecologia 109 (1), 142–148. http://dx.doi.org/10.1007/
s004420050068.

Hobson, K.A., 2008. Applying isotopic methods to tracking animal movements. In:
Hobson, K.A., Wassenaar (Eds.), Tracking Animal Migration with Stable Isotopes.
Elsevier Inc., pp. 45–78. http://dx.doi.org/10.1016/S1936-7961(07)00003-6.

Hoch, G., Siegwolf, R.T.W., Keel, S.G., Körner, C., Han, Q., 2013. Fruit production in
three masting tree species does not rely on stored carbon reserves. Oecologia
171, 653–662. http://dx.doi.org/10.1007/s00442-012-2579-2.

Hoefs, J., 2004. Stable Isotope Geochemistry, fifth ed. Springer-Verlag, New York.
Hopkins, A.D., 1920. The bioclimatic law. Monthly Weather Rev. 48, 355. http://dx.

doi.org/10.1175/1520-0493(1920) 48<355a:TBL>2.0.CO;2.
IPCC, 2014. Intergovernmental panel on climate change, ‘‘Climate Change 2014”,

Fifth Assessment Report, <http://www.ipcc.ch/publications_and_data/publications_
and_data.shtml>.

Jenkinson, J.L., 1966. Differential responses of Pinus ponderosa Laws. seedlings from
different seed sources in California to soils formed on ultramafic and granitic
rocks. PhD. Dissertation. University of California, Berkeley, CA.

Jung, K., Gebauer, G., Gehre, M., Hofmann, D., Weißflog, L., Schüürmann, G., 1997.
Anthropogenic impacts on natural nitrogen isotope variations in Pinus sylvestris
stands in an industrially polluted area. Environ. Pollut. 97 (1), 175–181. http://
dx.doi.org/10.1016/S0269-7491(97)00053-5.

Karasov, W.H., del Rio, C.M., 2007. Isotopic ecology. In: Physiological Ecology How
Animals Process Energy, Nutrients, and Toxins. Princeton University Press,
Princeton, NY, USA, pp. 433–472.

Keane, R.E., Tomback, D.F., Aubry, C.A., Bower, A.D., Campbell, E.M., Cripps, C.L.,
Jenkins, M.B., Mahalovich, M.F., Manning, M., McKinney, S.T., Murray, M.P.,
Perkins, D.L., Reinhart, D.P., Ryan, C., Schoettle, A.W., Smith, C.M., 2012. A range-
wide restoration strategy for whitebark pine (Pinus albicaulis). Gen. Tech. Rep.
RMRS-GTR-279. U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins, CO, 108 p.

Keeling, C.D., Piper, S.C., Bacastow, R.B., Wahlen, M., Whorf, T.P., Heimann, M.,
Meijer, H.A., 2005. Atmospheric CO2 and 13CO2 exchange with the terrestrial
biosphere and oceans from 1978 to 2000: observations and carbon cycle
implications. In: Ehleringer, J.R., Cerling, T.E., Dearing, M.D. (Eds.), A History of
Atmospheric CO2 and its effects on Plants, Animals, and Ecosystems. Springer
Verlag, New York, pp. 83–113, Scripps CO2 Program, Scripps Institution of
Oceanography, University of California, La Jolla, CA 92093-0244, USA <http://
scrippsco2.ucsd.edu> (accessed on May 19, 2015).

Kelly, D., Geldenhuis, A., James, A., Penelope Holland, E., Plank, M.J., Brockie, R.E.,
Cowan, P.E., Harper, G.A., Lee, W.G., Maitland, M.J., Mark, A.F., Mills, J.A., Wilson,
P.R., Byrom, A.E., 2013. Of mast and mean: differential-temperature cue makes
mast seeding insensitive to climate change. Ecol. Lett. 16 (1), 90–98. http://dx.
doi.org/10.1111/ele.12020.

Kerr, K.L., Meinzer, F.C., McCulloh, K.A., Woodruff, D.R., Marias, D.E., 2015.
Expression of functional traits during seedling establishment in two
populations of Pinus ponderosa from contrasting climates. Tree Physiol. http://
dx.doi.org/10.1093/treephys/tpv034, tpv034.

Kranabetter, J.M., 2014. Ectomycorrhizal fungi and the nitrogen economy of
conifers—implications for genecology and climate change mitigation 1.
Botany 92 (6), 417–423. http://dx.doi.org/10.1139/cjb-2013-0198.

Krouse, H.R., Grinenko, V.A. (Eds.), 1991. Stable Isotopes: Natural and
Anthropogenic Sulphur in the Environment. SCOPE Series Book 45. John Wiley
and Sons, Somerset, NJ.

Kruckeberg, A.R., 1967. Ecotypic response to ultramafic soils by some plant species
of northwestern United States. Brittonia 19 (2), 133–151. http://dx.doi.org/
10.2307/2805271.

Lahr, E.C., Sala, A., 2014. Species, elevation, and diameter affect whitebark pine and
lodgepole pine stored resources in the sapwood and phloem: implications for
bark beetle outbreaks. Can. J. For. Res. 44 (11), 1312–1319. http://dx.doi.org/
10.1139/cjfr-2014-0063.

Lanner, R.M., Gilbert, B.K., 1994. Nutritive value of whitebark pine seeds, and the
question of their variable dormancy. In: Schmidt, W.C., Holtmeier, F.K., (comps.),
Proc. International Workshop on Subalpine Stone Pines and their Environment:
The State of our Knowledge. General Technical Report INT-GTR-309. USDA
Forest Service, Intermountain Research Station, Ogden, UT, p. 206–211.

Layman, C.A., Araujo, M.S., Boucek, R., Hammerschlag-Peyer, C.M., Harrison, E., Jud,
Z.R., Matich, P., Rosenblatt, A.E., Vaudo, J.J., Yeager, L.A., Post, D.M., Bearhop, S.,
2012. Applying stable isotopes to examine food-web structure: an overview of
analytical tools. Biol. Rev. 87 (3), 545–562. http://dx.doi.org/10.1111/j.1469-
185X.2011.00208.x.

Letts, M.G., Nakonechny, K.N., Van Gaalen, K.E., Smith, C.M., 2009. Physiological
acclimation of Pinus flexilis to drought stress on contrasting slope aspects in
Waterton Lakes National Park, Alberta, Canada. Can. J. For. Res. 39 (3), 629–641.
http://dx.doi.org/10.1139/X08-206.

Levin, S.A., 1992. The problem of pattern and scale in ecology: the Robert H.
MacArthur award lecture. Ecology 73 (6), 1943–1967. http://dx.doi.org/
10.2307/1941447.

Lorenz, T.J., Aubry, C., Shoal, R., 2008. A review of the literature on seed fate in
whitebark pine and the life history traits of Clark’s nutcracker and pine
squirrels. USDA Forest Service, Pacific Northwest Research Station, General
Technical Report PNW-GTR-742, 62 p.

http://dx.doi.org/10.1111/j.1469-8137.2009.02917
http://www.ces.ncsu.edu/fletcher/programs/nursery/metria/metria11/cregg/index.html
http://www.ces.ncsu.edu/fletcher/programs/nursery/metria/metria11/cregg/index.html
http://dx.doi.org/10.1016/S0378-1127(00)00626-5
http://dx.doi.org/10.1016/S1360-1385(01)01889-1
http://dx.doi.org/10.1016/S1360-1385(01)01889-1
http://dx.doi.org/10.1071/PP9820121
http://dx.doi.org/10.1071/PP9820121
http://dx.doi.org/10.1146/annurev.pp.40.060189.002443
http://dx.doi.org/10.1146/annurev.pp.40.060189.002443
http://dx.doi.org/10.1139/z03-054
http://dx.doi.org/10.1016/S0146-6380(97)00060-0
http://dx.doi.org/10.1016/S0146-6380(97)00060-0
http://dx.doi.org/10.1002/jwmg.483
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0105
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0105
http://dx.doi.org/10.1021/ac00027a009
http://www.jstor.org/stable/2444119
http://www.jstor.org/stable/2444119
http://dx.doi.org/10.1016/S1095-6433(98)01016-2
http://dx.doi.org/10.1016/S1095-6433(98)01016-2
http://dx.doi.org/10.1007/BF00325257
http://dx.doi.org/10.1007/BF00325257
http://dx.doi.org/10.2307/1311484
http://dx.doi.org/10.1139/b01-001
http://dx.doi.org/10.1139/b01-001
http://dx.doi.org/10.1175/BAMS-D-12-00145.1
http://dx.doi.org/10.1175/BAMS-D-12-00145.1
http://dx.doi.org/10.1146/annurev.es.10.110179.001133
http://dx.doi.org/10.1146/annurev.es.10.110179.001133
http://dx.doi.org/10.2193/0091-7648(2005)33[92:FSIIWN]2.0.CO;2
http://dx.doi.org/10.2193/0091-7648(2005)33[92:FSIIWN]2.0.CO;2
http://dx.doi.org/10.1007/s10021-008-9159-7
http://dx.doi.org/10.1007/s10021-008-9159-7
http://dx.doi.org/10.1046/j.1469-8137.2003.00657
http://dx.doi.org/10.1007/PL00008856
http://dx.doi.org/10.1007/s004420050068
http://dx.doi.org/10.1007/s004420050068
http://dx.doi.org/10.1016/S1936-7961(07)00003-6
http://dx.doi.org/10.1007/s00442-012-2579-2
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0185
http://dx.doi.org/10.1175/1520-0493(1920)48&lt;355a:TBL>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1920)48&lt;355a:TBL>2.0.CO;2
http://www.ipcc.ch/publications_and_data/publications_and_data.shtml
http://www.ipcc.ch/publications_and_data/publications_and_data.shtml
http://dx.doi.org/10.1016/S0269-7491(97)00053-5
http://dx.doi.org/10.1016/S0269-7491(97)00053-5
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0210
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0210
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0210
http://scrippsco2.ucsd.edu
http://scrippsco2.ucsd.edu
http://dx.doi.org/10.1111/ele.12020
http://dx.doi.org/10.1111/ele.12020
http://dx.doi.org/10.1093/treephys/tpv034
http://dx.doi.org/10.1093/treephys/tpv034
http://dx.doi.org/10.1139/cjb-2013-0198
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0240
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0240
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0240
http://dx.doi.org/10.2307/2805271
http://dx.doi.org/10.2307/2805271
http://dx.doi.org/10.1139/cjfr-2014-0063
http://dx.doi.org/10.1139/cjfr-2014-0063
http://dx.doi.org/10.1111/j.1469-185X.2011.00208.x
http://dx.doi.org/10.1111/j.1469-185X.2011.00208.x
http://dx.doi.org/10.1139/X08-206
http://dx.doi.org/10.2307/1941447
http://dx.doi.org/10.2307/1941447


188 M.F. Mahalovich et al. / Forest Ecology and Management 359 (2016) 174–189
Mahalovich, M.F., Hipkins, V.D., 2011. Molecular genetic variation in whitebark pine
(Pinus albicaulis Engelm.) in the Inland West. In: Keane, R.E. (Ed.), ‘‘High-Five”
Symposium: The Future of High-Elevation Five-Needle White Pines in Western
North America, 2010 June 28–30, Missoula, MT, USA. Proc. RMRS-P-63. USDA
Forest Service, Rocky Mountain Research Station, Fort Collins, CO, p. 124–139.

Mahalovich, M.F., Burr, K.E., Foushee, D.L., 2006. Whitebark pine germination, rust
resistance and cold hardiness among seed sources in the Inland Northwest:
Planting Strategies for Restoration. In: National Proceedings: Forest and
Conservation Nursery Association, 2005 July 18–20, Park City, UT, USA. Proc.
RMRS-P-43. US Department of Agriculture, Forest Service, Rocky Mountain
Research Station, Fort Collins, CO, pp. 91–101.

Mahalovich M.F., Dickerson, G.A., 2004. Whitebark pine genetic restoration program
for the Intermountain West (United States). In: Proc. IUFRO Working Party
2.02.15 Breeding and Genetic Resources of Five-Needle Pines: Growth,
Adaptability and Pest Resistance, 23–27, July 2001, Medford, OR, USA.
Proceedings RMRS-P-32. USDA Forest Service, Rocky Mountain Research
Station, Fort Collins, CO, USA, p 181–187.

Maliondo, S.M., Krause, H.H., 1985. Genotype and soil fertility interaction in the
growth of black spruce progeny from central New Brunswick population. Can. J.
For. Res. 15 (2), 410–416. http://dx.doi.org/10.1139/x85-066.

Marshall, J.D., Zhang, J., 1993. Altitudinal variation in carbon isotope discrimination
by conifers. In: Ehleringer, J.R., Hall, A.E., Farquhar, G.D. (Eds.), Stable Isotopes
and Plant Carbon–Water Relations. Academic Press, Inc., San Diego, CA, pp. 187–
197.

Marshall, J.D., Zhang, J., 1994. Carbon isotope discrimination and water-use
efficiency in native plants of the north-central Rockies. Ecology 75 (7), 1887–
1895. http://dx.doi.org/10.2307/1941593.

Marshall, J.D., Brooks, J.R., Lajtha, K., 2007. Sources of variation in the stable isotopic
composition of plants. In: Lajtha, K., Michener, R.H. (Eds.), Stable Isotopes in
Ecology and Environmental Science, second ed. Blackwell Publishing, Malden,
MA, pp. 22–60.

Martinelli, L.A., Piccolo, M.C., Townsend, A.R., Vitousek, P.M., Cuevas, E., McDowell,
W., Robertson, G.P., Santos, O.C., Treseder, K., 1999. Nitrogen stable isotopic
composition of leaves and soil: tropical versus temperate forests.
Biogeochemistry 46, 45–65. http://dx.doi.org/10.1007/978-94-011-4645-6_3.

Martínez-Vilalta, J., Sala, A., Piñol, J., 2004. The hydraulic architecture of Pinaceae – a
review. Plant Ecol. 171 (1–2), 3–13. http://dx.doi.org/10.1023/B:
VEGE.0000029378.87169.b1.

Millar, C.I., 1989. Allozyme variation of bishop pine associated with pygmy-forest
soils in northern Carlifornia. Can. J. For. Res. 19 (7), 870–879. http://dx.doi.org/
10.1139/x89-133.

Mira, S., Gonzalez-Benito, M.E., Hill, L.M., Walters, C., 2010. Characterization of
volatile production during storage of lettuce (Lactuca sativa) seed. J. Exp. Botany
61 (14), 3915–3924. http://dx.doi.org/10.1093/jxb/erq202.

Miyazaki, Y., 2013. Dynamics of internal carbon resources duringmasting behavior in
trees. Ecol. Res. 28 (2), 143–150. http://dx.doi.org/10.1007/s11284-011-0892-6.

Mohatt, K.R., Cripps, C.L., Lavin, M., 2008. Ectomycorrhizal fungi of whitebark pine
(a tree in peril) revealed by sporocarps and molecular analysis of mycorrhizae
of treeline forests in the Greater Yellowstone Ecosystem. Botany 86 (1), 14–25.
http://dx.doi.org/10.1139/B07-107.

Monserud, R.A., Marshall, J.D., 2001. Time-series analysis of d13C from tree rings. I.
Time trends and autocorrelation. Tree Physiol. 21 (15), 1087–1102. http://dx.
doi.org/10.1093/treephys/21.15.1087.

Morford, S.L., Houlton, B.Z., Dahlgren, R.A., 2011. Increased forest ecosystem carbon
and nitrogen storage from nitrogen rich bedrock. Nature 477, 78–81. http://dx.
doi.org/10.1038/nature10415.

Morgenstern, E.K., 1996. Geographic Variation in Forest Trees: Genetic Basis and
Application of Knowledge in Silviculture. UBC Press, Vancouver, BC.

Nadelhoffer, K., Shaver, G., Fry, B., Giblin, A., Johnson, L., McKane, R., 1996. 15N
natural abundances and N use by tundra plants. Oecologia 107 (3), 386–394.
http://dx.doi.org/10.1007/BF00328456.

Nicotra, A.B., Beever, E.A., Robertson, A.L., Hofmann, G.E., O’Leary, J., 2015. Assessing
the components of adaptive capacity to improve conservation and management
efforts under global change. Conserv. Biol. http://dx.doi.org/
10.1111/cobi.12522. Article first published online: 29 April 2015.

O’Brien, R.M., 2007. A caution regarding rules of thumb for variance inflation factors.
Quality Quantity 41, 673–690. http://dx.doi.org/10.1007/s11135-006-9018-6.

Offermann, C., Ferrio, J.P., Holst, J., Grote, R., Siegwolf, R., Kayler, Z., Gessler, A., 2011.
The long way down-are carbon and oxygen isotope signals in the tree ring
uncoupled from canopy physiological processes? Tree Physiol. 31 (10), 1088–
1102. http://dx.doi.org/10.1093/treephys/tpr093.

O’Leary, M.H., 1981. Carbon isotope fractionation in plants. Phytochemistry 20 (4),
553–567. http://dx.doi.org/10.1016/0031-9422(81)85134-5.

O’Leary, M.H., 1988. Carbon isotopes in photosynthesis. BioScience 38 (5), 328–336.
http://dx.doi.org/10.2307/1310735.

Oline, D.K., Mitton, J.B., Grant, M.C., 2000. Population and subspecific genetic
differentiation in the foxtail pine (Pinus balfouriana). Evolution 54 (5), 1813–
1819. http://dx.doi.org/10.1111/j.0014-3820.2000.tb00725.x.

Owens, J.N., Kittirat, Mahalovich, M.F., 2008. Whitebark pine (Pinus albicaulis
Engelm.) seed production in natural stands. For. Ecol. Manage. 255 (3-4), 803–
809. http://dx.doi.org/10.1016/j.foreco.2007.09.067.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol.
System. 18, 293–320.

Phillips, D.L., Koch, P.L., 2002. Incorporating concentration dependence in stable
isotope mixing models. Oecologia 130, 114–125. http://dx.doi.org/10.1007/
s004420100786.
Phillips, D.L., Newsome, S.D., Gregg, J.W., 2005. Combining sources in stable isotope
mixing models: alternative methods. Oecologia 144, 520–527. http://dx.doi.
org/10.1007/s00442-004-1816-8.

Phillips, D.L., Eldridge, P.M., 2006. Estimating the timing of diet shifts using stable
isotopes. Oecologia 145, 195–203. http://dx.doi.org/10.1007/s00442-005-0292-
0.

Piñol, J., Sala, A., 2000. Ecological implications of xylem cavitation for several
Pinaceae in the Pacific Northern USA. Funct. Ecol. 14 (5), 538–545, <http://
www.jstor.org/stable/2656386>.

Post, D.M., Layman, C.A., Arrington, D.A., Takimoto, G., Quattrochi, J., Montaña, C.G.,
2007. Getting to the fat of the matter: models, methods and assumptions for
dealing with lipids in stable isotope analyses. Oecologia 152, 179–189. http://
dx.doi.org/10.1007/s00442-006-0630-x.

Prenni, A.J., Levin, E.J.T., Benedict, K.B., Sullivan, A.P., Schurman, M.I., Gebhart, K.A.,
Day, D.E., Carrico, C.M., Malm, W.C., Schichtel, B.A., Collett Jr., J.L., Kreidenweis,
S.M., 2014. Gas-phase reactive nitrogen near Grand Teton National Park:
impacts of transport, anthropogenic emissions, and biomass burning. Atmos.
Environ. 89, 749–756. http://dx.doi.org/10.1016/j.atmosenv.2014.03.017.

R Development Core Team, 2010. R: A Language and Environment for Statistical
Computing v15.2. R Foundation for Statistical Computing, Vienna, Austria: ISBN
3-900051-07-0, <http://www.R-project.org/>.

Rehfeldt, G.E., 1979. Ecotypic differentiation in populations of Pinus monticola in
North Idaho – myth or reality? Am. Nat. 114 (5), 627–636, <http://www.jstor.
org/stable/2460733>.

Rehfeldt, G.E., Hoff, R.J., Steinhoff, R.J., 1984. Geographic patterns of genetic
variation in Pinus monticola. Botanical Gazette 145 (2), 229–239, <http://
www.jstor.org/stable/2474344>.

Rehfeldt, G.E., 1994a. Evolutionary genetics, the biological species, and the ecology
of the Cedar-Hemlock forests. In: Baumgartner, D.M., Lotan, J.E., Tonn, J.R. (Eds.),
Interior Cedar-Hemlock-White Pine Forests: Ecology and Management, March
2–4, 1993. Washington State University Cooperative Extension, Spokane, WA,
pp. 91–100.

Rehfeldt, G.E., 1994b. Genetic structure of western red cedar populations in the
Interior West. Can. J. For. Res. 24 (4), 670–680. http://dx.doi.org/10.1139/x94-
090.

Rehfeldt, G.E., 1995. Genetic variation, climate models and the ecological genetics of
Larix occidentalis. For. Ecol. Manage. 78 (1), 21–37. http://dx.doi.org/10.1016/
0378-1127(95)03602-4.

Richardson, B.A., Klopfenstein, N.B., Brunsfeld, S.J., 2002. Assessing Clark’s
nutcracker seed-caching flights using maternally inherited mitochondrial
DNA of whitebark pine. Can. J. For. Res. 32 (6), 1103–1107. http://dx.doi.org/
10.1139/x02-037.

Richardson, B.A., 2001. Gene Flow and Genetic Structure of Whitebark Pine (Pinus
albicaulis): Inferences into Bird-Dispersed Seed Movement and Biogeography.
Unpublished Master Thesis. University of Idaho, 55 p.

Robbins, C.T., Schwartz, C.C., Gunther, K.A., Servheen, C., 2006. Grizzly bear nutrition
and ecology studies in Yellowstone National Park. Yellowstone Sci. 14, 19–26,
<http://www.mednscience.org/files/pdf/YS_Robbins.pdf>.

Robbins, C.T., Schwartz, C.C., Felicetti, L.A., 2004. Nutritional ecology of ursids: a
review of newer methods and management implications. Ursus 15 (2),
161–171. http://dx.doi.org/10.2192/1537-6176(2004) 015<0161:NEOUAR>2.0.
CO;2.

Sala, A., Carey, E.V., Keane, R.E., Callaway, R.M., 2001. Water use by whitebark pine
and subalpine fir: potential consequences of fire exclusion in the northern
Rocky Mountains. Tree Physiol. 21 (11), 717–725. http://dx.doi.org/10.1093/
treephys/21.11.717.

Sala, A., Hopping, K., McIntire, E.J.B., Delzon, S., Crone, E.E., 2012. Masting in
whitebark pine (Pinus albicaulis) depletes stored nutrients. New Phytol. 196,
189–199. http://dx.doi.org/10.1111/j.1469-8137.2012.04257.x.

SAS Institute Inc., 2013. SAS/STAT� User’s Guide (Version 9.4). SAS Institute Inc.,
Cary, NC, USA.

Schwartz, C.C., Teisberg, J.E., Fortin, J.K., Haroldson, M.A., Servheen, C., Robbins, C.T.,
van Manen, F.T., 2014. Use of isotopic sulfur to determine whitebark pine
consumption by Yellowstone bears: a reassessment. Wildlife Soc. Bull.
664–670. http://dx.doi.org/10.1002/wsb.426.

Seibt, U., Rajabi, A., Griffiths, H., Berry, J.A., 2008. Carbon isotopes and water use
efficiency: sense and sensitivity. Oecologia 155, 441–454. http://dx.doi.org/
10.1007/s00442-007-0923-7.

Siegfriedt, R.K., Wiberley, J.S., Moore, R.W., 1951. Determination of sulfur after
combustion in a small oxygen bomb. Rapid titrimetric method. Anal. Chem. 23
(7), 1008–1011. http://dx.doi.org/10.1021/ac60055a023.

Smith, B.N., Epstein, S., 1971. Two categories of 13C/12C ratios for higher plants. Plant
Physiol. 47 (3), 380–384. http://dx.doi.org/10.1104/pp.47.3.380.

Tcherkez, G., Hodges, M., 2008. How stable isotopes may help to elucidate primary
nitrogen metabolism and its interaction with (photo) respiration in C3 leaves. J.
Exp. Bot. 59 (7), 1685–1693. http://dx.doi.org/10.1093/jxb/erm115.

Tcherkez, G., Tea, I., 2013. 32S/34S isotope fractionation in plant sulphur metabolism.
New Phytol. 200, 44–53. http://dx.doi.org/10.1111/nph.12314.

Tieszen, L.L., Fagre, T., 1993. Carbon isotopic variability in modern and
archaeological maize. J. Archaeol. Sci. 20 (1), 25–40. http://dx.doi.org/
10.1006/jasc.1993.1002.

Townsend, A.M., Hanover, J.W., Barnes, B.V., 1972. Altitudinal variation in
photosynthesis, growth and monoterpene composition of western white pine
(Pinus monticola Dougl.) seedlings. Silvae Genet. 21, 133–139.

US Geological Survey Open-File Report 2005-1305, 2005a. Preliminary integrated
geologic map databases for the United States – Western states: California,

http://dx.doi.org/10.1139/x85-066
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0300
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0300
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0300
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0300
http://dx.doi.org/10.2307/1941593
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0310
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0310
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0310
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0310
http://dx.doi.org/10.1007/978-94-011-4645-6_3
http://dx.doi.org/10.1023/B:VEGE.0000029378.87169.b1
http://dx.doi.org/10.1023/B:VEGE.0000029378.87169.b1
http://dx.doi.org/10.1139/x89-133
http://dx.doi.org/10.1139/x89-133
http://dx.doi.org/10.1093/jxb/erq202
http://dx.doi.org/10.1007/s11284-011-0892-6
http://dx.doi.org/10.1139/B07-107
http://dx.doi.org/10.1093/treephys/21.15.1087
http://dx.doi.org/10.1093/treephys/21.15.1087
http://dx.doi.org/10.1038/nature10415
http://dx.doi.org/10.1038/nature10415
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0355
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0355
http://dx.doi.org/10.1007/BF00328456
http://dx.doi.org/10.1111/cobi.12522
http://dx.doi.org/10.1111/cobi.12522
http://dx.doi.org/10.1007/s11135-006-9018-6
http://dx.doi.org/10.1093/treephys/tpr093
http://dx.doi.org/10.1016/0031-9422(81)85134-5
http://dx.doi.org/10.2307/1310735
http://dx.doi.org/10.1111/j.0014-3820.2000.tb00725.x
http://dx.doi.org/10.1016/j.foreco.2007.09.067
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0400
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0400
http://dx.doi.org/10.1007/s004420100786
http://dx.doi.org/10.1007/s004420100786
http://dx.doi.org/10.1007/s00442-004-1816-8
http://dx.doi.org/10.1007/s00442-004-1816-8
http://dx.doi.org/10.1007/s00442-005-0292-0
http://dx.doi.org/10.1007/s00442-005-0292-0
http://www.jstor.org/stable/2656386
http://www.jstor.org/stable/2656386
http://dx.doi.org/10.1007/s00442-006-0630-x
http://dx.doi.org/10.1007/s00442-006-0630-x
http://dx.doi.org/10.1016/j.atmosenv.2014.03.017
http://www.R-project.org/
http://www.jstor.org/stable/2460733
http://www.jstor.org/stable/2460733
http://www.jstor.org/stable/2474344
http://www.jstor.org/stable/2474344
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0450
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0450
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0450
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0450
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0450
http://dx.doi.org/10.1139/x94-090
http://dx.doi.org/10.1139/x94-090
http://dx.doi.org/10.1016/0378-1127(95)03602-4
http://dx.doi.org/10.1016/0378-1127(95)03602-4
http://dx.doi.org/10.1139/x02-037
http://dx.doi.org/10.1139/x02-037
http://www.mednscience.org/files/pdf/YS_Robbins.pdf
http://dx.doi.org/10.2192/1537-6176(2004)015&lt;0161:NEOUAR>2.0.CO;2
http://dx.doi.org/10.2192/1537-6176(2004)015&lt;0161:NEOUAR>2.0.CO;2
http://dx.doi.org/10.1093/treephys/21.11.717
http://dx.doi.org/10.1093/treephys/21.11.717
http://dx.doi.org/10.1111/j.1469-8137.2012.04257.x
http://dx.doi.org/10.1002/wsb.426
http://dx.doi.org/10.1007/s00442-007-0923-7
http://dx.doi.org/10.1007/s00442-007-0923-7
http://dx.doi.org/10.1021/ac60055a023
http://dx.doi.org/10.1104/pp.47.3.380
http://dx.doi.org/10.1093/jxb/erm115
http://dx.doi.org/10.1111/nph.12314
http://dx.doi.org/10.1006/jasc.1993.1002
http://dx.doi.org/10.1006/jasc.1993.1002
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0530
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0530
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0530


M.F. Mahalovich et al. / Forest Ecology and Management 359 (2016) 174–189 189
Nevada, Arizona, Washington, Oregon, Idaho, and Utah, <http://pubs.usgs.gov/
of/2005/1305/>.

US Geological Survey Open-File Report 2005-1351, 2005b. Preliminary integrated
geologic map databases for the United States: Central states: Montana,
Wyoming, Colorado, New Mexico, North Dakota, South Dakota, Nebraska,
Kansas, Oklahoma, Texas, Iowa, Missouri, Arkansas, and Louisiana, <http://pubs.
usgs.gov/of/2005/1351/>.

US Geological Survey Open-File Report 2005-1235, 2005c. Spatial databases for the
geology of the Northern Rocky Mountains – Idaho, Montana, and Washington,
<http://pubs.usgs.gov/of/2005/1235/>.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W.,
Schlesinger, W.H., Tilman, D.G., 1997. Human alteration of the global nitrogen
cycle: sources and consequences. Ecol. Appl. 7, 737–750. http://dx.doi.org/
10.1890/1051-0761(1997) 007[0737:HAOTGN]2.0.CO;2.

Vogel, J.C., 1993. Variability of carbon isotope fractionation during photosynthesis.
In: Ehlerlenger, J.R., Hall, A.E., Farquhar, G.D. (Eds.), Stable Isotopes and Plant
Carbon–Water Relations. Academic Press Inc., San Diego, CA, pp. 29–46
(Chapter 4).

Walters, C., Ballesteros, D., Vertucci, V.A., 2010. Structural mechanics of seed
deterioration: standing the test of time. Plant Sci. 179, 565–573. http://dx.doi.
org/10.1016/j.plantsci.2010.06.016.

Wang, T., Hamann, A., Spittlehouse, D.L., Murdock, T.Q., 2012. Climate WNA-high-
resolution spatial climate data for western North America. J. Appl. Meteorol.
Climatol. 51 (1), 16–29. http://dx.doi.org/10.1175/JAMC-D-11-043.1.
Werner, C., Hurwitz, S., Evans, W.C., Lowenstern, J.B., Bergfeld, D., Heasler, H.,
Jaworowski, C., Hunt, A., 2008. Volatile emissions and gas geochemistry of Hot
Spring Basin, Yellowstone National Park, USA. J. Volcanol. Geoth. Res. 178 (4),
751–762. http://dx.doi.org/10.1016/j.jvolgeores.2008.09.016.

Werner, C., Schnyder, H., Cuntz, M., Keitel, C., Zeeman, M.J., Dawson, T.E., Badeck, F.-
W., Brugnoli, E., Ghashghaie, J., Grams, T.E.E., Kayler, Z.E., Lakatos, M., Lee, X.,
Máguas, Ogée., Rascher, K.G., Siegwolf, R.T.W., Unger, S., Welker, J., Wingate, L.,
Gessler, A., 2012. Progress and challenges in using stable isotopes to trace plant
carbon and water relations across scales. Biogeosciences 9, 3083–3111. http://
dx.doi.org/10.5194/bg-9-3083-2012.

West, J.B., Bowen, G.B., Cerling, T.E., Ehleringer, J.R., 2006. Stable isotopes as one of
nature’s ecological recorders. Trends Ecol. Evol. 21 (7), 408–414. http://dx.doi.
org/10.1016/j.tree.2006.04.002.

Zhang, J.W., Feng, Z., Cregg, B.M., Schumann, C.M., 1997. Carbon isotopic
composition, gas exchange, and growth of three populations of ponderosa
pine differing in drought tolerance. Tree Physiol. 17 (7), 461–466. http://dx.doi.
org/10.1093/treephys/17.7.461.

Zhang, J.W., Cregg, B.M., 2005. Growth and physiological responses to varied
environments among populations of Pinus ponderosa. For. Ecol. Manage. 219 (1),
1–12. http://dx.doi.org/10.1016/j.foreco.2005.08.038.

Zhang, J.W., Marshall, J.D., 2005. Variation in carbon isotope discrimination and
photosynthetic gas exchange among populations of Pseudotsuga menziesii and
Pinus ponderosa in different environments. Funct. Ecol. 9 (3), 402–412. http://
dx.doi.org/10.2307/2390003.

http://pubs.usgs.gov/of/2005/1305/
http://pubs.usgs.gov/of/2005/1305/
http://pubs.usgs.gov/of/2005/1351/
http://pubs.usgs.gov/of/2005/1351/
http://pubs.usgs.gov/of/2005/1235/
http://dx.doi.org/10.1890/1051-0761(1997)007[0737:HAOTGN]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1997)007[0737:HAOTGN]2.0.CO;2
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0555
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0555
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0555
http://refhub.elsevier.com/S0378-1127(15)00542-3/h0555
http://dx.doi.org/10.1016/j.plantsci.2010.06.016
http://dx.doi.org/10.1016/j.plantsci.2010.06.016
http://dx.doi.org/10.1175/JAMC-D-11-043.1
http://dx.doi.org/10.1016/j.jvolgeores.2008.09.016
http://dx.doi.org/10.5194/bg-9-3083-2012
http://dx.doi.org/10.5194/bg-9-3083-2012
http://dx.doi.org/10.1016/j.tree.2006.04.002
http://dx.doi.org/10.1016/j.tree.2006.04.002
http://dx.doi.org/10.1093/treephys/17.7.461
http://dx.doi.org/10.1093/treephys/17.7.461
http://dx.doi.org/10.1016/j.foreco.2005.08.038
http://dx.doi.org/10.2307/2390003
http://dx.doi.org/10.2307/2390003

	Isotopic heterogeneity in whitebark pine \(Pinus albicaulis Engelm.\) nuts across geographic, edaphic and climatic gradients in the Northern Rockies \(USA\)
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Stable isotope analysis \(SIA\)
	2.3 Soil parent material
	2.4 Climate data extraction
	2.5 Statistical analysis
	2.6 Isoscape modeling
	2.7 Detection of unique isotope signatures

	3 Results
	3.1 Pearson correlations
	3.2 Temporal variation
	3.3 Isoscape modeling
	3.4 Unique isotope signatures

	4 Discussion
	5 Management implications
	Acknowledgements
	Appendix A Whitebark pine stable isotope discrimination \(offset\) between nut and needle tissue
	Appendix B Isotope model residuals
	Appendix C Whitebark pine nut elemental C, N and S \(%\) composition
	References


