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† Background and Aims Previous measurements of conifer alkaloids have revealed significant variation attribu-
table to many sources, environmental and genetic. The present study takes a complementary and intensive,
common garden approach to examine genetic variation in Pinus ponderosa var. ponderosa alkaloid production.
Additionally, this study investigates the potential trade-off between seedling growth and alkaloid production, and
associations between topographic/climatic variables and alkaloid production.
† Methods Piperidine alkaloids were quantified in foliage of 501 nursery seedlings grown from seed sources in
west-central Washington, Oregon and California, roughly covering the western half of the native range of ponder-
osa pine. A nested mixed model was used to test differences among broad-scale regions and among families
within regions. Alkaloid concentrations were regressed on seedling growth measurements to test metabolite allo-
cation theory. Likewise, climate characteristics at the seed sources were also considered as explanatory variables.
† Key Results Quantitative variation from seedling to seedling was high, and regional variation exceeded variation
among families. Regions along the western margin of the species range exhibited the highest alkaloid concen-
trations, while those further east had relatively low alkaloid levels. Qualitative variation in alkaloid profiles
was low. All measures of seedling growth related negatively to alkaloid concentrations on a natural log scale;
however, coefficients of determination were low. At best, annual height increment explained 19.4 % of the vari-
ation in ln(total alkaloids). Among the climate variables, temperature range showed a negative, linear association
that explained 41.8 % of the variation.
† Conclusions Given the wide geographic scope of the seed sources and the uniformity of resources in the seed-
lings’ environment, observed differences in alkaloid concentrations are evidence for genetic regulation of alka-
loid secondary metabolism in ponderosa pine. The theoretical trade-off with seedling growth appeared to be real,
however slight. The climate variables provided little evidence for adaptive alkaloid variation, especially within
regions.

Key words: Pinus ponderosa var. ponderosa, Pinaceae, 2,6-disubstituted piperidine alkaloids, secondary
products, geographic variation, progeny study, plant defense, Growth–Differentiation Balance Hypothesis,
PRISM.

INTRODUCTION

Pinus ponderosa produces a suite of piperidine alkaloids in
most tissues (Tallent et al., 1955; Stermitz et al., 1994;
Tawara et al., 1995; Gerson and Kelsey, 1998). Biosynthesis
involves several pathways and intermediates leading to one
predominant and stable end-product (pinidine) in mature
foliage (Leete and Juneau, 1969; Leete et al., 1975; Tawara
et al., 1993, 1995). Alkaloid variation due to combined
environmental and genetic effects, as measured in an observa-
tional field study of ponderosa pine, is dependent on site to the
extent that alkaloids may be entirely absent (Gerson and
Kelsey, 1998). Environmental influences on ponderosa pine
alkaloids were documented in a field fertilization study that
showed the potential for nitrogen availability to influence alka-
loid variation (Gerson and Kelsey, 1999a). To our knowledge,
the genetic basis for intraspecific variation in conifer alkaloid
production has not yet been explored. Intraspecific variation of
other types of alkaloids in disparate plant genera have exhib-
ited moderate (van Dam and Vrieling, 1994) to high levels

of heritability, more so, for example, than terpenes of Pinus
(Table 2 in Berenbaum and Zangerl, 1992).

As secondary metabolic products with 9-carbon:1-nitrogen
structures, piperidine alkaloid synthesis may involve trade-offs
with tissue growth and maintenance (Herms and Mattson,
1992; Stamp, 2003). Allocation among primary and secondary
products can be influenced by environmental variables that are
controlled in the common garden environment. With no her-
bivory, and sufficient light, water and nutrients (i.e. moderate
to high resource availability and minimal intertree com-
petition), the Growth–Differentiation Balance Hypothesis
(GDBH) would predict alkaloid production to be negatively
correlated with biomass production (Stamp, 2003).
Furthermore, a pine seedling that has invested much into
tissue growth may effectively dilute its alkaloid endowment.
Intraspecific variation in growth traits in ponderosa pine are
correlated with, if not adaptive to, environmental character-
istics such as precipitation and temperature (e.g. Jenkinson,
1980; Sorenson et al., 2001; Kitzmiller, 2005). Thus, environ-
mental variation has the potential to influence alkaloid vari-
ation, either directly or indirectly through effects on growth
traits.
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The research presented here takes advantage of a common
garden study originally designed to describe geographic pat-
terns of genetic variation in growth and phenology traits of
Pinus ponderosa. Coincidentally, it provided an excellent
opportunity to quantify specifically genetic variation of alka-
loid concentration in a large number (500 þ ) of ponderosa
pine seedlings. The seven regions covered in this study were
selected to represent a range of latitudes, elevations and
climates within the historic range of the nominate form of
ponderosa pine (Oliver and Ryker, 1990). They encompass
roughly 9 8 of latitude and 2.5 8 of longitude in the western
USA (Washington, Oregon and northern California) (Fig. 1).
Within each region, open-pollinated seeds were collected
from nine parent trees and grown in a nursery located in the
Willamette Valley region. At the end of the seedlings’ third
growing season, alkaloids were quantified in current-year
needles, heights and diameters were measured, and then they
were destructively sampled to measure root and shoot
biomass. With this information, it was possible to establish
the baseline (genetic) alkaloid endowment for ponderosa
pine under optimal nutrition and growth, and to characterize
the variation within and among disparate geographical areas.
Having growth data available on the same experimental units
also allows intraspecific relationships for alkaloid concen-
trations vs. height, diameter, root and shoot growth to be
described and metabolite allocation theory to be tested.
Additionally, the broad geographical range of seed sources
incorporated in this study enables possible associations
between the climates (i.e. temperature and precipitation
regimes) to which the parent trees were subjected and the
alkaloid productivity of their offspring to be investigated.

This study also documents the ubiquity of alkaloids within
ponderosa pine, and helps to address the question of how
much sampling is needed to characterize the alkaloid profile
of a pine species. Qualitative profiles of alkaloids vary substan-
tially among Pinus species and may be useful for chemotaxo-
nomic purposes (Tallent et al., 1955; Gerson and Kelsey,
2004; but see Stermitz et al., 2000). Bioassays have indicated
toxic, teratogenic, antifeedant and antimicrobial properties of
the conifer alkaloids (Eisner et al., 1986; Schneider et al.,
1991; Tawara et al., 1993; Stermitz et al., 1994; Eriksson,
2006); however, an ecologically relevant purpose or function
for these constitutive compounds has yet to be found
(Kamm, 1998; Gerson and Kelsey, 2002).

In summary, the study design enabled the following primary
questions to be addressed. (a) Are there genetic differences in
foliar alkaloid concentrations among regions and among
families within regions? (b) How is the variation in alkaloids
distributed across the hierarchical levels of the study? (c) Is
there a (negative) relationship between alkaloid and biomass
production in ponderosa pine? (d ) Are alkaloid concentrations
associated with climate characteristics at seed source locations?

MATERIALS AND METHODS

Study design

Pinus ponderosa Dougl. ex Laws var. ponderosa (Oliver and
Ryker, 1990) seedlings from open-pollinated seed collected
from seven regions within Washington, Oregon and northern
California, USA (Fig. 1), were grown for 3 years in a
common garden of raised nursery beds in the Willamette
Valley, Oregon. Within each region, seeds were collected
from nine parent trees. The locations of parent trees and
their associated seed banks are detailed in the
Supplementary Data (available online). In the nursery, row-
plots were planted with four seeds from a single parent tree.
Sixty-three row-plots (one per parent tree) were randomly dis-
tributed in a complete block design that was replicated over
four raised beds. Seedlings were well watered and fertilized
during the first half of the summer, with declining water and
fertilizer at the end of the growing season to promote bud-set.
After the third growing season (late November), healthy
needles from the current year were sampled from two seedlings
per row-plot and analysed separately (as row-plot sub-samples)
for alkaloids. Dry mass of foliage was recorded. Sampled seed-
lings then were harvested and oven-dried for root and shoot
biomass measurements, reincorporating the weight of tissues
taken for alkaloid analysis. In summary, the study design
entailed 7 regions� 9 parent tree seed sources per region � 2
seedling offspring per parent tree row-plot � 4 nursery bed
replications, providing a total of 504 observations; however,
three were lost to seedling mortality.

Regions. For the purposes of this study, ‘region’ is defined as
the broad geographic location of a group of parent (seed)
trees (Fig. 1). Within each region, parent trees occurred at a
range of latitude, longitude and elevation (Table 1);
however, mean elevations of parents in three regions
[Columbia Gorge (CG), 190 m; Fort Lewis (FL), 115 m; and
Willamette Valley (WV), 172 m] were distinctly lower than
the means for the other four regions [Deschutes (DS),
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1155 m; Eldorado (EL), 1200 m; Mendocino (MN), 1219 m;
and Wenatchee (WN), 1119 m]. East of the Cascade Crest,
Wenatchee, Columbia Gorge and Deschutes have continental
climates (average temperatures below 0 8C in the coldest
months). The temperate climates of the other regions have
varying degrees of maritime influence: Fort Lewis is located
on lowlands south of Puget Sound; Willamette Valley and
Mendocino are in the Pacific Coast Ranges; and Eldorado
lies on the western slope of the Sierra Nevada, north-east of
San Francisco Bay.

Piperidine alkaloid quantification

Methodology followed Gerson and Kelsey (1999b). Briefly, a
0.5 g sample of oven-dried, ground foliage was extracted in
aqueous acid then centrifuged; the supernatant was basified
and the alkaloids partitioned into chloroform using an
Extrelutw solid-phase column. The eluate was reduced, an
internal standard added, and the solution increased to a known
volume. The following piperidine alkaloids (Fig. 2) were ident-
ified and quantified using gas chromatography–mass spec-
trometry (GC-MS): pinidine; pinidinone; 6-epi-pinidinone;
pinidinol; 1,2-dehydropinidinone; 1,2-dehydropinidinol; eupho-
coccinine; and RT 6.80. Pinidine is the primary end-product of
alkaloid biosynthesis in ponderosa pine, and euphococcinine is
an alternative end-product (Tawara et al., 1993, 1995). The
remaining alkaloids listed are intermediates. Although it has
never been officially described, RT (retention time) 6.80 very
probably is 1,6-dehydropinidinone (Todd, 1994), based on the
molecular ion (153 m/z) and mass spectrum. Another
unknown, probable alkaloid with molecular ion 167 m/z, was
observed but not incorporated in the data analysis (because it
has not been properly described, and was a minor, sporadic com-
ponent). The presence of the 6-epi form of pinidinone is interest-
ing because, heretofore, only cis-2,6-disubstituted piperidines
have been found in Pinus species (Tawara et al., 1993; Stermitz
et al., 1994). Both isomers of pinidinone occurred sporadically
at low concentrations in a quarter to a third of the samples.

Statistical analyses

Differences in alkaloid concentrations among regions, and among
families within regions. SAS MIXED procedure (SAS Institute,
Inc., 1996) was used to fit a linear model with nested

treatments (parent nested within region, and row-plot nested
within parent). The REML method was specified, along with
the KR option for appropriate denominator degrees of
freedom. ‘Region’ was modelled as a fixed effect, selected
based on characteristics of interest. ‘Parent’ (or ‘family’) was
a random effect nested within region; parent trees were
selected randomly in the field. Half-sibling seedlings grown
from a single parent seed tree constitute a ‘family’.
Half-sibling seedlings were grouped into row-plots in the
nursery beds, hence row-plots are the experimental units and
seedlings are sub-samples of the row-plots. ‘Row-plot’ is a
random effect nested within parent within region, and ‘bed’
is a random block effect. No crossed-block effects were
assumed. Parallel analyses were done for pinidine and total
alkaloid concentrations as response variables. Ranges of the
alkaloid variables were large, and the data followed log-
normal distributions. Natural log transformations of pinidine
and total alkaloid concentrations yielded normally distributed
residuals and constant variance.

For the effect of region, SAS Type 3 F-tests and
least-squares (LS) means are reported. The 95 % confidence
intervals for the regional means are presented graphically;
the intervals are uneven because upper and lower limits, as
well as the means, were back-transformed. Comparisons
between ranked means were made with Tukey–Kramer adjust-
ments. Helmert contrasts were constructed to compare groups
of regions by longitude and elevation. For the random effects,
likelihood ratio tests were constructed (Tao et al., 2002).

TABLE 1. Physiographic range of parent tree (i.e. seed source)
locations (nine trees per region)

Region Latitude range
(–)Longitude

range
Elevation

(m)

Fort Lewis (FL) 47.03–47.05 8N 122.53–122.55 8W 108–119
Wenatchee (WN) 47.03–47.36 120.57–121.11 687–1721
Columbia Gorge
(CG)

45.58–45.70 121.11–121.72 61–735

Willamette Valley
(WV)

43.78–45.51 122.64–123.22 61–288

Deschutes (DS) 43.54–44.44 121.43–121.75 854–1391
Mendocino (MN) 39.36–39.93 122.78–123.01 995–1514
Eldorado (EL) 38.60–39.02 120.36–120.70 1047–1410
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BLUPs (best linear unbiased predictors) of parent within
region are presented because parent within region is a
random effect. These were obtained with SAS Estimate
statements.

Distribution of alkaloid variation. Variation in alkaloid concen-
trations was partitioned into the following sources: among
experimental blocks (i.e. nursery beds); among regions;
among families (within regions); among row-plots (within
families within regions); and residual error. The latter includes
seedling to seedling variation, as well as experimental error.
These variance components were estimated by SAS MIXED
procedure, with the Type I estimation method option. The
response variable was total alkaloids. All sources (including
region) were modelled as random effects for the purpose of
computing variance estimates.

Relationship between seedling growth and alkaloid production.
The following growth variables were measured: height, dia-
meter, stem dry mass and root dry mass. Diameter was taken
at 1 mm above the root collar. Annual height and diameter
growth increments were calculated for the year seedlings
were sampled. Simple linear regression models employing
the growth variables individually were run with the SAS
GLM procedure to evaluate whether any of the variables
were associated with total alkaloid concentrations (as the
dependent variable). Family means (n ¼ 63) were used
because observations on half-sibling seedlings lack indepen-
dence. Mean total alkaloid concentrations were transformed
to natural logs as residuals plots exhibited non-constant var-
iance. Added variable plots were constructed to test whether
adding multiple growth variables to the model would
account for more of the variation.

Relationship between source climate and alkaloid production.
Climate characteristics specific to each (n ¼ 63) parent tree
location were obtained from the Parameter-Elevation
Regressions on Independent Slopes Model (PRISM), as
detailed in St Clair et al. (2005). Variables are defined as
follows: ANNAVT, annual average temperature; ANNPRE,
annual precipitation; APRPRE, April precipitation; FFPRE,
precipitation during the frost-free period; FRSTFREE, length
of frost-free period; JULARID, ratio of July precipitation to
July average temperature (þ10); RNGAVT, temperature
range between highest and lowest monthly average;
SPRFRST, Julian date of last 0 8C day in spring;
SUMMAXP, summer maximum precipitation; SUMMAXT,
summer maximum temperature; WINMAXP, winter
maximum precipitation; and WINMINT, winter minimum
temperature. Climate variables were evaluated individually
as independent variables in simple linear regression models
using the SAS GLM procedure. For the dependent variable,
total alkaloid means for families of seedlings from correspond-
ing parent tree locations were used. Natural log transform-
ations of the alkaloid means were used to address
non-constant variance in the residuals.

RESULTS

Total alkaloid and pinidine concentrations as response
variables of mixed models

Regional effects. Significant differences in alkaloid concen-
trations exist among the seven regions (6,56 d.f.; F ¼ 20.56;
P , 0.0001), indicating a genetic basis for intraspecific vari-
ation in ponderosa pine alkaloids. Back-transformed LS
mean concentrations of total alkaloids are presented in
Fig. 3. Results were similar for differences in pinidine concen-
trations (6,56 d.f.; F ¼ 21.86; P , 0.0001). The Mendocino
mean was relatively lower, closer to the Willamette Valley
mean, and the Eldorado and Deschutes means were more
similar, but the rank order of the regional means was identical.
One distinction is apparent: although the range of pinidine
concentrations in Mendocino and Willamette Valley seedlings
was similar, the Mendocino seedlings had higher total alkaloid
concentrations. On the other hand, the total alkaloid concen-
trations of Deschutes seedlings appeared to be comprised of
relatively high proportions of pinidine.

With Tukey–Kramer adjustments, none of the proximal
pairs of total alkaloid means (adjacent bars in Fig. 3) was
different (all Padj . 0.1). However, mean alkaloid concen-
trations in the Fort Lewis region were significantly higher
than in the Willamette Valley region (55.7 d.f., t ¼ 4.28,
Padj ¼ 0.001). Also, the Mendocino mean was higher than
that of Wenatchee (55.7 d.f., t ¼ 3.91, Padj ¼ 0.005), and the
Willamette Valley mean was higher than that of Deschutes
(55.3 d.f., t ¼ 3.74, Padj ¼ 0.008), but not Eldorado (55.7
d.f., t ¼ 2.72, Padj ¼ 0.112). Among the four lowest means,
there were no significant differences (all Padj . 0.1).
Coincidentally, these four regions (WN, CG, DS and EL) all
lie east of –122 8W longitude, whereas the three highest
means were for the western regions (FL, WV and MN). The
east–west contrast between these groups was significant
(1, 55.6 d.f.; F ¼ 96.85; P , 0.0001). The contrast between
low elevation regions (CG, FL and WV) and high
elevation regions (DS, EL, MN and WN) also was significant
(F ¼ 7.37; P ¼ 0.009).
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Within-region family effects. Likelihood ratio tests revealed sig-
nificant differences in total alkaloid concentrations among
families within regions, as well as for the other random
effects in the mixed model (Table 2). The BLUPs for each
parent were back-transformed and graphed for total alkaloids,
euphococcinine and pinidine (Fig. 4). Each vertical bar rep-
resents one of nine families of seedlings grown from parents
within the region. Overlaying the graphs with the same
y-scale illustrates the proportion of the two final products, pini-
dine and euphococcinine, in the total alkaloid concentration.

Variance components

Residual error was the largest component of variation in
total alkaloid concentrations (Table 3), which represents

seedling to seedling variation within row-plots, in addition to
measurement error. Among the remaining sources of variation,
regional effects was by far the largest and 4.6-fold higher than
at the level of families.

Growth variables and alkaloid production

Regressions of ln(mean total alkaloid concentration) on the
family means of the growth variables resulted in negative
slope estimates for every variable; however, slopes for seed-
ling diameter and current-year diameter growth increment
were not significantly different from zero (Table 4). All
slope estimates appear to be very small because the y-axis is
on a log scale. Coefficients of determination were low; at
best, height increment explained 19.4 % of the variation.
Overall height accounted for 15 %, and the biomass variables
for ,10 %. All the growth variables are correlated with each
other, some more (e.g. root and stem biomass, 0.89) than
others (e.g. height increment and root biomass, 0.68).
Adding the root biomass variable, or the diameter increment
variable, into the model with height increment failed to
explain any additional variation in alkaloid concentrations.
Thus, using slope and intercept estimates for the regression
of ln(total alkaloids) on height increment (Fig. 5) and back-
transforming the regression equation, the strongest association
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TABLE 3. Variance estimates partitioned by source, for the response: total alkaloid concentration in ponderosa pine foliage from
seedlings grown in a common garden

Source of variation d.f. Expected mean square Variance component Percentage of total variation

Bed 3 se
2
þ 1.99sw

2
þ 0.01sp/r

2
þ 0.01sr

2
þ 125.25sb

2 sb
2, 1638 1.7

Region 6 se
2
þ 1.99sw

2
þ 7.95sp/r

2
þ 71.57sr

2 sr
2, 31 629 33.6

Family(region) 56 se
2
þ 1.99sw

2
þ 7.95sp/r

2 sp/r
2 , 6903 7.3

Row-plot[family(region)] 186 se
2
þ 1.99sw

2 sw
2 , 10 464 11.1

Residual error 249 se
2 se

2, 43 421 46.2

TABLE 2. Likelihood ratio tests for random effects on ln(total
alkaloid concentration) in ponderosa pine foliage from seedlings

grown in a common garden

Model Full Reduced x2 P

Family(region) 971.3 977.2 5.8552 0.0155
Row-plot[family(region)] 971.3 979.7 8.3616 0.0038
Bed 971.3 984.9 13.5648 0.0002
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found between seedling growth and alkaloid production
took the form: total alkaloid concentration ¼
1041.1e(20.0059 � height increment). With this model, if height
increment doubles from 100 to 200 mm, total alkaloid concen-
tration drops from 577 to 320 mg g21, a decrease of 55.5 %.
Unfortunately, confidence intervals for the alkaloid concen-
trations are quite large.

Climate variables and alkaloid production

Among the 12 measures of climate, range of monthly
average temperatures (RNGAVT) had the highest R2

(Table 5) and the only convincing relationship (Fig. 6A).
Regressions of six other variables were significant (P ,
0.05), but only the plots of ln(mean total alkaloids) vs.
FFPRE (Fig. 6B) and SUMMAXP were linear and not splin-
tered into regional groups. Both variables are measures of
growing season precipitation and had small, positive slopes.

DISCUSSION

The large differences among regions in alkaloid concentrations
indicated significant intraspecific genetic variation in ponder-
osa pine. In the present study, the highest total mean alkaloid
concentrations occurred in the northwestern Fort Lewis region,
and the lowest in the Columbia Gorge (less than a third of the
Fort Lewis mean). Although these two regions were the most
disparate in alkaloids, geographically they are relatively
close to one another. Overall, a large difference was found
between higher alkaloid concentrations in the western
regions (FL, WV and MN) and lower concentrations in the
eastern regions. For an explanation of such a major biochemi-
cal distinction across a large geographic space, it is necessary
first to look to the evolutionary history of ponderosa pine in
western North America. Piperidine alkaloid production
appears to be an ancestral trait, as it occurs most commonly
in the genera Pinus and Picea (Tallent et al., 1955;
Schneider et al., 1991; Tawara et al., 1993; Stermitz et al.,
1994, 2000), which are thought to be relatively basal in the
phylogeny of the Pinaceae (Price et al., 1998; Wang et al.,
2000). Variation in such a trait may reflect migration, geo-
graphic isolation and genetic drift over time, in addition to
adaptation to environmental drivers. Pinus ponderosa is con-
sidered to have originated in northern latitudes (Millar,
1998), but unfortunately its paleo record is very sparse
within the present study area: there is one occurrence in the
central Sierra Nevada approx 12 000 BP (MacDonald et al.,
1998), and two glacial-age possibilities from Battle Ground
Lake, Washington and Kings Canyon, California (Norris
et al., 2006). During the last glacial maxima some 20 000
years ago, ice sheets would have covered the Fort Lewis
area, and perhaps Wenatchee. Deschutes and Eldorado were
near or directly impacted by mountain glaciation. Modern
populations in these regions would certainly have migrated
there more recently, whereas the Willamette Valley and
Mendocino populations may be older. Much of the northwes-
tern climate roughly 35 000–15 000 years BP may have been
unsuitable for ponderosa, with the exception of along the
coastal margins (Norris et al., 2006). This history could
explain the similarly high alkaloid characteristic of these
western regions, and leads one to suspect the Fort Lewis

TABLE 4. Results from simple linear regressions of ln(family
means for total alkaloids) vs. family means for each growth

variable (n ¼ 63)

95 % confidence
limits

Variable P R2
Slope

estimate Lower Upper

Seedling height 0.002 0.149 –0.0029 –0.0047 –0.0011
Height increment ,0.001 0.194 –0.0059 –0.0090 –0.0028
Seedling diameter 0.070 0.053 –0.0009 –0.0018 0.0001
Diameter
increment

0.114 0.040 –0.0014 –0.0032 0.0004

Stem biomass 0.034 0.072 –0.0002 –0.0005 –0.00002
Root biomass 0.018 0.089 –0.0009 –0.0017 –0.0002
Total biomass 0.025 0.079 –0.0002 –0.0004 –0.00003
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TABLE 5. Results of simple linear regression of ln(total alkaloid
family means) on climate characteristics at parent tree locations

(n ¼ 63)

Variable R2 P

ANNAVT 0.027 0.202
ANNPRE 0.068 0.039
APRPRE 0.049 0.081
FFPRE 0.197 ,0.001
FRSTFREE 0.125 0.005
JULARID 0.055 0.066
RNGAVT 0.418 ,0.001
SPRFRST 0.140 0.003
SUMMAXP 0.116 0.006
SUMMAXT 0.044 0.100
WINMAXP 0.038 0.128
WINMINT 0.183 0.001
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population was founded post-glacially from western sources.
The crest of the Cascade mountain range and the large
Central Valley of California could have slowed east–west
gene flow and facilitated differentiation between western and
eastern regions.

Over the years, the range of ponderosa pine has been dis-
sected in somewhat different ways based on commonalities
in various traits such as growth, phenology, chemistry and
allozymes. Early on, Wells (1964a, b) developed progeny–
environment relationships using ponderosa pine sources com-
parable with the present Wenatchee, Willamette Valley,
Deschutes, Mendocino and Eldorado regions. Within
P. ponderosa var. ponderosa, he distinguished a ‘California
ecotype’ (including both MN and EL) apart from a ‘North
Plateau ecotype’ (including WN and DS). His Willamette
Valley sources were notably different from the other Pacific
Northwest sources, in some ways more closely resembling
California progeny, and so were not included in either division.
Regarding the monoterpene composition of xylem resin
(Smith, 1977, 2000; Sturgeon, 1979; Conkle and Critchfield,
1988), chemical regions or zones for ponderosa pines appear
to agree fairly well with Wells’ morphologically based distinc-
tions. In an extensive comparison, Smith (1977, 2000) mapped
the entire ponderosa species by monoterpene chemotypes.
Three of the regions in the current study (DS, MN and EL)
overlapped his plots, and a fourth in Washington state was
between Fort Lewis and Wenatchee. Unfortunately, he had
no data points for Willamette Valley, and he placed that area
in an expansive ‘Cascade-Northern’ region that also encom-
passed part of P. ponderosa var. scopulorum. Southwestern
Oregon and all except southern California were separated
into a ‘Sierra-Pacific’ region which would include both of
the California regions in the present study (MN and EL).
Sturgeon (1979) then focused on the transition zone between
the two subdivisions (Cascade-Northern/North Plateau vs.
California/Sierra-Pacific) in the vicinity of the OR–CA
border, where he confirmed higher proportions of several
monoterpenes in the California/Sierra-Pacific zone. Conkle
and Critchfield (1988) reviewed the multiple lines of

investigation on intraspecific variation in P. ponderosa var.
ponderosa and decided Willamette Valley ponderosa probably
represented a northern extension of the Pacific region. They
settled on a ‘Pacific race’ incorporating most of California
plus Oregon west of the Cascades (including the present EL,
MN and WV regions), and a ‘North Plateau race’ for central
and eastern Oregon and Washington (including the present
DS, CG and WN regions) plus areas further north and east.
To some extent, the pattern of alkaloid variation observed in
this common garden study corresponds to the distinctions
between the Pacific and North Plateau races of Conkle and
Critchfield (1988), in as far as it coincides with the present
east–west differences. The primary lack of fit is the
Eldorado region in California. Although located in their
Pacific race, it has alkaloid levels comparable with the
eastern regions (DS, CG and WN) that lie within their North
Plateau race. The Fort Lewis region was not included in
their race maps. It is located in a somewhat isolated pocket
of ponderosa pine in northwestern Washington. As the
highest ranked alkaloid producer in the present study, with
Mendocino, second, and Willamette Valley, third, the Fort
Lewis region appears to be an even further northward exten-
sion of the Pacific race. There was no north–south trend or
progression within the western, nor the eastern, regions. The
present study encompasses most of the native range in latitude
of P. ponderosa var. ponderosa, short several degrees north
and south, but variation at the margins remains possible and,
perhaps, likely. For terpenes in field-collected foliage of pon-
derosa pine, Von Rudloff and Lapp (1991) reported no signifi-
cant north–south differences; they also described P. ponderosa
var. ponderosa as remarkably uniform in terms of leaf oil com-
position. For alkaloids in Duboisia myoporoides from northern
and southern Australia, Gritsanapan and Griffin (1991) found
inconsistent variation with latitude. North–south clines in
genetic variation have been found, however, for Pinus
strobus and Picea glauca in Canada (Li et al., 1997a, b).

Elevation is typically considered in progeny studies as a
potential explanatory variable for trait variation. A preliminary
report from Carey and Wink (1994) showed a negative
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relationship between altitude and alkaloid production in
Lupinus argenteus grown in a greenhouse from seed collected
at high and low elevations. In their case, the genetically based
elevation effect was attributed to a history of selective pressure
by herbivores more prevalent at lower elevations. The present
examination of the effect of parent tree elevation also indicated
an inverse relationship: as a group, low elevation (,200 m)
regions had a significantly higher mean alkaloid concentration
than the high elevation (.1200 m) group. Yet, there were
large inconsistencies within the comparison: Columbia
Gorge, with low mean elevation, had the lowest alkaloid
mean; conversely, Mendocino, with high mean elevation,
had the second highest alkaloid mean (see Table 1 and
Fig. 3). As far as elevation is a proxy for temperature, the
wide range of latitude among the regions studied may have
contributed to the inconsistencies.

Seven of the climate variables examined were functions of
temperature (ANNAVT, FRSTFREE, JULARID, RNGAVT,
SPRFRST, SUMMAXT and WINMINT). Only one of these,
the annual range between highest and lowest monthly
average temperatures (i.e. RNGAVT), appeared to relate sig-
nificantly to alkaloid concentrations. Across the broader geo-
graphic area of this study, total alkaloids were higher where
temperature ranged less; however, this negative relationship
did not hold within regions (see Fig. 6A). Presumably, local
factors take precedence at the smaller scale. Overall, the mag-
nitude of the difference between temperature extremes is key.
No indication was found that high or low extremes alone (i.e.
SUMMAXT and WINMINT) correlated with alkaloid
concentrations.

Precipitation, more specifically the timing of it, has been
identified as a distinguishing variable between the ranges of
P. ponderosa var. ponderosa and P. ponderosa var. scopu-
lorum (Wells, 1964b; Norris et al., 2006). Further, within
P. ponderosa var. ponderosa, two precipitation regimes have
been delineated: primarily winter moisture; and winter þ
‘summer’ (growing season) moisture. West of the Cascades
and Sierra Nevada, lower elevation and proximity to the
Pacific Ocean extend the growing season into early spring
when significant precipitation as rain occurs. The high alka-
loid, western regions (FL, WV and MN) are well within this
winter þ ‘summer’ precipitation area, and the low alkaloid,
eastern regions (DS, CG, WN and EL) are in or near the pri-
marily winter precipitation (as snow) area. Thus, the seasonal-
ity of precipitation map of Norris et al. (2006) coincides better
with the present pattern of alkaloid levels than other maps
derived from growth traits or terpene chemistry. Regressions
of five source-specific metrics of precipitation failed,
however, to bear out this apparent, positive association
between growing season moisture and higher alkaloid levels.
The variable, FFPRE, a measure of precipitation during the
frost-free period, was expected to best reflect growing season
moisture. It did yield the highest R2 among the precipitation
variables (19.7 %), but it could not be concluded from these
data that there is a positive relationship (Fig. 6B). Ralphs
and Gardner (2001) suspected that higher soil moisture from
summer precipitation on natural populations of tall larkspur
(Delphinium barbeyi) was responsible for higher toxic
alkaloid concentrations, compared with duncecap larkspur
(D. occidentale). However, reciprocal common garden tests

of the two larkspur species showed no inherent differences
in toxic alkaloids. Water availability has been generally
thought to be negatively associated with alkaloid production
in plants (Herms and Mattson, 1992). Water restriction has
the potential to favour alkaloid synthesis by limiting growth,
thereby increasing availability of substrates for allocation to
secondary metabolism (Herms and Mattson, 1992); or rather,
the mechanism may be increased leaf nitrogen (with compar-
able allocation) leading to higher alkaloid contents (Hoft
et al., 1996). Duration of drought is also a factor, and elimin-
ation of water stress can reduce alkaloid concentrations (Krejsa
et al., 1987).

There are differences in alkaloid concentrations among
families within regions, but not as great as differences among
regions. One-third of the total observed variation was distribu-
ted at the regional level, while only 7 % occurred at the family
level (see Table 3). In comparison with the piperidines in the
present study, constitutive pyrrolizidine alkaloid concentrations
varied considerably among full-sibling families of houndston-
gue (Cynoglossum officinale) and heritability was significant
(van Dam and Vrieling, 1994) (variance components were not
stated). In a study of bush lupine (Lupinus arboreus), Adler
and Kittelson (2004) observed large differences among collec-
tion sites and lesser differences among maternal families in
terms of seed alkaloids, but no maternal effect on leaf alkaloids
in progeny. For ponderosa pine located in the Deschutes region
and eastern Oregon, a range of growth and phenology traits
exhibited generally equal or higher variance among families
within location compared with variance among locations
(Sorensen and Weber, 1994). This lack of differentiation
between two regions east of the Cascade Crest fits with the
present observations, but over the entire scope of this study pon-
derosa pine appears to be rather highly differentiated with
respect to the alkaloid trait. Li et al. (1997a) suggest that high
regional variance in a number of Pacific Northwest conifers
may be a product of environmental heterogeneity, compared
with species with more northern and eastern (Canadian) distri-
butions. Eastern and western white pine (Pinus strobus and
P. monticola, respectively) are noted exceptions in their respect-
ive geographic areas (Li et al., 1997b).

Resource availability to the seedlings was designed to be
uniform in the common garden, so the basic, source-driven
GDBH was not directly tested in this study. Rather, a demand-
side model of the GDBH (as in Lerdau et al., 1994) may be
applied. Under this model, allocation to secondary products
is subject to competing (genetically determined), phenologi-
cally driven demand for biomass. In the present study, the
observed variation in total foliar alkaloid concentrations was
only partially attributable to growth traits (seedling height
growth, in particular). As theory would predict, alkaloid con-
centrations were negatively correlated with the growth vari-
ables. These variables all related linearly to the natural log
of alkaloid concentrations (e.g. Fig. 5), or as inverse exponen-
tials to untransformed alkaloid concentrations. No linear com-
binations of growth variables were found that would explain
any more of the variation in alkaloids beyond that which
was accounted for by current-year height increment (i.e. 19.4
%). Among the growth measures available, the annual incre-
ments best represent allocation of resources during the same
period of time that total alkaloids accumulated in current-year
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foliage, so it may be noteworthy that height growth increment
showed the strongest inverse relationship to alkaloids. On the
other hand, diameter increment was the least significant
among them.

The growth vs. alkaloid relationships described above are
applicable across the broad geographic scope of the study, but
in similar regressions within regions (n ¼ 9), slopes were not
detectably different from zero. In other ways, associations
involving growth traits are not necessarily maintained over
the range of this study. In southern Oregon, Sorenson et al.
(2001) found that size traits in ponderosa pine (including
height, diameter and biomass) responded strongly to elevation
in the North Plateau race, but not in the Pacific race. In
California, Jenkinson (1980) observed large differences in the
timing of root growth among ponderosa seedlings from
sources along an elevational transect within the Eldorado
region. The seedlings in the present study were harvested in
the autumn, possibly favouring higher root biomass in families
from lower elevations. Confounding factors such as this prob-
ably contribute to variation in the data. For example, growth
potential of ponderosa pine is inversely associated with seed
source elevation, but temperature may be the real controlling
factor (Kitzmiller, 2005). Differing precipitation patterns at
the seedlings’ sources (as previously discussed) is another
potentially confounding factor likely to affect growth potential,
if not alkaloid production directly. Orians et al. (1996) detected
no correlation between plant growth parameters and heritable
leaf chemistry (phenolic glycosides), despite controlling for
significant block effects. They postulated that a time lag
between measurements or nutrient limitations to growth could
have influenced their findings (not likely to be issues in the
present study). Others (van Dam and Vrieling, 1994) have
seen genetically based, intraspecific variation in alkaloid
levels with no correlation to plant biomass. Finally, the
GDBH allocates resources between primary and secondary pro-
ductivity, and although this study provided a solid quantitation
of primary productivity in terms of growth, only the alkaloid
component of secondary productivity was measured. As piper-
idine alkaloid concentrations are a minor component compared
with terpenes and other secondary defence chemicals of pon-
derosa pine, no more than a partial accounting for the variation
should be expected.

Most analyses of conifer alkaloids have been done with
mature trees, and variation with tree maturation is not well
documented. Other types of plants are known to have different
levels of alkaloids at different life stages (e.g. Ralphs et al.,
1997). For Picea pungens, Todd et al. (1995) provided a sys-
tematic comparison of alkaloids in young seedlings and mature
trees, and noted qualitative and quantitative changes with age,
but overall variation eclipsed any general age effect, if there
was one. In another study, alkaloid profiles of whole ponderosa
pine seedlings traced for 1 month past germination showed
increasing, then decreasing, concentrations of intermediates
(Tawara et al., 1995). Previously, generally higher alkaloid
concentrations have been observed in Willamette Valley sap-
lings compared with mature trees in the Deschutes region
(Gerson and Kelsey, 1999a, b, 2004), raising the question of
whether these differences were attributable to tree maturity,
site quality or genetics. In the present study, total alkaloid con-
centrations in Deschutes region seedlings were low, as were

concentrations measured in previous studies on mature ponder-
osa pine trees from the same region (even after fertilization)
(Gerson and Kelsey, 1998, 1999a). This provides some evi-
dence that foliar alkaloid concentrations are similar for
young and old trees from the same region.

With respect to qualitative differences in alkaloid profiles
(as opposed to quantitative variation in total alkaloid concen-
trations), variation is substantial among Pinus species (Tallent,
1955; Tawara et al., 1993; Stermitz et al., 1994; Gerson and
Kelsey, 2004), to the extent that euphococcinine, rather than
pinidine, is the dominant alkaloid in some species. In contrast,
within ponderosa pine, little intraspecific qualitative variation
that could be sorted into chemotypes was observed.
Intraspecific differences in alkaloid profiles of other plants
do occur with geography (Wink and Carey, 1994), and there
was some evidence for this in the stacked bars of Fig. 4.
The Fort Lewis and Mendocino seedlings had slightly lower
proportions of pinidine in the total, otherwise the differences
within and among regions were primarily a matter of quantity
rather than composition. Euphococcinine, the secondary end-
product of alkaloid biosynthesis in ponderosa pine, appeared
consistently in very minor proportions (3–6 %) across the
regions. This same alkaloid is synthesized de novo by a bean
beetle (Epilachna varivestis) for deployment as a feeding
deterrent (Eisner et al., 1986), but the minor quantities
found in ponderosa pine suggest euphococcinine has not
been selected for. Latta et al. (2003) suggested that trade-offs
in production of particular monoterpenes within the total pool
can occur where resources are limited, and this situation would
lead to negative correlations between terpenes. They did find
strong negative correlations for three major monoterpenes of
field-sampled ponderosa pine. In the present case, however,
log-transformed pinidine and euphococcinine concentrations
related weakly, but positively with one another (R2 ¼ 13.1
%, simple linear regression, P , 0.001) within the total
alkaloid pool. From this, it is inferred that composition
and quantity of alkaloids were not resource-constrained,
indeed as the controlled experiment in nursery beds was
designed to be.

The findings of this study are based on one common garden
located in the Willamette Valley region. Interactions between
seed source and test locations can occur for ponderosa
growth traits (Kitzmiller, 2005; Zhang and Cregg, 2005),
thus it is might be possible to find different degrees of vari-
ation in alkaloids, or even different rankings of regional
means at reciprocal garden locations. Adler and Kittelson
(2004) found that population-level variation in bush lupine
alkaloid profiles depended on destination site. In a comparison
of alkaloids in two species of Delphinium (Ralphs and
Gardner, 2001), a significant difference occurred at one
garden location, but not the other, in one of two years, and
was attributed to differences in precipitation. Climate at the
Willamette Valley study site is mesic and seedlings were
well watered, and a range of alkaloid production was observed,
so there is no compelling reason to suspect that the common
garden environment was limiting. However, it would be hazar-
dous to predict the same piperidine alkaloid variation from the
same ponderosa pine sources grown in a common garden in a
continental–montane environment, for example. With the
exception of nitrogen availability, it is not known what
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environmental variables may affect the expression of alkaloid-
producing genes in conifers.

Of 501 seedlings sampled, every one had measurable quan-
tities of piperidine alkaloids. Alkaloid-free ponderosa pine
trees have been discovered in the Deschutes region (Gerson
and Kelsey, 1998), but the absence was attributable, at least
partially, to nitrogen limitations (Gerson and Kelsey, 1999b).
None of the Deschutes families in the present study lacked
alkaloids, further suggesting that those alkaloid-free trees
were exhibiting environmental rather than genetic constraints.
Within other conifer species, absence of alkaloids has been
observed even though nutritional status appeared to be ade-
quate (Gerson and Kelsey, 2004). Genetic manipulation of
Lupinus and Solanum species can result in alkaloid-free
plants (Wink, 1988), so this degree of variation is certainly
possible within species. For quantitative purposes, the
present common garden study demonstrated that sampling
from a wide geographic range is necessary to capture intraspe-
cific variation, though a relatively small sampling of trees pro-
vides an adequate qualitative profile. Most importantly, high
tree to tree variation should be expected.

In summary, significant genetic variation was found in foliar
alkaloids of ponderosa pine in a seedling common garden
study. Seedlings from sources in the Coast Ranges and Puget
lowland along the western extent of the species range exhibited
the highest concentrations. Seedlings from sources in or east of
the Cascade/Sierra Nevada mountain ranges had relatively low
alkaloid levels, and there were no north–south trends. The
regional pattern of alkaloid variation generally fit with race
maps previously developed from phenological traits and terpene
chemistry, with the notable exception of the distinct difference
between the two regions in California. The amount of variation
among families within regions was much smaller than the
regional variation. Overall, alkaloid variation was quantitative,
rather than qualitative: the end-product, pinidine, predominated
throughout the scope of this study. Alkaloid quantities were nega-
tively associated with growth variables, especially height incre-
ment, in support of a phenologically driven, demand-side
allocation model of growth vs. differentiation. Among climate
and topographic variables at parental seed sources, average temp-
erature range appeared to relate inversely to alkaloid concen-
trations, and very low precipitation was associated with low
alkaloid concentrations. However, no single explanatory variable
was very convincing, and relationships for some variables
appeared to be influenced by what part of the geographic range
was under consideration.

SUPPLEMENTARY DATA

Supplementary Data are available at Annals of Botany online,
giving details of parent tree seed source identification and
locations (latitude, longitude, elevation), and seed bank locations.
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