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ABSTRACT

Fifteen trees in a natural population of Juniperus scopulorum Sarg. were sampled at 4-week
intervals throughout a year and the terpenoid constituents were extracted from the foliage.
Several environmental variables were measured. Correlations with changes in volatile oil com-
position (computed as both relative percentages and as weights) were examined. Significant
seasonal variations were discovered in both the relative percentage and weight data. These
seasonal changes in the volatile oil composition were correlated with linear growth, tempera-
ture, yield of volatile oil, and dry weight of foliage. Seasonal variation in the terpenoids com-
puted on a weight basis was found to be greater than the seasonal variation of the terpenoids
computed as relative percents of the total oil. Evidence is presented which indicates that there
is no stable period to sample on a weight basis, but sampling in the late fall and winter periods
minimizes variation in the relative percentage data. The use of relative percentage data is

thus encouraged for chemosystematic studies.

WITHIN THE LAST TWO DECADES a number of sec-
ondary plant constituents have been successfully
utilized in resolving biosystematic problems. The
widespread distribution, structural heterogeneity,
chemical complexity, and apparent physiological
stability of volatile terpenoids render them par-
ticularly useful in establishing phenetic and phylo-
genetic relationships. Yet there is a widespread
contention among many chemosystematists that
the volatile oils are “waste products” which are
somehow immune to seasonal and ontogenetic
changes.

The quantity and composition of volatile oils
reflect the influence of genetic (Hanover, 1965,
1966, 1971; Hefendehl and Murray, 1971; von
Rudloff, 1972b) as well as certain nongenetic
variables. Diurnal fluctuations in the volatile oil
of sage (Salvia officinalis) have been reported
(Fluck, 1963). Scora and Torrisi (1966) en-
countered significant differences in the foliage es-
sential oil of Valencia oranges when coastal and
inland populations were compared. Fluck (1963)
cited evidence which suggested that the terpenoids
of several plant taxa were strongly influenced by
climatic and edaphic conditions. Burbott and
Loomis (1967) reported environmentally induced
variations in the monoterpenes of peppermint
(Mentha piperita) and, more recently (1969),
discussed evidence for the metabolic turnover of
monoterpenes, as have Croteau, Burbott, and
Loomis (1972). Burbott and Loomis suggested
that in peppermint the monoterpenes are utilized

1 Received for publication 21 March 1973.
This research was supported with funds from National
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as substrates for energy metabolism when more
suitable stored substrates become depleted within
the secretory cells.

Several investigations on seasonal variations in
the volatile oil composition have been made. The
results are contradictory and reflect strongly the
taxa and tissues examined. Von Rudloff and Un-
derhill (1965) were unable to detect significant
compositional variations in the volatile oil of ma-
ture tansy plants (Tanacetum vulgare) before,
during, or after flowering. The volatile oil from
young plants was more variable; evidence indi-
cated an early synthesis of the sesquiterpenes and
a labile C; alcohol. The volatile oil composition
of mature wild mint plants (Mentha arvensis var.
glabrata) was found to be remarkably consistant
prior to, during, and after flowering (von Rudloff
and Hefendehl, 1966). These results differed
considerably from those obtained by Battaile and
Loomis (1961) in their work on the biosynthesis
of monoterpenes in peppermint (Mentha piverita
‘Mitcham’). They provided evidence for the de
novo synthesis of terpenes in young tissues with
terpene interconversions restricted to older tis-
sues.

Seasonal variations in the volatile oil composi-
tion of Pinus are poorly documented and contra-
dictory. In a classicial study of pine oleoresins,
Mirov (1961) found little seasonal variation in
turpentine composition. Similar results were re-
ported by Smith (1964 ) from his work on volatile
oil variability in ponderosa pine (Pinus ponderosa)
oleoresins. Zavarin et al. (1971) concluded that
although major seasonal fluctuations in the vola-
tile oil of ponderosa pine were restricted to the
current year’s foliage, increased metabolic activity
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during needle growth influenced mature as well
as juvenile needles.

Von Rudloff (1962) noted significant variations
in the volatile oils from white spruce (Picea
glauca) and blue spruce (Picea pungens) foliage
harvested at different times throughout the year.
He concluded that «-pinene and 3-carene were
produced in the early stages of growth. A some-
what later accumulation of camphor, free borneol,
and possibly tricyclene, camphene, and p-cymene
was observed. Recently, in a detailed study of
seasonal variations in the volatile oil composition
of white spruce leaves, buds, and twigs, von Rud-
loff (1972b) reported that major changes oc-
curred only in the juvenile foliage. Minor varia-
tions were detected in the older foliage during the
early summer months.

Adams (1969) reported seasonal variations in
the volatile oil extracted from the foliage of a
Juniperus ashei tree sampled at monthly intervals
throughout a one-year period. Similar results
were observed in a study of seasonal variation in
the volatile oil composition of Juniperus pinchotii
(Adams, 1970). Analysis revealed that the rela-
tive percentages of 25 of the 70 terpenoids com-
posing the foliage volatile oil were quite sig-
nificantly different when summer and winter
collections were compared.

Most recently, Tatro et al. (1973) in a study
of the volatile oil of Juniperus occidentalis, I.
osteosperma, and J. californica concluded that
“significant” seasonal variation was not occurring
in these taxa, yet they present evidence that diur-
nal variations are occurring! In examination of
the graphs (p. 238) it appears that there is a sig-
nificant difference (P = .05) between the January
and the June sample for sabinene in J. californica.
It was unfortunate that variance intervals were
plotted rather than 95% confidence Iimits, so
that other compounds could be checked. In any
case, their data (for percent calculations) might
be interpreted to encourage or discourage random
seasonal sampling and further clarification is
needed.

The purposes of this study were: (1) to deter-
mine if the volatile oil composition of J. scopu-
lorum varies throughout the year; (2) if changes
do occur, how these changes in the volatile oil
quantity and composition correlate with environ-
mental and growth factors; (3) should individual
compounds be quantified on the basis of weight
per dry foliage or as percentages of the total oil
extracted, in order to minimize the effects of sea-
sonal changes when sampling for systematic
studies?

MATERIALS AND METHODS—Fifteen trees of
Juniperus scopulorum Sarg., appearing in good
vigor, were selected from a natural population oc-
curring approximately 13 miles southwest of Ft.
Collins, Colorado. These were permanently la-
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beled and fresh foliage samples were collected (as
outlined by Adams, 1970) at 4-week intervals be-
ginning May 1, 1971 and continuing through
April 28, 1972 (i.e., 14 sampling periods). The
fresh foliage samples were sealed in plastic bags
and, within 2 hr of collection, stored at 0 C,
pending steam distillation.

Prior to the initial sampling period, five twigs
bearing terminal whips were selected on each tree
and marked with India ink. The ink markings
served as points of reference from which linear
growth increments could be ascertained. Each
twig was measured with a clear metric ruler at
4-week intervals throughout the study. The twig
length recorded for the previous sampling period
was subtracted from the current measurement to
determine the growth increment for each twig.
The mean growth increment for five twigs was
used as an estimate of tree growth during the in-
tersampling period.

Ambient air and soil temperatures were con-
tinuously recorded with thermographs. From
these data the following variables were calculated:
mean air and soil temperatures for the 4-week
sampling periods; average maximum air and soil
temperatures for the 4-week sampling periods;
average minimum air and soil temperatures for
the 4-week sampling periods; and average air and
soil temperatures for the week prior to sampling.
Precipitation for the sampling period and for the
week prior to sampling was measured in the field
and supplemented in the winter by data from the
Colorado State University weather station.

Within 5 days after freezing, foliate samples
were thawed, and excessive woody tissue and the
female cones were discarded. Using a modified
Clevenger type circulatory condenser, a 50 gram
(green weight) portion of each foliage sample was
steam distilled® as described by Adams (1969).
After 24 hr of active distillation, the ether-
terpenoid layer was removed and stored at —20 C
in a tightly capped, preweighed glass vial. Prior to
analysis on the gas/liquid chromatograph, the
ether solvent was evaporated to approximately
20 % of the sample by use of a jet of nitrogen.
The oil samples were then weighed.

The foliage samples were removed from the dis-
tillation apparatus and dried for 48 hr in a chro-
matography oven maintained at 90 C. This time
period is sufficient to establish a constant weight.
The dried foliage samples were then weighed.

The volatile oils from the 210 samples (15
trees, sampled 14 times) were run in random or-
der on a gas/liquid chromatograph with flame ion-
ization detection. Separation was accomplished
by a series of linear and isothermal temperature
programs (see Powell, 1973 for detailed column
conditions) on a capillary (200’ x .02” LD.)

2 A 100 gram portion was steam distilled from each
foliage sample for the first four sampling periods.
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column coated with an 8 % carbowax solution
(PEG, 20 M). Due to the extraction of several
high boiling compounds when 24-hr distillations
were used, a 2-hr isothermal period (T =215 C)
was necessary to elute all of the components.
Thus the total time of analysis was approximately
3 hr per sample. Identification of the major ter-
penoids composing the volatile oil of J. scopu-
lorum had been previously accomplished by von
Rudloff and Couchman (1964) and further sub-
stantiated by Adams (1969). The terpenoids
were identified by comparison of their retention
times with those of known compounds. A listing
of the compounds encountered throughout the
study is provided in Table 1. Of the 100 volatile
oil constituents listed in Table 1, only 47 were
consistently found in amounts greater than traces
(.05%). The inability to consistently resolve
tricyclene, a-pinene, and «-thujene into three dis-
tinct peaks prompted their consideration as a unit
for further numerical analyses. Compounds 23
and 24 were also evaluated as a single entity.
Individual compounds were quantified with an
electronic digitial integrator, coded (Adams,
1969), and key punched for computer analysis.
The percent yield of volatile oil from each
foliage sample was calculated as follows:

% oil yield = 100.0 X oil wt./(dry wt. + oil wt.)

The following formula was used to calculate the
percent extracted dry weight for each foliage sam-
ple:

% dry wt. = 100.0 X dry wt./fresh wt.

The relative percentages of individual compounds
were determined from the printed output supplied
by the digital integrator. The weight of a com-
pound (cpd.) was expressed as the number of
grams of that compound per 100 grams of organic
matter (= dry foliage wt. + wt. of the oil re-
moved from the foliage sample before drying)
and was computed as follows:

wt. cpd. (i, tree j) = % cpd. (i, tree j) X oil wt.
(per 100 gms organic matter).

An analysis of variance (ANOVA) was per-
formed on the percent yield, percent extracted dry
weight, relative percentage of each compound,
weight of each compound, and growth to deter-
mine which characters differed significantly from
one sampling period to the next. Each character
was further analyzed using the Student-Newman-
Keul’s multiple range test (Steel and Torrie,
1960) to determine which sample set means were
significantly different.

Pooled sample correlation coefficients (r ma-
trix) were calculated for the environmental data,
growth data, percent extracted dry weight data,
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TABLE 1. 100 compounds composing the volatile oil of
foliage®
Cpd. § Identity Cpd. § Identity Cpd. § Identity
1 tricyclene 27 52%
2 a-pinene/  28%* 53 elemol
a-thujene  29A* 54
3*  (camphene) 29* 55 elemol
4% 29B* acetate
5B* 30A* S6A*
6A* B-pinene 30 56*
6 sabinene 31 (estragole) 57 ~v-eudesmol
TA* 32 58
7 myrcene 33A* 59
7B* 33 60/
8 a-terpinene 34 61 a-eudesmol/
9 limonene 35 B-eudesmol
10*  B-phel- 36 citronellol 62
landrene 37% 63*
11 v-terpinene 38A* 64
12 p-cymene  38% 65
13 terpinolene 38B* 66A*
14% 39 66*
15A* 39B* 66B*
15% 40 67%
16* 40B* 67TA*
17 Cy alcohol 41% 68A
18%* 42 68
19% 43 69A
20% 44%* 69 acetate IT*
21*  (camphor) 45A* 70
22 linalool 45 methyl 70A
23* eugenol 70B*
24 (methyl 46 70C*
citronellate) 47* 70D*
25*%  boryl 48 70E*
acetate 49 TOF*
26A* 50 TOX*
26 4-terpinenol 51 71

* See discussion by von Rudloff and Couchman, 1964,
and Vinutha and von Rudloff, 1968.

* Compounds tentatively identified are enclosed in
parentheses. Those compounds which were generally
present in amounts less than .05 % (traces) are marked
with an asterisk (*) following the compound number.

and all chemical data with F-ratios = 1. The in-
tercorrelation matrix allowed further insight into
possible correlations between terpenoids, environ-
mental variables, and growth activity. In addi-
tion, factor analysis was utilized to determine
groups of mutually highly correlated variables.
To obtain a better understanding of the time
of the year that the relative percentages of volatile
oil constituents were least variable, the average
annual percentage was calculated for each com-
pound with an SNK test significant at the P = .05
level. For each of the 14 sampling periods an
absolute deviation from its average annual per-
centage was then determined for each compound.
The individual absolute deviations calculated for
a particular sampling period were then summed;
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TABLE 2. SNK tests for growth, percent yield, and percent extracted dry weight data. Any means not under-

scored by a common line are significantly different.

Character = growth (P = .05)

Date 6/26 7/24 5/29 4/1 4729  8/21 10/16 9/18 3/3 1/8 12/11 11/13  2/5
Mean 4.0 1.8 1.7 .89 .85 .60 .37 .33 .28 .24 .00 -13 -.16
SNK

TEST

Character — percent yield (P = .05)

Date 11/13 10/i6 1/8 9/18 12/11 3/3 2/5 4/1 4/29 8/21 7/24 6/26 5/1 5/29

Mean 8.2 82 8.1 7.9 78 7.7 13 12 7.0 6.8 6.5 6.4 6.0 5.9

SNK

TEST

Character = percent extracted dry weight (P = .03)

Date 8/21 4/1  4/29 5/1 5/29 2/5 7/24 12/11 6/26 3/3 11/13 1/8 8/18 10/16
Mean  42.4 420 41.1 40.1 40.1 40.1 39.6 39.4 39.0 38.9 38.7 38.7 38.0 37.5
SNK

TEST

an average absolute deviation was thus obtained.
The same method was utilized to estimate at what
time of the year the weights of volatile oil con-
stituents were least variable. Computations for
the weight data were based upon average annual
weights for those compounds with significant SNK
tests.

REesuLTs—Changes in linear growth (shoot
elongation)—Analysis of variance (ANOVA)
revealed significant differences in linear growth
activity during the year. The F-ratio (variance
among sample means/variance within samples)
for growth was 17.34 (F,; = 1.83). The SNK
test is illustrated in Table 2. Mean values not
underscored with a common line are significantly
different (P = .05).

Major growth activity was observed during
May, June, and July; some twig elongation likely
occurred prior to the first sampling period.
Growth increments calculated for the early spring

TABLE 3. Intercorrelation matrix for growth, percent oil
vironmental variables

suggest the initiation of growth during March
(Fig. 1). Changing air and soil temperatures
were correlated with fluctuations in growth ac-
tivity, but a direct correlation with precipitation
was not in evidence (Table 3).

Changes in the yield of volatile oil—An F ratio
of 9.80 from the ANOVA indicated significant
differences were occurring in the percent yield of
volatile oil during the year. The SNK test is
shown in Table 2. Mean percent yields of volatile
oil for several sampling periods were significantly
different. The percent oil yield increased grad-
ually throughout the summer and early fall, at-
taining a maximum value in mid-November (see
Fig. 1). A decline was observed during the win-
ter. When comparing percent yields of oil within
a season, statistically significant differences were
absent. Considerable variation was encountered,
however, when spring and summer oil yields were
compared with those calculated for the fall and

vield, and percent extracted dry weight with several en-

PPT MAT AAH AAL MST SAH SAL APW SPW RPW
GROWTH .003 .666 623 .628 .609 .584 .621 383 .698 .044
% YIELD -.116 -.586 -.556 -.570 -.551 —.533 —.553 -.257 -.615 .005
% DRY WT. -.003 123 154 .087 146 152 137 .065 144 -.017

PPT, precipitation; MAT, average air temperature; AAH, average maximum air temperature; AAL, average mini-
mum air temperature; MST, average soil temperature; SAH, average maximum soil temperature; SAL, average
minimum soil temperature; APW, average air temperature for week prior to collection; SPW, average soil tempera-
ture for week prior to collection; RPW, precipitation for week prior to collection.
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Fig. 1-3. 1. Seasonal variations in the percent yield
of volatile oil and the growth rate of J. scopulorum. See
text for discussion. 2. Graphical representation of the
correlation between the percent yield of volatile oil and
the percent extracted dry weight. 3. Seasonal fluctua-
tions in the relative percentage and the weight of com-
pound 2, tricyclene + a-pinene/a-thujene. The relative
percent of compound 2 exemplifies the first trend in the
percent data.

winter sampling periods. Fluctuations in the yield
of oil were negatively correlated with linear growth
activity (Fig. 1). The correlations between per-

cent oil yield and several environmental variables.

were low (Table 3).
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TABLE 4. Intercorrelation matrix for growth, percent
oil yield, and percent extracted dry weight

GROWTH % YIELD % DRY WT.
GROWTH 1.00 =725 .060
% YIELD -.725 1.00 -.520
% DRY WT. .060 -.520 1.00

Changes in the percent extracted dry weight—
The percent extracted dry weight varied signifi-
cantly during the year (Table 2), which was ex-
pected from the ANOVA (F = 8.32). The max-
imum dry weight was observed during August.
Values observed during the fall and winter were
low. Fluctuations in the dry weight could not be
directly attributed to the environmental param-
eters measured (Table 3). The percent extracted
dry weights were slightly correlated with the per-
cent yield of volatile oil (Fig. 2). The correlation
with growth was very small (Table 4).

Seasonal variations in the volatile oil com-
ponents (computed as relative percents of the to-
tal oil)—Analysis of variance of the 47 nontrace
components (see Table 1) revealed 19 com-
pounds with significant F ratios. When these were
subjected to the more conservative SNK test, 11
compounds were found to vary signficantly (P =
.05). Examination of the SNK tests revealed
three major trends among these 11 compounds.
These major trends will be exemplified by a com-
pound chosen to represent each trend.

The first trend is shown by compound 2 (tri-
cyclene + a-pinene/e-thujene) in Table 5. The
maximum percent was observed in May (Fig. 3).
A decline was noted during the warm summer
months and a minimum value was reached in mid-
August. The percent of compound 2 increased
gradually during the fall and winter months. This
trend shows a small negative correlation with tem-
perature, rainfall, and percent yield of volatile oil
and a slight positive correlation with growth (see
Table 6). Low percentages of compound 2 ob-
served in the late summer and early fall may be
the result of volatilization and/or resinification,
but it is possible that these fluctuations merely re-
flect other compositional changes in the volatile
oil.

The second trend is shown by compound 8
{a-terpinene), compound 13 (terpinolene), com-
pound 26 (4-terpinenol), compound 32, and com-
pound 35 is exemplified by compound 8 (a-ter-
pinene). The SNK test is shown in Table 5.
Maximum percentages were observed in June; a
decline was noted in the summer and early fall
with a second decline in March (Fig. 4).

Evidence suggests the possible synthesis of
these compounds during periods of intensive
growth activity (Table 6, Fig. 4). One may ex-
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TABLE 5. SNK tests for three compounds with significant seasonal variations in the percent composition of the vol-
atile oil of 1. scopulorum (P = .05). These compounds exemplify the three major trends encountered in the rela-

tive percent data

Character = 2, tricylene 4 a-pinene/a-thujene

Date 5/1  5/29 6/26 2/5 7/24 3/3 1/8 4/1 11/13  4/29 12711 9718 10/16 §/21
Mean 3.55 3.54 348 3.36 326 325 3.25 3.20 3.14 3.11 3.02 2.76 2.75 2.66
SNK

TEST

Character = 8, a-terpinene, (similar patterns were found for terpinolene, 4-terpinenol, compound 32, and
compound 35)

Date 6/26 7/24 5/1 2/5 8/21 5/29 9/18 4/1 1/8 4729 12/11 11/13 373 10/16
Mean 1.83 1.77 1.67 1.57 1.56 1.54 1.50 1.50 1.49 1.46 1.44 141 1.36 1.25
SNK

TEST

Character = 31, (estragole), (similar patterns were found for compounds 39, 50, 70, and 71)

Date 3/3 10/16 12711 2/5 11713 1/8 5/29 4/29 5/1 9/18 4/1 7/24 8/21 6/26
Mean 22 .19 19 .18 A8 17 17 16 .15 15 15 12 11 .10
SNK

TEST

pect some loss of these rather volatile trepenoids
during the warm summer months (Fluck, 1963),
but it is unlikely that volatilization adequately ex-
plains the losses observed during the fall. Posi-
tive correlations with temperature (Table 6)
further indicate that volatilization alone cannot
account for the observed variations. Similar re-
sults were reported by Adams (1970) in a study
of seasonal variation in the volatile oil constituents
of J. pinchotii.

The third trend is exemplified by compound 31
(estragole?) and is shared by compounds 39, 50,
70, and 71. These compounds are all either highly
oxidized terpenes or sesquiterpenes. They are
rather nonvolatile and somewhat polar. The SNK
test for compound 31 is shown in Table 5. The
percent of compound 31 remained fairly constant
during the winter months then increased to a
maximum value in early March (Fig. 5). This
trend was negatively correlated with temperature
(Fig. 5) and growth and positively correlated
with the percent yield of volatile oil (see Table 6).

Intercorrelation analyses between the com-
pounds of trends one, two, and three showed
(data available on request) that trend one had

TABLE 6.

low correlations with trends two and three and
that trends two and three were highly negatively
correlated (—.76 to —94). The positive correla-
tion of trend two with growth suggests that those
compounds may be precursors to those of trend
three.

During November, December, and January the
relative percentages of the eleven compounds
with significant SNK tests deviated little from the
mean percent (Fig. 6). Fluctuations during the
summer and early fall were considerable.

Seasonal variations in the volatile components
(computed as grams per 100 grams of dry matter)
—When the components were quantified on a
weight basis (grams per 100 grams dry matter),
17 compounds were found to have significant F
ratios from the ANOVA. The more conservative
SNK multiple range test showed 15 of the 17 to
have significant differences during the year (P =
.05). Analyses of these 15 compounds revealed
four major trends.

The first trend is exemplified by compound 6
(sabinene) and is shared by component 2 (tri-
cyclene + a-pinene/a-thujene), compound 17 (Cyq

Correlations between compound 2 (trend one), compound 8 (trend two), and compound 31 (irend three),

and growth, percent yield of volatile oil, percent dry weight, precipitation, average air temperature, and aver-

age soil temperature

Cpd. Growth % yield % dry weight ppL. Air temp. Soil temp.
2 .469 —-.475 .020 -.365 —.149 -.245

8 757 —.689 .237 154 566 571
31 —.697 .606 —.403 -.399 -774 -.816
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terpene alcohol), and compound 22 (linalool).
The SNK test for compound 6 (sabinene) is shown
in Table 7. In general the compounds of this trend
were postively correlated with the percent yield of
volatile oil and negatively correlated with tempera-
ture (see Table 8). Figure 7 shows the high posi-
tive correlation between sabinene (compound 6)
and the percent yield of volatile oil (acetate IT will
be discussed under trend four). The decrease in
weight for these compounds was typically in Au-
gust, with increases in the fall.

The second trend is the major trend of the
weight data and includes 7 compounds: com-
pound 31 (estragole?), compound 33, com-
pound 39, compound 50, compound 55 (elemol
acetate), compound 70 (a sesquiterpene), and
compound 71 (a sequi- or di-terepene). Com-
pound 31 (estragole?) will be used to exemplify
this trend and its SNK test is shown in Table 7.
Minimum weight values occurred during the
spring and summer sampling periods (Fig. 8).
Weight increases during the October sampling
period were followed by a slight decline. Late
fall and winter values fluctuated little.

In general, the compounds of this trend fol-
lowed closely that of trend one (see Table 8,
cpds. 6 and 31) except for the earlier decline in
June (as opposed to August in trend one) and
the greater stability during the winter (compare
sabinene in Fig. 7 with estragole in Fig. 8).

The third trend in the compounds computed
on a weight basis is shown by a single compound,
32. The SNK test (Table 7) revealed several sig-
nificant differences during the year. The weight
increased during the early summer, attaining a
maximum value in the July sampling period.
Some fluctuations were observed during the fall
and winter; these variations, however, were not
statistically significant.

This trend is very similar to trend two of the
percent data as shown in Fig. 4 and as exem-
plified by compound (a-terpinene) of the per-
cent data.

Although seasonal variations in the weight of
compound 32 followed closely the variation pat-
tern of the percent of compound 32, fewer sig-
nificant differences are encountered in the weight
data. The weight of compound 32 is slightly cor-
related with several environmental variables and
with growth, percent oil yield, and percent ex-
tracted dry weight data (Table 8). The weight
of compound 32 (trend three) is negatively cor-
related with trends one, two, and four. The in-
crease of this compound before the general in-
crease of the precent yield of volatile oil and just
after the major growth suggests that compound
32 may be a precursor to the other terpenoids.

The fourth trend is exemplified by compound
69 (acetate II) along with compounds 49 and
54. Although the relative percentages of these
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Fig. 4-6. 4. Graphical representation of the cor-
relation between seasonal variations in the relative per-
centage of compound 8 (a-terpinene) and the growth
rate of J. scopulorum. Compound 8 represents the
second major trend in the percent data. 5. Seasonal
variation in the relative percentage of compound 31
(estragole) and the average air temperature. Com-
pound 31 exemplifies the third major trend in the per-
cent data. 6. Average absolute deviations from the
average annual percentages of 11 compounds which had
significant SNK tests. Note the period from November
to February when the deviations are fairly constant.
This appears to be the most suitable time to collect
samples of foliage for chemosystematic studies.
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TaBLE 7. SNK tests for four compounds of J. scopulorum with significant weight variations during the year. (P =
.05) These four compounds represent the four major trends in the changes in composition when components
were calculated as grams per 100 grams of organic matter

Character = 6, sabinene, (similar patterns were found for cpds. 2, 17, and 22)

Date /8 11713 3/3 12/11 10716 2/5 9/18 4/1 4/29 6/26 5/1 5/29 7/24 8/21
Mean 1.77 1.72 1.68 1.64 1.59 1.57 150 143 1.38 1.32 1.30 130 1.28 1.16
SNK

TEST

Character — 31, (estragole), (similar patterns were found for compounds 33, 39, 50, 55, 70, and 71)

Date 3/3 10/16 11713 12711 1/8 2/5 9/18 4/29 4/1 5/29 5/1 8/21 7/24 6/26
Mean 017 016 .015 015 .014 .013 .012 .011 .011 .010 .009 .008 .007 .006
SNK

TEST

Character = 32

Date 7/24 6/26 8/21 4/29 9/18 4,1 12/11 11/13 2/5 5/1 1/8 3/3 10/16 5/29
Mean .018 .017 .016 .016 .016 .015 .014 014 .014 013 .012 .012 011 011
SNK

TEST

Character = 69, acetate II, (similar patterns were found for compounds 49 and 54)

Date 10/16 11713 9/18 4/1 12/11 1/8 4/29 3/3 8/21 2/5 7/24 6/26 5/29 5/1
Mean 2.29 2.24 2.14 2.06 205 202 192 190 190 1.83 1.64 1.45 137 1.26
SNK

TEST

compounds failed to show any significant sea-
sonal differences, the weight data for these com-
pounds are quite variable when spring and
summer values are compared (see Table 7). Dur-
ing the summer, weight increases were observed,
as illustrated by compound 69 (acetate II) in
Fig. 7. Compounds of trend four show high posi-
tive correlations with the percent yield of volatile
oil and negative correlations with growth (Table
8). In these respects, this trend differs little from
trends one and two.

A majority of the compounds exhibiting sig-
nificant seasonal weight variations were rather
highly correlated with the percent yield of volatile
oil. The percent yield exhibits considerable sea-

TaBLE 8.

sonal variation, and one may expect that this
variation will be reflected in the weight values
calculated for individual compounds. Figure 9
shows that the averages of compounds possessing
significant SNK tests deviated little from the mean
weights during the February and April sampling
periods. However, the fluctuations are sporadic
throughout the year and stable periods are not
apparent.

DiscussioN—Significant seasonal variations
were observed in the quantitative volatile oil
composition of J. scopulorum foliage. Although
some loss of the terpenoids was expected from
volatilization and resinification during the warm

Correlations between compound 6 (trend one), compound 31 (trend two), compound 32 (trend three),

and compound 69 (trend four), and growth, percent yield of volatile oil, percent dry weight, precipitation, aver-
age air temperature, and average soil temperature

Cpd. Growth % vyield % dry weight ppt. Air temp. Soil temp.
6 —.603 .855 —.607 -.380 -.796 -.807
31 -.775 .818 —.466 -.326 -.780 -.794
32 423 -.338 —.345 426 599 651
69 -.752 912 -.520 .055 -.414 -.365
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summer months, as had been suggested by Fluck
(1963), volatilization and resinification alone do
not adequately explain fluctuations observed in
the relative percentage of volatile oil constitutents.
The relative percentages of «-terpinene, terpino-
lene, 4-terpinenol, and two unidentified com-
pounds were positively correlated with growth.
Yet during periods of intensive growth activity
these rather volatile terpenoids were being syn-
thesized more rapidly than they were being lost.
Similar results have been reported for J. pinchotii
(Adams, 1970).

Several studies have shown that juvenile foliage
is a dominant source of seasonal variation in the
volatile oil composition (von Rudloff, 1962,
1972a, b; Zavarin et al., 1971). Since the foliage
samples of J. scopulorum consisted of several
years’ growth, it was expected that the volatile oil
composition would be quite variable during the
spring and summer when juvenile needles con-
stituted a significant portion of the foliage sam-
ples. Since the relative percentage of each com-
pound varied considerably during the spring and
summer (Fig. 6), much of the variability in sam-
pling for systematic studies could be eliminated
by restricting collections to the late fall or winter,
as had been previously suggested by Adams
(1969, 1970).

The weights of individual compounds were more
variable than were their relative percentages. Fig-
ure 9 shows that, unlike the relative percentages,
the weights of volatile oil constituents were quite
variable throughout the entire study. Seasonal
fluctuations in the weights of individual com-
pounds are correlated with changes in the yield
of volatile oil. Von Rudloff (1972b) suggested
that the oil yields, and thus the weight of each
terpenoid, were subject to ecological as well as
genetic factors. The yield of volatile oil from the
foliage of J. scopulorum was quite variable
throughout the year and is negatively correlated
with seasonal fluctuations in growth and tempera-
ture and positively correlated with dry weight.
The correlation with dry weight was not unex-
pected. The volatile oil yields were determined
on a dry weight basis and thus reflect fluctua-
tions in the kinds and the amounts of the non-
volatile foliage constituents from one time of the
year to the next (von Rudloff, 1972b). Problems
are also encountered if one attempts to calculate
yields of volatile oil on a fresh weight basis since
changes in the foliage moisture content will exert
a profound influence upon the results (von Rud-
loff, 1972b).

The negative correlations with growth and
temperature may indicate that not only was some
of the volatile oil lost by evaporation during the
warm summer months but that accumulation of
the volatile oil was largely accomplished after
major growth activity had subsided. These re-
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Fig. 7-9. 7. Graphical representation of the cor-

relation between the weights of compound 6 (sabinene)
and compound 69 (acetate II) and the percent yield of
volatile oil. The weight of sabinene exemplifies the first
major trend in the weight data and the weight of com-
pound 69 shows the fourth major trend in the weight
data. Both of the trends are correlated with the percent
vield of volatile oil. 8. Seasonal variation in the weight
of compound 31 (estragole) and the growth rate. The
weight of compound 31 represents the third major trend
of the weight data. 9. Average absolute deviations from
the average annual weights of 15 compounds with sig-
nificant SNK tests. Notice that there is no season of the
vear when these deviations are rather constant, thus it
is difficult to find a good sampling period if the weights
of compounds are to be utilized in chemosystematic
studies.
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sults contradict those reported for ponderosa pine
(Zavarin et al., 1971), black spruce (von Rud-
loff, 1962), white spruce (von Rudloff, 1972b),
and Douglas fir (von Rudloff, 1972a). It is not
possible at this time to ascertain if these contra-
dictory results reflect specific differences or merely
differences in the methods utilized to determine
the oil yields. A decrease in the yield of volatile
oil during the winter months is of interest for it
may reflect the metabolic breakdown of ter-
penoids to provide energy during periods of stress.
Although documentation of the involvement of
terpenoids in metabolic activity is scanty, Bur-
bott and Loomis (1967, 1969) suggested that the
monoterpenes of peppermint may provide an ad-
ditional source of energy as more suitable sub-
strates become depleted.

Finally, the chemotaxonomist must be aware
of the conflicting results that have been reported
in studies of seasonal variation in the volatile oil
composition. Fluctuations in the volatile oil com-
position appear to vary from one plant group to
another. Although it seems that the best time to
sample is when plants are not rapidly growing
and are not in periods of stress, some preliminary
investigation of seasonal variation should precede
chemosystematic studies, particularly those studies
on the infraspecific level.

LITERATURE CITED

ApaMs, R. P. 1969. Chemosystematic and numerical
studies in natural populations of Juniperus. Ph.D.
Thesis, University of Texas, Austin.

1970. Seasonal variation of terpenoid con-
stituents in natural populations of Juniperus pinch-
otii Sudw. Phytochemistry 9: 397-402.

BATTAILE, J., AND W. D. Loomis. 1961. Biosynthesis
of terpenes II. The site and sequence of terpene
formation in peppermint. Biochim. Biophys. 51:
545-552.

BurBoTT, A. J., AND W. D. Loomis. 1967. Effects of
light and temperature on monoterpenes of pepper-
mint. Plant Physiol. 42: 20-28.

, AND 1969. Evidence of metabolic
turnover of monoterpenes in peppermint. Plant
Physiol. 44: 173-179.

CROTEAU, R., A. J. BURBOTT, AND W. D. LoomMis. 1972.

Biosynthesis of mono- and sequi-terpenes in pepper-
mint from glucose-*CQO. and “CO.. Phytochem-
istry 11: 2459-2467.

Fruck, H. 1963. In T. Swain [ed.], Chemical plant
taxonomy. Academic Press, London.

HaANOVER, J. W. 1965. Environmental variation in the
monoterpenes of Pinus monticola Cougl. Phyto-
chemistry 5: 713-717.

1966. Genetics of terpenes I. Gene control

AMERICAN JOURNAL OF BOTANY

[Vol. 60

of monoterpene levels in Pinus monticola Dougl.
Heredity 21: 73-84.

1971. Genetics of terpenes II. Genetic vari-
ances in interrelationships of monoterpene concen-

trations in Pinus monticola. Heredity 27: 237-
245,
HEFENDEHL, F. W., AND M. J. MURRAY. 1971. Changes

in monoterpene composition in Mentha aquatica
produced gene substitution. Phystochemistry 11:
189-195.

Mirov, N. T. 1961. Composition of gum terpentines
of pines. Tech. Bul. 1239, U.S. Dep. Agric.

Powerr, R. A. T. 1973. Seasonal variations in the
quantitative volatile oil composition of Juniperus
scopulorum Sarg. foliage. Masters thesis. Colorado
State Univ., Ft. Collins.

Scora, R. W. aAND S. TorrIsl. 1966. Relation of taxo-
nomic, climatic, and tissue maturity factors to the
essential oil constituents in leaves and fruits in the

Aurantioideae. Amer. Soc. Hort. Sci. 88: 262-
271.
SmitH, R. H. 1964. Variation in the monoterpenes of

Pinus ponderosa Laws. Science 143: 1337-1338.

StEEL, R. G., AND J. H. TorrIE. 1960. Principles and
procedures of statistics. McGraw-Hill, New York.

TaTRO, V. E., R. W, Scora, F. C. VASEK, AND J. KuM-
AMOTO. 1973. Variation in the leaf oils of three
species of Juniperus. Amer. J. Bot. 60: 236-241.

VINUTHA, A. R., AND E. voN RUDLOFF. 1968. Gas-
liquid chromatography of terpenes. Part XVII.
The volatile oil of the leaves of Juniperus virginiana
L. Can. J. Chem. 46: 3743-3750.

voN RupLoFF, E. 1962. Gas-liquid chromatography
of terpenes. Part V. The volatile oils of the leaves
of black, white, and Colorado spruce. Tappi 45:
181-184.

1972a. Chemosystematic studies on the genus

Pseudotsuga. 1. Leaf oil analysis of the coastal

and Rocky Mountain varieties of Douglas fir. Can.

J. Bot. 50: 1025-1039.

1972b. Seasonal variation in the composition

of the volatile oil of the leaves, buds, and twigs of

white spruce (Picea glauca). Can. J. Bot. 50:

1595-1603.

, AND F. M. CoucHMAN. 1964. The volatile

oil of the leaves of Juniperus scopulorum Sarg.

Can. J. Chem. 42: 1890-1895.

, AND F. W. HEFNDEHL. 1966. Gas-liquid chro-

matography of terpenes. XV. The volatile oil of

Mentha arvensis var. glabrata Ray. Can. J. Chem.

44: 2015-2022.

, AND E. W. UNDERHILL. 1965. Gas-liquid
chromatography of terpenes XII. Seasonal varia-
tion in the volatile oil from Tanacetum vulgare L.
Phytochemistry 4: 11-17.

ZavariN, E., F. W. Coss, Jr., J. BErRGOT, AND H. W.
BARBER. 1971. Variation of the Pinus ponder-
osa needle oil with season and needle age. Phyto-
chemistry 10: 3107-3114.




