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Abstract-The changes in the relative amounts of the mono- and sesquiterpenes of the volatile oil 
of the leaves, buds and twigs of black spruce were determined at various intervals throughout the 
year. Major changes take place in the young leaves just after bud burst until mid-summer. Upon 
maturing the same quantitative composition as that of the mature leaves is reached. The composition 
of the latter, as well as that of the twigs, shows only minor changes from bud burst to mid-summer 
and none during the rest of the year. In contrast, large relative quantitative changes take place in 
the bud oil throughout the year. The relative changes of santene, tricyclene, camphene, bornyl acetate 
and limonene in the new growth follow similar curves, but those of cc-pinene, P-pinene, myrcene, 
car-3-ene and the sesquiterpenes differ considerably. The scsquiterpenes, and possibly myrcene, appear 
to be metabolized at least in part as the young leaves mature. 

INTRODUCTION 

Previously, we reported on the seasonal variation 
of the terpenes found in the volatile oil of the 
foliage (leaves, twigs and buds) of the white 
spruce, Picea glauca (Moench) Voss [l]. During 
the early summer there was a large biosynthetic 
activity in the new growth affecting the relative 
amounts of all terpenes. In the previous year’s 
growth, only minor changes were recorded during 
this period. The terpene composition of the new 
leaves approached that of the older leaves by July 
and it remained unchanged in both throughout 
the fall and winter. In contrast, quantitative 
changes were recorded in the volatile oil of the 
buds throughout the fall, winter and spring. In 
the leaves, the actual amounts of sesquiterpenes 
decreased after reaching a maximum in May, in- 
dicating that these were further metabolized. 
Recently, Hrutfiord et al. [2] reported on sea- 
sonal variations in the major monoterpenes of 
Sitka spruce, P. sitchensis (Bong.) Carr, and 
obtained similar results. 

* NRCC no. 14638. 

To obtain further insight into terpene forma- 
tion in spruce species, the relative changes in the 
foliage of the black spruce, P. mariana (Mill.) 
B.S.P., have been studied. Initially (1970-1971) we 
followed the same procedures as used for white 
spruce [l]. However, since the composition of the 
leaf oil differs significantly from that of the twigs 
[3], the different parts of the foliage were steam- 
distilled separately and the changes in the oil of 
the young and older leaves, the twigs and the 
buds were studied separately (1971-1972). The 
chemical compositions of the foliage oil (com- 
bined leaves, twigs and buds) was described pre- 
viously by us [4]. 

Whereas transportation of fall and winter sam- 
ples does not cause measurable changes provided 
they are kept cold and dark [l, 31, it is not known 
whether this is true during the main growing sea- 
son. The rapid changes recorded in the young 
leaves of white spruce [l] indicate that trans- 
portation and storage time should then be kept 
to a minimum. Hence, the major part of this 
study was carried out with foliage from a trans- 
planted tree. Since the yield of volatile oil in black 
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Tahlc 1. Relative percentages of the terpenes of the volatile 
oils of the lea>es. buds and twigs of black spruce (winter 

composition)* 

Terpene Lt%WS Buds Twigs 

Santene 5.5 
Tricyclcnc 1 .3 
x-Pinene X.8 
Camphcne 19.1 
/$-Pincnc 1.3 
Sabinene 0. I 
Myrccnc 2.2 
C’ar-i-elie 0.2 
Limonene 3.3 
P-Phcllandrenc 0.4 
Terpinolene 0.6 
I :X-Cineole Cl.6 
Camphene hydrate I.7 

Tcrpinen-4-ol 0.1 
Borncol 0.9 
x-Terpincol 0.5 
Bornyl acetate 46.5 
C, ,-hydrocarbons? I ,o 
C, ,-alcoholst 7.7 

14.5 
OX 

1 I.9 
7.j 

i.0 
50.5 

0.9 
0.7 
4.7 

trace 
0.3 

trace 
0.3 
6.4 
07 
04 

0.1 
tract 
ix.4 
0.9 
9.8 
2.0 
5 3 

SO.5 
I.6 
1.X 
4.7 

trace 
0.X 

trace 
0.5 
I.3 
I.1 
0.X 

I’,, Yield of oil I.3 0.2 0.3 
“;, Fr \vt of total foliage 79 4 17 
0o Moisture 48.4 324 29.7 

* X.3.1972: I5-yr-old tree transplanted from Candle Lake 
area in 1966. 

+ Cadtncnc~~muurolene isomers and their corresponding 
alcohols. 

spruce foliage is much larger (l-27;) than that 
in white spruce and branch-to-branch variation 
is relatively small [4, 51. the foliage of a single 
tree s&iced for a full year’s study. 

RESLLTS A4D DISCUSSION 

The winter compositions of the volatile oils col- 
lected from the transplanted tree are listed in 
Table 1. These are in excellent agreement with 

those from trees sampled in the Candle Lake area, 
i.e. transplanting did not affect the composition 
of the volatile oils. As was found with the volatile 
oils of the white spruce. the leaf oil composition 
differs greatly from that of the buds and twigs. 
At the time of collection (March 1972) the volatile 
oils of the twigs and buds were similar although 
in the latter the percentage of bornyl acetate was 
significantly larger. When twig and bud samples 
from other trees were analyzed. larger differences 
were also recorded for some of the other terpenes. 
This was found to be a function of the time of 
collection (see below). 

As shown previously [4. 51, the volatile oil of 

black spruce foliage difiers from that of white 
spruce in that bornyl acetate is the main com- 

ponent (4@-50?, of the oil) and that it contains 

only traces of camphor. Also. the relative 
amounts of camphcne and 1 : 8-cineole are larger. 
whereas those of myrcenc and limoncnc are 
smaller. Table 1 also shows the yields of oil as 
based on fresh weight of the plant material, the 
percentage of the fresh weight of leaves. twigs and 
buds in a given f<>liage sample, as well as the per- 
centage of moisture. Whereas the leaves are about 
%I”;, of the fr. wt of the fc)liage. the leaf oil is 
almost 95”,, of the foliage oil. Hence. except fog 
the content of car-3-enc. the leaf oil composition 
is almost identical with that of the foliage [4], 

There appear to be major differences in the bio- 

synthesis of the monoterpenes of the leuvcs as 
compared with those of the twigs and buds. III 

the former. the dominant fcaturc is the presence 
of relatively large amounts of the closely related 
santcne. tricyclene, camphenc. camphene hydrntc, 
borneol and horny1 acetate. These are present 
only in relatively small amounts in the twigs and 
buds. III the latter, car-3-cne predominates and 
the relative amounts of /I-pinene. sabincnc. tcr- 
pinolene and tcrpinen-4-01 are significant. 
Whereas one can postulate a single gent ditycr- 
ence [S-X] to account for the shift from one tcr- 
pene type to another when dealing with dintrent 
species or varieties. a different mechanism must 
be proposed for such a shift from one organ to 
another within the same plant. The scsquiterpenes 

present are a mixture of cadinene and muurolcne 
isomers and their corresponding alcohols [3] and 
they are the same in the leaves. buds and twigs. 

The seasonal variations in the relative amounts 

of the major terpenes of the mature leaves. buds 
and young lcavcs (after flushing of the buds) arc 
shown in Figs 1 3. The variation is plotted from 
the time the new vegetative buds have been 
formed (July~~August) through the f:111 and winter 
and the main growing SWSOII (May.Jul! in Sas- 
katchewan) to the time of new bud formation. 
This gives rise to more continuous curves than 
by plotting it OII a calender year basis [I], As 
was found in white spruce. the relative pcrccn- 

tages of the terpencs change on14 little in the 
mature lcaves throughout the year. 0111~ ;1 slight 
decrease in the percentage of camphcnc and ;I 
corresponding increase in that of bornyl acctatc 
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Fig. 1. Change in the relative percentage of (A) santene, (B) 
tricyclene, (C) bornyl acetate, (D) camphene in the volatile 
oil of the mature leaves (a), buds and young leaves (0) during 

the course of a single year (August to July). 

(Fig. 1) was recorded during May in one to 2 
yr-old leaves of black spruce. Since there appears 
to be some loss of the total amount of volatile 
oil from the fall through the winter [l, 4,5], this 
small biosynthetic activity may reflect replenish- 
ment of such losses during May and June. There 
are major changes in the relative amounts of the 
major terpenes in the oil of the buds: all members 
of the camphene-borne01 group, except bornyl 
acetate, show a rise from zero or trace amounts 
to maxima that are practically the same as the 
corresponding percentages from the older leaves 
(Fig. 1). Thus, as in white spruce [l], the young 
growth produces an oil composition that 
approaches that of the mature leaves by midsum- 
mer. Bornyl acetate (Fig. 1C) appears to be pres- 
ent in relatively large amounts in young buds but 
decreases to a minimum in winter before increas- 
ing again. The minimum appears to be the result 
of the formation of a-pinene, /?-pinene (Fig. 2A and 
B) and especially car-3-ene (Fig. 3A) in the bud 
oil during winter. The rates of increase of cam- 
phene hydrate, borne01 and 1 :8-cineole (not 

shown) were similar to those of santene and tri- 
cyclene. At no time did the relative amount of 
camphor (the main component of white spruce 
leaf oil [l]) rise above 0.2x, i.e. no accumulation 
of this related terpene takes place. Of the other 
terpenes, only limonene (Fig. 2C) showed a simi- 
lar curve of variation, indicating that it may have 
close biosynthetic relationship with the camphene 
group. 

Entirely different rates of change were recorded 
for c(- and /?-pinene, myrcene (Fig. 2), car-3-ene, 
and the sesquiterpenes (Fig. 3). The largest rela- 
tive changes were recorded for myrcene (Fig. 2D) 
and car-3-ene (Fig. 3A), but whereas a maximum 
in the relative amount of myrcene occurs just 
after flushing of the buds, that for car-3-ene 
occurred during late winter before flushing. The 
latter holds also to a lesser degree for /3-pinene 
(Fig. 2B), but the curve for a-pinene (Fig. 2A) is 
closer to that of the sesquiterpene hydrocarbons 
(Fig. 3C). The oxygenated sesquiterpenes (Fig. 3B) 
go through a more pronounced minimum in late 
winter. The relative amounts of sesquiterpenes 

-vJ ’ 
1971 1972 

SAMPLING DATE 

Fig. 2. Change in the relative percentage of (A) a-pinene, (B) 
/j’-pinene. (C) limonene, and D) myrcene in the volatile oil 
of the mature leaves (o), buds and young leaves (0) during 

the course of a single year (August to July). 
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Fig. 3. Change in the relative percentage of (A) car-3-ene. (B) 
sesquiterpene hydrocarbons and (C) oxygenated sesquiter- 
penes in the volatile oil of the mature leaves (0). buds and 
young leaves (0) during the course of a single year (August 

to July). 

found in the buds throughout the fall and winter 
were larger than in those of the white spruce, but 
as in that species, the actual amounts of sesquiter- 
penes decreased as the young leaves matured. 
Hence. these components must be metabolized 
further [ 11. 

Conclusions as to which monoterpene is the 
precursor of others cannot be drawn by the 
method of determining changes in their relative 
amounts [see 11. but it is obvious that myrcene 
must be an intermediate. In contrast, car-3-ene 
may only be synthesized in the buds and simply 
decreases in relative amount owing to the syn- 
thesis of other terpenes later in winter or early 
spring. A similar high rate of change was not 
recorded in white spruce, and somewhat different 
conditions prevail also in Sitka spruce [2]. Thus, 
black spruce not only has a significantly different 
leaf oil composition in comparison with white, 
Sitka, Engelmann and Colorado spruce 131, but 
appears to differ also in the sequence in which 
the terpenes are formed in buds afld young leaves. 
However. the occurrence of the main biosynthetic 

activity just before and after flushing of the buds, 
and the capability of producing the same overall 
terpene pattern of the older leaves as the young 
leaves mature is similar. 

The changes in relative amounts of major ter- 
penes of the twigs follow a different pattern than 
either that of the leaves or buds. All percentages 
fluctuated only within 10~20”,, of the relative 
amounts of the winter oil (see Table 1). That of 
car-3-ene rose from about 47”,, before flushing of 
the buds to 52:. in June. whereas that of x-pincne 
decreased from 21 to 1X”,, during the same time. 
This is about the same variation as that found 
from one twig to another at different locations 
of a tree. Not one of the ma_ior or minor com- 
ponents showed the marked maxima or minima 
found in the oils of the young leaves and buds. 
The minor variations recorded in the twig oil 
need not necessarily be seasonal since Hrutfiord 
rt ul. [Z] have shown that the cortical oil of Sitka 
spruce varies by such amounts at different loca- 
tions of a single tree. Juvonen [9] has found much 
larger ones in the twigs of P ir1rr.s .s~~I~~r.str~is L. 
Thus, one may conclude that the seasonal varia- 
tion of the terpenes of the twigs is insignificant 
in relation to the within-tree variation. which is 
in good agreement with the findings of Zavarin 
[lo] for the cortical oils of some Ahic.s species. 

The same general procedures as those described before were 
used [I. 3- 51. A 9-yr-old black spruce tree from the Candle 
Lake arca was transplanted in 1966. AtIler 2 qr the foliage 
oil was analyzed and compared with that of other trees from 
the same arca. In the initial experiments (1’170 1971) the 
follage from 3 black spruce trees from the Candle Lake arca 
was steam-distilled and volatile oil of the total foliage analyzed 
during the COLI~SC’ of the qcar. From August 1971 to the end 
of July 1972 foliage samples (I00 200 g) were taken randoml! 
from all sides of the transplanted tree. These wcrc separated 
immediatelq into leaves. twigs and buds 11) dippmg the 
branchlcts into liquid Nl and stripping the leaves off. The 
buds were detached thereafter. Each sample of separated plant 
material was steam-distilled for 6 hr and volatile oil \%a~ rc- 
covered as reported prcviousl! [I. 51. Aliquots (O-2 I ~11) of the 
oil were analyzed on the 2”,, PEG + l”o QF-I. 2”,, PEG 
+ I”, OV-17, 5”,, SE-30 and i”,, PEG columns descrlbcd 
ear& [I. 3. 51. Since I : Y-cinrole cannot be separated satrsfac- 
torily from llmoncne and /I-phellandrcne on these columns. 
additional isothermal runs were carried out on an ethylene 
glycol-his-propionitrile column (7 m + 0,.3 mm OD. 5”,, on 
Chromosorb W. 60 80 mesh). The rclativc percentages of the 
individual components were determined b’ integration and 
summation of the peak areas ulth electromc digital integra- 
tors. The dry wt of plant material was deter-mined by desicca- 
tion to constant weight in a vacuum oven at 85 
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