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Summary

From the contents of the soluble sugars, starch, and total lipids measured at monthly inters
vals during the course of a year in leaves and barks of T'azus baccata, Juniperus communis, Thuja
occidentalis, Picea excelsa and Sequoiadendron giganteum the energy contents of storage substances
were calculated and their seasonal trends established. From Tazus and Juniperus the wood was
investigated in the same manner, Furtheron, the seasonal trends in total N-contents of leaves
and barks of T'axus, Juniperus and Thuja were measured. As energy storing substances the N-
compounds are not important. From the seasonal trends of the N-contents a function of the old
leaves as an important N-storage pool for the budding may by concluded. In the one year old
needles of Picea and Tazus the carbonic acid contents were measured, from an energetic point
of view the acids are not important as reserve-substances.

From the seasonal trends of the energy contents in the different species a general pattern of
storage in gymnosperms growing under mild climatic conditions in Central Europe was deduced
(Fig. 9). Remarkably, according to this pattern the highest amounts of starch are found in the
spring or early summer, the maximum contents of total lipids are reached during autumn or
early winter and the highest contents of soluble sugars are found in the winter. This pattern
confirms earlier assumptions regarding the functions of different storage substances.

The total energy contents decline during the growth period and reach their lowest values in
the late spring and early summer. In the winter none of the species showed an extensive diminu-
tion of storage energy, but rather sometimes a rise was seen which points to a net production
during the winter months. Thus, the highest energy contents in the leaves are often found in the
winter, The old needles have an important function as storage sites in the evergreen gymno-
sperms.

Introduction

When we investigated the seasonal trends of storage substances and their energy
contents in mediterranean woody plants (DiamaxTocLouv & KurL 1982) it proved
to be necessary to compare the findings with the storage behaviour of evergreen woody
plants growing under mild climatic conditions in the colline zone in Central Europe.
Because the phenology changes somewhat year by year, all reserve substances of
one species must be quantified during the same year’s course. Evergreen plants in
Central Europe are mainly gymnosperms, therefore, five of these were chosen: the
native species Picea abies, Juniperus communis and Tazus baccata and the introduced
species Thuja occidentalis and Sequoiadendron giganteum. These two imported species
grow very well in protected locations. The investigations were limited to leaves
(needles) and barks, and were completed by the examination of wood (from branches)
of yew and juniper. Some of the results described here were cited previously in the
discussions of the papers of TSCHAGER et al. (1982) and of DiamanroaLouv & KuLn
(1982).
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Materials and Methods

Materials

Leaves (needles) one year old, barks of 2—5 year old twigs, and in some cases wood of 2—7
year old twigs and branches were investigated.

The seasonal trends in contents of soluble sugars, starch, and total lipids in leaves and barks
of Picea abies have been previously described by JEREMIAS (1969); from these data the energy
contents could be calculated. The scaly leaves and bark of Sequoiadendron have also been investi-
gated for seasonal trends within the same year with the exeption of the total lipids in barks
(JErREMIAS 1969; bark: assets of K. JErEMIAs). We utilized Tazus baccata L., Thuja occidentalis
L., and Juniperus communis L. in our further investigations. The first two of these species con-
tain mucilages, while Juniperus does not (DiSTELBARTH 1982).

The plant parts of T'azus baccata and of Thuja occidentalis were harvested from about 50 year
old trees obtained from the former Botanical Garden of the University Stuttgart (area presently
part of the “Wilhelma’). Branches of Juniperus communis were taken from a shrub about 2 m
high, growing in a sunny location in the former garden. Sporadic frosts occurred from November
to April, however in more than one week in February the temperature every night fell below 0 °C
(to a minimum of about —5 °C).

Methods

The branches were gathered at monthly intervals throughout the year and always at the
same hour. After isolation, the different parts were frozen and lyophilized.

Quantitative estimation of storage substances

The soluble sugars were separated and quantitatively analyzed using a scanning procedure
(NaarscHMID et al. 1982; DisTeLBarTH 1982) on thin layer chromatographs using the method of
JEREMIAS (1958). Wood sugar contents were determined by the anthrone-mothod (Loewus 1952).

The starch contents were measured by the method of McCreADY ot al. (1950) using anthrone.
The total lipids were quantified according to the method of Bricx & DyEer (1959).

Investigations were made on some samples for carbonic acid contents. In the needles of Picea
the organic acids were estimated quantitatively some years ago by a paper chromatographic
method (HerTEFuss 1957; Kuiy 1968; OecussLEr 1968), in the needles of T'azus by gas-liquid
chromatography using the procedure of NIERHAUS & KINZEL (1971).

The total nitrogen contents were measured (in leaves and barks of T'axus, Juniperus and Thuja)
by the method of KJeLpAHL (1883) as prescribed by BELosERskI & ProskurIakow (1956). The
values shown in Fig. 3 are average values from at least three measurements (standard deviation
+ 0.03 9 of dry weight).

Estimation of energy contents of storage substances

From the quantitative estimations of the contents of the storage materials the energy contents
were calculated as kJ /g dry weight using the factors:

1 glipid £ 38.94 kJ
1 g carbohydrate & 17.17 kJ.

Quinic and shikimic acids were the most prevalent constituents of organic acids; because
their sum-formula is close to that of sugars their energy contents were calculated using the same
factor as for carbohydrates.

| Usually the energy content of proteins and amino acids is approximated using the same
factor as for carbohydrates. We calculated hypothetic values for proteins respectively amino-
acids from the total N-contents and from these values the energy contents, which therefore are
assumed to be too high.

Lipid and soluble sugar values less than 0.25 kJ/g are not considered to be a storage energy.
The fraction of total lipids includes membrane lipids and in addition vacuolar sap always contains
a certain concentration of sugars. Therefore a minimum quantity of both classes of compounds
is necessary for basal cell metabolism and should not be considered storage substances.
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Results
Water content of leaves

To investigate a possible water stress (possible in Central Europe during the winter
months), the water content of the needles of Taxus, Juniperus and Thuja was deter-
mined throughout the year. The crucial results are shown in Table 1.

Table 1. Water content of the needle-leaves (as 9, of dry weight)

Taxus Juniperus  Thuja
At the beginning of the cold season (Sept./Oct.) 170 130 160
Lowest value; reached during late winter or early spring 110 80 110
(March/April)
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Fig. 1. Contents of sugars and starch (as percent of dry weight) in leaves (needles) of Tazus baccata
during the course of a year measured at monthly intervals.
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Fig. 2. Contents of sugars and starch (as percent of dry weight) in barks of T'axus baccata during
the course of a year measured at monthly intervals.

Seasonal trends of carbohydrate contents

The results from leaves and barks of T'axus baccata are presented in Figs. 1 and 2
as a typical example of the carbohydrate variation throughout a year. For the 2
species, Juniperus and Thuja, the individual data were quoted by DISTELBARTH
(1982); from these data the energy contents were calculated as shown in Figs. 5 and 6.
In all the tissues investigated the well known accumulation of raffinose sugars during
the winter months takes place; in Juniperus this accumulation is covered by raffinose
only. In the leaves of Thuja raffinose is still found during the main growth period
in the late spring. The sucrose content rises in some tissues during the cold season
(leaves and barks of Juniperus, leaves of Thuja), but not in others (barks of Tazus



Energy Contents in Evergreen Gymnopserms 19

@ } % dry weight
3 =
2 n 0“"\.
On o o~ o needles
1 i "“‘-v-—-'—'--vf""""‘\',,,__,/' —v—v bark
0} T T T T T

® “ % dry weight

S o/"’xo_o/o_o\\ /° /o—--o-—o\o needles

<

.
1 S YNy Y TV —w—V Dark

T ) e

L L ]
0 1"n 12 1 2 3 4 5 6 7 8 9 10 month

© % dry weight

Lo
—<

©—¢ needles

-

v— bark

h"'——-—-q—-—-"-—.v-""‘""“'" ‘,_,-'

L] L] ¥ L ] L] L]

01 12 1 2 3 6 5 6 7 8 9 10 month

Fig. 3. Contents of total nitrogen (as percent of dry weight) in leaves and barks of Tazus baccata
(a), Juniperus communis (b) and Thuja occidentalis (c) during the course of a year measured at
monthly intervals.

and Thuja). In the needles of Taxus the content of sucrose is rather constant through-
out the whole year. The starch content in Taxus rises very distinctly during the period
of main growth activity from April to early summer. Also, in needles of Juniperus,
the content of starch in the spring surmounts to 10 9, of the dry weight.

Nitrogen content

The total nitrogen content of both, leaf and bark material from Tazus, Juniperus
and Thuja was determined to investigate whether N-compounds are important energy
storage substances. In the barks, the seasonal variations of the N-content are very
small (Fig. 3); in the needles, the highest amounts are found in late summer and in
autumn while the lowest values are found in May. Only a portion of the N-compounds
ge
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Table 2. Contents of carbonic acids as 9, of dry weight in leaves (1 year old) of Picea abies during
the course of a year measured at monthly intervals

Month  quinic acid shikimie acid citrie acid malic acid
5 2.3 1.4 0.4 0.3
6 2.2 1.7 0.4 0.2
7 1.1 1.6 0.2 0.2
8 1.7 4.0 0.6 0.1
9 1.2 4.0 0.4 0.2

10 0.7 3.4 0.4 0.2

11 0.7 3.2 0.5 0.3

12 0.7 3.2 0.7 0.7
1 1.2 3.8 0.7 0.4
2 1.1 3.9 0.8 0.5
3 0.9 3.0 0.9 0.4
4 1.1 3.0 0.5 0.4
5 0.8 3.6 0.5 0.4

can be regarded as storage substances. Approximately it is that portion, which is
above the lowest content found. The total energy content contributed by this portion
1s small; N-compounds do not therefore contribute significantly to the energy storage
of the plants investigated (maximal value only about 0.5 kJ/g). Therefore, when the
total energy of storage substances is calculated, the N-compounds were not taken

into account.

Content of carbonic acids

Some conifers accumulate rather high amounts of carbonic acids in their leaves
(OecussLER 1968 ; DitTrICH & KANDLER 1971); the energy content of these substan-
ces could be a significant proportion of the total energy of storage products. Therefore
the seasonal trends of carbonic acid contents of Picea needles were measured and the
findings supplemented by four checks during different seasons on leaves of Taxus.
The variations of the carbonic acid content found in the leaves of Picea are similar to
OECHSSLER’s observations on one year old needles. Quinic and shikimic acids share
more than three quarters of the total organic acid content (Table 2). Malic and citric
acids also where quantified; succinic and fumaric acids contributed always less than
0.29%, of total dry weight. The energy content of quinic and shikimic acids during
the course of a year varies between 0.5 and 1 kJ/g dry weight; values higher than
0.75 kJ are reached in January/February and in August/September. These energy
values and their fluctuations are low compared with those of the other storage sub-
stances. In the needles of T'axus, the total amount of carbonic acids in all samples
examined was between 1 and 2 9, of total dry weight. The same acids as in Picea were
also quantified. Quinic and shikimic acids together share 0.7—1,3 9%, of total dry
weight. The energy content of these carbonic acids is therefore insignificant.

Seasonal trends of storage substances and their energy contents

The energy contents of the storage substances of leaves and barks of T'azus, Juni-
perus, Thuja, Picea and Sequoiadendron are shown in Figs. 4—8. In addition the
energy contents of reserve substances in the wood of branches from Taxus and Jun:i-
perus are stated. The amount of soluble sug .rs and therefore its energy content in all
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Fig. 4. Calculated energy contents of storage substances (total lipids, soluble sugars, starch) of
leaves, barks and wood of Taxus baccata and total energy of storage substances calculated for
leaves (upper diagram) and barks (lower diagram). All data in kJ/g dry matter.

species show the lowest value during the late spring and during the summer. In barks,
the minimum sugar content is less than in the leaves. In the needles of Thuja the
depletion of sugars starts particularly early. The highest sugar content in the barks
is always found during the cold season; the seme ist true for the leaves with the ex-
ception of Sequoiadendron, where the highest level is reached in the spring. The sugar
content, and therefore its energy value, in the wood of T'azus and Juniperus is very
low and varies little throughout the year.

The starch contents show the highest levels in the spring, both before and during
the main growth period; high amounts are found in some species up to the summer.
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Fig. 5. Calculated energy contents of storage substances of leaves, barks and wood of Juniperus
communis and total energy of storage substances for leaves and barks, calculated as in Fig. 4.
Symbols as in Fig. 4.

In Taxus and Juniperus, the starch content increases in early spring, while in Se-
quoiadendron rather late in the spring. In wood, starch variations are small, but a
relatively high content is seen during the spring. The lowest starch content in all
tissues is found during the late autumn and in the winter; there is only one exception,
the barks of Juniperus.

The amount of total lipids in the leaves is in most cases highest during the late
autumn. In some species (Taxus, Sequoiadendron) it declines dramatically during
the winter. In other species, as in Thuja, there is only a modest decrease. In the
barks of all species investigated, the lipid contentshowsa maximum during the winter
months; in barks of Picea and Juniperus very high amounts are found up to the
spring. The needles of Juniperus have a very high lipid content during the vegetation
period. In the leaves the lowest amounts of lipids are found during the late winter
and in the spring. However, in the barks, low lipid levels occur in most cases during
the spring and summer months and in barks of Picea in the autumn. The wood of
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Fig. 6. Calculated energy contents of storage substances of leaves and barks of Thuja occidentalis
and total energy of storage substances for leaves and barks. Symbols as in Fig. 4.

Tazus contains the highest lipid contents in the early winter, that of Juniperus during
the vegetation period. In Juniperus wood the seasonal variations are rather small.

Comparing the species we see that in Tazus starch shares the biggest part of
storage-energy but in the other four species the greatest proportion is covered by
the lipids. The highest percentage of the energy storing substances are reached by
the lipids in Juniperus.

By counting up the energy content of the main storage products (lipids, sugars,
starch) we estimated a total energy content (per g of dry weight) (Figs. 4—S8).

In the. leaves, the total energy content of reserve substances has values ranging
from 3—5kJ/g; only the needles of Juniperus show distinctly higher rates (more
than 8 kJ/g). The deviations during the couzse of a year average 2 kJ/g; however in
Juniperus they reach more than 3 kJ/g. In the leaves, the highest energy content of
storage substances is found in most species during the winter. However, in Tazus
the highest levels occur during the vegetation period. The leaves of Juniperus show
a biphasic accumulation pattern, with high energy contents peaking during the vege-
tation period as well as during the winter. In Thuja the seasonal variations are rather
low and the highest energy values are reached in the autumn. In all species the total
energy of the storage products in the needlesis lowest when the growth period has
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Fig. 7. Calculated energy contents of storage substances of leaves and barks of Picea abies and
total energy of storage substances for leaves and barks. Symbols as in Fig. 4.

finished and in some cases the low values last to October. But in no case is the energy
minimum very distinct.

In the barks, the energy contents are generally lower and range from 2—4 kJ/g.
The seasonal variations are distinct only in the barks of Taxus and Juniperus; the
periodicity is similar to that found in the leaves.

In the wood of T'axzus the energy value of the storage substances is in the range
0.56—1,9 kJ/g with values higher than 1 kJ being reached during the winter months
and again in June. In the wood of Juniperus the energy content fluctuates between
1.6 and 2 kJ/g with the variations throughout the year being rather small.

From a comparison of the species investigated several regularities and similarities
of the energy storage behavior may be recognized and a general storage behavior of ever-
green gymnosperms growing under mild climatic conditions in Central Europe can be
deduced (Fig. 9). From this pattern, only minor deviations in one or the other species
are observed. Fig. 9 characterizes the rela‘ive fluctuations of the different storage
substances. For wood, the generalization i, !-ased solely upon the data from Taxus
and Juniperus, and therefore is less exact and only three different symbols are used.
Remarkably, the highest starch contents are generally found in the late spring and
not during the summer or early autumn.
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Fig. 8. Calculated energy contents of storage substances of leaves and barks of Seguoiadendron
giganteum and total energy of storage substances for leaves. Symbols as in Fig. 4.

Discussion

Our measurements of storage substances are in good agreement with those of other
investigations dealing with similar climatic conditions (Picea: DiaMaNTOGLOU 1974;
SENSER et al. 1975; Picea and Thuja: SENSER et al. 1971 ; Tazus: HOLLWARTH 1977).
As described by GLERUM & BaratiNec (1980) from Pinus banksiana carbohydrates
and lipids are the main storage products in gymnosperms. In agreement with GLERUM
& BALATINECZ our investigation showed that the accumulation of lipids during the
autumn is not restricted to the wood (comp. also ZieaLER 1960). N-compounds are
occasionally thought to be significant energetic storage materials. However, GLERUM
& BavaTiNgcz (1980) showed that they are insignificant. The same can be concluded
from our data. From an energetic point of view, the variations in the amounts of
N-compounds areunimportant. In the leaves of three of thespeciesinvestigated (Taxus,
Juniperus, and Thuja) we find the lowest N-content in the spring. Probably N-
compounds shift from the examined one year old needles into the new shoots and their
needles.. Obviously, the old needles are serving as an N-reservoir. Several other in-
vestigators also found that one year or older needles are main reservoirs of different
storage products of conifers (KiMura 1969; WeeB 1975; GLERUM & BALATINECZ
1980; Lu~NDpERSTADT 1980). In Populus, a deciduous tree, the N-content in the bark
of twigs declines to the lowest value in the spring (HéLLwarTH 1976). Contrary to
this behaviour, in the bark of gymnosperms there is no depletion of N-compounds
during the spring.

We have compared our findings with those of KiMmura (1969), LirrLE (1970) and
PoMERoOY et al. (1970) on conifers growing under more continental (alpine or boreal)
climatic conditions. The results of these authors are similar to ours if one takes into
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Fig. 9. Variations in the deposition of total lipids, starch and soluble sugars by evergreen gymno-
sperms under mild elimatic conditions in Central Europe throughout a year. Maximal aceumu-
lation is indicated in black, large amounts by narrow cross-hatching, medium-sized amounts by
distant crosshatching and small amounts by stippling. For wood, only 3 different symbols are
used.

consideration the shorter vegetation periods causing a delayed seasonal growth. In
all cases the highest starch contents were found before and at the beginning of growth
in the spring (in Abies veitchii in the alpine zone by KiMura 1969, in Pinus resinosa
in Canada by POMEROY et al. 1970, and in Abies balsamea in Canada by LirTLE 1970).
The sugar contents show the same seasonal trends in all cases, but were much higher
in Abies veitchii and Abies balsamea than in our species. The lipid contents have only
small variations in Abies balsamea, however, the fluctuations are somewhat greater
in Abies veilchii and in this species the highest amounts are found after cessation of
seasonal growth, as is true for our species.

Our results should also be compared with those of DiaMmanTogLou & MELETIOU-
Curistou (1981) and DiamanTtocrouv & KuLL (1982), who reported on evergreen me-
diterranean species. In these investigations only Pinus halepensis as a conifer was
analysed. In this species the energy contents of the storage products in the barks
and needles were definitely lower than in the Central European gymnosperms. In the
broad-leaved sclerophyllous mediterranean species the energy contents are similar
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to those of our gymnosperms, but there is a conspicuous difference in the seasonal
trends of sugar accumulation between mediterranean and Central European species.
On the other hand, the seasonal trends of starch contents are relatively similar when
taking into consideration the earlier growth initiation in the mediterranean region.
During the winter we find low starch contents in Central European species, but
rather high amounts in the mediterranean species. The seasonal trends in lipid ac-
cumulation of barks in Central European gymnosperms are similar to those of the
mediterranean species. However, in the leaves, the highest values in Central European
species are reached in the autumn, but in the mediterranean species during the winter
(comp. also Davip et al. 1959). These patterns of lipid accumulation do not coincide with
the data of BurTrosE & HaLe (1971) from Vitis; they had found a temperature-
dependent storage of lipids and starch. However, according to HAWKER (1982) the
temperature may not be critical for lipid accumulation. The same can be concluded
from the findings of LarTLE (1970). Also, the diminution of the starch content in the
Central European species during the summer seems not to be primarily caused by
the temperature, as was concluded by SAUTER (1967) from his results of temperature-
experiments.

In the leaves of the Central European gymnosperms the lipids are partly meta-
bolized during the winter months. The same is true for the alpine chamaephyte
Loiseleuria growing under much more severe climatic conditions (TSCHAGER et al.
1982). In the mediterranean as in the Central European species the lowest lipid
contents are found in the beginning of the growth period.

All these data together confirm the earlier suspicions (TscHAGER et al. 1982) on
the conditions and functions of the storage of the different reserve substances. When
stress-conditions are prevalent, soluble sugars are accumulated. In periods without
a prolonged stress and when a rather quick mobilization of energy substances is
necessary, starch is synthesized. In times of considerable net production when growth
has finished and transport therefore is reduced and there is no stress, we find an
accumulation of lipids.

In all the gymnosperms which we have investigated, except Taxus, the largest
part of the total energy is stored throughout the year in lipids. The same was found
for the mediterranean sclerophylls (DiamantTocrov & Kruvry 1982). In Tazxus, the
main storage component is carbohydrates. In Thuja and in Picea the fluctuations of
the total energy contents are determined mainly by the variations in the amounts
of lipids, but for Juniperus — in spite of its high lipid contents — this is not true.
In Taxus and Juniperus, lipids seem to be minor storage substances compared to
carbohydrates, as was concluded by LirTLE (1970) for Abies. However, the findings
with Thuja and Sequoiadendron suggest that this is not true for the conifers in general.
The energy content of the wood based on the dry weight is low in the two species in-
vestigated. In the harvested branches of T'axus the relation of the dry weight of
leaves: bark: wood is 12: 4: 9. The great branches and the stem are not included in
this ratio, so for the whole tree, the share of the wood must be considerably higher,
therefore its energy content is of greater importance than may be seen from the
values at first sight.

Only in Juniperus the total energy of the storage substances has an extremely low
value at the end of the growth period. In mediterranean evergreen sclerophylls such
a minimum is very distinct because it coincides with the summer drought period
(DramaxTtocLov & Kurnw 1982). Obviously, the high photosynthetic rate in Central
Europe during the summer months causes an immediate supply of reserve substances.
From November to February the energy content of the leaves rises or remains con-
stant except in Tarus and Sequoiadendron. In the barks during the same period the
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energy value remains fairly constant. Evidently, under the mild climatic conditions
of the Central European habitat there is a net photosynthetic production during the
winter. Also, the water-balance of the leaves is not stressed in our plants in the winter,
as may be seen from a comparison of the measured water-contents with the data of
LArRCHER (1972). A net photosynthetic production during winter in gymnosperms
under mild climatic conditions was also shown by GAumann (1927), HeLms (1965);
PorLLarDp & WARrEING (1968); Fry & PHiLLips (1977); BRADBURY & MaLcoLy (1978)
(further literature KozrLowskr & KeLLER 1966 and in PescuHr 1982). Under more
continental climatic conditions there is no net assimilation in winter-time (ScCHULZE
et al. 1977, further literature compare PescHL 1982). The same is true for alpine
conditions (P1Seg & WINKLER 1958; KiMurA 1969, and others). Consecutive frosts
never occurred during our investigation, therefore, no cessation of CO,-uptake as a
result of an increased stomata resistance (Bourpeau 1959; Oquist et al. 1980;
LarcHEr & Baugr 1981) took place. Experiments by IRGA-method with Taxus
established normal photosynthetic rates in January after less than 1 h adaptation to
room-temperature. The frost-hardiness of such T'axus twigs was high and comparable
to that reported by MELzACK & WaTTs (1982).

The amplitude in seasonal fluctuations of the total storage energy, which we
found to be high in' Juniperus, medium in T'axrus and low in the other three species,
may be caused by the different growth characteristics of the different species. The
material of Juniperus was harvested from a shrub, that of T'exus from a tree on only
small stems; this scrubby form of growth is often found in Taxus. The twigs from
the other species were taken from trees with rather thick stems and big branches.
The material investigated always was taken from twigs younger than 7 years. In
Picea, Thuja, and Sequoiadendron the large branches and the stem share a greater
proportion of the total dry weight of the plant than in the other 2 species and there-
fore may contain a greater proportion of the storage substances. We should also
consider, that the C-balance of shrubs, shrubby trees and trees each may be somewhat
different from one another (ScHULZE 1982).
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