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Introduction

Studies on the respiration of conifer roots are so far relatively limited in
number. EIDMANN (1943) made weight analytical studies on the rate of respira-
tion in the root systems of various tree species, and also studied the periodic
changes in respiration. According to him, the root systems of trees respire at a
higher rate than those of many other higher plants. He compared the respira-
tion rates of the root systems of various deciduous and coniferous trees and
found differences among tree species in this respect.

Even earlier, ALvik (1939) had carried out similar experiments using the mano-
metric technique. He compared the respiration rates of 1/, to 1-year-old spruce
and pine root systems to the respiration rate of the shoots and found approx-
imately the same rates.

The experiments on the respiration of mycorrhizae can also be regarded as
studies on conifer root respiration. RouTiEN and DAwsoN (1943) and KRAMER
and Hopgson (1954) studied respiration in myeerrhizal and uninfected short-
roots. LAFonD (1951) studied the effect of various humic extracts on the respira-
tion of Pinus banksiana root tips.

On the basis of respirometric experiments, HARLEY and McREADY (1950)
found that mycorrhizal roots absorb the phosphorus ion better than do the
uninfected roots. KRAMER and WiILBUR (1949) came to the same conclusion.
It has also been observed (LUNDEGARDH 1955, STREET 1962) that the absorption
of nutrient ions and the respiration of root cells are essentially correlated pro-
cesses.

According to Voigt (1953), respiration depends on the age of the roots, and
the young roots of pine have higher rates than the old ones. MikoLA (1953)
also found the respiration of mycorrhizae to be correlated with age. The correla-
tion between age and the respiration of tissues in various other parts of trees
has also been investigated. For instance, ZELaAwsk1 (1960 a) has studied the
respiration of oak (Quercus pedunculata) branches and stems.

KELLER and WEHRMANN (1963) studied the correlation of root respiration to
assimilation and nutrient uptake from the soil and compared root respiration
in pine and spruce to each other, and to the results presented by EiDMANN
(1943). According to them, after EiIDMANN’s study very little progress has been
made in forest-tree root respiration studies.

On the basis of respiration experiments it is possible to describe root vitality,
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not only in terms of the uptake of nutrient ions and water, but also of the root
growth rate. Several research workers have examined the growth of the root
systems of various tree species and especially its periodism. For example,
LADEFOGED (1939) studied the periodism of the growth of the spruce root
system and its correlation to soil temperature and moisture. He found the same
growth rhythm in both seedlings and old trees.

In this study, an attempt has been made to use the manometric Warburg
technique in studying the growing season variations in the respiration rates
of the roots of 1-to 3-year-old seedlings of pine (Pinus silvestris) and spruce
(Picea abies) grown in a nursery soil. The results have been compared to earlier
growth studies (LADEFOGED 1939, LAatHo and MikoLa 1964, Lyr and HOFFMANN
1965). These experiments have also explored the possible differences between
the tree species, and the effect of the growing medium on respiration.

The respiration rates in both short-roots, most active in the uptake of nutri-
ents, and long-roots, separately for the elongating tips and the hardening basal
parts, have also been investigated. In addition, before it was possible to solve
these problems, several preliminary experiments to adopt to modify techniques
were necessary.

Method of study
The Warburg method and its use

The so-called Warburg method, in which gas exchange is measured as pressure
changes (UMBREIT et al. 1951) has been used in this study. The method has been
extensively used in physiological, medical, biochemical, and other studies, and
recently it has been used successfully also in the field of forest biology.

Among the first research workers to experiment with the Warburg apparatus
in studying soil respiration, CHASE and GRrey (1953) and Rovira (1953) deserve
mention. More recently, MEYER (1959 and 1960) has studied the rates of de-
composition especially humus and mull. HiNTIKKA (1964), among others, has
measured litter decomposition respirometrically. On the use of the Warburg
apparatus in respiration experiments on forest tree tissues, studies have been
published mainly on the respiration of the trunk, branches, leaves, buds,
or seed (ZELawskl 1960 a, b, ¢, and d, FiscHER 1961, MATILE and FREY-
WyssLING 1962, MATLIE 1962, v. SCHONBORN 1964).

In respiration studies on the roots of conifers, the Warburg technique has
been used by Arvik (1939), RouTiex and Dawson (1943), LAFOND (1951), and
Mikora (1953).

The Warburg apparatus used in this study was the model V85 (manufactured
by B. Braun, Melsungen). Fourteen reaction flasks could be fastened to the appa-
ratus at a time. Thus, since there were two thermobarometers and 4—6 flasks
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contained parts of the same sample, 2 to 3 different replicated samples could
be studied at a time. Two ml of distilled water were pipetted to each flask
containing the samples, and then 0.2 ml of 10 %, KOH-solution and a piece of
filter paper were placed into the central well of flasks measuring oxygen up-
take.

The seedlings were taken intact from the seedbeds. An attempt was made to
select seedlings growing close to each other and with shoots of about the same
size and appearance. Each sample consisted of four such seedlings. The roots
were washed in a water jet with care to remove all soil particles and avoiding
their breaking. After washing, the root systems were cut into three parts with
a knife: short-roots (Sr), long-root tips (Lrt) (length 1—5 cm), and long-root
basal parts (Lrb). (In the third summer, the study material consisted only of
long-root segments with numerous numbers of short-roots.) The division is
based on the different functions of the different parts of the root systems. The
long-roots fasten the shoot to the site and transport nutrients from the roots to
the shoot through the abundant xylem tissues (HATcH and Doak 1933). The
short-roots are mainly responsible for the uptake of water and nutrients. The elon-
gation of the root system occurs only near the root-tips, thus the tips of the long-
roots differ functionally from the basal parts. With the increasing age of the
root system, different changes occur in the long-roots than in the short-roots
(LoBaNow 1960). BJORKMAN (1942) classified the short- and long-roots by their
length. LaiHo (1963) classified them according to their branching. In this
study, unbranched roots under 1 cm in length were considered short-roots,
branched mycorrhizae were, however, counted as single short-roots.

The gas quantities were calculated as microliters (ul) per hour and per milli-
gram of oven-dry sample at 25°C. In studies carried out with the Warburg
apparatus, this is a commonly used unit of measurement (e.g. ZELAWSKI 1960
a, b, ¢, d, MEYER 1959, 1960). RouTiEN and DawsonN (1943) calculated the
respiration rates per unit root length which according to LAFonD (1951) and
MikoLAa (1953) is probably not the best possible unit of measurement; they
recommend the use of the dry weight. The surface area would be the best unit
to correlate with respiration, but it is difficult to measure (EIDMANN 1943,
MikoLA 1953). The sample volume was estimated, where needed, as ten times
the dry weight. The results were interpreted statistically with the help of the
analysis of variance and the t-test.

Preliminary experiments

The study was carried out in the laboratory of the Forestry Field Station
of the University of Helsinki situated about 200 km north of Helsinki. The
seedlings were from the Hyytidld nursery of the Korkeakoski State Forest
District. The data are from the summers 1963, 1964, and 1965.



8 Erkki Lahde 81.8

1.50 ¢

1.00

2 4 6 3 " 16 18 20

time, hours

Figure 1. Respiration intensity in »good» (

) and »poon (- - - -) pine mycorrhizae.

At the start, it was necessary to carry out certain preliminary experiments
for the evaluation of methods and development of techniques. First, the changes
in the root respiration rate in the Warburg apparatus during a given time were
studied. For this purpose, so-called »good» and »poor» pine mycorrhizae were
selected, using the classification of MikoLAa and Laixo (1962). Figure 1 shows
the changes in the O, uptake and CO, release in these samples during 20 hours.

The results showed huge variations in the beginning of the experiment and
then a slight leveling off. The general 20-hour trend in the oxygen uptake of
the »good» mycorrhizae was downward, but in the CO, release it rose a little
in the beginning, then gradually decreased, at a rate, however, that was slower
than the oxygen uptake. The oxygen uptake of the »poor» mycorrhizae slowly
decreased, but the carbon dioxide release rate remained relatively constant.
These observations led to the conclusion that before undertaking actual measure-
ments it would be preferable to allow respiration to level off in the samples for
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about 45 minutes. This schedule was followed also in the later measurements.
The readings were taken after one and two hours after closing the manometers.

In order to study respiration in the different parts of the root system, it was
necessary to separate the short-roots, the long-root tips and the long-root basal
parts. This separation involved cutting roots into segments. To find out the
effect of cutting on the respiration rate, eight replicate runs were made both on
intact root systems and on cut parts from similar seedlings (table 1).

Table 1. Respiration in intact and cut root systems of spruce and pine seedlings ul/mg/hr.

Intact Cut
Seedling type 100 e 100 - [_2]
(1] [2] (31 [4] [3] [4]
0, co, | RQ 0, co, | RQ

2-yr spruce ............ 0.43 0.44 1.02 0.52 0.64 1.28 83 69
» B cunsssesnsisss 0.40 0.40 1.00 0.47 0.51 1.09 85 78
1-yT SPIUCE .....ccoveve 0.82 0.70 0.85 L.os 0.94 0.90 78 74
2-yr pine  ............ 0.75 0.69 0.92 0.88 0.89 lL.o 85 78
» D e 0.78 0.69 0.88 0.88 0.87 0.99 85 79
» D e 0.56 0.51 0.91 0.70 0.77 l.10 80 66
» P e oemasEesee 0.43 0.2 0.95 0.52 0.53 l.02 83 77
l-yr pine  ............ 0.61 0.9 | 0O.97 0.79 0.79 1.oo 77 75

The average respiration of intact root systems was 82 per cent for O, uptake
and 75 per cent for the CO, release of the totals calculated for the corresponding
cut root systems; thus cutting the root system affected oxygen uptake less than
carbon dioxide release. The difference between the averages is statistically
significant. These values are in good concordance with those published by
ZELAWSKI (1960 a) and ZieGLER (1956) who show the limiting effect of the
bark on the stem and the branches. ZIEGLER showed that the removal of the
bark increased respiration in the branches by 33-39 9%, DeLong et al. (1930)
noticed that one cut increased respiration in fruit tree branches by 5-8 %,.

The increase in respiration resulting from cutting the roots is naturally a
pathological phenomenon caused by the damaging of the tissues. The main factor
involved is the surface area of the cut. From the cut surfaces, oxygen can
diffuse into the tissues, increasing the respiration rate. In the long-roots, the
surfaces resulting from both cutting the roots into pieces and from cutting off
the short-roots make a considerable damaged-tissue area. In the short-roots,
only the single point of severance from the long-root has to be considered as
contributing to the increased respiration.

The RQ (CO,/0,) values also demonstrate the larger increase in carbon
dioxide release than in oxygen uptake. For this reason, and since it is easier
in the apparatus to determine oxygen uptake than carbon dioxide release,
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oxygen uptake is believed to be a better expression of the respiration rate than
is carbon dioxide release. The result also indicates that when handling the seed-
ling unnecessary breaking of the roots should be avoided.

The preliminary experiments also included determinations the vitality
changes of the seedling roots during the time of storage. This experiment was
carried out in the summer of 1965. The seedlings were lifted on September 6
so that as much as possible of the root systems was left intact. The sample
seedlings were 2-year pine, grown for one year under a plastic shelter and the
other in the open, in fertilized peat. After lifting, the seedlings were stored
in closed plastic bags. About a third of these bags was kept at room temperature
(about 20°C), a third in a refrigerator (at about -+ 3°C) and the remainder
in a freezer unit (at about — 30°C). To provide a basis for comparing vitality
changes due to storage, root respiration was studied immediately after lifting
on samples of long-root pieces with a great number of attached mycorrhical
short-roots. The storage times were 10, 19, and 30 days. The seedlings stored
at —30°C were kept at room temperature for about 5 hours before the measure-
ments.

In each case (figure 2), seedling vitality decreased during storage as shown by
the decreased uptake of oxygen in the roots. The decrease was the most
marked in the seedlings kept at the lowest temperature. In general CO, release
decreased at a slower rate than O, uptake. However, during 10 days in the refri-
gerator (+3°C), no significant changes occurred. The phenomenon is similar
to change in the respiration intensity as a function of the time of measurement.
Gas exchange in the roots of the seedlings stored at room temperature
increased after 19 days, probably because of increased microbial activity.
The results suggest that storage of seedlings for a fairly long time at a
temperature close to freezing is possible without appreciably changing the root
vitality

— -30% __,
0 - . Co
W 2 P
1.0 1.0f
0.5 0.5

0 10 20 30 0 10 20 30
day day

Figure 2. The effect of seedling storage on root respiration (ul/mg/hr).
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Standardized experimental conditions

Lifting and taking the seedlings from their natural environment to the
laboratory for respiration studies may have changed respiration intensity. This
possible change was not assessed in the study; lifting was considered as affecting
all seedlings in a similar way. Neither has the effect of temperature on root respi-
ration been studied; all determinations were made at the same temperature,
+25°C.

Preliminary tests indicated the need standardizing the experimental condi-
tions to offset the initially high respiration rate indured by cutting, by allowing
the sample flasks to be agitated in the water bath, with the manometers open,
for 45 minutes.

The amounts of sample material in the flasks varied because respiration was
simultaneously measured for the whole root system. This procedure avoided
the possible difficulties resulting where separate roots exhibit different growth
rates thus naturally affecting root respiration, as LADEFOGED (1939) found true
even for a single seedling.

The short-root subsamples varied on an average between 10—20 mg/flask,
those for the long-root tips between 15—30 mg, and those for the basal parts of
the long-roots between 20—80 mg depending on the age and growth rate of the
seedlings. In the third summer, the study was limited to the periodism of root
respiration; the material studied consisted of long-root segments (2—4 cm long)
with a large number of short-roots. An attempt was made to keep these amounts
constant, averaging about 5 mg/flask.

Evaluation of the method

In analytical studies on respiration, whether gravimetric or colorimetric,
only the released carbon dioxide can be measured. The uptake of oxygen, an
essential part of respiration, remains unmeasured. When the number of oxygen
molecules taken up in respiration equals that of the released carbon dioxide
molecules, i.e. the RQ = 1, it does not matter which gas is measured. This is
generally the case in the oxidation of carbohydrates (CoLLANDER 1944). How-
ever, if other processes than direct oxidation are also involved in tissue respira-
tion, the ratio of the gas quantities may change.

With gas manometric and gas volumetric methods, both carbon dioxide release
and oxygen uptake can be measured, and our data from the respiration process
is considerably more complete. In addition, as shown earlier, O, uptake seems to
be a better measure of respiration than CO, release both because of the relative
simplicity of the method and because the cutting of the roots affects the CO,
release to a greater extent than the O, uptake.

The laboratory conditions are standard for the work with the Warburg
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apparatus. Therefore the measured rates do not correspond to respiration in
situ; they have to be regarded only as relative values. Gas exchanges has to
be determined with the apparatus from relatively small samples; therefore
great accuracy is required in the use of the method.

Results and discussion

Respiration intensity in the different parts of the root system

The roots need energy mainly for water and nutrient uptake and growth.
The energy requirements is met through respiration. In numerous studies,
nutrient uptake on one hand and growth and respiration on the other have
been found to be strongly correlated in the root systems of trees. Nutrient
absorption is most intensive in the short-roots. This is due to the large amount
of physiological activity in the root tips (KRAMER and KozLowski 1960),
associated with a concomitant retardation of growth in the zone from the tips
to the basal parts. STEWARD ef al. (1942) and STreeT (1962) have found the
meristems to be most active in water and nutrient uptake. According to this
study, respiration intensity is the greatest in pine and spruce short-roots
(table 2) but also considerable in the long-root tips at the points of elongation.

Table 2. Respiration (ul/mg/hr) in the different parts of 1—2-year pine and spruce seedling
root systems.

Part of 0, CO, RQ
root N

system?! pine spruce ¥ pine | spruce | F pine | spruce ¥
Sr ...... 1.79 1.75 0.02 1.68 1.57 0.07 0.92 0.94 0.00
Lrt ....| lao 1.20 0.21 1.03 1.08 0.05 0.92 0.91 0.00
Ltb ....| 0.5 0.76 0.21 0.89 0.90 0.00 1.61 131 3.4
F teesss 7.86"‘*| 9.45%* 3.78* | 6.95**| | 20.21""“"‘| 8.17%*
LSD.g; .. [ 0.42 | 0.33 0.2 | O.7 | | 0.1 | 0.15

1 Sr short-roots
Lrt long-root tips
Lrb long-root basal parts

The values given in table 2 are average respiration rates for the different
parts of the root systems of 1- to 2-year pine and spruce, measured from
eleven sample lots. The replicated samples were taken simultaneously during
the first autumn and second summer. The values from the first autumn are
given in this connection since they are of about the same magnitude as the
corresponding values for the following early summer.
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Figure 3. Average weight increase in the entire root systems of 2-year seedlings during the
1964 growing season.

-

When the oxygen uptake rate per weight unit in the pine seedling short-
roots is given the value 100, the rate in the long-root tips is 61 and in the basal
parts 36. The corresponding values for spruce are 100, 69, and 43. The relative
carbon dioxide release rates are different for the basal parts of the long-roots:
pine 53, and spruce 57, when the corresponding CO, release from the short-
roots is 100.

It can been seen that especially the carbon dioxide release rate in the basal
parts of the long-roots is relatively greater than the oxygen uptake. This is
best described by the RQ value. In pine and spruce short-roots it is 0.9, but in
the basal parts of the long-roots it is considerably greater, 1. 3—1. 6.

When the respiration rates of the tree species were compared on the basis
of the dry weight of the different root system parts no significant difference
was found between them. However, in the respiration rates per total root system
a difference can be seen; this result stems from the different size of the seedlings,
the root systems of pine being clearly larger (figure 3). Thus, the pine root system
respiration rate is greater than that of spruce, especially during the second
autumn.

In comparing the respiration rates of different transplants of tree species
grown in mineral soil EIpMANN (1943) found that when the relative rate for
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the pine root system per dry weight was 100, spruce had a carbon dioxide
release rate of 47. Unfortunatley, the transplants he studied were of different ages,
the pines being 2-year-old and the spruces 3-year-old. The root systems of the
pine and spruce seedlings studied by KELLER and WEHRMANN (1963) had respi-
ration rates 3 to 4 times greater than those used by Eidmann. The authors
ascribe the difference to the younger age of the plants in their experiments.
Also the faster growth rate of these seedlings may have influenced the results.

Respiration in different-aged root systems

MikoLa (1953) has found in his experiments that young mycorrhizae have
twice the respiration rate of old ones. According to BjoRKMAN (1956), two-
year-old mycorrhizae are scarcely active. Also Voigt (1953) considers age to
decrease respiration. HatcH (1937) and HARLEY (1959) showed that during
the first growing season, nutrient uptake by seedlings depends largely on the
long-roots, but their importance decreases with increasing age; during the second
growing season it is still, however, considerable. With increasing age, the long-
roots lignify and surface tissues become suberized, which decreases respiration.
This is also shown by this study in table 3 and figure 4.

Table 3. Rate of respiration (ul/mg/hr) in the different parts of 1-, 2-, and 3-year-old pine
and spruce seedling root systems.

Part of Pine Spruce
s;‘g&}m 1-yr 2-yr 3-yr F LSD.os| 1-yr ‘ 2-yr | 3-yr | F LSD.os
O, [Sr...... 3.70 1.50 1.20 19.58% | 055 | 2.5 1.76 1.2 2.32
Lrt ....| ls2 1.00 0.39 14.11* 0.32 1.67 0.88 0.78 131
Lrb ....| los 0.61 0.16 11.33* 0.23 0.98 0.49 0.35 2.75
| LEPRNN 15.03% | 11.50% | 31.s8* 1.1 | 9.0 10.25*
LSD.os ..| 0.64 0.26 0.17 0.27*%
€O, |Sr ... .. 2.95 1.50 l.ae 12.93* | 0O.a3 1.3 1.54 0.91 1.80
Lrt ....| lao 1.04 0.72 4.00 1.35 0.85 0.68 0.96
Lrb ....| 0.9 0.83 0.76 1.50 1.40 0.59 0.11 11.20% | 0O.32
| S 30.1* | 2.10 [ 2.40 | 0.35 | 3.7 | 43.33%*
LSD.o5 . I 0.32 ‘ | l | | 0.07 |

The differences between the different parts of the root systems of the 1- to
3-year-old seedlings are statistically significant in that with the increasing age
of the seedling, the respiration rate per unit weight of pine roots decreases
considerably; in spruce, the decrease is smaller but still noticeable. The samples
were taken twice during August and September 1963, simultaneously from all
seedlings, which were grown in mineral soil in the open. The decrease in the
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Figure 4. Rate of respiration (ul/mg/hr) in the short-roots of different-aged pine (left) and
spruce seedlings.

short-root respiration rate with seedling age is at least partly due to the
preponderance of young short-roots in 1-year seedlings in contrast to a number
of old ones in 2-year seedlings, and still more old ones in 3-year seedlings.
The result could have been different, if only the short-roots of the same
growing season were studied from all seedlings.

Similar differences have been observed in the respiration rates of the different
parts of the root system (page 12).

The effect of the growing medium on respiration

The effect of the growing medium on the respiration rates of the different
parts of the root systems of 2-year pine seedlings is shown in table 4. The root
systems were sampled ten times, simultaneously from seedlings grown in mineral
soil and in peat.

Table 4. Rate of respiration (ul/mg/hr) in the different parts of the root systems of pine
seedlings grown in peat (P) and mineral soil (M).

0, CO, RQ
Part of root system

P | M | F P | M F P M
1) P 1.50 l.e1 0.15 1.10 1.38 0.00 0.93 0.86
Lrt .............. 0.81 0.90 0.48 0.76 0.86 l.25 0.91 0.96
Ltb .............. 0.13 0.37 0.67 0.70 0.61 0.67 1.9 1.73
F oo 17.35"'| 2]1.33%** IlS.sg"‘" 24.00%**
LSDuws ............ 0.27 | 0.22 | 0.27 0.16
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Similar differences among the respiration rates of the different parts of the
root systems can be seen as previously shown (tables 2 and 3). In this case,
however, the growing medium has not affected the respiration rate of the root
system.

Variations in the respiration rate during the growing season

From several growth studies (LADEFOGED 1939, LAino and MikoLA 1964,
Lyr and HorFMANN 1965), we know that the growth of the root systems of
trees is rhythmic. It can be expected that root respiration follows approximately
the same rhythm as root growth.

Respiration rate variations were studied during two summers in the different
parts of the root systems of pine seedlings grown in the open in peat and in
mineral soil, and of spruce seedlings grown in peat. In the summer of 1965, the
respiration rate variations were also studied in the root systems of two-year-old
pine and spruce seedlings grown under plastic for the first year and in the open
during the second, in fertlized ground peat, in long-root segments with numerous
short-roots. The results are given in tables 5—7 and figures 5 —7.

During the first year the root respiration rate of the seedlings decreased
from the middle of the summer toward autumn (figure 5). During the second
growing season, respiration was considerable around the middle of May and
then decreased very slowly to the middle of October. The respiration rate in
the different parts of the root system varied in a similar way, but the variation
in the basal parts of the long-roots was not so great as in the other parts. In
the short-roots of pine seedlings in contrast to those of spruce the respiration
rate in September deviated most from the rate in the basal parts of the long-
roots.

Table 5. Respiration rates (ul/mg/hr) at different times during the growing season in the
different parts of the root systems of pine seedlings grown in the open in mineral soil.

Part of 1963 1964
root

system 31.7.1 2.9. [15.9.[8.10.6.11.[14.5. | 20.5. | 4.6. '23.6.| 3.9. 21.7.| 29.7.(17.8.[ 1.9. | 29.9
Sr........ 418 | 3.21| 2.05| l.96 | l.eo | l.2a | 320 | 183 | loax | liea | liza | li2a | Lo | Las | 1.10
| 5 (A 2.08 | 1.55 | 1.11 | O.92 | O.88 | O.75 | 1.5a | O.91 [ O.71 | l.oo | lios | l.11 | O.80 | 0.75 | 0O.40
Lb ...... l.29 | O.87 | O.94 | 0.9 | 0.31 | O.26 | O.70 | O.a7 | O.33 | 0.33 | O.54 | O.a1 | O.32 | O.25 | O.13
COLISr s is 50 5is 3.7 | 269 | l.3a| f.9a | L5z | li2s | 227 | lier | lies | lan | lso | laz2| Lo | luos | lo2
Lt~ 5 o5 1.78 | 1.25 | 0.99 | O.96 | O.92 | O.91 | O.98 | 0.83 | O.72 | O.75 | 1.0 | 1.13 | O.83 | O.81 | O.61
Ltb ...... l.az | 10| l.os | O.88 | 0.3 | O.72 | 0.75 | O.62 | O.56 | O.75 | O.8a | 0.77 | O.66 | O.60 | O.33
RQ|Sr........ 0.77 | 0.82 | 0O.65 | O.99 | O.91 | l.0a | O.69 | O.88 | O.89 | O.87 | O.86 | 0.87 | O.91 | O.01 [ O.93
Lt ...... 0.75 | 0.81 | O.89 | l.oa | 1.05| l.21 | O.6a | O.91 | l.ox | O.75 | O.95 | l.o2 | l.oa | lios | 1.53
Lb ...... O.67 | 1.26 | 112 | 1.80 | 1.39 | 2.77 | luoz | laz | Lo | l.7s | l.se | 1.88 | 2.06 | 2.40 | 2.54
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Figure 5. Oxygen uptake (ul/mg/hr) variations in the different parts of the root systems during
the first two growing seasons.

Table 6. Respiration rates (ul/mg/hr) at different times during the growing season in the
different parts of the root systems of pine seedlings grown in the open in peat.

Part of root 1963 1964
system B

30.7.]14.9.|15.5. |26.5.] 5.6. |24.6.] 6.7. [ 13.7.]16.7.] 25.7. 18.8.] 29.8. [ 28.9.
O, (Sr ........ 279 | 268 271 | Oso | luao| lis2| 2.6 | luas| laz | les| las| las| l.se
Lrt ...... 31| l.3a| lios| O.47 | O.58 | O.as | 1.9 | O.0n | lios [ 17| O.78 | 0.65 | O.73
Ltb ...... 2.31| 0.95| O.92| 0.90| O.38 | 0.33 | O.52| O.aa| O.39 | O.50 | 0.35 | 0.32| O.20
CO, |Sr ........ 3.1 | 223 25| la7| lios| l.ss | 2.22| luas | 0.7 | lios| ln| lios| 1.2e
Lrt ...... 333 | lag| O.73 | O.63| 0.56 [ 0.3 | O.89 | O.88 [ l.os | 1.2 | O.71 | O.65| O.77
Ltb ...... 224 | li26| O72| 0.73 | O.a6 | O.51 | l.o2 | O.90 [ O.88 | 0.95| O.70 | O.59 [ 0.46
RQ [Sr ........ l.os | 0.83 | O.79 | 1.a6 | O.95| 0O.98 | O.90 | O.87 [ O.83 | O.82 | O.98 | O.95 [ 0O.98
Lrt ...... l.o7 | O.8a | O.69 | 1.3a| O.97 | O.90 | O.82 | O.97 [ O.97 | O.96 | O.01 | l.oo | 1l.05
Lrb ...... O.96 | 1.33| O.78 | l.s3 | l.21| 155 | liee | 2.05 | 2.26 | l.so | 2.00 | l.8a | 2.30
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Table 7. Respiration rates (ul/mg/hr) at different times during the growing season in the
different parts of the root systems of spruce seedlings grown in the open in peat.

Part of 1963 1964
root
system | 7.8.]20.9.[7.10.]7.11.[13.5.] 8.6. |25.6.| 7.7. [18.7.] 1.8. [19.8.] 2.9. | 29.9.
0, Sro........ 3.0 | lige | l.os| 1.33| lio7 | l.2n| 21| 2.23| lae | lsa | lias| li2s | ln
Lrt ...... 2.36 | 0.97 | O.85 | O.98 | O.78 | O.52 | l.ae| 1.s2| 1.83 | 1.70 | O.9a | O.78 | O.e8
Ltb ...... 1.3t O.65| 0.51| O.62 | O.52| O.32 | O.85 | 1.67 | 12| O.8a | O.a5 | O.33| O.25
€Oy ISr sisusans Is2 | 234 lon | liaa| L7z ! lisa| lies | liss | li2z | lies | laa| luas | l.2o
Lrt ...... l.o3 | O.76 | O.8a | 1.15| O.68 | O.7a | O.69 | l.aa | l.76 | l.e6 | l.o3 | O.80 | O.72
Ltb ...... l.eo | l.20 | O.7a | O.69 | O.6a | O.39 | O.75 | l.75 | l.23 | O.9a | O.57 | O.a7 | O.36
RQ |Sr ........ 0.43| l.26 | O.98 | 1.08 | O.87 | l.o9 | O.92 | O.82 | l.o7 | O.90| 1.07 | O.95 | l.ox
Lrt ...... 0.82| O.78 | O.99 | 1.17 | O.87 | l.a2z | O.59 | O.75 [ O.96 | O.98 | 110 | l.o3 | 1.06
Ltb ...... lio2 | 15| luas| lax| l.ea| li22| Oss | lios | lao| luaz| liez | lua2| l.aa
— 02
i —= i),
6 |
4

May Jun  Jul Aug Sep

Figure 6. Respiration rate (ul/mg/hr) variations in long-root segments (Sr 4 Lrt) from 2-year-
old pine seedlings.

May Jun Jul Aug Sep

Figure 7. Respiration rate (u1/mg/hr) variations in long-root segments (Sr 4 Lrt) from 2-year-
old spruce seedlings.
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According to figures 6 and 7, the respiration rate variation during the growing
season 1965 was similar to that of the previous summer. Respiration was greatest
in the beginning of the summer, early in May. Unfortunately it was impossible
to run the experiments early enough to be able to follow the increase in the
respiration rate early in spring; however, the rates of respiration for the roots of
the pine seedlings grown in the open in mineral soil indicate (figure 5) a very
rapid increase in the rate in the spring. The variation during the growing
season is similar in pine and spruce root systems. The periodism of respiration
has been studied by EipmANN (1943) on intact root systems. Table 8, showing
the CO, release variations in the root systems of 2-year pine and 3-year spruce
transplants, has been taken from his paper. Early in spring the CO, release
rate is heigh, but in June it decreases, rises again in July and is still fairly high
even in October. But Eidmann’s experiments were carried out in Halstenbek,
NW-Germany so the high October activity is not surprising.

Table 8. Respiration rate (mg CO,/g/day) in transplant root systems during the growing
season in Halstenbek (EIDMANN 1943).

Month
Tree spegies April | May | June ' July August- October
September
»Osty-pine  ........ 62.7 64.5 61.2 86.4 49.7 62.3
»Rheiny-pine ...... 44.0 49.0 235 48.2 60.6 48.4
Spruce ......... ot 24.4 30.6 14.0 40.3 30.0 29.0

The rhythm of respiration during the growing season at northern latitudes
is thus very similar to the growth rhythm of the roots. According to LADEFOGED
(1939), the following rhythm is followed by the growth of spruce (Picea abies)
roots: The growth increases to the middle of May and decreases after that.
Another increase occurs at the end of July; some increase is still seen in Sep-
tember. LAiHo and MikoLA (1964) have found a similar growth rhythm in
Finland in pine (Pinus silvestris) and spruce seedlings. According to Lyr and
HorFmANN (1965), pine root growth is greatest in July, shoot growth in May.

The rate of respiration, especially oxygen uptake, is at its greatest in the
roots at the time of the fastest growth. However, no large changes occur in the
rate of carbon dioxide release during the growing season as is also shown by
the RQ values (tables 5—7 and figures 6—7). The RQ is at its smallest at the
period of large oxygen uptake, thus reflecting not only the rate of growth but
also other types of metabolic activity. This reasoning further supported by
the fact that the highest RQ and thus a relatively high rate of CO, release is
found in the basal parts of the long-roots, which do not elongate. On the other
hand, elongation is also negligible in the short-roots, in which, however, as has
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Figure 8. Oxygen uptake (ul/hr) changes in the root systems of two-year-old pine seedlings
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Figure 9. Carbon dioxide release (ul/hr) changes in the root systems of two-year-old pine

seedlings during the growing season.
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Figure 10. Oxygen uptake (ul/hr) changes in the root systems of two-year-old spruce seedlings
during the growing season.
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Figure 11. Carbon dioxide release (ul/hr) changes in the root systems of two-year-old spruce
seedlings during the growing season.

been mentioned previously, the major part of the nutrient and water uptake of
the trees occurs.

By measuring the weight changes in the different parts of the root system,
the rhythm of respiration in the whole root systems and their parts was also
determined. The results are shown in figures 8—11. Due to the weight increase
in the root system, the root respiration rate increased in pine seedling to a con-
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siderable extent in the autumn of the second growing season. For spruce the
situation was different (figures 10 and 11), indicating considerably smaller
autumn weight increase to the spruce than the pine root systems. LaiHo and
MikoLA (1964) have found in the latter part of the summer a considerable
root weight increase resulting especially from the dicotomous branching of the
short-root tips. In spruce similar extensive branching of mycorrhizae in the
latter part of the summer has not been found.

The results of this study are for a large part complementary to earlier studies
on respiration dealing with root growth and nutrient uptake; they show that
the respiration rate in the different parts of the root system is an excellent
indicator of the rate of metabolic activity at the time of measurement.
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