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under Conditions of Variable Atmospheric CO,-Content
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Under normal conditions the carbon cycle is a stationary process. A varying CO, partial pres-
sure would cause deviations from the steady state. This process is analysed using a differen-
tiated flow scheme of the carbon through the biosphere. For this purpose the biomass on land is
divided into three reservoirs with average fixation times of 1 day (day-night-cycle), 2 years (annual
period), and 100 years (timber, humus), respectively. The kinetic analysis shows that about 70%
of the global respiration follow fluctuations of the rate of photosynthesis immediately, so that this
portion of the excess of fixed carbon will be returned in the atmosphere within a few years. Only
30% of the total cycle passes through the largest reservoir (timber, humus) which could serve as a

buffering system. But since the time constant of
exchange with the ocean is the faster process.

1. The Problem

In the natural carbon cycle CO, , water, O,, and
organic material are cyclically transformed, and
thus the stoichiometric relationships follow from the
gross-equation (1):

Photosyn thesis

CO, + H,0" ~ [CH,0] + 0, .

—

(1)

Respiration

With respect to the carbon, there is an almost com-
pletely cyclical conversion. From a geochemical ma-
terial balance, which covers long periods of time,

Reprint requests to Prof. Dr. K. WAGENER, Institut fiir Phy-
sikalische Chemie der Kernforschungsanlage Jiilich GmbH,
D-5170 Jiilich 1, Postfach 365.

this partial cycle is about 100 years, the CO,

comes the result that a carbon atom will pass
through cycle (1) 10,000 times on the average, be-
fore it is buried unoxidized in sediments, and in
this manner is removed from the cycle . The global
conversion rates of photosynthesis and of respira-
tive processes are thus equal to each other to a very
good approximation. (In comparison, volcanism
and carbonate formation have no importance.)

The material conversion rate on the land is esti-
mated to be 10! tons CO, per year 2. This value de-
pends on a number of factors which, however, from
a global view, will change very slowly in compari-
son to the conversion time of carbon in the bio-
logical cycle; i. e., the average fixation time of car-
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RELAXATION PHENOMENA IN THE BIOLOGICAL CARBON CYCLE

bon in the biomass amounts to about 30 years, and
the CO, reservoir of the atmosphere will be trans-
formed once in about 20 years. We therefore must
expect that under natural conditions all of the re-
servoirs of carbon involved in the cycle will show
a stationary material content. In addition the CO,
partial pressure in the atmosphere will be in equi-
librium with the ocean.

This system is increasingly disturbed by human
activity, whereby additional CO, gets into the atmo-
sphere through the combustion of fossil carbon.
Moreover, the oxidation of dead organic material is
accelerated by the cultivation of natural soils (par-
ticularly of wooded areas). The combustion rate of
fossil carbon will have reached the natural CO, con-
version rate by the turn of the century 3. The result
will be an increased CO, partial pressure in the
atmosphere since the absorption of the excess by
the ocean can take place only at a limited rate*.
Under these circumstances, a stimulation of the
photosynthesis rate must be reckoned with, this
leading to an increased production of organic ma-
terial ®>. The respirative processes follow this in-
creased conversion rate only with a certain delay,
so that relaxation phenomena in the carbon cycle
will result. These relationship will be investigated
in a more detailed manner, in what follows. In this
context, of particular interest is the question: will
increasing the biomass lead to a damping or re-
tardation of the atmospheric CO, disturbance?

2. Kinetics of the Carbon Cycle
after a Stimulation of the Photosynthesis Rate

It is a very substantial fact that there are fast and
slow processes in the biological cycle. The fixation
time of a C-atom in the biosphere can be very dif-
ferent before the atom is returned to the atmosphere,
after oxidation to CO,. Consequently, in order to
calculate the kinetics of the carbon cycle after a
CO, stimulation, we have to divide the total cycle
into partial cycles of different velocity, the material
flows of which are coupled with each other. Thus
we divide the biological material into three reser-
voirs of different fixation periods:

I.  Fixation periods on the order of 1 day: about
30% of the primary organic material produced
by photosynthesis is respired again by the plants
(day-night-rhythm).
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II. Fixation periods on the order of a few years:
the renewal of the plant mass (leaves, for ex-
ample) taking place in an annual rhythm leads
to no significant accumulation of the dead ma-
terial in the soil.

III. Fixation periods on the order of tens of years;
timber and organic products which are diffi-
cult to decompose (humic acids, for example).

Undoubtedly, such a scheme represents a consider-
able simplification of the actual relationships; in
particular, the reservoir III consists of a very com-
plex mixture of substances, in which the duration
of fixation extends from decades to centuries 6. How-
ever, there are still no sufficient data available for a
more differentiated picture. Figure 1 shows the flow
diagram of carbon through the biosphere, using the
simplified approach of three reservoirs. The values
indicated for the partial flows, the amounts of car-
bon in the individual reservoirs and the duration

M in[10"t CO, 1
Reservoir ;
R primary organic R1
7 material 03
M;: 1074 ' \
Ti=1 DAY
Rl: 07
ReservoirIl |
periodic annual formations| R
(leaves for example) _LOI.
M2 = !
T, =2 YEARS
Il
R, |o3
Reservoirll |
wood, R
humic substances 3
M5:40 o
0, T3 =100 YEARS 0,
Photosynthesis Respiration
H,0 CO, CO, H,0

Fig. 1. Flow diagram of carbon in the land cycle. Comments

on the numerical values are in the text. The stationary carbon

quantities in the three reservoirs were computed as CO,-mass,

given in 10! ¢ CO,. 7=average fixation duration of a carbon

atom in the reservoir. The distribution into partial flows R,’,
R,’, Ry is indicated in fractions of the total cycle R.



814

of fixation were determined or estimated as follows:

The division into the partial flows R,” and Rj’
(indicated as fractions of the total cycle R) was
estimated, whereas the value R,’=0.3 R (plant re-
spiration) can be regarded as certain. Then the ar-
bitrariness of the division into R,” and R;  is no
longer great. In addition, 7; < 1 day for the dura-
tion of fixation is also certain. A more accurate in-
dication is unnecessary in this context. 7,~=2 years
represents an estimated average value for the plant
growth (leaves, for example) produced in the an-
nual rhythm. 7,100 years is an approximate aver-
age value which takes into account the complex path
via wood, decay products, humus precursors, humic
substances and decomposition products. The statio-
nary amounts of material M;, M,, M, in the three
reservoirs, thus, result from the following equations:

M, +M,+M;=40-10" t CO, (2)

(the carbon being computed each time as CO,-mass;
numerical value according to 7), as well as:

Mi=7,'R'[i (3)

yi=fraction of the total flow R, passing through
M;; R=1.3-10'"t CO,/year).

One most easily perceives the kinetic behavior of
the biological C-cycle, which follows from the re-
action scheme in Fig. 1, after a stimulation of photo-
synthesis, if one imagines a sudden change from
R to R+ 4R and then analyzes the resulting relaxa-
tion in the respiration rate. For this purpose R,’,
Rl", Ry, R,” will be considered as first order re-
actions (with respect to their dependence on M,
or M,, respectively), which is undoubtedly a satis-
factory approximation in the scope of this conside-
ration. Then the branching ratios R,’/R,” and
R,’/R,” remain constant with a change in R (and
thus of M;).

After a sudden jump from R to R+ AR the fol-
lowing equation is valid for the time rate of change
of substance M, :

dM,/dt=R + AR — (M,/x,)
from which one obtains:

(Mm_Mt)/(Mco—MO) =exp{_t/1}' (4‘)

The increase in the amount of substance up to the
new stationary value takes place with the relaxation
time 7, . According to the above statement, R,” will
increase to the same degree, so that M, also in-
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crases. Since 7, is nearly three orders of magnitude
greater than 7;, the increase of R,”, with regard
to the material balance of the reservoir M,, takes
place practically just as suddenly, so that Eq. (4)
also holds for the growth of M, , but with the relax-
ation time 7, . The same statement will be applicable
to the delayed increase in M, since 75 is large in
comparison to 7,. The delayed increase of the total
respiration rate after a (assumed) sudden increase
in the photosynthesis rate R results in a superposi-
tion of the three relaxation processes as shown in
Figure 2.

1 DAY 1 MONTH
100% T —
= 70% |~
<
s
o
T ul
<
6 ! | I | L
0,001 001 o1 1 10 100 YEARS

Fig. 2. The increase of respiration rate on land by AR’ (or of

the biomass by AM) as a function of time, after a sudden in-

crease of the photosynthesis rate R. The diagram was based on

the scheme in Figure 1. AR’ =A4R,’+ ARy’ +ARy'. The total

curve represents the superposition of three relaxation pro-
cesses.

3. Discussion

The considerations in Sect. 2 show the relaxation
in the various reaction paths of the carbon cycle. In
this connection, it was not taken into account that a
change in te CO,-content occurring primarily in the
atmosphere (which was originally stationary) will
gradually disappear through a transfer to the other
carbon reservoirs. (The influence of the sea should
remain unconsidered for the time being.) In order
to obtain quantitative statements, we must make a
further assumption, namely the dependence of the
photosynthesis rate on the CO, partial pressure. In
accordance with the present state of knowledge, a
proportional relationship:

R (My/My°) R° 5)

(M = atmospheric CO,-mass; the superscript © re-
fers to the original undisturbed condition) seems to
be the most reasonable approximation in the ex-
pected range of variation of the partial pressure’.
It is doubtful whether this assumption is correct
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under all ecological conditions; however, it might
be justified for our purposes, as a global mean
value.

Thus, an atmospheric disturbance AM, (if the
participation of the sea is left out of consideration)
would finally be distributed among the three carbon
reservoirs of Fig. 1, as well as the reservoir of the
atmosphere. As a result, increases in R immedia-
tely produce an increase in the material content of
reservoir I, within a few days, whereas M, proceeds
with a phase shift of a few years. Due to the small-
ness of these reservoirs in comparison to M, ,

(M, +M,) /My =20.04,

a change in their amount of substance, has practi-
cally no influence on 4M, . On the other hand, the
respiration rate from these two reservoirs amounts
to 70% of total respiration, so that this portion of
additionally bound carbon, according to Eq. (5),
will get back into the atmosphere very rapidly. Ac-
cording to the reaction scheme of Fig. 1, the remain-
ing 30% will go to M, where it remains bound for
about 100 years. The amount of carbon in reser-
voir III is comparable to that in the atmosphere:

M;/My=1.6, so that finally AM, would be distri-

1 D. H. WeLTE, Naturwiss. 57,17 [1970].
2 See: G. E. HUTCHINSON, in: The Earth as a Planet, G. P.
Kurrer (ed.), Chicago 1951, p. 371. — R. REVELLE and
H. E. Sugess, Tellus 9, 18 [1957]. — E. BoLIN, Sci. Amer.
223, 125 [1970].

3 K. E. ZiMEN, Angew. Chem. (Intern. Edit.) 10, 1 [1971].
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buted in this proportion between M3 and M, . How-
ever, this would be realized only in part, for, due to
the slowness of the partial cycle 3, the absorption
by the sea (as a result of the disturbed solution
equilibrium), which we had left out of consideration
so far, is the more rapid process in this instance.

Thus, we come to the result that the influence of
the biocycle on a disturbed CO,-content of the atmo-
sphere is slight. For the damping of fluctuations in
the CO,-content of the atmosphere, the kinetics of
the exchange with the ocean is rate-determining.

Finally, it should be mentioned that the concept
of “mean fixation time of carbon”, which is, in the
terminology used here:

= (M;+ M5+ M;) /R =230 years,

does not permit any conclusions about the behav-
iour of the carbon cycle in the domain of the ques-
tions posed. The differentiation of the complete cycle
into partial cycles which was attempted in Fig. 1 is
decisive. The data used there still cannot be final
numerical values. However, the total result could
not be substantially modified by adding any correc-
tions at this point.

4 R. ReveLLe and H. E. Sugess (quoted under 2). — H. CraiG,
Tellus 9,1 [1957]. — B. BoLIN (quoted under 2).

5 M. G. STALFELT, in: W. RuHLAND (ed.), Hdb. Pflanzen-
physiologie, Vol. V/2, Springer-Verlag, Berlin 1960, p. 81.

8 D.SauerBEcK and F. FUHR, Transact. Intern. Symp. Humus
et Planta V, 13.—17. Sept. 1971, Prague, Vol. I, p. 173.

7 B. BoLIN (quoted under 2).



