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ABSTRACT

Rising atmospheric CO, concentrations (16-26%, above the preindustrial value) along with
other anthropogenically released nutrients (especially nitrogen as well as phosphate
compounds) may already have induced a fertilization effect of the biosphere. A great number
of greenhouse and phytotron experiments along with only a few field observations suggest a
stimulation of the net primary production which may be expressed by an experimental
stimulation factor f between 0.25 and 0.50 on the average. Using these data, a global CO,
fertilization effect can be calculated, which is supported at present by one open field
observation at high altitude pines where an increase in tree ring width is correlated with the
atmospheric CO, increase. The ecological response to increased biomass production in
different ecosystems is still debated; global estimates for long-term storage of carbon range
from zero to the order of several Gt C. A 3-compartment model for living biota, litter and
humus is discussed for a global 1-biome as well as a global 4-biome aggregation of the land
vegetation. Different kinetic models for NPP have been studied, of which the most realistic
appeared to be dependent both on atmospheric CO, concentration and on standing biomass
level. For a global 4-biome model, it was estimated that the annual carbon sequestering in the
biota pool corresponds to a net ecosystem production of NEP, = 0.7 + 0.3 Gt C/a, in the litter
pool to NEP,=0.07 +£0.03 Gt C/a and in the humus pool to NEP, =0.60 + 0.35 Gt C/a,
adding up to a present total carbon storage of NEP = 1.4 + 0.7 Gt C/a, assuming a § value of
0.25 t0 0.50.

1. Introduction

The amplitude of the seasonal cycle of atmos-
pheric CO, has been rising steadily over the past
25 years (Bacastow et al, 1985) at various
stations, averaging 0.75 + 0.099; a~! relative to
the amplitude in 1958 at Mauna Loa Observ-
atory. Since the amplitude of the seasonal CO,
cycle in the northern hemisphere is dominated by
the uptake and release of CO, by the land
vegetation, it has been postulated by Keeling
(1983), that the observed amplitude increase is
correlated to the increased activity of land plants.
From the atmospheric data alone it cannot be
decided whether this increase in plant activity
implies an increase in carbon storage by the land
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biosphere, or whether it implies only an increased
turnover of carbon with no additional storage.

Strain (1985) distinguishes between physio-
logical controls and ecological controls for
additional carbon assimilation and carbon
sequestering. For a deeper understanding of the
global carbon cycle at present time it is not only
important to understand the carbon sequestering
as an additional sink of atmospheric CO, but also
the stimulation of plant communities with respect
to anthropogenically released trace gases like
CO,, NO, and ammonia, SO, and others, since
other dynamic processes like regrowth from
forest clearing or other detrimental effects
depend on it.

Stimulation of the terrestrial vegetation by
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anthropogenically released nutrients may depend
on 3 factors.

(1) The additional availability of the nutrient
factors at the site of the ecosystem.

(2) The stimulation of photosynthesis and net
primary production (NPP) by the combination of
the nutrient factors.

(3) The response of the ecosystem to the
additional NPP and nutrient load affecting the
community respiration and thus the release of
CO, or the storage of carbon in the living and
dead biotic compartments.

As far as CO, is concerned, its atmospheric
levels have been rising homogeneously worldwide
by 16 to 269 relative to the assumed pre-
industrial value in 1860 of about 295 ppmV or
270 ppm resp. (Neftel et al., 1985).

According to Strain (1985) an enhanced carbon
dioxide level leads to a hierarchy of plant
physiological processes of photosynthesis, the
secondary processes of photosynthate accumu-
lation, composition and translocation and the
tertiary whole plant responses given by growth
rate, growth form and reproduction. Net primary
production enhancement is one of the physio-
logical responses examined and will be used in
the following model analysis.

The response of net primary production to
increased level of CO, is most conveniently
expressed by an experimental factor § which
describes a relative increase in net primary
production with respect to the relative increase in
CO, levels. As discussed below f values have
been found to depend on the individual plant
species or the plant community with a mean
response being given by f§ between 0.25 and 0.5
(Strain and Cure, 1985). As the influence of
present CO, and nutrient levels are examined,
the question of a future global warming and
change in precipitation patterns due to a
greenhouse effect and their influence on gross
primary production and carbon sequestering is
not examined in this investigation. The ecological
controls of plant stimulation have been described
by Strain (1985) by plant/plant interaction in
plant communities with one or several species
and the plant/animal interactions of the her-
bivory food chain and in the plant/microbe inter-
action both within living plants and dead plant
material in the litter and in the soil. It is clear
that for some plant communities which already
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have a high leaf area index stimulation of
photoproduction can lead to competitive shading
unless the allocation of the assimulates is prefer-
entially directed towards the roots and the stem
of the plant. Plant/animal and plant/microbe
interactions as well as natural fires will be of
great importance in the question of additional
carbon sequestering. Systems with a short turn-
over time of carbon like most natural grassland
eco-systems and agricultural systems will have a
much smaller ability to store additional carbon
than those with larger carbon turnover times like
forest ecosystems characterized by small ratio of
NPP to standing biomass. The turnover time is
also important in the question of additional
storage of carbon in the litter and soil pool, since
soil with its large carbon storage capacity is an
important sink for carbon. Distinction of a CO,
fertilization effect have also been made for
systems which are in a quasi steady state, for
upgrowing and for continuously harvested
systems.

2. Response of annual and perennial plant
stands to CO, fertilization

A great number of CO, stimulation experi-
ments have been performed which show that
there is a primary response of plants to elevated
CO, concentrations: partial stomatal closure,
increased photosynthesis per unit leaf area,
decreased photorespiration and decreased tran-
spiration (Strain, 1985). The secondary effects of
CO, stimulation include a change of photo-
synthate concentration, composition and allo-
cation, increased growth rate, and changed
growth form, reproduction and plant water
status, often increased water use efficiency, as
well as an altered tolerance to gaseous atmos-
pheric pollutants (Gifford, 1979; Strain, 1985;
Strain and Cure, 1985). CO, studies have been
performed at the leaf level in leaf chambers
measuring gas exchange, or at the whole plant or
plant stand level in controlled environments like
phytotrons, portable growth chambers, sunlit
controlled environment chambers as well as
greenhouses. Very few open field studies are
available at present time except the semicon-
trolled environments of open top cylinders
(Rogers, 1983a, b) and one field tracking
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chamber study of a tundra community (Oechel
and Strain, 1985).

In these studies, short-term (<2 weeks) and
long-term (> 2 weeks) responses to elevated CO,
concentrations of mostly annual plants of
economic importance (crops, vegetables, weeds)
are distinguished. Both the carbon exchange rate
(CER) and the net assimilation rate (NAR) are
often found higher in the short term response.
For the question of carbon sequestering, the
ultra-long term response (1 to the order of 100
years) is needed for which field experiments are
virtually non-existent, except for the high altitude
tree ring measurements on pine species (La
Marche et al., 1984), which show a ~1009
increase relative to preindustrial times, and the
yield measurements of managed forest eco-
systems in Central Europe (Seibt, 1981), which
for the period between 1950 and 1975 show a
considerable (30-509,) gain relative to the time
between 1880 and 1920. However, it is doubtful
whether these changes are caused by the CO,.

Since for the ecosystem model developed in the
next chapter only one aggregated level of living
biomass (B) is considered, the net primary
production (NPP) of a given stand of plants is the
most important quantity to be considered in
response to CO, elevation. The annual pro-
duction NPP is equal to the annual biomass
accumulation plus all litter formation and
herbivory consumption. Only if the latter two
processes can either be excluded or accounted
for, the experimentally determined biomass
accumulation equals NPP. With this precaution,
in analogy to biomass accumulation or yield
measurements, a fertilization factor f is defined:

ANPP/NPP°

CO,) = )
pco,) ACO,/COY

(1a)
where the upper index © refers to the standard
conditions of CO,, which is, for instance, the
1980 value of atmospheric CO,, 340 ppm. f is, in
general, a function of the increment ACO,, due
to the observed saturation response of NPP with
respect to CO,. Conversely, for a known §, any
NPP may be modelled as a function of CO,,
which like atmospheric CO,, may be a function
of time.

NPP(CO,) = NPP(1 + BACO,(1)/COY),  (Ib)

where in this case the reference state “°” is the
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preindustrial atmospheric CO, value of 270 or
295 ppm, resp., and where f may be assumed
constant, if the change in CO, is relatively small,
as, e.g., is the case when we consider the rise in
atmospheric CO, concentrations from the pre-
industrial to the present time. f values or
corresponding quantities have been determined
for a great number of annual and a few perennial
plant stands at near ambient concentrations up to
S times the present value.

Table | gives an example of 4 selected species
at 4 different CO, concentrations studied in
semicontrolled environments (Rogers et al,
1983a, b). It is seen that f§ is positive for all cases
but one, and that stimulation occurs at all higher
concentrations and shows saturation behaviour
except for the case of sweet gum seedlings.

Table 1. Determination of the fertilization factors f
and f from CO, stimulation experiments in semi-
controlled (open-top cylinder) environments

C0,/CO3 529/340 718/340  910/340
Growth factor  f B B B J: B
Soybean 1.03 130 092 1.05 0.51 0.87
Corn 045 057 020 0.29 0.15 0.26
Loblolly pine 041 052 026 0.39 0.17 029
Sweet gum —0.19 —0.25 0.06 0.08 020 0.35

Data: Rogers et al. (1983a, b).

Originally a p factor was suggested by
Bacastow and Keeling (1973), to take into
account that the vegetation may sequester part of
the CO, released by fossil fuels. They modelled
the levelling off behaviour of stimulation with
increasing CO, levels by a logarithmic curve:

NPP = NPPY(1 + f In(CO,()/COY)), (22)

where f§ was a parameter to give a best balance
between the CO, of atmosphere, oceans, and
land. If this expression is expanded in a Taylor
series with respect to CO,, then we obtain:

NPP =~ NPPO(1 + SACO,(t)/CO} + - - -) (2b)

such that the parameter f may be identified with
the experimentally measured § values at small
ACO,/COf values. In Table 1, B, as defined in eq.
(2a), was also evaluated. It is seen, that also f
varies with CO, concentration although not as
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much as f. Ideally a form of saturation type
behaviour is sought, which may be described,
e.g., by a Michaelis-Menton type expression
(Gates, 1985). We investigated a power
expression to express the declining response of
NPP to CO,, which, however, has no saturation
plateau:

NPP = NPPY(CO,(1)/CO%? with0<B<1 (3a)
which when expanded in a Taylor series yields
NPP = NPP?(1 + BACO,(1)/COS + - - +), (3b)

which is identical with the logarithmic form
(B = B) for small CO, variations. Both equations
(22), (2b) and (3a), (3b) lack the dynamical
feedback between expanded leaf biomass and
additional photosynthesis. The CO, fertilization
experiments show clearly that the relative in-
crease in NAR, net assimilation rate per unit leaf
area, i.e., is usually smaller than the relative
accumulation in biomass, suggesting a concurrent
expansion of the leaf canopy. Dynamically the
proportion of leafs to the total biomass B may be
modelled by:

(B/B°Y where0<d<1,

and where B° is the reference climax state at
standard CO, concentration (Kohlmaier, 1981).
It is therefore suggestive to model NPP both as a
function of B and CO, (Keeling, 1973):

NPP(B, CO,) = NPP°(B/B°y (COz(t)/CO‘;)T’, 4)

where J is distinguished from B, since part of the
measured increase is incorporated in the biomass
term. Eq. (4) is of the form, that any given level
of B, which may, e.g., be the different stages of
the development of the plant from the seedling
state to the climax state, is stimulated by the
same factor, provided that the CO, concentration
is the same. Indications from the short term and
long term response of some plant stands to CO,
make it probable, that some plant growth is just
accelerated, reaching faster the final develop-
ment state, which in the extreme case may be
identical with the reference state. To model this
behaviour within the same formalism we suggest
to use alternatively:

NPP(B, CO,) = NPPO(B/B0 )0, &)
where

S(CO,(1)) = 80 & ~PsrCONICOR

and where B, > 0 is a characteristic parameter. In
the limit of large CO, concentrations é becomes
zero such that NPP becomes independent of B.

3. Model structure for plant growth stimu-
lation and ecosystem response to enhanced
levels of CO, and other nutrient factors

In the following, we consider the response of a
three level system B, L, H as shown in Fig. | to
increased nutrient levels, where B describes the
carbon mass of the living biota, L the carbon
mass of the litter, and H the carbon mass of the
soil humus of a particular ecosystem. The ques-
tion which will be asked is in which way the
levels B, L and H change in response to an
enhanced NPP, which will depend both on the
level of living biomass B and on an external
fertilization function f(¢), depending on CO, and
in general on the whole set of other nutrients like
nitrogen, phosporus etc. The input term NPP is
counteracted by an output term of living biomass,
which is described by the annual litter formation
LIT and the respiratory release of CO, in the
herbivory food chain RES,. Stochastic events
like wildfires or storm damage as well as the
planned events of harvest of annual or perennial
plant communities shall be described by F,,(¢).

-y F B r-—'NPP(B,f(t))
= res,
LIy
L ——RES}
Fe.
HM
H |- RES),

Fig. 1. 3-compartment model for living biota B, litter L
and humus H. The respiration fluxes RES, (i=b, |, h),
the litter flux LIT and the humus flux HUM are
internally controlled. Net primary production NPP is
controlled both by the fertilization function f(f) and by
the standing biomass B. F, are externally controlled
fluxes like harvest and natural catastrophic events.
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Following these events the growth cycle can start
again. With the above definitions the following
set of non-autonomous differential equations for
B as well as for L and H have the following
structure:

dB/dt = NPP(B, f(t)) — LIT(B, f(1))

- RESb(vi(t)) - Fex(t)v (6)
dL/dt = LIT(B, f(1)) + KF, (1)

— RES(L, f(1)) - HUM(L, (1)), )

dH/dr=HUM(L, f(+)) — RES,(H, f(1)), 8)
with
S(1) = (CO,(1)/COY, x,(1)/x)), &)

where xj/x,‘-’ refers to the set of other nutrients
with respect to a given reference state. x is the
fraction of the carbon flux that enters the litter
system with respect to the total export flux F,,,
RES, is the annual flux of CO, from litter, and
HUM is the corresponding flux into the humus
compartment, both of which are taken to be
dependent on the litter level L and, in the most
general case, on the fertilization function. For
instance, f(t) may influence both the rates and
the relative proportions of RES, and HUM when
the quality of litter (i.e., a change of the ratio of
C/N) is altered. Finally RES, is the flux of CO,
from the humus system which is taken to be
dependent on the humus level H and on f(1).

The fertilization function f(r) describes the
relative change in nutrient levels with respect to a
preindustrial state.

According to the ecological terminology, the
annual net ecosystem production, expressed as
the annual net accumulation of carbon in the
ecosystem, is defined as:

NEP(t) = NPP(t) - _-bzl . RES,(1)

—(1 _K)Fex(t)’ (10)
or
NEP(r) = B(t) + L(t) + H(1)
= NEP(t)+ NEP(1)+ NEP,(1).  (11)

We note, that NEP(7) may be negative as well, in
particular, when F_(¢) is positive; NEP,, NEP,
and NEP, are the corresponding net ecosystem
productions with respect to the levels B, L and H.
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4. Model A: Evaluation of the carbon storage
in the living biota assuming a linear litter
production and herbivory consumption
response to a stimulated production of
biomass. Initial considerations

In the following we examine the simple model
for carbon storage in the living biota:
NPP = NPP?(1 + BACO,(1)/COY)
as defined in eq. (3b),

LIT +RES,=k,B

and
F, =0

(12)

With the annual biomass change given by the
time derivate of B,

B(t) = NPPY(1 + BACO,(1)/CO%) — k,B.  (13)

The fertilization effect on B within a perennial
plant community is most clearly recognized,
when NPP is chosen independent of the level of
B, and when the litter production and herbivory
consumption is assumed to be explicitly indepen-
dent of fertilization. In the linear dependence of
LIT and RES on B, however, an indirect
fertilization response is considered, in as much as
the increased biomass causes a proportionally
higher respiration and litterfall.

If eq. (13) is applied to global considerations,
then B represents the global standing biomass of
the earth, NPP? the total annual net primary
production at the reference concentration of CO,
at preindustrial times, conventionally set at
£1860. Ice core studies suggest that CO} may be
as low as 270 ppm (Oeschger and Stauffer, 1986),
appreciably lower than the value of 295 ppm used
in modelling until recently. To account for this
uncertainty the fertilization effect with respect to
both reference states will be evaluated. The
global NPP has been estimated between 53 and
68 Gt C/a (Whittaker and Likens, 1975; Ajtay et
al., 1979; Olson, 1982); we adopt here the value
NPP°=60+9 Gt C/a. The living biota have
experienced considerable changes since the early
settlements with conversions of forests to agricul-
tural lands being perhaps the most important.
Although the potential (undisturbed) biomass
may have been perhaps as high as 900 Gt C
(Olson, 1982), we adopt here a hypothetical refer-
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ence state value for B of 600 + 120 Gt C, which is
supposed to represent the present vegetation dis-
tribution (e.g., Ajtay et al, 1979) under the
preindustrial CO, values. Disregarding at first
the term F,,, the preindustrial state in eq. (13) is
described by a stationary state: B=0 in which
the original steady state value of B is given by

B° = NPPYk,,

or vice versa, in which the rate constant k, may
be evaluated from NPP® and B°

k,= NPP°/B°=0.] a~!,
with the characteristic relaxation time

t,= 1/k, = BY/NPPO = [0 a. (14)

In reality, in a multibiome approach, there is a
whole spectrum of 7,-values, with 1, ~1a rep-
resenting the stands of annual vegetation and
with 1,> 1 a being characteristic of perennial
plant formations.

The function ACO,(r)/CO9 is well-known for
the time period of the Mauna Loa measurements,
but not for the reference state. It has increased by
approximately 25 ppm in the 25 years from 1957
to 1982, or on the average 1 ppm annually, with
ACO,/CO}=0.16 (CO3=295 ppm) and
ACO,/CO%=10.26 (CO5=270 ppm). In agree-
ment with many CO,-fertilization studies, as
summarized by Strain and Cure (1985), the model
parameter B will be set equal to the experimental
fertilization factor § of 0.25 t0 0.5.

Case A.1. Response of the biota to a step function in
CO,
In the following we consider the dynamic
response of B to a step function of CO,

ACO,(1)/COY

_{0 fort<t,

ACO,/CO® = const. (15

fort > 1,,
which may represent a rough model of the time
evolution of atmospheric CO, from preindustrial
times to present day. The time of switching 1, is
thought to lie in between today and 1860, the
exact time is not important. Solving eq. (13) for
this case, is given by

B(1) = B¢ ™" 4 BO(1 + BACO,/COY)

x(1—e™ ™y forrz1,,

(16)

with the asymptotic limit:
B! = B(t -+ ) = B(1 + BACO,/COY). 17

With the assumed values for f=0.25 to 0.5 and
ACO,(1982)/COJ=0.16 to 0.26 the asymptotic
value is given

B'=624—-678 Gt C
and
B'—B'=AB=24-78 Gt C.

It should be noted that this stationary state
solution is obtained immediately from eq. (13) by
setting B=0.

As illustrated in Fig. 2, the system will go from
an initial steady state “0” to final steady state
“1”. The relative change in net primary
production and standing biomass are equal to
each other:

(NPP! — NPP?)/NPP° = (B! — B°)/B°

= BACO,/COS. (18)
Case A.2. Linearized CO, increase during the
Mauna Loa period for a one-biome
model
Knowing the explicit time behaviour of
ACO,(1)/COS, eq. (13) may be solved analytically
or numerically (Kohlmaier et al., 1985). A
particular simple case arises if the CO, increase
during the Mauna Loa Period (1958-1982) is
represented by a linear function:

ACO,(1)/COY=Ft and A,CO,/CO}=F, (19)

NPP
P AR I o

RES

2 i |
'

0 2 13 L] 1) 10 12 e
Fig. 2. Net primary production NPP and ecosystem
respiration RES versus biomass assuming RES being
proportional to B and NPP depending only on atmos-
pheric CO, (Case A). Index *°” refers to the initial
steady state, while index ““!'” refers to a final steady
state after atmospheric CO, has increased by 16%. The
fertilization factor is assumed to be = 0.6.
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where F ~ 1/300 a~! represents the relative mean
annual increase during the Mauna Loa Period,
and where for a preindustrial value of COj of
295 ppm, ¢ =0 corresponds to 1934, while for
CO% =270 ppm, t =0 corresponds to 1904. The
exact solution of eq. (13) is given by:

B"™(t) = B® + BFB°(t — 1,) + BFB°t,¢ "™

—[B° — B(O)]e "™, (20)

where the first term shows a time delay 7, and the

second and third terms are transient terms.
Differentiating B with respect to time, the net

annual storage of carbon in the biota is given by:

B(r)=PBB°F(1 —e™"™)

~Ligo - Boye, @1)
Tp

or with the values adopted, the storage in the year
1982 (¢ = 48) is calculated for an original steady
state B° to be:
B(1982)

~ (0.25 — 0.5)(1/300)(600)(99/100) Gt C/a

=10.495 - 0.99 Gt C/a.

Case A.3. Exponential CO, increase during the
Mauna Loa period for a one-biome
model

Similarly the Mauna Loa data of atmospheric
CO, may be expressed by an exponential func-
tion of the form

ACO,(1)/CO%= C(e"' - 1)
and

A, COL(1)/COY =k, Ce'"',

(22)

where 1 =0 for 1860 and the average rate con-
stant k; between 1958 (¢ =98) and 1982 (r = 122)

was adjusted to describe a change from 0.08 to
0.16 (COY=295 ppm) or from 0.18 to 0.26
(COS =270 ppm). Adjusting the parameters k;
and C to those prescribed values we have:

k= 0.027/a,

C=6.16%10"3 and CO3 =295 ppm,
or
k= 0.0104/a,

C=0.1016 and COj = 270 ppm.
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With eq. (22), eq. (13) can be integrated to give
the following asymptotic relationship:

B%(1) ~ BBY(A, CO,(1)/COR)(1 + ko/ky) ™,
t> l/k,,

or with §=0.25—0.50 and B° = 600 Gt C,
B?(1982) ~ 0.53 — 1.06 Gt C/a

(CO; =295 ppm),
B**(1988) ~0.51 —1.02 Gt C/a

(COS§ =270 ppm).

(23)

We conclude that the model carbon storage in the
living biota (NEP,) is insensitive to the particular
time evolution (linear or exponential) of atmos-
pheric CO,.

We note that for the large-time scale obser-
vation of the variable B, the moving steady state
(ss) approximation may be useful, provided that
ACO,(1) is a smoothly and slowly varying func-
tion. For our system this solution is obtained
from eq. (13)

B(t) = NPPY(1 + BACO,(1)/CO%) — k, B,

by setting B=0 and solving for the moving
steady state:

B*(1) = B°(1 + BACO,(1)/CO9), 249

using the values for B, B, and ACO, as given
above

B*(1982) = 624 — 678 Gt C.

The time derivate of B* is obtained from eq. (24):
B = BB°A,CO,(t)/COS, (25)

and can be evaluated to approximate the same
annual increase as the special cases already
discussed.

5. Nonlinear models for stimulation of net
primary production, and their effect on
biomass storage

Case B

In the following treatment, we consider the two
forms of NPP of eq. (4) and (5), both of which
are dependent on CO,(r) and standing biomass
B(r), and discuss their effect on biomass accumu-
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lation still retaining a linear response in litter
production and herbivory consumption. Model B
deals with the following Riccati’s differential
equation

B(1) = NPP? G(z)<%>'s —k,B, 0<6<1, (26)

with
G()=

{(1+3Acoz(r)/co;’) or (26a)
(CO,(1)/COY?  for large CO, changes. (26b)

We expect that the dynamic behaviour of plant
growth is described much better by this equation
than, e.g., by NPP being independent of B and
we know that in the limiting case G(f)=1 (no
additional fertilization) the Richards functions
are obtained, which have been very successfully
applied in forest dynamics.

In analogy to the cases A.1 to A.3 in Section 4,
we give analytical results for the CO, step func-
tion, linear and exponential case, all of which
result from the integrated form of eq. (26).

Case B.I1. Response of the non-linear one-biome
model to a step function in CO,
Using the switching function of eq. (15) we
obtain the time development of a system original
in a climax state B°,

(- é)
B(r)= B°<1 +B AC(? (1—e " '°”")) ,

0(0
27N
with the relaxation time tx = 1,/(1 — §).
The asymptotic limit
ACO,\0 -9
B(t-> w0)=B°{1+ 28
=514+ ) @8)
is obtained, which is larger than in the

corresponding case A.l, since 1/(1—-48)>1 for
0<é<1, provided f=B.

If, however, a CO, step experiment is evalu-
ated where the relative change in accumulated
biomass is measured, than the relative enhance-
ment of cases A.l and B.1 should be related to
the same experimental quantity f. Expanding eq.
(28) in a Taylor series and retaining terms to first
order

B(t —+ ) ~ B[1 + B(1/(1 — 8))(ACO,/COY)], (29)
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and comparing it to eq. (17), it becomes clear that

B=R01-38)=pa-4). (30)

Case B.2. Response of the non-linear one-biome
model to a linearized CO, increase
during the Mauna Loa period

Solving eq. (26) for the linear CO, increase
defined in eq. (19) we obtain:

B™(t) = B"(l - (1 — (%)1 B 6>e—um

1101 - &)
+BF((t— 1)+ e_'/"‘)> , (31

which includes the special case of the integrated
form of the Richards growth function for £ =0
and B(0)~0 which shows the sigmoid growth
form of a generalized logistic function. Formally
case A.2 is also included in this solution, when
setting 6 =0. The asymptotic solution for large
observation times, where still 7, may not be
neglected with respect to ¢, is given by:

B(t,e) & B + BF(t — 1))0 9, (32)

or when expanded in a Taylor series, retaining
terms only to first order

B“n(tlargc) X BO(l + BF(I - rk))a
noting that J/(1 — &) = B.

(33)

Case B.3. Response of the non-linear one-biome
model to an exponential increase in
atmospheric CO,

Solving eq. (26) for the exponential function
given in eq. (22) we obtain:

w0 =p(1-(1-(52) e

1 kot —1/7,
Cl —— (" —e¢ "*
+B <1+kf-tR( )

Creem))

Again the asymptotic form for large observation
times is a useful approximation for the exper-
imental observations:

(34)

e —1

141 - 8)
XP, = —_
B™(t,,) 30(1 +Bc( . +kr'rn))

ACO,(1)/CON\ /1 - &
= 1 _— . (35
BO( + B 1+ k& tq ) (35)

Tellus 39B (1987), 1-2
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This expression can be best compared with
case A.3 when expanded into a Taylor series,
retaining only terms to first order:

ACOZ(I)/CO‘2’>

6
1+ ketq (36)

B, ) = BO(I +B
which is different from case A.3 since 7, is
replaced by 1.

The linear and exponential model in the limit
for large ¢+ may be compared with the corre-
sponding moving stationary state expressions
which are simply obtained from eq. (26) and
(26a) by setting B(t) =0

Bo(1)= B"(l + Bé_c_&(’_))““‘a)’

(37a)
co?

or when expanded into a Taylor series, retained
only first-order terms

ACOZ(I))

(37b)
(60 ]

Bo(t)=B° (1 +B
which is the same as corresponding case A.
Although the asymptotic states in the limit of
large observation times are similar in the moving
steady state approximation, they differ for the
exact solutions, in as much as 1 replaces 7,. The
time dependence of upgrowing ecosystems is
however, considerably different in the cases A
and B, as will be shown in the next chapter.

Case C

Up to now, model A as well as model B
represented results, where the stimulation of
NPP was proportional to ACO,/COj indepen-
dent of the stages of development of the
particular plant communities considered and
summarized to one biome. In model C, we
present the results of an ecosystem model, in
which the plant dynamics are described by an
extended Richards equation

) B \3(CO,0)
B=NPP° (F) — ky B,

with 0 € 6(CO,) <1, (38a)
where now ¢ is a monotonously decreasing func-
tion with increasing CO,:

5= 60 e—ﬁ,,Aco:(r)/co‘g

and §,>0, (38b)

noting that decreasing J values imply a greater
relative net primary production of the younger
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stages of development. Lacking detailed exper-

imental data this model C is still very rudimen-

tary, choosing ad hoc f§; = In 2, which implies for

a CO, doubling a decrease in the original dq-

value by a factor of two. d, itself if not very well

known, however, it may be related to the

regrowth time 7,, from the seedling state B(0) to
909, of its climax state (Kohlmaier, 1981) in the

implicit form

_(BOy-*
o= ! 11’-ln<1 (BO> ) (39)

1—-0.9" %

averaging typically the value 6, = 0.5 for forest
ecosystems with 7, = 90-130 a.

By inspection of eq. (38), it becomes clear that
the same climax value B° is reached, independent
of ACO,/CO).

Fig. 3 shows the difference between model B
and C, assuming for simplicity in both cases a
step function increase of ACO,/COY by 50%,.

Choosing

i ACO, _ {0 fort<t,
col 0.1 fort>t,,

an increase in CO, of 509 with a corresponding
BF=0.2 may be simulated, or similarly any
corresponding product like, e.g., 25% and
B=0.4. With this assumption, model B reduces
asymptotically to
NPP(B/B°)**
NPP?(B/B°)**»
For a global biota one-biome model (NPP? = 60
Gt C-a7!, B°=600 Gt C) and 6=0.5, this
implies a transition from B°=600 Gt C to
B' =726 Gt C, or a corresponding 21%, increase.
For model C using §, = 0.5, § becomes 0.35 for
ACOQ,/CO), such that
NPP(B/B°)**
NPP={ (B/B°)
NPPo(B/B0)*%
Because of the larger difference between NPP

and k, B, the higher CO, case ecosystem grows
up faster, in agreement with eq. (39).

fort<i,

NPP={
fort>1,.

forr <y,
fort>¢,.

6. Periodically harvested ecosystems

Considering the fertilization effect on systems
disturbed in a more-or-less periodic manner, eq.
(6) needs to be solved for special forms of the
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Fig. 3. Illustration of cases B and C in a plot of net primary production versus standing biomass (reduced units).
NPP/NPP? is increased in case B by a constant factor of 10%. The original steady state B° is shifted towards a
final steady state B', which is 219 higher. For case C, NPP is increased at any level except the climax state by
replacing 8 = 0.5 with é = 0.35, again corresponding to a step increase in CO, concentration.

output term F, . For managed forests this output
term F,, may be assumed to be strictly periodic,
i.e., the forests are always harvested at a given
age 7,. Such a forest ecosystem may be described
either by the model case B or C, using the
discrete version for the corresponding computer
solution:

AB(z))/At = NPP §(At, + 1,)(B(t,)| B°)

—ky B(t) — F. (1) (40a)
or
AB(t,)/At = NPPO(B(t,)/B°)’*=*+ %

—ky B(1) — F, (1), (40b)

where 17, is the age of the plant stand, and A, is
the time difference between the start of a
fertilization effect and the start of the regrowing
ecosystem from the seedling state. Using discrete
constant time steps of size At > t,, where 1, is the
age of harvesting, and where 1,=iAz, (i=0, 1, 2,
..., h), F_(t)) equals zero for all ;3 7,, whereas
at the time of harvest F,, is equal to the total
biomass of the system at that time, reduced by a
factor ¢=0.999 a~-', which was introduced to
allow for restoring a small amount of biomass
necessary to initiate new growth:

F (1)=cB(z) [}, 8(x +1,— 1,)dr, 41)
where 8(t + 1, — 1,) is the well known delta func-
tion, not to be confused here with the growth
factor 6 in eqs. (40a, b). In the actual simulations
presented below an ensemble of equal ecosystems
but different age classes was chosen to represent
a stationary state of harvested systems. To
simplify the calculations, it was assumed that
each age class was represented with the same
weight, such that each year the same number of
systems could be harvested, which after harvest
returned to the lowest age class. In the
unfertilized state such an ensemble of forests is
characterized by a persistent total biomass and
net ecosystem production in time, because the
total harvest is equal to the net ecosystem
production of all systems. Introducing fertiliz-
ation an additional standing biomass as well as
an additional NEP arises, which may be
expressed as a fraction of the potential biomass
BO as shown in Fig. 4.

Here, the results of a numeric simulation of
two ensembles of ecosystems are shown, one
typical for a forest biome (upper set of curves;
parameter set: NPPY/B®=0.07a"!, 7,=100a,

Tellus 39B (1987), 1-2
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Fig. 4. Increase of net ecosystem production NEP for an ensemble of continuously harvested systems (expressed in
relative units of B°) as a function of time, stimulated by increasing atmospheric CO, concentration. The upper set
of three curves refer to a forest ecosystem, the lower two curves to a grassland ecosystem. The dash-dotted curves
refer to case B, the short-dashed curves to case C and the long-dashed curve to a forest system in its climax state.

8=0.5, = 0.25), the other typical for a grass-
land biome (lower set of curves; NPP9/B°
=03a"!, 1,=14a, =02, F=0.25), where
‘harvest’ may occur due to natural events like
fires in savannas. Harvest times 7, were chosen to
reach 959, B® at time of harvest. The atmos-
pheric CO, concentration was calculated using
data given by Oeschger and Stauffer (1986) for
the time period 1850-1980 and was extrapolated
using a modified logistic function. The dash-
dotted curves represent the results obtained using
eq. (40a) while the dashed curves are obtained
using eq. (40b). The upper set of curves includes
the total net ecosystem production of a climax
forest biome (case B) for comparison (long
dashes).

The numerical calculations were started with
an ensemble of systems constituting a homo-
geneous age distribution (100 and 14 age classes
for forests and grasslands, resp.) at the reference
state for atmospheric CO, (1850). For model B
(eq. (40a), dash-dotted curves) NEP shows the
same qualitative time behaviour as atmospheric
CO,. The peaks around the year 1900 indicate
the so-called pioneer-effect caused by extensive
forest clearings in the temperate zone. The
response of the climax forest and the forest

Tellus 39B (1987), 1-2

ensemble to increasing CO, is quite similar and
only slightly higher for the forest ensemble. The
response of the forest ensemble in model C (short
dashed curves) is significantly reduced showing a
saturation behaviour. Accelerated growth leads to
a shift in age distribution towards higher age
classes with lower CO, response; in the limit of a
climax system this response will reach zero.

It may be concluded that the climax forest
system (case B) does not differ greatly in biomass
storage compared to the forest ensemble har-
vested at constant age. However, a change in
harvest practises, e.g., by lowering 1,, will
influence the storage of living biomass.

7. A more realistic estimate of the CO,
fertilization effect: 4-biome model for
agriculture, grasslands, tropical forests
and temperate/boreal forests

In the preceding Sections, 3 models {A, B and
C) were developed for systems in their near
climax state (Sections 4 and 5) and for system
ensembles kept in a steady state by harvest
(Section 6). For an estimation of the fertilization
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effect of carbon sequestering three factors have
been shown to be important: First the assumed
stimulation of NPP, expressed by f or the combi-
nation of § and &; second the system dynamics,
depending on the assumed kinetics of carbon
input and output into a particular ecosystem i,
with the parameters potential climax biomass B?,
net primary production NPP?, their ratio, the
carbon turnover time 1, and the relaxation time
1y =1/(1 — &), third the external forces like
changes in the systems environment (CO, rise,
change of nutrient and water status) and external
fluxes F,, caused by humans and natural events,
disturbing these systems. Therefore it is necessary
to disaggregate the biota into vegetation units,
which have distinct properties with respect to the
factors mentioned above.

As a minimum set, 4 biomes were chosen, as
shown in Fig. 5, with B?, NPP! and 7} derived
from Ajtay et al. (1979), rounding numbers for
simplicity. Each biome is certainly characterized
by a specific mean CO, fertilization factor B,
however, very little experimental evidence is
available to evaluate these factors. Therefore we
prefer at this time to use the same B value of
0.25-0.50 for all biomes.

In the following, we consider the more realistic
case of exponentially increasing atmospheric CO,
concentrations, characterized by k; = 2.7%/a, and
a relative cumulated increase ACO,(1982)/CO%
=0.16 (CO% =295 ppm) and k;= 1.04%/a and a
relative cumulated increase ACO0,(1982)/COf
=0.26 (CO% =270 ppm).

We calculate AB,(1982) and B,(1982) first in the

agriculture

savanna, grosslond

25 95 : 25 and other
- short lUved wioto

[ - R |
18 r 250 \ 18
_ 139 T tropical forests
—_ .
12 r_ '72"507 T ‘1 12 temperate and

boreal forests

208 !

Fig. 5. A 4-biome model for the land vegetation with

characteristic values of NPP°, B° and 7, in their initial
climax state.
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near climax state (F,, = 0) in the moving steady
state approximation

B(1) = BY(1 + B(1 — 5) ACO,(1)/COYM' =9 (42a)
By(1) ~ BY B A, CO,(1)/CO8, (42b)

and in the asymptotic form of the exact solutions
for models A (6 =0) and B (6 # 0)

1- 5)ACOZ/CO‘§)”“‘ »
1+ k,1,/(1 — 8)

B(te) > B?<1 + N ,
(43a)
BYBA,CO,/CO)
1+ k1, /(1 —6)

From Table 2 we note that the steady state
approximation is best for short carbon turnover
times T»» but becomes inadequate for 7, 2 10 a, as
e.g., for forests, which sequester less carbon than
calculated by the stationary state assumption.
Furthermore it is seen that the aggregated one-
biome model with B° =600 Gt C and 7,=102a
leads to a total increase which is 159 higher than
the disaggregated multibiome model.

In the above multibiome model, we have not
considered harvest or catastrophic natural events
which remove or destroy part of the biomass. In
the agricultural sector, the annual cropping
removes a greater part of the accumulated
biomass each year, such that this sector cannot
contribute significantly to the long-term storage
of carbon in living biomass. Since this sector
contributes only about 1%, of the global biomass,
its contribution is insignificant anyway.

Fire, drought, heavy storms or frost are natural
catastrophic events which may affect ecosystems
or biomes from time to time, such that they may
not reach or stay in the respective climax states.
However, under the assumption that the fre-
quency of these events has not been changed
significantly by CO,, the relative change still
should be proportional to the corresponding
steady state biomass. The relative fertilization
may be equal or larger for upgrowing systems, as
was shown in Section 6.

Permanent land use changes, as they occur at
present times in the tropics by forest clearings for
shifting cultivation, permanent agriculture and
timber harvest are of great significance for the
carbon balance. Lanly (1982) has estimated the
present deforestation to amount to 11.3 million
ha annually. This may cause an annual flux of
CO, to the atmosphere between 1 and 2 Gt C
(Kohlmaier et al., 1985, Houghton et al., 1983).

Bl(zlarge) X (43b)
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Table 2. Accumulated biomass, AB{1982) in [Gt C] and annual biomass increase B(1982) (Gt C-a™'] for

4 biomes following an exponential CO, rise

Case B
Steady state Case A 8, =6,=02;
approximation 6=0 8;,=06,=05
B, AB, B, AB, B, AB,
Agriculture I 0.0060012 0.2-0.4 0.006-0.012  0.19-0.39  0.006-0.012  0.19-0.39
I  0.005-0.01 0.3-0.65 0.005-0.0{2 (0.32-0.64 0.005-0.012 0.32-0.65
Grasslands 0.11-0.22 3.8-76 0.10-0.20 3.5-6.9 0.10-0.20 3468
I 0.09-0.18 6.2-12.4 0.09-0.18 5.9-11.9 0.09-0.18 5.9-11.9
Tropical forests 1 0.28-0.56 10-20 0.20-0.41 7.3-14.5 0.16-0.32 5.7-11.5
I 023047 16.3-32.5  0.20-0.41 14.2-28.4  0.18-0.36 12.8-25.8
Temperate/boreal forests 1 0.28-0.56 10-20 0.18-0.36 6.4-12.8 0.13-0.26 4.7-9.5
I 0.23-0.47 16.3-32.5  0.19-0.39 13.6-26.7  0.16-0.33 11.5-23.2
Sum of 4 biomes I 067-1.34 24-48 0.49-0.98 17.4-346  0.40-0.79 14.8-28.2
I 0.56-1.13 39-78 0.49-0.99 34.0-67.6 0.440.88 30.5-61.6
One-biome model I 067-1.34 2448 0.53-1.05 18.9-37.8  0.44-0.87 15.7-31.6
II 0.56-1.13 39-78 0.51-1.01 35.3-70.7 0.46-0.92 32.7-66.3

1 COY = 295 ppm and k, = 0.027; A, CO,(1982)/CO% = 0.0037, ACO,(1982)/CO% = 0.16.
11 COY =270 ppm and k, = 0.0104; A, CO,(1982)/CO% = 0.0045, ACO,(1982)/CO% = 0.26.

The flux from the atmosphere to the biota caused
by CO, fertilization, can only partially counter-
balance the clearing flux. Using eq. (43b), an
amount of carbon sequestering is calculated,
which lies well below the release of CO, from
deforestation:

B(1982) ~ 0.16-0.41 Gt C/a.

Periodic clearing in managed forests of the tem-
perate zone will also influence the additional
carbon storage in this sector. Though there is an
indication that the total biomass of temperate
zone forests has been increasing within the last
forty years (Armentano and Hett, 1979), this
effect is not yet established. Forest dieback
caused by air pollution, as observed in Central
Europe within the last years, may even reverse
this trend in the future.

8. Response of soil and litter system to
increased CO,

For small increase levels of atmospheric CO,,
as they have occurred up to now, we expect that
the increase in plant production will lead to
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increased litter availability and in the following
to increased humus production as shown in
Fig. 1.

Starting with the system of coupled differential
eqs. (6-8) we define (with F,, =0) the following
fractionations for the assumed linear decay
terms:

LIT = p,k, B, (442)
RES, = (1 — p,)k, B, (44b)
HUM =pk, L, (44¢)
RES,= (1 — p)k L, (44d)
RES, = k, H. (44e)

For a global one biome model, the fraction-
ation coefficients p, may be chosen to vary
between 0.8 and 0.9, p, to vary widely between
0.05 and 0.30. The litter pool L has a very short
carbon turnover time 71,=1/k;, which varies
approximately between 0.5 (tropical systems) and
five years (temperate/boreal systems). The global
standing litter biomass at reference conditions is
estimated to be L° = 60 Gt C, (Schlesinger, 1984)
in accordance with a weighted mean turnover
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time tT=1.2a. Since B(f) is dynamically separ-
ated in our model system, egs. (7) and (8) can be
expressed as a function of B.

L=p,k,B(t)— kL, (45)
H=pkL—kH (46)

Since the considered observation times are much
larger than 1, we use the moving steady state
approximation for eq. (45) to give:

L) = (pyky/k)) B(2).

The annual change of L in the stationary state
approximation is given

L(t) = (p, ky/ki) B=(L°/B°) B. (47b)

Using the suggested data set: L°/B°=0.1 the
annual change in litter is given by:

£%(1982)=0.1, B(1982) = 0.04-0.10 Gt C a™!.
Inserting eq. (47a) into eq. (46), gives
H = pk,B(t)— k, H,

(47a)

(48)

where p=p p,~0.15. The initial unperturbed
climax state of humus H? is given by:

H(0) = H° = pk, B[k, = pNPPYk,. (49)

The humus pool has been estimated by
Schlesinger (1984) to be approximately 1500
Gt C, which we adopt here as reference state.
The turnover time of carbon is again very vari-
able; using eq. (49)

ky,=pNPPO/H ~0.15 9 60/1500 =6 « 10-3 a1,
Eq. (48) can be formally integrated to give:
H(ty= Ho{e ™'+ k, [{ e "~ "(B(r')/B°)dr}. (50)
The first term is an exponential decay term which
is counterbalanced by the driving term of humus

formation. The annual increase in humus is

derived from eq. (50):
H(t)= Hk, [t e~ "(B(r)/B°)dr. (51

An upper limit is derived from eq. (51) by
setting the exponential function under the

integral equal to one:
H < HOk, AB(1)/B® = k, p AB(1). (52)

With the present estimate of AB(f) given in
Table 2,

AB(1982) ~ 15-68 Gt C

or

AB(1982) ~42 Gt C,

and with p=0.15 and k, = 0.1 a-":
H<063GtCa .

As in the previous chapter we explore the humus
response to a linearized CO, increase during the
Mauna Loa period and to an exponential atmos-
pheric CO, increase. Inserting the asymptotic
solutions of B(r), egs. (42a, 42b), into eq. (50) we
obtain for the linear CO, increase:

Hlin(t):HO{l +BF[t_kL(l —e‘kh’)J}, (53)

H™1)~ HOBF(1 —e "), (54)

where ¢ starts in 1934 (COJ = 295 ppm) or in 1904
(COY=270 ppm). If eq. (54) is evaluated, we
find:

H"(1982)~ 0.31-0.93 Gt Ca-'.

Similarly the exponential CO, increase within
large observation times is given by:

ky, BCek"
H*®)~H 1+ ——F+——— ], 55
© ( Ky + ke 1+ ko tq (53)
. k k kpt
Hexp(t): HO° h e B(j—e (56)

ky+ ke 1+ kot

This formula can again be evaluated, the result-
ing flux is:

H**(1982)=0.24-0.88 Gt Ca!.

Within the above mentioned assumptions the
annual net ecosystem production with respect to
the litter/soil system is given by:

NEP,=0.07 +0.03GtCa!,
NEP,=0.60+035GtCa!,

where the error bars are perhaps even larger since
the fractionation and the rate constants, as well
as the levels of L and H, have a considerable
range of uncertainty. Compared to the annual
storage in living biota the litter/soil storage at
present times is still a little smaller, but in the
long time limit the humus pool will have the
highest potential storage capacity unless other
degrading soil processes take place.
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9. Conclusions

A large number of CO, stimulation experi-
ments with selected plant communities in
controlled or semicontrolled environments
suggest that the annual production and biomass
accumulation is increased at elevated CO, con-
centrations, expressed by an experimental ferti-
lization factor f§ of 0.25 to 0.50, which describes
the relative increase in biomass in relation to the
relative increase in CO, with respect to present
atmospheric CO, concentrations.

if CO, stimulation of net primary production is
a real effect in natural ecosystems as well, the
dynamics of the presented models suggest that
there may be an increase in standing biomass as
well as in litter and humus carbon, which,
however, is much smaller than the potential
carbon accumulation when no ecosystem
response is considered. Using three models (A, B
and C) characterized by different ultra-long term
responses of NPP to excess atmospheric CO,, the
annual and cumulative storage of carbon has
been calculated for a 1-biome model (B° = 600
Gt C, NPP° = 60 Gt C/a) as well as for a 4-biome
model distinguishing agriculture, grasslands,
tropical and temperate/boreal forests on a global
scale. Choosing = 0.25 to 0.50, carbon annually
sequestered in living biomass is given by NEP,
=0.740.3 Gt C/a, using the 4-biome model,
while the 1-biome model gives about 10%, higher
values. The global excess biomass in 1982

accumualted due to a CO, increase relative to the
preindustrial value of 270-295 ppm has been
calculated for the 4-biome mode! to range from
15 to 68 Gt C.

The global litter pool amounts to only 109 of
the global standing biomass and is characterized
by a correspondingly low annual accumulation of
NEP,=0.07 + 0.03 Gt C/a. On the other hand,
the global humus pool with a carbon mass of
about 1500 Gt C and a long carbon turnover time
is the greatest potential sink for additional plant
production. We have calculated its annual change
in 1982 to be NEP, = 0.60 £+ 0.35 Gt C/a, i.e., an
amount comparable to the annual storage in
living biomass.

In summary, we can estimate the annual net
ecosystem production at present to be NEP(1982)
=1.4+0.7 Gt C/a, using a fertilization factor f§
of 0.25 to 0.50 and assuming that the model B is
best suited to describe a CO, fertilization effect.
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