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ABSTRACT

Estimates of the net exchange of carbon between the terrestrial biosphere and the atmosphere
may be too large because the models of carbon release from changes in land use do not allow
for enhanced carbon assimilation by the terrestrial biosphere in response to increasing
atmospheric CO,. We address this deficiency with a model of terrestrial biosphere that includes
both ecosystem response to land-use perturbation and vegetation response to atmospheric CO,.
Model inputs specify the areas affected by land-use change since 1700. The carbon dynamics of
the affected areas are described by an area distribution function for vegetation carbon density
and a compartment model of carbon in vegetation, litter, and soil. Vegetation growth is modeled
as the difference between net primary production (NPP) and mortality. NPP, the net flux of
carbon from atmosphere to vegetation, is a logistic function of vegetation carbon density. The
response of NPP to atmospheric CO, is modeled with three response functions: a logarithmic,
a rectangular-hyperbolic, and a response function derived from a biochemical model of C;
photosynthesis. The response functions are parameterized by ecosystem type with data from
CO, exposure experiments. Elevated CO, affects the NPP of both undisturbed and recovering
ecosystems. We use the model to test the hypothesis that the CO, enhancement of terrestrial
NPP explains the historical missing carbon sink of the global carbon cycle budget. Our estimates
of the biosphere’s CO, enhanced carbon flux are much smaller than the reconstructed missing

carbon sink. We conclude that our model results do not support the hypothesis.

1. Introduction

When terrestrial ecosystems are disturbed by
deforestation and other changes in land use they
release CO, to the atmosphere. The combination
of CO, emissions from land-use change with those
from fossil fuel combustion and cement manu-
facturing is widely accepted as the primary source
of the increase in atmospheric CO, recorded for
the industrial era (ca. 1700-present) (Houghton
et al.,, 1990; 1992). Histories of both land-use and
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industrial CO, emissions are essential in the
simulation of past, present, and future changes in
atmospheric CO,.

Industrial CO, emissions are reconstructed
from data on fossil fuel and cement production
using formulas that translate the production data
into the CO, releases associated with utilization
(Marland et al., 1989). The history generated by
Marland et al. (1989 and later revisions) is widely
accepted as one of the better known components
of the global carbon cycle with uncertainties
estimated at about +10% (Marland et al., 1989;
Houghton etal., 1992). The history of land-use
CO, emissions is much less certain.

The most direct estimates of historical CO,
emissions from land-use change come from models
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that explicitly simulate the disturbance of ter-
restrial ecosystems by deforestation and other
changes in land-use (Houghton et al., 1983;
Rotmans and Swart, 1991; Emanuel et al., 1993).
These models are driven by historical data on the
areas and rates of global land-use change. They
track the long-term fate of carbon in, and removed
from, the disturbed ecosystems and produce an
estimate of the net exchange of CO, between
the atmosphere and the terrestrial biosphere.
Estimates from these models are highly uncertain,
on the order of +60% (Houghton et al., 1992),
because of uncertainties in: (1) areas and rates
of land-use change, (2) estimates of ecosystem
biomass prior to land-use change, and (3) the
understanding of the fate of ecosystem carbon
following disturbance. Furthermore, the emission
histories they generate are consistently incom-
patible with nearly all contemporary models of
carbon uptake by the world’s oceans (Enting and
Mansbridge, 1987; King etal, 1992; Rotmans
and Den Elzen, 1993). When the histories of CO,
emissions from the land-use emissions models
are combined with the history of industrial CO,
emissions from Marland et al. (1989), the global
ocean-atmosphere carbon cycle models tend to
overestimate observed atmospheric CO, concen-
trations and rates of change.

Compatible histories of the net biosphere-
atmosphere exchange can be estimated using
models of carbon exchange between the atmo-
sphere and the oceans to deconvolve the historical
record of atmospheric CO, or carbon isotopes
(Siegenthaler and Oeschger, 1987; Keeling et al.,
1989; King et al., 1991; Wigley, 1991; Sarmiento
et al., 1992). The residual non-fossil flux generated
by the deconvolution is often attributed to the
terrestrial biosphere. These analyses suggest that
the terrestrial biosphere was a nearly constant or
slightly increasing net CO, source during the 19th
Century. The source estimated by deconvolution
begins to decline in the late 19th or early 20th Cen-
tury, and most analyses suggest that the terrestrial
biosphere switched from a net source to a net
sink in about 1940-1950. The sink increased to a
maximum during the 1970s and then began to
weaken. Many of the deconvolutions suggest that
the terrestrial biosphere again became a small net
source in the early 1980s.

In contrast, land-use emissions models charac-

teristically generate a net biospheric source that’

A. W. KING ET AL.

increases almost continuously during the 19th and
20th Centuries (Houghton et al., 1983; Houghton
and Woodwell, 1989; Houghton and Skole, 1990;
Houghton, 1991a, b; Rotmans and Swart, 1991,
Emanuel et al, 1993; IPCC, 1993). The decon-
volutions predict a slowly declining source for the
early to mid-20th Century. For this same period
the land-use emissions models predict a rapidly
increasing source. For the 1970s, the land-use
models predict a nearly constant or slightly declin-
ing source while the deconvolutions predict a
maximum sink in that decade. The simulated
land-use emissions source increases again to a
maximum in the late 1980s (Houghton 1991a, b).

The differences between the estimates by decon-
volution and those from the land-use emissions
models represent an imbalance in the global
carbon budget, a “missing sink”. Estimates of
the missing sink for the decade 1980-1989 are as
high as 1.6 + 1.4 Gt C yr ~! (Houghton et al., 1990;
1992). A variety of hypotheses have been suggested
as possible explanations of the missing carbon
sink. Foremost is the idea that elevated concen-
trations of atmospheric CO, have enhanced
photosynthetic uptake and storage of carbon by
terrestrial ecosystems.

Most land-use emissions models do not explicitly
include vegetation response to atmospheric CO,
(the model of Rotmans and Den Elzen [1993] is
an exception), and thus a potentially important
process in the global carbon cycle may be missing
from the modeled carbon budgets. Here we
describe a model of the terrestrial biosphere as part
of the global carbon cycle that explicitly includes
both ecosystem response to land-use perturbation
and vegetation response to atmospheric CO,. We
use the model to test the hypothesis that CO,
fertilization of the terrestrial biosphere explains the
missing carbon sink.

2. The model

2.1. General structure and land-use change

An earlier version of the model, which did not
include vegetation response to atmospheric CO,,
has been described elsewhere (Emanuel et al.,
1993; King et al., 1994). The earth’s land surface is
divided into 10 continental regions and 13 biomes
(Table 1). Carbon in each biome of each region is

Tellus 47B (1995), 4
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divided among three reservoirs: live vegetation,
litter, and soil (Fig.1). The vegetation carbon
density per unit of land area ¢, of each biome
within each region is described by an area distribu-
tion function A(c,, t), which specifies the area at
time ¢ with carbon density c,. Details of the area
distribution function can be found in Emanuel
et al. (1993) and Emanuel (1995). The total vegeta-
tion carbon is

C,= f ™ cd(e, 1) de, i
0

where ¢, is the maximum vegetation carbon
density. The mean vegetation carbon density ¢, is

5V=CV/AT’ (2)

where At is the total area of the biome within the
region:

AT=fc'"” A(c,, 1) de,. (3)
0

We assume an initial equilibrium preagri-
cultural condition in which all vegetation is at
maximum density c,.,. We treat litter and soil
carbon pools as well-mixed carbon reservoirs
with carbon densities ¢, and c¢,, respectively.
Our estimates of initial equilibrium terrestrial
biosphere carbon storage are given in Table 2.

Plant growth increases vegetation carbon den-
sity, moving area in the distribution A(c,, 7) from
lower to higher densities. Plant mortality decreases

VEGETATION

ECOSYSTEM CARBON DECAY POOLS

Fig. 1. A compartment representation of carbon in
terrestrial ecosystems. The dashed lines represent trans-
fers of carbon that accompany changes in land use. The
turnover times of the decay pools are from Houghton
et al. (1983).
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vegetation carbon density and moves area in
A(c,, t) to lower densities. The dynamics of the
area distribution of vegetation carbon density in
each biome within each region are described by:

0 0
aA(cv’ t)+a(g(cv’t)A(cvat)):0’ (4)

where g(c,, t) is a general function describing the
rate of change of vegetation carbon density. The
change in vegetation density is the difference
between net primary production (NPP) and losses
through litterfall, mortality, and herbivore con-
sumption:

g(cval)=Pn—La (5)

where P, is NPP, and L is litter production (com-
bining losses to litterfall, mortality, and herbivore
consumption).

NPP is the difference between gross carbon
uptake by photosynthetic assimilation and return
to the atmosphere by autotrophic respiration.
Experimentally, C, plant species generally respond
to elevated concentrations of ambient CO, with
higher rates of photosynthesis and growth. We
assume that, through CO, stimulation of photo-
synthesis, concentrations of atmospheric CO,
above preindustrial levels increase NPP in terres-
trial vegetation. We also assume that NPP varies
with biomass carbon according to a logistic plant
growth equation. Thus,

Py =(ve,—pcd) r(pa), (6)

where r(p,) expresses the dependence of NPP on
atmospheric CO, concentration p,, v is an intrin-
sic growth rate, and p determines the asymptotic
level to which vegetation carbon density con-
verges. Our model simply assumes that NPP (and
thus plant growth through eq. (5)) is dependent
on atmospheric CO,, an assumption common
to many global carbon cycle models. We make
no attempt to resolve the mechanism of this
dependency. For example, our model implicitly
assumes a uniform increase in growth rate over
all canopy sizes. Alternatively, the major effect of
increased CO, could be an increase in maximum
canopy size (proportional to our c,,,,) as photo-
synthesis in the light limited portion of the canopy
responded disproportionally to elevated CO,

Tellus 47B (1995), 4
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(McMurtrie etal., 1992). In initializing eq. (6),
we assume an equilibrium condition in which
r(pa)=1.0 and ¢, = ¢, (Table 2). Our estimates
of initial equilibrium NPP are in Table 2.

The production flux P, is the net flux of carbon
from the atmosphere to live vegetation f,,. The
loss term L is the sum of the fluxes from vegetation
to litter and soil £, and f,,, respectively. The rate
of change in vegetation carbon density is then
g(cvst)=fav_fvt_fv5' (7)
The litter fluxes are linearly proportional to vege-
tation carbon density. The equation describing
changes in vegetation carbon density on an
elemental land unit is

(8)

d
S0 (vey = pe2) H(py) = (y + 0un) €4

Eq. (8) substitutes for g(c,, t) in eq. (4).

The transfer of litter carbon to soil carbon and
the fluxes of carbon to the atmosphere from the
litter and soil carbon pools (Fig. 1) are modeled-as
first-order donor-controlled processes. Changes in
litter and soil carbon are described by:

de,

E=avtc_v_(a£s+al.a) Crs (9)
%=a'vsév+alsct_asacs’ (10)

where ¢, and ¢, are litter and soil carbon densities,
respectively.

Changes in land use transfer carbon from
vegetation to litter and soil (Fig. 1) and alter the
area distribution of vegetation carbon. The carbon
added to litter and soil pools decays according to
the turnover dynamics of each reservoir, and
carbon is released to the atmosphere. Changes in
land use also transfer carbon from vegetation to
decay pools (Fig. 1) that mode! the fate of plant
material burned on site as part of the land-use dis-
turbance and the fate of wood products removed
from the site. Decay from these pools also releases
carbon to the atmosphere. There are three decay
pools with turnover times of 1, 10, and 100 years.
The 1-year turnover pool models burning during
the land-use disturbance and the oxidation of
fuelwood. The decay of paper products is described

A. W, KINGET AL.

by the 10 year turnover pool, and the 100-year
turnover pool models the decay of industrial
lumber or other long-lived products (Houghton
et al., 1983; Houghton, 1993). Losses to the atmo-
sphere from the decay pools are linearly propor-
tional to their contents:

de, ¢ o d
3—_ff+.-§1f"(t)’ (11)
where ¢; is the carbon content of the jth decay pool
(/j=1,2,3), and t; is the time constant for that
pool (1, 10, and 100 years, respectively). The
carbon flux £ is the input into decay pool j from
land-use forcing 7, and » is the number of land-use
forcings.

We currently consider three types of land-use
change: (1) the clearing of natural ecosystems for
cropland, (2) recovery of cropland to pre-conver-
sion natural vegetation following abandonment of
agricultural land, and (3) the harvest of forest

- ecosystems for wood products. These disturbances

are modeled as forcing functions applied to eq. (4):

n

%A(cv, B+ éaE (8(co, ) Alcu, 1)) = T zi(cy, 1),

i=

(12)

where z,(c,, 1) is the ith land-use forcing function
in units of area per unit time as a function of
carbon density and time, and » is the number of
kinds of land-use change applied.

Clearing for cropland z (c,,t) removes area
from the disturbed biome’s area distribution func-
tion and transfers it (i.e., adds it) to the cropland
area of the affected region. The area of the natural
biome within that region is reduced, and the area
of cropland is increased by the same amount.
Area is removed at a specific carbon density in
proportion to the area at that density:

Afey, 1)
Zc(Cv, t) = —Z::(t) s
Ar

(13)

where z.(¢) is the total area cleared at time 7, and
A~y is the total area of the biome within the region
(eq. (3)).

A third of the carbon removed from natural
vegetation by clearing for agriculture is transferred
to the biome’s litter compartment. The remaining
two-thirds is distributed among the three decay

Tellus 47B (1995), 4
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pools. We use the fractions assigned to decay pools
after clearing in Table 3 of Houghton et al. (1983).

When cropland is abandoned, the area z,(¢) is
returned to the area distribution for the natural
biome at an initial minimum carbon density ¢;,:

aien =

The vegetation recovers from c;, according to
the logistic growth function of eq.(8), and the
area distribution of carbon density shifts toward
maximum carbon density.

Forest harvest does not change the area of
the forested biome, transferring area at a specific
carbon density in proportion to the area at that
density to area at minimum carbon density:

if ¢, = Cmin»

otherwise. (14)

—ZL([) if Cy > Criin»
Zh(cvs t)= Z;,(t) lf Cyv = Cmin> (15)
0 otherwise.

Only a fraction of the vegetation carbon in the
harvested area is removed as harvested wood
product (approximately 22 % from primary tropi-
cal moist forest or 13% from primary boreal
forest, Houghton et al., 1983). Harvested carbon is
distributed among the three decay pools of
eq. (11). We use the fractions of roundwood (i.e.,
timber) assigned to decay pools from Appendix 2
in Houghton et al. (1983). These fractions vary
through time and between regions. Most of the
vegetation carbon in the harvested area is trans-
ferred to the biome’s litter and soil pools as dead
plant material (approximately 79% in primary
tropical moist forest).

Harvested forest recovers to cp., according
to the logistic growth equation eq. (8). During
this recovery, and the recovery of abandoned
cropland, carbon is transferred from the atmo-
sphere to the vegetation by NPP. The net annual
exchange with the atmosphere for any year follow-
ing the harvest event is the difference between this
carbon uptake and the release to the atmosphere
from decay in the biome’s litter and soil carbon
pools and the three extra-biome decay pools.

Numerical solution of the system of equations
eqgs. (9)-(12) for each biome in each continental
region gives the net annual flux of carbon between
the atmosphere and each bioregion. The global

Tellus 47B (1995), 4
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annual net flux is the sum of the annual net fluxes
for each biome in each continental region.

2.2. CO, enhancement of NPP

We consider three alternative formulations of
the CO, response function r(p,) expressing the
dependence of NPP on atmospheric CO, (eq. (6)).
The first is the frequently used logarithmic
function of Keeling (1973) (also Bacastow and
Keeling, 1973):

r(p) =1+ 1n (‘#) (16)

a

where p® is the equilibrium preindustrial CO,
concentration, and f,, often referred to as the
biotic growth factor, is a constant, which may vary
with vegetation type but does not itself change
with atmospheric CO,.

The logarithmic function of eq. (16) has been
criticized as a poor representation of C; plants’
physiological response to elevated CO, (Gifford,
1980; Gates, 1985). A rectangular-hyperbolic func-
tion has been suggested as a more appropriate
representation (Gifford, 1980; Allen et al., 1987).
However, we want to be able to compare any
response derived from physiological considera-
tions with those from the commonly used biotic
growth factor formulation of eq. (16). Therefore,
we define a second CO, response function:

0
DPa—Da
rp.)=1+58, apo s

a

a7

where f, is the biotic growth factor derived by
Allen etal. (1987) for a modified rectangular-
hyperbola model of photosynthetic response to
CO,. The modified rectangular hyperbola is like
the Michaelis-Menten equation of enzyme kinetics
and takes the form:

R, pa
=—+Ri’
Pat+ Ky

(18)
where R is photosynthesis (or any other response),
P. s ambient atmospheric CO, concentration, R;
is the y-axis intercept for R, R, is the asymptotic
response limit of (R — R,) at high p,, and K, is the



508

p. at which (R—R,;)=0.5R,, (Allen et al., 1987).
The biotic growth factor is defined by

OR p,
pmpo b, (19)
or:.
Km Rm a
B, P (20)

=pa+Km Rmpa+Ri(pa+Km)

(Allen et al., 1987). 5, is thus an explicit function of
atmospheric CO, with three parameters: R, R;,
and K.

The currently most accepted model of C; photo-
synthesis is the biochemical model of Farquhar
and von Caemmerer (1982). Polglase and Wang
(1992) derived a biotic growth factor for leaf
photosynthesis from this model with a few simple
assumptions. If dark respiration is proportional to
leaf photosynthesis (Polglase and Wang, 1992),

3p IT*
(tpa—T*)pa+2I*)

By= (21)

where y = p,/p., p; is the internal (intercellular)
CO, concentration, and I' * is the CO, compensa-

A. W.KING ET AL.

tion point in the absence of day respiration. I"* for
C; plants is a function of temperature (T, °C):

T* =427+ 1.68(T—25)+0.012(T—25)%  (22)

We thus define a third CO, response function:

0
Pa—P
r3(pa)=l+ﬂ3 po a'

a

(23)

Note that f, like §, is a decreasing function of
atmospheric CO,. B is also a function of tem-
perature, with the rate of change in f, as a function
of CO, increasing with higher temperatures
(Polglase and Wang, 1992).

As first formulated and used in early applica-
tions, B, of eq.(16) was adjusted to match
changes in atmospheric CO, generated by a global
carbon cycle model with CO, observations from
Mauna Loa Observatory, Hawaii (Bacastow and
Keeling, 1973). Subsequently, there have been
efforts to quantify 8, from experimental studies of
plants exposed to elevated CO, (Gifford, 1980;
Kohlmaier etal, 1981; Kohlmaier etal., 1987
Allen et al., 1987). The definitions of f, and £,
used above arose from these efforts. The transla-
tion from experimental photosynthesis or plant
growth results to a large-scale parameter applied

Table 3. CO, response parameters determined from experimental results

Kl‘ll

Biome B, R, R; (ppmv) Pe,
tropical moist forest 0.54 3.61 —0.39 566 0.58
tropical seasonal forest 0.67 3.39 —0.35 519 0.54
temperate evergreen forest 0.57 3.39 —0.18 721 0.52
temperate deciduous forest 0.71 3.35 —0.57 392 0.58
boreal forest 0.56 2.82 —1.00 141 042
tropical woodland and shrubland 0.67 2.85 —0.82 199 0.48
temperate woodland and shrubland 0.59 3.16 —0.51 384 0.55
tropical grassland 0.21 1.85 —0.78 14 0.05
temperate grassland 0.31 2.18 —-0.77 82 0.24
tundra and alpine meadow 0.81 3.66 —0.72 394 0.65
desert scrub 0.60 2.65 —0.55 250 0.45
cultivated land 0.57 2.73 —043 328 0.48
pasture land 0.66 2.88 —-0.76 227 0.50

The parameters fy, and fg, are experimentally determined biotic growth factors for photosynthetic response to
elevated CO, described by logarithmic and rectangular-hyperbolic functions, respectively. The parameters R,,, R;,
and K., define the shape of the rectangular hyperbola from which S, is derived (see eqs. (18) and (20) in the text).
The response factor fg,, a function of CO, concentration, is calculated for an initial atmospheric CO, concentration

of 276.8 ppmv.

Tellus 47B (1995), 4
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to global or biome NPP involves many assump-
tions, many of them tenuous, and the legitimacy
of the effort can be questioned (Comins and
McMurtrie, 1993; Woullschleger et al., 1995).
Nevertheless, there is a fundamental connection
between physiological and global response, and
some constraint on the quantification of the global
model parameters from empirical physiological
data is desirable. We therefore propose an approx-
imation of the f#; (i=1, 2, 3) in eqgs. (16), (20), and
(23) as:

Bi=Pe, (24)
where f; is the biotic growth factor for biome
NPP, S is the experimentally determined f, and
& is a scale translation factor. & incorporates
many assumptions and is itself difficult to quantify
precisely; however, it is bounded by 0 < ¥ < 1.

We estimated fg, and S, from a collection of
164 published photosynthetic CO, response curves
for 109 C; species (Wullschleger, 1993) and the
CO, response curve published by Collatz et al.
(1992) for C, plants. The response curves describe
the rate of net CO, assimilation (4, u mol CO,
m ™2 leaf area s!) as a function of internal CO,
partial pressure (¢;, Pa). We converted the internal
CO, partial pressure of the response curves to
internal CO, concentration p, (1 Pa=10 ppmv)
and then to ambient CO, concentration p, using
the observations that most C; plants have a p,/p,
ratio y of 0.7 and C, plants a ratio of 0.4. The
converted response curves were normalized to
p.=350 ppmv, and the C; species were pooled
according to the biomes of Table 1. We assumed
that tropical grasslands were 100% C, and tem-
perate grasslands were 75% C,. We used non-
linear regression to fit the normalized and pooled
response curves with the logarithmic function of
eq. (16) (with p2=350 ppmv) and the modified
rectangular hyperbola of eq. (18) (Table 3).

There are no species-specific parameters in the
specification of f5. f; does, however, vary with
biome as a function of mean biome temperature
through the temperature dependency of the photo-
synthetic CO, compensation point I'* (eq. (22))
(Table 4). We calculated mean biome temperature
(Table 4) as the average temperature for the
photosynthetically active season defined by
months with mean monthly temperatures greater
than —84°C (ie, the temperature at which

Tellus 47B (1995), 4
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Table 4. Parameters for the biochemical-based
response function of eq. (22)

Temperature

Biome (°C) P,
tropical moist forest 253 0.35
tropical seasonal forest 22.8 0.31
temperate evergreen forest 112 0.18
temperate deciduous forest 11.1 0.18
boreal forest 6.5 0.13
tropical woodland and shrubland 26.1 0.36
temperate woodland and shrubland 179 0.25
tropical grassland* 26.4 0.18
temperate grassland* 142 0.11
tundra and alpine meadow 44 0.11
desert scrub 18.2 0.26
cultivated land* 14.0 0.21
pasture land? 14.0 0.21

The parameter Bg, is the biotic growth factor for
photosynthesis derived by Polglase and Wang (1992)
from the photosynthesis model of Farquhar and von
Caemmerer (1982). A function of temperature and CO,
concentration, fg, is calculated for the temperatures
reported here and an initial atmospheric CO, concentra-
tion of 276.8 ppmv. The temperatures are area weighted
mean temperatures for the photosynthetically active
season (see text). Temperature data from a network of
climate stations of variable record length (Emanuel
etal., 1985) were interpolated to 0.5° latitude and 0.5°
longitude resolution and overlain with a map of the
model biomes. The biome map is a translation of a
0.5° by 0.5° rendering of the vegetation map of Matthews
(1983).

* Half of the fg, calculated by eq. (22).

f Cultivated and pasture lands are assumed to be con-
verted from temperate ecosystems with a mean annual
temperature of 14.0°C.

I'*>00 and ,>00). B, is derived from a
model of C, photosynthesis and is probably not
appropriate for biomes dominated by C, species.
We estimated f; for these biomes (Tropical and
Temperate Grasslands) by first calculating their
respective f, as if they were pure C; biomes. We
then reduced these estimates by 50% (Polglase
and Wang, 1992).

There are no empirical data to quantify the
scaling factor & of (eq. (24)) for application to
long-term biome NPP, and there are little to no
data for quantifying its application to ecosystem
NPP. Even data at the whole-plant level is limited.
Experimental studies of agricultural species have
shown that biomass response to elevated CO, is
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Table 5. CO, response factors used in the model
simulations

Biome S By P2 B
tropical moist forest 0.6 032035 0.21
tropical seasonal forest 0.6 040032 019
temperate evergreen forest 0.6 034031 0.11
temperate deciduous forest 0.6 043 0.35 0.11
boreal forest 0.6 034 025 0.08
tropical woodland and shrubland 0.6 0.40 0.29 0.22
temperate woodland and shrubland 0.6 0.35 0.33 0.15
tropical grassland 04 0.08 0.002 0.07
temperate grassland 0.45 0.14 0.11 0.05
tundra and alpine meadow 0.6 049 0395 0.07
desert scrub 0.6 0.36 027 0.16
cultivated land 0.6 034029 013 -
pasture land 0.6 040030 0.13

The parameters §,, f, and 8, are biotic growth factors
for NPP response to elevated CO,. The photosynthetic
response factors of Tables 3 and 4 are multiplied by
the scaling factor & to translate from experimental
photosynthesis to biome NPP according to eq. (25).
Recall that 8, and §, are declining functions of atmo-
spheric CO,. Values here are for an initial atmospheric
CO, concentration of 276.8 ppmv.

often less than the response of photosynthetic
assimilation (Cure and Acock, 1986; Allen et al.,
1987). We used the ratios of biomass accumulation
to short-term carbon exchange rate from Cure and
Acock (1986) as a rough guide to estimating &
(Table 5). We note that this approximation only
crudely accounts for the translation from photo-
synthesis to NPP and does not incorporate the
effect of translation from small-scale controlled
exposure studies to a biome-scale response
parameter under normal environmental condi-
tions. The true & is probably smaller than the
estimate we use here. The final biome-scale NPP
response factors used in the model simulations are
shown in Table 5.

3. Results

We initialized the model for 1700 C.E. with an
assumed equilibrium global carbon cycle and an
atmospheric CO, concentration of 276.8 ppmv.
We use the standard history of increase in
atmospheric CO, p, prescribed by data from the
Siple ice core (Friedli et al,, 1986) and Mauna Loa
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Observatory (Keeling et al.,, 1989) (see Figure 1.3
of Watson et al., 1990). The model’s initial con-
ditions and parameter values are in Tables 1-6.
Calibration procedures have been described else-
where (Emanuel et al., 1993; King et al,, 1994).

Houghton et al. (1983) provides a comprehen-
sive compilation of the data needed to run our
model. Later revisions of these data by Houghton
and his colleagues (Houghton et al., 1987) intro-
duce land-use changes that our model does not yet
represent (e.g., shifting cultivation in the tropics).
Thus, we used the history of land-use change from
1700-1980 given in Appendix 2 of Houghton et al.
(1983} to drive our model from it’s initial equi-
librium. We set rates of harvest z},(f) to obtain the
anmual roundwood production (10°kg Cyr—1)
from Appendix 2 of Houghton et al. (1983) given
the estimates of carbon in wood harvested
(10*kgha~!) from Table 2 of Houghton et al.
(1983). We used the rates of conversion to agri-
culture from Houghton et al. (1983) to estimate
rates of clearing z/(¢), and we used the negative
rates of conversion to agriculture to estimate rates
of abandonment z(z). We linearly interpolated
the decadal rates of Houghton etal. (1983) to
obtain annual rates. Conservatively, we assumed
no increase in the rate of land-use change from
1980-1990.

3.1. Simulations

We ran the model with and without CO, enhan-
cement of NPP. As expected, CO, enhancement
of NPP reduces the simulated net carbon flux
from the terrestrial biosphere to the atmosphere
(Fig. 2). The enhancement of carbon uptake is
significant, roughly 0.2-0.5GtCyr~! by 1990
with the rectangular-hyperbolic response function
yielding the largest effect, but the enhancement is
insufficient to bring the model estimates into
agreement with the deconvolved estimates of the
terrestrial flux (Fig. 3).

Fig. 4 compares our model estimate of land-use
CO, emissions in the absence of any CO, enhance-
ment of NPP with estimates by Houghton et al.
(1983) and with more recent estimates from
revisions of that analysis. Qur estimate uses the
Houghton et al. (1983) land-use history, and we
used many of the same assumptions, initial con-
ditions, and parameter values. Thus, we obtain
similar results. Our use of a dynamic compartment
model to describe the fate of carbon in disturbed

Tellus 47B (1995), 4
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Table 6. Model parameters
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Inputs Calibrated

Biome ® 0.° 0 v opd yed s 0, o'
tropical moist forest 250 0.1 0.1 0192 0007 0.041 0005 0405 3.645 0.015
tropical seasonal forest 250 0.1 01 0.189 0.009 0.038 0004 0304 2734 0.011
temperate evergreen forest 250 0.1 01 0.183 0.009 0.033 0004 0.038 0338 0.009
temperate deciduous forest 250 0.1 01 0.187 0011 0.03 0004 0.035 0312 0.009
boreal forest 250 0.1 0.1 0.187 0.016 0.036 0004 0.012 0104 0.004
tropical woodland and shrubland 120 02 01 0393 0109 0.080 0020 0.072 0.648 0011
temperate woodland and shrubland 250 02 0.1 0247 0054 0.080 0.020 0.072 0.648 0.011
tropical grassland 25 03 o0l 1.640 0.814 0.122 0052 0.221 1985 0.028
temperate grassland 50 03 0.1 1.054 1.047 0.225 0096 0.079 0.709 0.004
tundra and alpine meadow 50 03 01 0949 2442 0152 0065 0009 0.082 0.001
desert scrub 50 03 01 0.839 2442 0.075 0.032 0224 2016 0.002
cultivated land 25 03 0.1 2.045 2931 0406 0.174 0.677 6.090 0.014
pasture land 25 03 0.1 1.787 2.093 0.225 0.09 0.079 0.709 0.004

* Calibrated for an initial steady state global cycle.

* Time to recovery of maximum NPP; half of recovery to maximum carbon density.
® Fraction of NPP transferred directly to soil organic matter (Emanuel et al., 1984).
¢ Fraction of litterfall transferred to soil organic matter (Emanuel et al., 1984).

9 See eq. (8).
¢ See eq. (9).
T See eq. (10).

ecosystems instead of the synoptic response
functions used by Houghton et al. (1983) has little
effect on the estimate of historical CO, emissions
from land-use change in the absence of CO,
enhancement of NPP.

Revisions of the 1983 analysis by Houghton and

3.0
A
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none frreds
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R — — - rectangular hyperbolic (r,) / ‘\
s 20 ¢ — - — biochemical based (r,) i
(&)
g
x
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w
[ =
8
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.

0.0 : !
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Year

Fig. 2. Simulated global net flux of carbon to the atmo-
sphere from terrestrial ecosystems with and without CO,
enhancement of NPP.
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his colleagues have consistently reduced their
estimates of CO, emissions from land-use change
(e.g., Houghton et al,, 1987). Current estimates are
16+ 1.0 Gt Cyr~! for the decade of 1980-1989
(Houghton et al.,, 1992) and 0.9+ 04 for 1990
(Dixon et al., 1994), a half to a third of of our

3.0 r - T
from the land-use emission model -
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Fig. 3. Estimates of the net exchange of carbon between
the atmosphere and terrestrial ecosystems.
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Fig. 4. Simulated global net flux of carbon to the atmo-
sphere from terrestrial ecosystems. The estimates are
from models of land-use change and carbon dynamics
that do not include CO, enhancement of NPP. The curve
marked Houghton (1989) is from a paper “The long-term
flux of carbon to the atmosphere from changes in land
use” presented by R. A. Houghton at the Third Inter-
national Conference on Analysis and Evaluation of
Atmospheric CO, Data Present and Past, World
Meteorological Organization, Environmental Pollution
Monitoring and Research Programme No. 59, Hinter-
zarten, 1-20 October 1989. The curve is very similar to
that of Houghton and Skole (1990).

model’s estimate. Thus our model estimates of
land-use CO, emissions in the absence of a CO,
response may be too large and may erroneously
exaggerate the CO, flux that CO, enhancement of
NPP must compensate.

If we accept recent results from the MBL-TCM
(ie., the IPCC estimate of Fig. 4) as an accurate
history of net carbon emissions from changes in
land-use and the King et al. (1991) deconvolution
with a box-diffusion ocean-atmosphere model
(Fig. 3) as an accurate estimate of total net
biospheric flux, we can estimate non-land-use
biosphere-atmosphere exchange as the difference
between these two curves. The difference is an
estimate of the missing terrestrial sink. If we
ascribe the flux totally to CQO, enhancement of
NPP, we identify the terrestrial sink as a CO,
enhanced carbon flux (CO,-ECF) (Fig. 5). Our
CO,-ECF is comparable to the Keeling et al.
(1991) biospheric CO, fertilization flux (Fggg ) and
the CO, enhanced carbon storage (CO,-ECS)
of Polglase and Wang (1992). In our model, it
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Fig.5. An estimate of the historical CO, enhanced
carbon flux (CO,-ECF) from atmosphere to terrestrial
ecosystems. The flux is a hypothesis explaining the
historical missing sink.

includes the stimulation of CO, uptake in eco-
systems recovering from land-use disturbance
and the stimulation of undisturbed ecosystems.
The CO,-ECF of Fig.5 is an estimate of the
terrestrial sink required for agreement between
observed and simulated changes in atmospheric
CO, (if the IPCC land-use emissions of Fig. 4 are
used as input to most contemporary models of the
global carbon cycle). The flux history is an expres-
sion of the hypothesis that CO, enhancement of
NPP explains the missing carbon sink. Direct
measurements of the flux are not possible, but we
can test the hypothesis with model results.

The difference between a modeled flux history
with CO, enhancement and our model’s flux
history without CO, enhancement is an estimate
of CO,-ECF for a given land-use history. We can
also use the model to estimate potential CO,-ECF
in the absence of land-use change. (We run the
model without any forcing from land-use change.
Specifically, the z} of eqs. (13)~(15) are set to zero
for all ¢. Therefore, all z; of eq. (12) become zero,
and changes in carbon densities and the area dis-
tribution of those densities are determined only by
time-dependent changes in p, through eq. (8)). If
we assume that changes in terrestrial vegetation
caused by land-use change have little or no signifi-
cant effect on the estimate of CO,-ECF, we can
apply the CO,-ECF in the absence of land-use
change to any independent estimate of land-use

Tellus 47B (1995), 4



MODEL OF TERRESTRIAL BIOSPHERIC RESPONSE

0.10 | b

0.00

010 |

CO, Enhanced Carbon Flux (Gt C yr')

0.20 ~—— with land-use change v

- — - without land-use change -3
-0.30 - B
-0.40 | oA
-0.50 |- ',
0.80 . . .

1700 1800 1900 2000
Year

Fig, 6. A comparison of simulated CO,-ECF made with
and without land-use change. The labels ry, r,, and r;
refer to the logarithmic, rectangular-hyperbolic, and
biochemical-based CO, response functions of egs, (17),
(18), and (25), respectively.

emissions that does not include a CO, response,
irrespective of the underlying land-use history
(e.g., those of Fig. 4). We test that assumption in
Fig. 6 by comparing our estimates of CO,-ECF
made with and without land-use change. There is
an effect of the perturbed vegetation, but the effect
is small, much smaller than the effect of alternative
CO, response functions. The CO, response of
large areas of vegetation undisturbed by land use
and the CO, stimulation of recovery of disturbed
areas act together to minimize the difference
between CO,-ECF with and without land-use
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Fig.7. A comparison of our model estimates of
CO,-ECF with the hypothesized historical missing sink.
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change. We therefore accept the assumption that
land-use change has no significant effect on the
global CO,-ECF, and conclude that we can apply
our estimates of CO,-ECF in the absence of land-
use change against the IPCC (1993) estimate of the
land-use source to estimate total net biosphere-
atmosphere carbon exchange. Accordingly, we can
also use our estimates of CO,-ECF made without
land-use change (Fig. 6) to test the hypothesized
CO,-ECF of Fig. 5.

Our model estimates of CO,-ECF are much
smaller than the hypothesized historical CO,-ECF
(Fig. 7). By 1990, the difference is as large as 2 Gt
Cyr~!. The timing of the changes in the modeled
CO,-ECF agrees reasonably with that of the
hypothesized sink; both the modeled and hypo-
thesized sinks increase at about 1950, presumably
in response to an accelerated increase in atmo-
spheric CO,. But the intensity of the increase is
much less in the modeled CQO,-ECF than in the
hypothesized sink. We note that the increase in
the sink modeled with the rectangular-hyperbolic
response agrees best with the hypothesized sink’s
increase. The biochemical based response pro-
duces the smallest increase. In short, our modeled
CO,-ECF does not match the hypothesized sink.

4. Discussion and conclusion

QOur results do not support the hypothesis that
CO,, stimulation of terrestrial carbon uptake and
storage explains the missing carbon sink. CO,-
ECF from our model is insufficient to account for
the differences between the net biospheric flux
estimated by deconvolution and that estimated by
modeling land-use change and ecosystem carbon
dynamics. CO, enhancement of NPP does reduce
the estimate of net CQ, release to the atmosphere,
but the enchancement is insufficient to convert the
biospheric flux from a net land-use source to a net
biospheric sink. Indeed, CO, enhancement is
insufficient even to reduce the the land-use emis-
sions from an increasing source to a declining
source.

These results are independent of the choice of
CO, response function. The use of the more
physiologically-defensible response functions does
not substantially alter the results. The most
mechanistically based response function, 75(p,)
from Polglase and Wang (1992), actually yields
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1993, Schimel et al, 1994) scales. Temperature
enhancement of NPP has been included in several
modeling analyses of historical CO, records
(Esser, 1987, Harvey, 1989; Dai and Fung,
1993; Rotmans and den Elzen, 1993; Vloedbeld
and Leemans, 1993; Hudson etal., 1994), and
Kohlmaier et al. (1988), Vloedbeld and Leemans
(1993), and Hudson et al. (1994 ) include nitrogen
fertilization from anthropogenic nitrogen emis-
sions. Hudson et al. (1994) found a fairly small
effect from temperature, while Dai and Fung
(1993) concluded that historical variations in
temperature and precipitation could account for
half of the missing carbon sink. Peterson and
Melillo (1985) concluded that nitrogen and phos-
phorus eutrophication was responsible for a small
terrestrial sink in 1980 of about 0.2 Gt Cyr~,
a flux comparable to our estimates of CO,-ECF.
On the other hand, Schindler and Bayley (1993)
concluded that nitrogen deposition in the past cen-
tury might be responsible for a 1.0-23 Gt Cyr ™'
increase in carbon storage, enough to account for
most or all of the missing sink. Hudson et al.
(1994) concluded that 40-70% of the fertiliza-
tion of the terrestrial biosphere may be explained
by anthropogenic nitrogen emission. Additional
analyses of the contribution of climate change
and nitrogen emissions to the missing carbon sink
is clearly warranted. However, our model does
not yet include these responses, and we limit the
remainder of our discussion to the apparently
insufficient contribution of terrestrial CO, response.

It is of course possible that our estimate of
CO, enhancement is simply too small. Rotmans
and den Elzen (1993) were able to balance the
historical carbon budget (matching observed
and simulated changes in atmospheric CO,) by
invoking biospheric feedbacks of CO, and tem-
perature enhancement of NPP. Their estimate of
net biospheric flux closely matches the estimate by
deconvolution. Their global f of 0.4 (used in a
logarithmic response function ) is not much greater
than our global average for §, of 0.31, and their
estimate of land-use emissions without CO,
enhancement is similar to the IPCC (1993)
estimate that we use. They did include an addi-
tional temperature response, but the CO, effect
dominated the temperature effect (Rotmans and
den Elzen, 1993). Other models with only CO,
enhancement have yielded balanced carbon
budgets with values of § (ie., f§,) in the range
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0.3-0.5 (Bacastow and Keeling, 1973; Goudriaan
and Ketner, 1984; Keeling et al., 1989). Why does
our model not balance the carbon budget with
comparable, if slightly smaller, values of f?

Is our CO,-ECF that sensitive to small dif-
ference in $? No. When we set the scale translation
& factor in (24) to 1.0 we get comparatively large
estimates of f (i.e., those in Tables 3 and 4) and a
global mean f§; of 0.52. With these larger f values,
our estimates of CO,-ECF are still insufficient to
explain the missing carbon sink. The estimates of
CO,-ECF for 1990 only increase by approx-
imately 0.25 Gt C yr~!, far short of the increase
needed to match our model estimates of CO,-ECF
with our hypothesized CO,-ECF (see Fig. 7).
Even when we set f; to an unprecedentedly
high 1.0 for all biomes, our model’s estimate of
CO,-ECF is insufficient to explain the missing
carbon sink. So while our estimates of § could be
smaller than the true f, we believe a more likely
explanation of our model’s comparatively insen-
sitive response to elevated CO, lies elsewhere.

We have chosen the logistic function to repre-
sent NPP and plant growth (eq. (6)). Our choice is
ecologically sound and defensible. Observations of
asymptotic biomass accumulations in forests sup-
port the choice of a logistic growth curve (Shugart,
1984). However, most global carbon cycle models
use different formulations. Bacastow and Keeling
(1973) and Keeling etal. (1989), for example,
describe NPP as a linear function of vegetation
biomass. This assumption is only valid for small
changes in atmospheric CO, and vegetation
biomass, as Keeling and others have pointed out
(Keeling, 1973; Bacastow and Keeling, 1973).
When ecosystems have been disturbed by land-
use change and are recovering from harvest or
abandonment from cropland, the linear formula-
tion results in ecologically unrealistic exponential
plant growth. Similarly, even a moderate increase
in atmospheric CO, produces unreasonable expo-
nential plant growth in mature ecosystems. As a
consequence, the linear formulation of NPP
exaggerates terrestrial carbon storage in response
to elevated atmospheric CO,, and it yields large,
and we believe biased, estimates of CO,-ECF.
We believe the representation of NPP as a linear
function of biomass is inappropriate in a model
of transient land-use disturbance and ecosystem
response to historical changes in atmospheric
CO,.
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Many other models assume that NPP is inde-
pendent of plant biomass (Goudriaan and Ketner,
1984; Esser, 1987; Kohlmaier et al., 1987; Polglase
and Wang, 1992). The assumption is based on the
argument that the canopies of most terrestrial
ecosystems are already at or near their maxima.
The associated leaf areas exceed that required for
complete light interception, and any additional
biomass cannot, therefore, increase light intercep-
tion and thus increase NPP. There is no feedback
between biomass and NPP; vegetation response to
increased CQO, is primarily through an increase
in quantum yield or photosynthesis per unit leaf
area (Kohlmaier et al., 1987; Polglase and Wang,
1992). This assumption is ecologically reasonable
for mature ecosystems at or near carbon equi-
librium, and, if most terrestrial ecosystems are
indeed near equilibrium, the assumption may be
valid for global or biome NPP. Interestingly, if we
assume this formulation in our model (NPP is
independent of vegetation biomass but a function
of atmospheric CO,), our model’s estimates of
CO,-ECF (in the absence of land-use change) are
closer to the hypothesized historical carbon sink
(Fig. 9). The estimates are still too small, however,
1o explain the missing sink after about 1940 if we
assume the standard land use source of IPCC
(1993). They do match this later sink if we assume

1.0 —

10y —— hypothesized missing sink

CO, Enhanced Carbon Flux (Gt C yr")

CQ,-ECF from model
- logarithmic (r,)
20 F —— - rectangular hyperbolic (r,)
—-— biochemical based (r,)
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Fig.9. A comparison of our model estimates of
CO,-ECF with the hypothesized historical missing sink
when we assume that NPP is independent of vegetation
biomass. Curve S assumes the land-use source history
of IPCC (1993); curve L assumes a 63% reduction in
the IPCC (1993) history. The B, of the CO, response
functions are from Table 5.

A, W, KING ET AL.

the low estimate of the land-use source (curve L of
Fig. 9), but they match the curve poorly prior to
about 1950.

The assumption that NPP is independent of
biomass is ecologically suspect for ecosystems
disturbed by land-use change. It implies that NPP
is constant throughout forest recovery and that
recovering clearcuts have the same NPP as middle
aged and mature forests. The assumption of bio-
mass-independent NPP does generate the desired
asymptotic plant grow (i.e., the “concave” biomass
curve of Shugart (1984)), but our assumption of
logistic plant growth also produces asymptotic
plant growth and has patterns of NPP during
recovery that more closely match ecological theory
and data.

Model assumptions about the relationship
between NPP and biomass need greater attention
and further consideration. Our model’s estimate of
CO,-ECF and its support (or lack of support) for
the hypothesis that CO, enhancement of NPP
explains the missing carbon sink is clearly sensitive
to this assumption. We represent NPP as a logistic
function of vegetation biomass. Many, if not
most, other models use an alternative formulation
that favors stronger biosphere response and a
larger CO,-ECF. These models tend to support
the hypothesis that CO, enhancement of NPP
explains the missing carbon sink. Harvey (1989)
also assumed that NPP was a logistic function of
biomass. Interestingly, Harvey could not balance
the historical carbon budget without large values
of B, small land-use emissions, and an additional
miscellaneous sink. We will treat the ecological
issues behind the assumptions about NPP and
vegetation biomass more fully elsewhere. Given a
logistic formulation of NPP, we conclude that our
model fails to support the hypothesis that CO,
enhancement of NPP explains the missing carbon
sink. This negative evidence must be weighed
against evidence from other models that support
the hypothesis.
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