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Summary

1. We present a model that yields ecosystem-level predictions of the flux, storage and
turnover of carbon in three important pools (autotrophs, decomposers, labile soil C)
based on the constraints of body size and temperature on individual metabolic rate.
2. The model predicts a 10 000-fold increase in C turnover rates moving from tree- to
phytoplankton-dominated ecosystems due to the size dependence of photosynthetic rates.
3. The model predicts a 16-fold increase in rates controlled by respiration (e.g. decom-
position, turnover of labile soil C and microbial biomass) over the temperature range
0-30 °C due to the temperature dependence of ATP synthesis in respiratory complexes.
4. The model predicts only a fourfold increase in rates controlled by photosynthesis
(e.g. net primary production, litter fall, fine root turnover) over the temperature range
0-30 °C due to the temperature dependence of Rubisco carboxylation in chloroplasts.
5. The difference between the temperature dependence of respiration and photosyn-
thesis yields quantitative predictions for distinct phenomena that include acclimation
of plant respiration, geographic gradients in labile C storage, and differences between
the short- and long-term temperature dependence of whole-ecosystem CO, flux.

6. These four sets of model predictions were tested using global compilations of data
on C flux, storage and turnover in ecosystems.

7. Results support the hypothesis that the combined effects of body size and temperature
on individual metabolic rate impose important constraints on the global C cycle. The
model thus provides a synthetic, mechanistic framework for linking global biogeo-

chemical cycles to cellular-, individual- and community-level processes.
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Introduction

The carbon cycle is of major interest in basic and
applied ecology (Schlesinger 1997; Schimel et al. 2001;
Chapin et al. 2002). Most biological and human activ-
ities are powered by biochemical transformations of C:
CO, uptake and energy fixation in organic compounds
through photosynthesis; and subsequent oxidation of
organic compounds and release of energy and CO,
through respiration and fossil fuel combustion. Over
the past three decades our understanding of how biotic
and abiotic variables affect ecosystem C dynamics has
been advanced by empirical studies, theoretical models
and computer simulations. These studies have identi-
fied several important variables: temperature, water,
light, nutrients and length of growing season (Lieth
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1973; Farquhar et al. 1980; Vitousek 1984; Raich &
Schlesinger 1992; Lloyd & Taylor 1994; Schlesinger
1997; Field et al. 1998; Schimel et al. 2001; Chapin
et al. 2002). Ecosystem models often incorporate most
or all of these variables into descriptive regressions or
process-based simulations to predict C dynamics (Field
et al. 1998; Schimel et al. 2001).

Here we take a different approach. We extend a met-
abolic theory of ecology (Brown et al. 2004) to develop
amodel that focuses on the role of individual organisms
in the global C cycle. This model provides a simple
mathematical formulation based on first principles of
biology, chemistry and physics. It relates the global C
cycle directly to the flux, storage and turnover of C in
individual organisms. The model highlights the funda-
mental influence of two variables — body size and
temperature — on C dynamics at all levels of biological
organization, from cellular organelles to the biosphere.

The model developed here differs in three important
ways from those commonly used in ecosystem ecology.
First, it explicitly links the rates of photosynthesis and
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respiration to the effects of body size and temperature
on plant, animal and microbial metabolism. Temperature
has long been recognized as an important determinant
of C dynamics, but body size has rarely been included
in ecosystem models. Second, by quantifying these
two primary controls on individual metabolic rate, the
model explicitly links ecosystem C cycling to cellular-,
individual- and community-level processes. Third, it pro-
vides a theoretical baseline for assessing quantitatively
the effects of other variables such as water, nutrients and
light. Therefore the model provides a simple mechanism-
based formulation that complements more complicated
empirical and simulation studies of C cycling.

Model assumptions

Like any mathematical model, ours is a deliberate
simplification of a complex reality. It aims to capture
the essence, but not all the details, of complicated
phenomena using mathematical equations. To derive
the model, it is necessary to make four simplifying
assumptions that are stated and justified as follows.

ASSUMPTION 1

At the level of the organism, C fluxes controlled by
photosynthesis and respiration vary predictably with
body size and temperature. Specifically, we first assume
that C fluxes from individual chloroplasts and respira-
tory complexes, v, increase predictably with tempera-
ture due to the kinetic effects of temperature on rates
of photosynthesis and respiration:

—E/kT

v=v,e eqn 1

where ¢ 7¥T is the Boltzmann factor; E is an activation
energy that characterizes the exponential effects of
temperature on biochemical reaction rates; 7 is abso-
lute temperature in K; and k is Boltzmann’s constant
(8:62 x 107 eV K™). We next assume that chloroplasts
and respiratory complexes are body size-invariant
metabolic units with respect to flux, and that the
numbers of these units per unit body mass, p,, decline
with the increasing body size, M, as

—1/4

P =P, M; eqn 2
The quarter-power scaling exponent on the body size
term reflects fundamental constraints on the numbers
of metabolic units that can be supplied with energy and
materials through fractal-like distribution networks
(West et al. 1997). Combining equations 1 and 2 yields
a general expression for the combined effects of body
size and temperature on whole-organism C flux:

0, =vp,M,; = q0M§/4e—E/kT

i

eqn 3

where ¢, =v,p, is a normalization constant independent
of body size. Equation 3 applies to individual-level C

fluxes by autotrophs and heterotrophs. We note, how-
ever, that the temperature dependence, characterized
by E, differs between photosynthesis and respiration.
We note also that using the Boltzmann factor to
characterize the temperature dependence of photo-
synthesis involves approximating a more complex,
non-exponential function (see Appendix 1).

ASSUMPTION 2

The flux, storage and turnover of biologically controlled
pools of C in ecosystems are controlled by the sum
of the metabolic processes of the constituent organ-
isms. Total C storage per unit area, My,,, for a biomass
pool comprised of Jindividuals in an area of size 4 is
equal to

J
MTm:(l/A)zMi:(J/A)<M>J eqn4

i=1
where <M>, is the average of body size, M, for
individuals (= (1/J )ZI.J:, M.). Due to mass and energy
balance, the C flux per unit area, ¢, for a biomass pool
is equal to the sum of the individual fluxes, Q,, charac-
terized by equation 3:

J
=(/4 = (JA)g <MMs T
q=( )EQ, (J14)q, € eqn’s

-1/4 —ElkT
oc

=q,Mrp, <M ">, w

where <M¥*>, is the average of M."* for individuals
(= UNZL, M), <Mm™™> , is the average of M, "
for biomass in the pool (= (1/AM,, )X, M =<M™*>,
/<M>,) and w is the supply rate of limiting resources
(e.g. water for autotrophs, primary production for het-
erotrophs) that determine the environment’s ‘carrying
capacity’ with respect to individual abundance per unit
area, J/A (Enquist et al. 1998; Savage et al. 2004). Rear-
ranging the terms in equation 5 yields an expression for
C turnover in a biomass pool:
GIMy, = q,(<M™> 1<M> )™ =g <M e
eqn 6

—ElkT

In equation 6, ¢ refers specifically to biomass produc-
tion because C turnover is calculated as the biomass
production rate per unit biomass. Equations 1-6 link
the flux, storage and turnover of C in ecosystems to the
supply rate of limiting resources that determine com-
munity abundance, w; the temperature dependence of
C transformations in chloroplasts and respiratory com-
plexes, e 7T; and the size- and temperature-dependence
of C fluxes by individual organisms, Q..

ASSUMPTION 3

Carbon fluxes in terrestrial ecosystems are due primarily
to photosynthesis and respiration. There is abundant
evidence that terrestrial C fluxes due to photosynthesis
and respiration greatly exceed fluxes due to physical
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Gross primary production (g) =

Net primary production (n

=¢g)

processes such as precipitation, dry deposition, leach-
ing, runoff and erosion (Schlesinger 1990, 1997; Raich
& Schlesinger 1992). For example, C-leaching losses
have been estimated as <1% of net primary production
(NPP) (Schlesinger 1990).

ASSUMPTION 4

Ecosystems are at steady state over periods of a year
or longer, which implies that oxidative metabolism is
constrained by gross photosynthesis. This ecosystem-
level constraint on oxidative metabolism is consistent
with the linear increase of soil respiration with NPP
(Raich & Schlesinger 1992), and with studies showing
that soil respiration is enhanced by adding reduced
C substrates to soils (Gallardo & Schlesinger 1994).
Although the steady-state assumption is often violated
in nature (Schimel et al. 2001), it is useful for three rea-
sons: (i) imbalances are usually small relative to total
pool sizes and fluxes; (ii) the mathematical expressions
are much simpler because there is no explicit time
dependence for rates and states; and, as a consequence,
(iii) equilibrial expressions provide a quantitative
baseline from which to measure the directions and
magnitudes of deviations due to departures from steady-
state conditions.

Model derivation

Using assumptions 1-4, we derive a model for C cycling
in a simplified terrestrial ecosystem. The derivation entails
five steps: (1) identifying C pools and fluxes controlled by
biota; (2) characterizing primary production based on

Total respiration (rry = ra+ r)

Ico, co,

Autotroph respiration [r, = (1 —¢€)g]

Heterotroph respiration [r, = (1 — 8)a]

Autotrophs (M%)

Heterotrophs (MY,

N

Litter fall (/)

V4
Mortality (m)
\ / Secondary production (s = da)

Soil organic
matter (S)

Assimilation (a)

rd

Fig. 1. Important pools (boxes) and fluxes (arrows) in the carbon cycle. At steady
state, gross primary production (g) equals total ecosystem respiration (ry,,), and the
fraction of rp,, attributable to heterotrophs (r;) is equal to C-use efficiency by plants

(e=rplry,)-

the size- and temperature-dependence of photosynthe-
sis by autotrophs; (3) characterizing CO, fluxes from
autotrophs and hetero-trophs based on the size- and
temperature-dependence of respiration; (4) linking soil C
dynamics to photosynthesis and respiration; and (5)
characterizing ecosystem-level CO, flux based on steps
1-5.

STEP 1: IDENTIFYING CARBON POOLS AND
FLUXES CONTROLLED BY BIOTA

The model considers only C fluxes attributable directly
or indirectly to photosynthesis and respiration. It
collapses the C cycle down to three biotically controlled
pools: autotroph biomass ( M;’m); heterotroph decom-
poser biomass (M ;{,,); and non-living labile C in surface
litter and soils (S) (Fig. 1); other pools, including her-
bivores and refractory soil C, are excluded. Herbivores
generally consume <20% of the plant biomass produced
in terrestrial ecosystems (Schlesinger 1997; Cebrian
1999), and much of the C they consume eventually enters
the soil via excretion and biomass production. Refractory
C, by definition, cannot be decomposed by soil hetero-
trophs, and only a small fraction of plant biomass
production enters the refractory soil C pool (<1%;
Schlesinger 1990, 1997). Refractory C can, however,
constitute a large portion of the organic matter stored
in soils, because it often accumulates for millennia
(Trumbore et al. 1996) and is released only by physical
processes such as erosion, leaching and fire.

Photosynthesis fuels the global C cycle. At steady
state, it constrains the pools and fluxes in Fig. 1 such
that gross primary production (GPP), g, equals total
ecosystem respiration, ry,. Our model assumes that
fluxes are at steady state over periods of a year or longer,
but that short-term imbalances between photosynthate
production and consumption can and do occur as
a consequence of diurnal and seasonal temperature
fluctuations. These imbalances can occur, despite the
long-term steady-state assumption, due to storage of
labile, reduced C compounds in biomass and soil.

We account for short-term imbalances in the model
by time-averaging fluxes on a per hour basis during the
entire growing season, denoted by <>_. Ecosystem
respiration can occur at any time, day or night, when
temperatures exceed 0 °C. We therefore define the total
length of the growing season, T, as the number of hours
when average daily temperatures exceed 0 °C. The
average rate of ecosystem respiration per hour during
the growing season (g C m= h™) is then calculated by
integrating the rate of ecosystem respiration at time ¢,
r1,,(1), over the entire growing season to yield <r,>. =
(1/7)] r4,(t)dt. Average GPP per hour is similarly defined
as <g>.=( I/T)J g(t)dt. As photosynthesis occurs only
during daylight hours, we also express GPP as an average
rate per daylight hour in the growing season, (t/y)<g>.
(g C m™ daylight h™"), where yis the total number of
daylight hours in the growing season, and Y/t is the
average fractional day-length during the growing season.



205

Global carbon cycle
and individual
metabolism

© 2005 British
Ecological Society,
Functional Ecology,
19, 202-213

Having defined time-averaged fluxes, we now trace
the fate of C as it moves among the pools in Fig. 1.
During the growing season, the average C flux attrib-
utable to gross photosynthesis is equal to <g>.. A fraction
¢ of this C goes to net primary production of autotroph
biomass, <n>, where <n> ,=e<g>_ and €=<n>/
<g>_is the C-use efficiency of plants. The remaining
photosynthate is allocated to autotroph respiration
[<r,>.=(1-¢)<g>]. Photosynthate allocated to plant
growth is lost from M;’m through abscission and death
at rate </>_. It then enters S, where it is assimilated by
heterotrophs at rate <a>.. A fraction § of this assimilated
C goes to secondary production of heterotroph biomass,
<s>_. where <s>_ =08<¢>, and &= <s>/<a>, is the
growth efficiency of heterotrophs. The remainder is
allocated to heterotroph respiration (<r,>.= (1 —8) <a>,).
The C-use efficiency of autotrophs and the growth
efficiency of heterotrophs are both approximately
independent of temperature (g = 8 = 0-4) (del Giorgio
& Cole 1998; Chapin et al. 2002; Gifford 2003).

Steady-state assumptions constrain the time-averaged
fluxes in Fig. 1 such that GPP equals total ecosystem
respiration by autotrophs and heterotrophs combined:

<g>1:<n>t+ <rA>T:<rH>T+<rA>r:<rTol>t

eqn 7
and NPP equals total respiration by heterotrophs:

<n> =<[> =<r;>. eqn 8
Equations 7 and 8 imply that oxidative metabolism is
limited by GPP (equation 7), and that heterotroph
metabolism is limited by NPP (equation 8). Therefore
the fraction of whole-ecosystem respiration attribu-
table to heterotrophs is equal to the C-use efficiency of
plants, i.e. € = <ry>/<rg> = <n>/<g>.

STEP 2: CHARACTERIZING PRIMARY
PRODUCTION BASED ON THE SIZE- AND
TEMPERATURE-DEPENDENCE OF
PHOTOSYNTHESIS

The gross rate of photosynthesis by a plant, P; (g C
daylight h™), is the product of the rate of photosynthesis
per chloroplast, v, (g C daylight h™ chloroplast™),
the density of chloroplasts per unit body mass, p"
(chloroplasts g™ C), and body mass, M, (g C) (equation
3). This product yields an expression for the combined
effects of body size and temperature on the photosyn-

thetic rate of a plant:

chlo

P =v,p;

~E, /KT

M, = p,M"e eqn 9

where p, = v"p" is a normalization constant inde-
pendent of body size and temperature (g"* C daylight h™).
The size dependence of P; reflects theory and data
indicating that that the density of chloroplasts declines
with increasing plant size as p{"’ = p?"’M;"* (Niklas

& Enquist 2001). The temperature dependence is

chlo —E,IkT chlo

characterized by v, = v, , where v, is a nor-
malization parameter (g C chloroplast™ daylight h™)
and E, is an effective activation energy that character-
izes the temperature dependence of photosynthesis
(=0-32 eV). This Boltzmann factor predicts a 3-8-fold
increase in the rate of photosynthesis over the temperature
range 273-303 K (0-30 °C) (e "1 P 2 3.8)
based on the temperature dependence of Rubisco car-
boxylation in chloroplasts (Appendix 1).

NPP occurs only during daylight hours (g C m™
daylight h™) and is calculated by summing the photo-
synthetic fluxes of the plants in the ecosystem
(equation 5):

0

J
n=eg=e(llA)Y P, =ep,My,<M,"> e
=l eqn 10

-E, kT

where € is the fraction of photosynthate allocated
to primary production of plant biomass (Fig. 1), and
M <M ™>,, reflects the sizes and abundances of
autotrophs per unit area (g7 C m™) (equation 5) (Enquist
et al. 2003). The time-averaged rate of NPP per hour
during the growing season (g C m™ h™') is equal to:

—1/4 —E IkT
>

<n>_ = (y/)ep,M;, <M ">, <e eqn 11

T

k

—E,IkT .
where <e " >_= (/1) e dt , and T(z) is tem-
perature at time ¢. The term Y/t in equation 11 is used
to express time-averaged NPP on a per hour basis.

~E,JkT(1)

STEP 3: CHARACTERIZING CO, FLUXES FROM
AUTOTROPHS AND HETEROTROPHS BASED
ON THE SIZE- AND TEMPERATURE-
DEPENDENCE OF INDIVIDUAL RESPIRATION

The respiration rate of an individual, R, (g C h™)is the
product of the rate of respiration per respiratory complex,
V5> the density of respiratory complexes per unit body
mass, p;"; and body mass M; (equation 3). This product
yields an expression for the combined effects of body size
and temperature on the respiration rate of an individual:
—E,IkT

_ resp _ 3/4
R = ViespPi M, =rM "¢

i

eqn 12

resp _resp

where r =v,p.*" is a normalization parameter (g
C h™) (Gillooly et al. 2001). The size dependence of R,
reflects declines in the density of respiratory complexes
with increasing body size (p/” = p'"M; ") (Else &
Hulbert 1985; West et al. 2002). The temperature
dependence is characterized by the kinetics of ATP
synthesis in the respiratory complex (E,=0-65¢V)
(Ketchum & Nakamoto 1998; Gillooly et al. 2001). This
Boltzmann factor predicts a 16-fold increase in respira-
tion rate over the temperature range 273-303 K (0-30 °C)
(e—E,./303/c Je B 6).

Respiratory fluxes in the ecosystem (g C m™> h™') are
characterized by separately summing the individual

respiration rates (equation 5) for autotrophs:

1/4
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g E IkT

ro=r' ML <M, eqn 13
and heterotrophs:
=r MT0[<M—1/4 —F,//(T eqn 14

where 1 and r”
individual respiration (g"* C h™), and M. <M,
reflects the sizes and abundances of heterotrophlc
decomposers per unit area (g”* C m™?) (equation 5).
Time-averaged fluxes over the growing season, <r,>.

and <r,>,, are calculated as:

are normalization parameters for
1/4

71/4 —E,./kT
<> =1 M <M, >, eqn 15
and
1/4 —E,,/kT
<Iy> =1 "My <M, > eqn 16

—E kT —E kT .
where <¢ "> = 1/1)[ e " Vdr is the average of the

Boltzmann factor for the growing season.

An individual’s metabolic rate is always equal to its
rate of energy acquisition from the environment, but
energy acquisition is fuelled by fundamentally differ-
ent processes for autotrophs (biochemical reduction
via photosynthesis) and heterotrophs (biochemical
oxidation via respiration). The normalization para-
meter for heterotroph respiration, ", is approximately
independent of temperature, because energy acquisi-
tion and consumption by a heterotroph is fuelled by its
own respiration. By contrast, the normalization parameter
for plant respiration, ', must decline with long-term
temperature increases because plant respiration is ulti-
mately limited by photosynthate production, which
has a weaker temperature dependence (E, < E)).

We can quantify this commonly observed phenomenon,
referred to as respiratory acclimation (Dewar ef al.
1999), by noting that the time-averaged supply rate of
C used for plant respiration is equal to <g>,— <n>_ =
(yIt)(1 - s)p,,MTm<M s E”/kT>I, and that time-
averaged C demand for plant respiration is equal to
<r,>.(equation 15). Given our model assumption that
total C supply matches total C demand over the grow-
ing season, we can equate these two expressions and
rearrange terms to yield:

/kT —E,IkT
> [<e

i = (- e)p,(<e >)  eqnl?
In equation 17, fluxes should be averaged over a time scale
too short for respiratory acclimation to occur. The para-
meter 1" is insensitive to diurnal temperature fluctuations,
but declines in response to temperature increases that are
weeks to months long (Dewar et al. 1999; Gifford 2003).

Together, equations 13, 15 and 17 predict that the
short-term temperature dependence of plant respira-
tion will have an activation energy of E,, but that the
long-term temperature dependence will have an
effective activation energy of E,. Both observations are
consistent with experimental data (Dewar et al. 1999;

Gifford 2003). These equations reconcile differences
between the short- and long-term effects of temperature
on plant respiration by imposing mass balance on photo-
synthate production and consumption. Equation 17
also predicts a decline in " with declines in average

day-length, characterized by y/t, due to constraints of
photosynthate production on plant respiration.

STEP 4. LINKING SOIL CARBON DYNAMICS
TO PHOTOSYNTHESIS AND RESPIRATION

The dynamics of labile soil C are characterized by the
rate equation:

ds/de=1-(x-S) eqn 18
where /is the rate of C input (g C m™h™); and k is the
rate of C loss per unit labile C (h™") (Jenkinson 1990).
The decomposition of organic matter is controlled by

heterotroph respiration, rj, and therefore varies with
temperature as:

~E kT

K=r,/S=ke eqn 19
where ¥, is a normalization parameter, independent
of temperature, that reflects the effects of soil texture,
water availability and organic matter quality on habi-
tat suitability to decomposers (Jenkinson 1990).

Combining equations 8, 11, 16, 18 and 19 yields the
following expressions for the long-term storage of
labile C in soil:

S =<I> J<x>, = (yIt)(ep,M "< M >, Ix,)

(<e E”/kT> I<e T ) can 20
and heterotroph biomass:
MY =, i <M s )S o< (yit)(<e S 1<)
eqn 21

—E,IkT . .
where <k> =x,<e¢ " >_. Time-averaging of the fluxes

is appropriate in equations 20—21 because residence
times of labile soil C are typically measured in years
to decades (Trumbore et al. 1996). Equation 20 links
the storage, flux and turnover of soil C to the rate of
biomass production by plants and the decomposition
constant K. Equation 21, in turn, links x to the sizes,
abundances and metabolic rates of decomposers
(, =" ML <M, 1S). Inequations 2021, labile soil
C and heterotroph biomass both decline with long-term
temperature increases (oc<efE”/kT> J<e T >_) due to
differences in the temperature dependence of photo-
synthesis and respiration. This, in turn, implies that
the amount of decomposer biomass per unit labile soil
C, MY <M;"> /S, is independent of temperature.
Equations 2021 also predict an increase in soil C and
heterotroph biomass with increases in the fractional
day-length, y/t, due to greater photosynthetic activity
during the biologically active period of the year when
temperatures exceed 0 °C.
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Table 1. Predicted effects of average body size, <M>,, and average growing season temperature, <7>_, on long-term carbon
flux, storage and turnover for the pools and fluxes depicted in Fig. 1

Predicted slope holding
temperature or size constant

Variable Body size and temperature
Pool ) dependence In(y) vs In(<M>)) In(y) vs /k<T>,
Autotrophs Flux (thy)<n>, o< <e TS <M S 0 -E,
Storage M3 o <> 1<M ">, 1/4 0
Turnover  (tly)<n> /M, o < " s <M s, —1/4 -E,
Heterotrophs Flux (thy)<n,>, = (t/y)<n>, o< <e’E"/kT>(<M > 0 -E,
Storage ()M o <e "5 <o B s <M, 1/4 E,-E,
Turnover  <s> /My oc <r> /Mp, o <e”7 > <MVS -1/4 -E,
Labile soil Flux (thy)<ry>, o <e s, - -E,
organic matter Storage (t/y)S o< < /“'>t/<e'E’ kr - E -E,
Turnover <> 1S e < s - -E,

Parameters include activation energy for ATP synthesis in the respiratory complex (E, = 0-65 eV); effective activation energy for
Rubisco carboxylation in C; photosynthesis (£, = 0-32 eV, see Appendix 1); growing season length, 1, defined as the number of
hours per year when average daily temperatures exceed 0 °C; and daylight hours during the growing season, 7.

Time-averaged fluxes, <>, are calculated by averaging rates over the entire growing season. The predicted slopes involve the following

. . —EIkT
approximations: <e >

STEP 5. CHARACTERIZING ECOSYSTEM-
LEVEL CO, FLUX

Equations 1-21 yield the following expression for whole-
ecosystem respiration:

_ _ Tot -E,IkT
Ty =Tt 1y =1,

Q

eqn 22
where "= (yIt)p, M <M ">, (<e7E”/kT>T/<e7E' 5.
Equation 22 predicts a rapid increase in respiration
with temperature at diurnal to seasonal time scales for
autotrophs and heterotrophs (o<e7E’ M). However, it also
predicts that respiration at a given temperature will
decline if growing-season temperatures increase to some
new, long-term average (r'" o <eiE”/kT>T/<e7E’//‘T>T).
Finally, it predicts that respiration at a given temper-
ature will decline towards low latitudes as average day-
lengths during the growing season shorten ( rOT”’ <Y/1).
All these phenomena reflect the fact that photosyn-
thesis, with its weaker temperature dependence (£, < E,),
constrains whole-ecosystem CO, flux to equal GPP
(Fig. 1). This constraint on CO, flux is manifested at
the individual level for autotrophs through respiratory
acclimation (equation 17), and at the community level
for heterotrophic decomposers through changes in
abundance, biomass and the size of the labile soil C
pool (equations 20-21).

Evaluating model predictions

Equations 1-22 yield a series of testable, quantitative
predictions on the size and temperature dependence of
flux, storage and turnover within and among the C
pools depicted in Fig. 1 (Table 1). We evaluate many
of these predictions using global compilations of data
from major biomes that include forests, grasslands,

~e """ and <M ™", ~ <M >;"*, which can be justified using methods described by Savage (2004).

tundra and oceans. The predictions in Table 1 are derived
by explicitly accounting for day-length and length of
growing season. For example, NPP is expressed on a
per daylight hour basis during the growing season,
(t/y)<n>, (g C m™ daylight h™"); C storage in soil is
corrected for average day-length, (1/7)S (gCm™h
daylight h™); and C turnover in soil is expressed on a
per hour basis during the growing season, <r,,>./S (h™).
Where possible we evaluate long-term temperature
predictions using these ‘seasonality-corrected’ values
to control for latitudinal variation in day-length and
length of growing season, which might otherwise con-
found the predicted temperature relationships.

Results

Data support the predicted size dependence of C
storage and turnover in the autotroph pool (Table 1).
First, alog—log plot of C storage in autotrophs vs aver-
age plant size yields a linear relationship with a slope
of 0-24, which is statistically indistinguishable from the
predicted value of 0-25 (95% CI: 0-23-0-26; Fig. 2a).
Second, a log-log plot of C turnover vs average plant
size yields a linear relationship with a slope of —0-22,
which is just slightly shallower than the predicted value
of —0-25 (95% CI: —0-21 to —0-24; Fig. 2b). Third, C
flux is predicted to be independent of body size if
resource use is at equilibrium with supply. The analysis
of Enquist et al. (1998) supports this prediction by
finding a slope close to the predicted value of 0 for
plant communities spanning 12 orders of magnitude in
average plant size.

The model makes additional predictions based on
the temperature dependence of photosynthesis ( oceiE”/kT)
and respiration (oceiE’/kT) (Table 1). Carbon storage
is predicted to be independent of temperature for the
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ordinary least-squares regression. (b) Body size was estimated from plant biomass using the data in (a). Reduced major-axis
regression was then used to fit the slope in (b) to account for errors that this method of estimation introduced into the predictor
variable. The fitted, solid lines have slopes close to the predicted, dashed lines with slopes of 0-25 (a) and —0-25 (b) (Table 1).
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Fig. 3. Effect of average temperature, expressed as 1/k<7>_, on (a) forest tree biomass
(global database in DeAngelis et al. 1997); (b) seasonality-corrected forest litter
storage (global compilation in Vogt et al. 1986); (c) seasonality-corrected fine-root
turnover (global compilation of shrubland, grassland and forest data in Gill & Jackson
2000); (d) soil organic matter (SOM) turnover (data from Fig. 2b of Trumbore et al.
1996). (a—c) Average growing season temperature, <7'>. (K), and average growing
season length, t (h), were calculated based on months with average temperatures
exceeding 0 °C using the database of Legates & Wilmott (1990). (d) Mean annual
temperatures of Trumbore et al. (1996) were used. The number of daylight hours
during the growing season, y, was estimated using the equation of Forsythe et al.
(1995). (a—c) Seasonality-corrected values were calculated using t and 7y (Table I).
Solid, fitted lines were calculated using ordinary least-squares regression. Predicted,
dashed lines have slopes of 0 eV (a); E, — E,=0-33 eV (b); -E,=-0-32¢eV (c); -E, =
—0-65 eV (d) (Table 1).

autotroph pool because respiration and growth are
constrained by photosynthesis at the level of the
organism (equations 11 and 17). Carbon storage in
heterotrophs and soil organic matter is predicted to
decline with increasing temperature. This is because
the sizes of these pools are determined by the balance
between production and consumption, and consump-
tion by heterotrophs increases more rapidly with tem-
perature than does production by plants. Extensive
data support model predictions for the autotroph and
soil C pools. First, a plot of the logarithm of C storage
in autotrophs vs 1/kT for forest tree communities
yields a slope statistically indistinguishable from the
predicted value of 0 eV (95% CI: —0-18 to 0-17; Fig. 3a).
Second, a plot of the logarithm of seasonality-corrected
labile C storage vs 1/kT for forest litter yields a linear
relationship with a slope statistically indistinguishable
from the predicted value of E, - E,=0-33¢eV (0-38 ¢V,
95% CI: 0-21-0-56; Fig. 3b).

For both autotroph and heterotroph pools, C turnover
varies with temperature in the same way as individual
metabolic rate, because the fractions of metabolic energy
allocated to growth (e and 8 in Fig. 1) are independent
of temperature. For the soil C pool, turnover is con-
trolled by heterotroph respiration. Carbon turnover
is therefore predicted to show a weaker temperature
dependence for the autotroph pool than for hetero-
trophs and soil C (Table 1). A plot of the logarithm of
seasonality-corrected fine root turnover vs 1/kT yields
a slope close to the predicted value of —E,=-0-32 eV
for the autotroph pool (—0-36 eV; 95% CI: —=0-22 to
—0-51; Fig. 3c). However, a plot of the logarithm of labile
C turnover in soil vs 1/kT yields a slope somewhat
steeper than the predicted value of —E, = —0-65 eV
(-0-79 eV, 95% CI: —0-66 to —0-93; Fig. 3d). This is per-
haps because climatic data were not available to apply
seasonality correction to the estimated temperatures
and rates of C turnover.
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Fig. 4. Effect of temperature, expressed as 1/k7, on the following short-term fluxes. (a) Standardized fluxes of CO, from soils
incubated at different constant temperatures in the laboratory [compilation in Katterer ez al. (1998) supplemented with data in
Drobnik (1962); Wiant (1965); Mallik & Hu (1997); Quemada & Cabrera (1997); Chodak ez al. (2001)]. (b) Standardized fluxes
of CO, from soils measured over multiple seasons in the field [compilation in Lloyd & Taylor (1994) supplemented with data in
Boone et al. (1998); Keith ez al. (1997); Luo et al. (2001)]. Methods used to standardize the data in (a) and (b) are discussed in
Appendix 1. (c) Hourly root decomposition rates in the growing season for sites spanning a broad range of latitudes (subset of
studies compiled in Silver & Miya 2001). Average growing season temperature, <7>_(K), and average growing season length,
1 (h), calculated based on months with average temperatures exceeding 0 °C using the database of Legates & Wilmott (1990).
Solid, fitted lines calculated using ordinary least-squares regression. Predicted, dashed lines all have slopes of —E, =-0-65 eV
(equations 16, 19 and 22).
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Fig. 5. Effect of average growing season temperature, expressed as 1/k<T>_, on the following long-term fluxes: (a) seasonality-
corrected NPP (data used to fit the temperature relationship in the Miami model of Lieth 1973); (b) seasonality-corrected forest
litter fall [compilations in Bray & Gorham (1964); Vitousek (1984)]; (c) seasonality-corrected soil respiration (compilation in
Raich & Schlesinger 1992, excluding estimates based on some assumed growing season length). Average growing season
temperature, <7 >_ (K), calculated using the database of Legates & Wilmott (1990) based on months with average temperatures
exceeding 0 °C. The number of daylight hours during the growing season, v, was then calculated using the equation of Forsythe
et al. (1995). Seasonality-corrected values were calculated by dividing annual fluxes by y (Table 1). Solid, fitted lines were
calculated using ordinary least-squares regression. Predicted, dashed lines all have slopes of —E, =—0-32 eV (Table 1).

Our model predicts a much stronger temperature consistent with —F, =—0-65 eV (-0-75, 95% CI: —0-44

dependence for short-term respiratory fluxes, and for
rates of organic matter decomposition (characterized
by ¥ in equation 19), than for long-term respiratory
fluxes. Consequently, respiratory fluxes at a given
temperature are predicted to decline with long-term
temperature increases (characterized by rOT"’ in equation
22). Two compilations of data support the predicted
temperature dependence of short-term flux, with slopes
close to —E, =—0-65 eV: (i) laboratory data on hetero-
troph respiration rates from diverse soils (—0-67, 95%
CI: —0-62 to —0-71; Fig. 4a), and (ii) field data on sea-
sonal variation in CO, flux from soil heterotrophs and
roots of forest, grassland and tundra autotrophs (—0-65,
95% CI: —=0-60 to —0-70; Fig. 4b). A third compilation
of data on root decomposition rates supports the
predicted temperature dependence for k, with a slope

to —1-06; Fig. 4c).

Three additional global data sets support the pre-
dicted temperature dependence of long-term flux, with
slopes statistically indistinguishable from —£,=-0-32 eV:
(i) seasonality-corrected NPP (-0-35 eV, 95% CI: —0-20
to —0-50; Fig. 5a); (ii) seasonality-corrected litter fall
(-0-30 eV, 95% CI: —0-24 to —0-35; Fig. 5b); and (iii)
seasonality-corrected soil respiration (—-0-41 eV, 95%
CI: —-0-28 to —0-54; Fig. 5c). Together, these results
suggest that long-term ecosystem respiration rates are
controlled primarily by the availability of organic C which,
in turn, is controlled by the rate of photosynthesis.

The predicted relationship between short- and
long-term flux is supported by a recent analysis of data
collected from 19 eddy covariance towers in North
America and Europe (Enquist ez al. 2003). At individual
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sites, daily and seasonal variation in CO, flux increased
exponentially with temperature with an average activa-
tion energy close to E, (x =062 eV), but across sites,
respiration rates at a given temperature (characterized
by rOT”') declined with increasing average growing
season temperature, as predicted here by equation 22.

Discussion

The model presented here provides a means of charac-
terizing the role of individual organisms in the global
C cycle. Biota play key roles in the biogeochemical
cycling of elements, but quantifying them explicitly is
challenging (Jones & Lawton 1995). Our model quan-
tifies these roles using three simplifying assumptions:
(1) metabolic rate controls energy and material trans-
formation rates by an organism; (ii) metabolic rate
controls energy and material fluxes between an organism
and its environment; and (iii) ecosystem storage and
flux attributable to biota are equal to the sums of the
storage and flux contributions of individual organisms.
Assumptions (ii) and (iii) follow directly from (i) as a
consequence of mass and energy balance, and link
the cycling of elements in ecosystems to individual
physiology.

The combined effects of body size and temperature
on metabolic rate impose important constraints on C
dynamics. Variation in C storage and turnover across
biomes is driven largely by plant size (Fig. 2). Our model
thus explains why oceanic phytoplankton contribute
=~50% of NPP globally despite comprising only 0-2%
of the Earth’s plant biomass (Field et al. 1998). Incor-
porating body size in C-cycling models could reveal
other causes of variation in C dynamics across biomes.
It could also predict the effects of land use on C dynamics,
because land conversion often entails altering the size
distribution of organisms, for example converting a
forest to a field for agriculture.

The temperature dependence of many rate processes
typically considered separately in ecosystem models
falls into one of three categories: those controlled by
photosynthesis; by respiration; or by a balance between
photosynthesis and respiration. Long-term rates
controlled by photosynthesis (e.g. NPP, litter fall, fine-
root turnover, annual CO, flux from soils) all increase
approximately fourfold from 0 to 30 °C (Figs 3c and 5),
even after accounting for day-length and length of the
growing season, and are predicted from the tempera-
ture dependence of Rubisco carboxylation (Appendix 1).
These results challenge the idea that mean annual
temperature and NPP are correlated, largely because
temperature is an index of growing season length and
incident solar radiation (Lieth 1973). Labile C turnover
(Fig. 3d), organic matter decomposition, and short-
term respiratory fluxes of CO, from autotrophs, hetero-
trophs and soils (Fig. 4) all increase approximately
16-fold from 0 to 30 °C, and are predicted from the
activation energy of the respiratory complex (E, = 0-65 eV).
Finally, three different phenomena — acclimation of

plant respiration; geographic gradients in labile C stor-
age; and differences between the short- and long-term
temperature dependence of ecosystem CO, flux — are
predicted from the different temperature dependencies
of photosynthesis and respiration, reflecting constraints
of photosynthate production on oxidative metabolism
(equations 14, 17, 18 and 19).

More generally, our model predicts many aspects of
the global C cycle based on the primary effects of body
size and temperature on photosynthesis and respira-
tion. We attribute the model’s explanatory power to
the explicit dependence of ecosystem-level C flux and
storage on individual-level fluxes. We are aware, how-
ever, that there is considerable residual variation about
the relationships depicted in Figs 2-5. This variability
points to the importance of other variables that affect
C cycling, including water, light and nutrient availa-
bility (Lieth 1973; Vitousek 1984; Field er al. 1998,;
Schimel et al. 2001; Chapin et al. 2002). Deviations
from model predictions reflect these other variables.
Consider the following two examples. First, residual
variation about the function describing the temper-
ature dependence of root decomposition (Fig. 4c) is
strongly correlated with the root C : N ratio (* = 0-65,
P < 0-01). This residual variation reflects the influence
of resource quality and nutrient availability on the
normalization parameter for organic matter decomp-
osition (x, in equation 19) which, in turn, reflects the
sizes, abundances and metabolic rates of heterotrophic
decomposers in soils (equation 21); and second, a
global compilation of data on C storage in mineral
soils (Zinke et al. 1984) yields a relationship between
seasonality-corrected soil C and temperature that is
much weaker than predicted by our model under the
assumption that all organic matter is labile C accessible
to heterotrophs (predicted slope: E,—E,=0-33¢V;
observed slope: 0-11 eV, 95% CI: 0-08—0-14 eV, r* = 0-01,
n=4023). This supports evidence that much of the
organic matter stored in mineral soils is inaccessible to
heterotrophs, and therefore is not susceptible to the
effects of global warming (Thornley & Cannell 2001).
The model could be extended to incorporate the buildup
of refractory C in soil.

Our model is relevant for understanding and pre-
dicting the effects of human activities on the C cycle at
local to global scales. For example, it predicts eco-
system responses to global warming. While it does not
predict the total size of the global fluxes and pools, it
does predict that global warming should increase rates
of photosynthesis and respiration. It also predicts that
increases in temperature will cause a net loss of labile
C from soils. The magnitude of this loss is controlled
by the difference between the temperature dependence
of respiration and Rubisco carboxylation (£, - E,).
A sustained 1 °C increase in average growing season
temperature should therefore result in approximately
fourfold greater losses of labile C from boreal forest
soils (<7>, =0°C) than from tropical forest soils
(<T>,=25°C) (equation 21). We caution, however, that
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these predictions ignore possible short-term transient
dynamics, and they assume that other variables, includ-
ing atmospheric CO, concentration and water and
nutrient availability, are held constant.

In summary, the model presented here makes multiple
predictions (Table 1), many of which are supported by
previous studies (e.g. Kirschbaum 2000) or by compila-
tions of data from the literature (Figs 2-5). However,
unlike previous work, this simple, mechanistic model
yields predictions by quantifying the combined effects of
two key variables, body size and temperature, on biolo-
gically controlled components of the global C cycle. It does
so by linking the pools and fluxes of C in ecosystems
directly to the metabolic rates of individual organisms
that proximally and ultimately control C dynamics.
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Appendix 1

APPROXIMATION FOR THE TEMPERATURE
DEPENDENCE OF PHOTOSYNTHESIS

We approximate the temperature dependence of photo-
synthesis based on the biochemical kinetics of the C,
photosynthetic pathway because it is the dominant
photosynthetic pathway in the biosphere. The rate of
C, photosynthesis can be limited by the availability of
Rubisco to catalyse the carboxylation reaction, or by the
light-dependent rate of RuBP regeneration (Farquhar
et al. 1980). We hypothesize that the temperature
dependence of C; photosynthesis can be approximated
by the temperature dependence of Rubisco carboxyla-
tion, because theory and data indicate that photosyn-
thesis is a rapidly saturating function of irradiance, and
that leaf nitrogen is allocated among enzymes such
that the Rubisco carboxylation step and the RuBP
regeneration step are approximately colimiting (Chapin
et al. 2002; Farquhar et al. 1980).

If Rubisco availability limits or colimits the carboxyla-
tion reaction, the rate of photosynthesis by a chloroplast
is equal to:
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the respective Michaelis-Menten constants for CO, and
0,; Cand O are the respective partial pressures of CO, and
O,; ¢ is the ratio of Rubisco oxygenation (photorespi-
ration) to carboxylation {¢ = [(V,"* K O)/(V.""K,C)]};
and V™ is the maximum rate of oxygenation (Farquhar
et al. 1980). The parameters , V", V", K, and K, all
increase exponentially with temperature, and can be
described by Boltzmann factors of the form ¢ "™ where
E, is an activation energy that varies from 0-37 eV for K,
to 0-83 eV for K (Bernacchi et al. 2001). So, for example,
since V™" e "™ in equation Al, and E, = 0-68 eV
(Bernacchi ez al. 2001), V" increases 17-5-fold from 273
t0 303 K (0-30 °C) (¢ "™ [ "7 = 17.5).

The overall effect of temperature on v/, is much
weaker than on V™", primarily because the ratio of
Rubisco carboxylation to photorespiration (charac-
terized by ¢ in equation Al) declines markedly with
increasing temperature. Using the parameter estimates
reported by Bernacchi et al. (2001) for the temperature
dependence of Rubisco carboxylation, and assuming
that the partial pressure of CO, inside the chloroplast
stroma is maintained at =70% of ambient pressures
(Long & Hutchin 1991) (C = 0:028% on a molar basis
in equation Al), v/, is predicted to increase only 3-8-
fold from 0 to 30 °C under present partial pressures of
CO, and O,. For a rate process exhibiting Boltzmann
temperature dependence, this would correspond to
an activation energy of E,=0-32¢V [E, =k In(3-8)/
(1/303-1/273)]. We therefore approximate the temper-
ature dependence of photosynthesis using a Boltz-
mann relationship with this same activation energy

, _ _ . chlo *Ep//‘T h chlo - 1 t
Ol = Voo =V, ), where v, is a normalization
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parameter independent of plant size and temperature
(g C chloroplast™ daylight h™"). This is a reasonable
approximation over the temperature range 0-30 °C
(In(v,,,,) =—E,(IkT) + In("), * = 0-96).

METHOD OF DATA STANDARDIZATION IN
FIGURE 4

Standardization was performed by separately sub-
mitting all the data in Fig. 4 to analysis of covariance
(ANCOVA) to determine the functional relationship
between soil flux, ¢, and temperature, 1/kT [In(g) =

—E(1/kT) + C]. ANcova yielded an overall estimate of
the activation energy, E, and a set of intercepts, C, that
varied by study. £ and C were then used to calculate
estimates of soil flux at 20 °C, ¢(20), for each study.
Finally, flux data for each study were separately stand-
ardized by their respective flux estimates, ¢(7")/¢(20),
to control for variation in C. Others have performed data
standardization by separately fitting models to data
from each study to calculate ¢(20) (e.g. Lloyd & Taylor
1994). However, using this alternative approach, the
overall temperature dependence can vary depending
on the temperature used for standardization.



