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Summary. Atmospheric conditions constrain biotic activity through incoming so-
lar radiation, temperature, and soil water availability on land. At the same time
atmospheric composition and the partitioning of energy fluxes at the surface are
strongly affected by biotic activity, thereby modifying the environmental con-
straints. Here we review the foundations for atmosphere-biosphere interactions,
focusing on the role of biogeophysical effects of terrestrial vegetation and the emer-
gent feedbacks of the coupled atmosphere-biosphere system. We then investigate
atmosphere-biosphere interactions from a perspective of entropy production and
discuss the applicability of the hypothesis of Maximum Entropy Production (MEP)
to biotic activity as a dissipative process within the Earth system. Specifically, we
suggest two examples demonstrating the existence of MEP states associated with
biotic activity and the Earth’s planetary albedo. We close with a discussion of how
this research can be extended and what the implications of biotic MEP states would
be for understanding the dynamics of the Earth system.

14.1 Introduction

The biota plays an important role in the climate system. For instance, the
strength of the atmospheric greenhouse, in terms of atmospheric concentra-
tions of carbon dioxide, is closely linked with the global carbon cycle, which is
affected by biotic activity through photosynthesis, respiration, and enhance-
ment of rock weathering on geologic time scales (see also Schwartzman and
Lineweaver, this volume). Over land, the absorption of solar radiation and the
subsequent partitioning into radiative and turbulent heat fluxes is strongly
affected by terrestrial vegetation. For instance, the presence of a rainforest
leads to a darker and aerodynamically rougher surface with a higher capacity
to evaporate water. These aspects affect the physical functioning of the land
surface. However, biotic processes such as photosynthesis and respiration are
also strongly constrained by the atmospheric environment, through temper-
ature and the availability of light and water. This leads to the notion of
atmosphere-biosphere interactions, with atmospheric conditions constraining
biotic activity but biotic effects moderating atmospheric conditions, result-
ing in emergent feedbacks. In addition, both, an abiotic surface as well as a
biotically influenced surface are consistent with the constraints imposed by
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Table 14.1. Albedoes for different surfaces and cloud types (after Hartmann 1994)

typical value (in % )

bare surfaces:
water
moist soil
dry soil

7–12
10–25
30–35

vegetated surfaces:
short green vegetation
Extratropical forests
Tropical forests

17
10–15
13–18

snow- and ice-covered surfaces:
sea ice, no snow cover
old, melting snow
fresh, dry snow
forest with surface snow cover

30
50
80
25

clouds:
high (cirrus)
medium (cumulus)
low (stratus)

21
48
69

the surface energy- and water balances, so that there are potentially many
possible states and we may ask whether the biotic state is the most probable
state. This then relates to the question of how atmosphere-biosphere inter-
actions affect the rate of entropy production, and how the MEP principle
can be applied to understand the emergent outcome of atmosphere-biosphere
interactions.

Let us first briefly motivate the reasoning why biotic activity should affect
the rate of entropy production at the planetary scale. Consider the planetary
rate of entropy production, as approximated by

σEARTH = I0(1 − αP )(1/TR − 1/TSUN ) (14.1)

with I0 being the mean solar irradiation at the top of the atmosphere, αP the
planetary albedo, TR the effective radiative temperature of Earth, and TSUN

the emission temperature of solar radiation. The radiative temperature TR

is mainly constrained by the planetary energy balance, since absorption of
solar radiation balances the emission of terrestrial radiation at the effective
radiative temperature TR in steady state. The planetary albedo plays a crucial
role in determining σEARTH . It is not a fixed property, but results from the
dynamics of the energy- and water balances, specifically the amount and type
of clouds, the type of vegetative cover on land, and the abundance of snow
or ice at the surface or the lack thereof (Table 14.1). Considering that many
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processes affect the planetary albedo, we may argue that many degrees of
freedom are associated with total absorption of solar radiation, and that the
Maximum Entropy Production (MEP) principle should be applicable.

Noting that vegetated surfaces are generally cooler than non-vegetated
surface, Ulanowicz and Hannon (1987) and Schneider and Kay (1994) both
argued that biotic influences on physical processes make them more efficient
(by lowering surface temperature), resulting in higher rates of entropy pro-
duction. Given that the biosphere is inherently diverse, with differing func-
tional responses to environmental conditions of a large number of individuals,
we may take their perspectives further and ask how the MEP principle should
be applicable to atmosphere-biosphere interactions at the global scale.

In this chapter, we first review the basics of photosynthetic activity as
the main energy source of the biota and how it is constrained by the climatic
conditions at the surface. We then discuss the consequences of photosynthetic
activity for energy- and water partitioning and how these effects impact the
rate of biotic entropy production. Finally, we propose how MEP may be
applicable to biotic activity in an Earth system context and how the emergent
behavior may share similarities with the Gaia hypothesis of Lovelock and
Margulis (1974) (also Toniazzo et al., this volume).

14.2 Photosynthetic Activity and Climatic Constraints

The majority of biotic activity results from photosynthesis and the derived
organic carbon compounds. The assimilates from photosynthesis are used
to maintain existing living tissues or allocated to growth and reproduction.
Eventually, organic carbon compounds are respired – either by the photosyn-
thesizers through autotrophic respiration, or by heterotrophic respiration at
various trophic levels of the food chain. In the following we focus on the cli-
matic constraints on photosynthesis as the primary process supplying energy
to the biota.

14.2.1 Climatic Constraints on Biotic Productivity

The net conversion of carbon dioxide into organic carbon by photosynthesis
can be expressed as

CO2 + H2O + energy → HCO2 + O (14.2)

The conversion of one mol of CO2 into organic carbon requires roughly 479 kJ
of energy (Larcher 1995). This energy is derived from the absorption of so-
lar radiation by chlorophyll, particularly wavelengths between 380 nm and
710 nm. This band of radiation is also referred to as photosynthetically ac-
tive radiation, or PAR. PAR represents roughly 50% of the incoming solar
radiation, IS . The amount of absorbed PAR, or APAR, depends on the pho-
tosynthesizing biomass, CGREEN , and the efficiency of its conversion into
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organic carbon depends on limiting factors imposed by the availability of
nutrients and the temperature of the environment. A large fraction of up to
75% for tropical rainforests (Larcher 1995) of the resulting gross uptake of
carbon by photosynthesis (or gross primary productivity, GPP) is consumed
by autotrophic respiration (RESA). Net primary production, or NPP, de-
scribes the net carbon uptake by photosynthesizers that is not consumed by
autotrophic respiration (i.e., NPP = GPP – RESA).

NPP is commonly used to describe biotic activity. It can be estimated
from the amount of APAR by (Monsi and Saeki 1953; Monteith 1977; Field
et al. 1998)

NPP = εAPAR (14.3)

where ε is the average light use efficiency. The light use efficiency includes
the environmental constraints on biotic activity imposed by temperature, and
water and nutrient availability. By explicitly expressing the climatic effects
on NPP through temperature and water availability, (14.3) can be expanded
to:

NPP = εMAX f(CGREEN ) g(TS)h(WS)PAR (14.4)

where εMAX is the maximum light use efficiency (reflecting the biochemical
efficiency of the conversion and other limitations not considered here, e.g.,
by nitrogen or phosphorus availability), WS is the available soil moisture
within the rooting zone (for terrestrial vegetation) and f , g, h some functional
relationships.

Oceanic productivity is primarily limited by the availability of nutrients.
Nutrients originate from deep ocean water where dead organic material is
decomposed. Consequently, regions in which surface water mixes with deep
water show a high productivity, such as the upwelling regions at the western
shores of continents and in regions where the depth of the mixed layer shows
large seasonal variations (as in the mid-latitudes), which allows for mixing
with deeper water.

On land, geographic variations in productivity can be categorized in
water-limited environments - mainly in the tropics – and in temperature-
limited environments – mainly in temperate and polar regions. Water limita-
tion to NPP arises from the uptake of atmospheric carbon dioxide through
the plant’s stomata being strongly coupled to the loss of water by transpira-
tion. Consequently, productivity decreases with a decrease in precipitation,
shaping the transition of vegetation types from rainforests to savanna to
desert along moisture gradients. In polar regions, temperature limits the rate
of photosynthesis, and the strong seasonality in solar radiation leads to a
limited length of the growing season. This limitation is reflected in the tran-
sition of vegetation types of lower productivity towards colder regions, from
temperate forests to boreal forest to tundra.
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14.2.2 Dynamic Constraints
of Terrestrial Energy- and Water Exchange

The temperature- and water constraints of terrestrial productivity are gov-
erned by the surface energy and water balance. The surface energy bal-
ance links the net radiative fluxes of solar and terrestrial radiation with
the turbulent fluxes of sensible and latent heat. The net radiative energy
flux, RN ,available for partitioning is the sum of the absorption of short wave
radiation from the sun at the surface, IS , reduced by the net emission of
infrared radiation, QLW (TS), depending on the surface temperature, TS , and
the strength of the atmospheric greenhouse effect:

RN = IS(1 − αS) −QLW (TS) (14.5)

with αS being the albedo of the surface. This net radiative flux is partitioned
into the sensible and latent heat fluxes, SH and LH, and the heat flux heating
the ground, c dTS/dt:

RN = SH + LH + c dTS/dt (14.6)

where c is the effective heat capacity of the soil. The chemical energy stored
during photosynthesis and released by respiration is comparably small and
is neglected here. If water availability is not limiting the latent heat flux (as
is the case over the oceans) then the Bowen ratio, defined as B = SH/LH,
can be approximated by the equilibrium Bowen ratio, Be. The equilibrium
Bowen ratio sets a fixed proportion of the two heat fluxes depending on
surface temperature, with the partitioning shifting towards increased latent
heat flux with increasing surface temperature. It is given by (Hartmann 1994):

B−1
e = λ/cp ∂qSAT/∂T ≈ λ2/(cpRT 2

S) qSAT (TS) (14.7)

where λ being the latent heat of fusion, cp the specificy heat capacity of
the air, R the gas constant for water vapor, and qSAT the saturated specific
humidity, which increases roughly exponentially with TS .

Over land, the latent heat flux is often limited by the amount of available
water, so that the equilibrium Bowen ratio only serves as an upper limit for
the latent heat flux. The surface water budget describes another partitioning
taking place at the surface and imposes an important constraint on the latent
heat flux. The incoming flux of water (that is precipitation P and snowmelt
SM) is partitioned into the fast surface and slow drainage runoff R, the
evapotranspiration ET (with latent heat flux LH = λET ) and the change in
soil water storage within the rooting zone dWS/dt:

P + SM = ET +R+ dWS/dt (14.8)

Equations (14.5), (14.6) and (14.8) represent the dynamical formulation of
the constraints on terrestrial NPP . These constraints, however, are not fixed,
but affected by the biota, leading interacting dynamics of the atmosphere-
biosphere system and emergent feedbacks.
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14.3 Biogeophysical Effects and Feedbacks

14.3.1 Vegetation Effects on Land Surface Characteristics

Biotic activity affects the physical exchanges of energy and water primarily
at the land surface. Terrestrial vegetation modifies the physical aspects of
land surface exchange by a series of characteristics (e.g., Kleidon et al. 2000;
Bonan 2002; Pitman 2003):

• Surface albedo: vegetated surfaces are generally darker than non-vegetated
surfaces, leading to increased absorption of incoming solar radiation at the
surface (Table 14.1).

• Albedo of snow cover: the vertical structure of forests, particular conif-
erous forests in the boreal regions, leads to a masking effect of surface
snow cover, effectively reducing the overall surface albedo in the presence
of snow cover (Table 14.1). This leads to enhanced absorption of solar
radiation, particularly during spring time, accelerating the rate of snow
melt.

• Surface roughness: vegetated surfaces are aerodynamically rougher be-
cause of their heterogeneous canopy structure, leading to a shift in the
energy balance towards greater turbulent fluxes of sensible and latent
heat, reducing net radiative loss by terrestrial radiation.

• Bowen ratio: vegetated surfaces generally show higher fluxes of LH and
reduced SH because of the direct coupling of carbon uptake with tran-
spiration by stomatal functioning, leading to a lower Bowen ratio.

• Rooting zone depth: vegetation can more effectively take up soil moisture
for transpiration through the vertical extent of the rooting zone, there-
fore enhancing the ability of a land surface to maintain ET during dry
episodes, with further consequences on energy partitioning and surface
temperature.

The magnitude of these effects on climate, and therefore on the climatic
constraints for terrestrial productivity, can be estimated by extreme climate
model simulations of a “Desert World” and a “Green Planet” (Fraedrich et
al. 1999; Kleidon et al. 2000). In the “Desert World” simulation, land surface
characteristics representative of a desert (i.e., high albedo, low roughness, low
ability to transpire water) were prescribed to all land surfaces with no per-
manent ice cover. Compared to the simulated climate of the “Present-Day”,
the surface receives less solar radiation in the “Desert World” climate, the
surface energy balance is shifted towards more loss by terrestrial radiation
and reduced rates of latent heat flux (Table 14.2). As a consequence of less
evapotranspiration, precipitation over land is reduced by more than 30% . At
the other extreme of a “Green Planet”, land surface characteristics were pre-
scribed to be representative of a rainforest (i.e., low albedo, high roughness,
high ability to transpire water). When compared to the “Present-Day” cli-
mate, the simulated climate of the “Green Planet” shows the same differences,
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but of opposite sign: the surface energy balance is shifted towards more tur-
bulent fluxes and evapotranspiration. Consequently, precipitation is enhanced
by 30% . Net solar radiation at the surface, however, is slightly reduced as a
consequence of increased cloud cover. Note that the land surface parameters
in the “Green Planet” simulation do not reflect carbon constraints. That is,
the land surface characteristics of a rainforest would not be sustained by the
productivity of the vegetation in all areas of the simulated climate of the
“Green Planet”. On the other hand, some regions of the “Desert World” sce-
nario would exhibit climates that would sustain vegetation, and it has been
shown that the present-day vegetation-climate state is likely a reproducible
state independent of initial conditions (Claussen 1994; Claussen 1998).

Table 14.2. Components of the surface energy budget, water cycle and terrestrial
productivity averaged over land for a “Desert World”, the “Present-Day”, and the
“Green Planet” (after Roeckner et al. 1996; Fraedrich et al. 1999; Kleidon et al.
2000; Kleidon 2002). Negative components represent net loss of energy from the
surface. Terrestrial productivity has been normalized to yield 100% for the “Desert
World” climatic conditions

“Desert
World”

“Present-Day” “Green
Planet”

Energy balance: (in W/m2)
net solar radiation
net terrestrial emission
sensible heat flux
latent heat flux

124
-74
-22
-18

130
-62
-17
-44

129
-53
-8
-60

Water cycle:
precipitation (in 1012 m3/yr)
evapotranspiration (in 1012 m3/yr)
precipitable water (in kg/m2)
cloud cover (in % )

71
31
16
51

108
73
18
53

137
108
21
58

Terrestrial productivity: (in % ) 100 250 255

14.3.2 Climate Feedbacks of Terrestrial Vegetation

When the simulated climates are used to calculate terrestrial productivity
from climatic constraints (following the approach in Sect. 14.2), the “Present-
Day” climate allows for a terrestrial productivity 2.5 times the one corre-
sponding to the “Desert World” climatic conditions (Table 14.2). This sug-
gests that the overall feedback associated with biogeophysical effects is pos-
itive, that is, that the changes in the simulated climates that result from
the inclusion of biotic effects lead to less climatic constraints and allow for
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a higher productivity (Betts 1999; Kleidon et al. 2000; Kleidon 2002). Note
that the difference in productivity for the “Present Day” and the “Green
Planet” climate is only marginal despite considerable differences in the sim-
ulated climates. This is due to the fact that the increased productivity in
marginal areas is offset by the reduction in productivity in highly productive
areas due to increased cloud cover.

The effects of terrestrial vegetation can be understood in terms of two
biogeographical feedbacks (since most changes in land surface characteristics
are usually associated with changes in vegetation type which take place on
time scales of decades to centuries):

• boreal forest feedback: In temperature-limited environments, the presence
of forest leads to a lower surface albedo in the presence of snow (Ta-
ble 14.1). This leads to the following feedback loop which reinforces the
presence of forest (Bonan et al. 1992): + forest → − surface albedo (if
snow is present); + absorption of solar radiation → + temperature; +
snow melt → + length of growing season → + productivity to sustain
forest. Ultimately, the amount of snowfall and the seasonality in solar ra-
diation set an upper limit to the strength of this feedback. Climate model
simulations have also shown that this feedback is amplified by changes in
sea-ice at the hemispheric scale.

• water cycling feedback: In water-limited environments, the presence of veg-
etation allows for a lower surface albedo and better access soil moisture
through a root system, both of which act to enhance evapotranspiration.
The presence of vegetation is reinforced by the following feedback (Char-
ney 1975; Milly and Dunne 1994; Eltahir 1998; Kleidon and Heimann
2000): + vegetation → + evapotranspiration/latent heat flux; − sensible
heat flux → + water vapor in the planetary boundary layer; − boundary
layer growth → + precipitation → + water availability → + productivity
to sustain vegetation. Additional physical feedbacks lead to enhanced net
radiation at the surface, reinforcing increased evapotranspiration (Char-
ney 1975; Eltahir 1998, see also Table 14.2): + evapotranspiration → +
water vapor in the planetary boundary layer → + enhanced absorption of
longwave radiation → + incoming longwave radiation at the surface → +
net radiation at the surface → + available energy for evapotranspiration;
and: + evapotranspiration → − surface temperature → − emission of
terrestrial radiation → + net radiation at the surface → + available en-
ergy for evapotranspiration. Negative feedbacks that set limits to these
loops are through decreased water vapor pressure deficit in the planetary
boundary layer, therefore reducing the atmospheric demand for evapo-
transpiration, and increased cloud cover which reduces incoming surface
solar radiation (see also Table 14.2).

Both of these feedback loops extend the boundary of vegetation types
towards the more limited side, therefore extending the overall area available
for biotic productivity.
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These feedbacks have been suggested to be important for understanding
the climate system response to global change, for instance during glacial-
interglacial cycles. During the Mid-Holocene (approx. 9000 years before
present), the time that the Earth was closest to the sun on its orbit (i.e.,
perihelion) was during the northern hemisphere summer, so that the north-
ern hemisphere received more solar radiation in summer. Foley et al. (1994)
demonstrated that the northern shift of the boreal forest zone during that
time was amplified by the boreal forest feedback, resulting in a simulated
climate which is in better agreement with paleo-reconstructions. During the
same period, reconstructions suggest that the Sahara desert was much re-
duced in size (as for instance depicted by cave paintings in the Sahara, leading
to the notion of a “green” Sahara with abundant wildlife,). Kutzbach et al.
(1996) and Claussen and Gayler (1997) demonstrated that this reconstruction
is reproduced with climate model simulations if the water recycling feedback
associated with the shift of vegetation zones is included in the model. The bo-
real forest feedback has also been suggested as a potentially important factor
for initiating ice ages (deNoblet et al. 1996; Gallimore and Kutzbach 1996),
while the water recycling feedback (associated with deep rooted vegetation)
has been suggested to be important for sustaining Amazonian rainforest cover
during the last glacial maximum (Kleidon and Lorenz 2001).

14.4 Biotic Entropy Production and MEP

Biotic activity, mainly represented by photosynthesis and subsequent respi-
ration of organic carbon, allows organisms to perform work and therefore
leads to entropy production. Photosynthesis absorbs and utilizes a certain
fraction of incoming low entropy solar radiation, that is, it converts solar
energy into carbohydrates at a certain rate, QGPP . These carbohydrates are
eventually respired, releasing carbon dioxide and heat roughly at the surface
temperature TS of the Earth. In steady state, the conversion of solar energy
into carbohydrates by photosynthesis balances the production of heat by res-
piration (neglecting the effect of carbon burial), leading to a rate of biotic
entropy production of:

σBIO ≈ QGPP (1/TS − 1/TSUN ) (14.9)

Equation (14.9) determines the overall biotic entropy production from the dif-
ferences of energy fluxes at the biosphere-environment boundary, rather than
summing up all factors that lead to entropy production within the biosphere.
With this expression we also neglect contributions of other metabolisms that
are not related in the processing of carbohydrates derived from photosynthe-
sis.

Previous work by Ulanowicz and Hannon (1987) and Schneider and Kay
(1994) suggests that terrestrial vegetation acts to enhance the rate of entropy
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production by lowering the surface albedo and surface temperature. Here we
suggest that the biota does not only increase the rate of entropy production,
but that there are distinct macroscopic states of maximum entropy produc-
tion associated with biotic activity.

14.4.1 Conditions for Biotic MEP States

As discussed in the introduction to the book (Kleidon and Lorenz, this vol-
ume), MEP applies to open thermodynamic systems which (a) do not have
fixed boundary conditions and (b) have sufficient degrees of freedom (see also
Dewar 2003, and Dewar, this volume). Biotic entropy production depends
primarily on biotic productivity QGPP , which in turn depends on incoming
solar radiation, water availability and surface temperature (in a similar way
as expressed in 14.4). The extreme climate model simulations discussed in
the previous section illustrate that none of these factors is fixed, but strongly
affected by the presence of terrestrial vegetation (Table 14.2). Consequently,
biotic productivity on land is indeed subject to open boundary conditions.
Furthermore, the terrestrial biota is inherently diverse, that is, there are
many different ways for individual organisms to use assimilated carbon to
grow, reproduce, and respond to environmental conditions (e.g., with respect
to stomatal functioning, Buckley et al. 1999). Kleidon and Mooney (2000)
used an individual-based modeling approach to demonstrate this functional
diversity for terrestrial vegetation (Fig. 14.1). They developed a model of an
individual plant, which simulates the growth and phenology as a function of
environmental conditions, and then used it in a Monte-Carlo setup to esti-
mate the range of plant growth strategies that lead to reproductive success
under given climatic conditions. The simulated large-scale pattern from this
modeling approach reproduced the observed features of plant species rich-
ness very well, with characteristic gradients in diversity along moisture and
temperature gradients. The functional diversity of organisms as simulated
by their approach is interpreted here as degrees of freedom associated with
the macroscopic process of biotic activity. These biotic degrees of freedom
also introduce flexibility to the macroscopic processes of water and carbon
cycling.

We can also understand the applicability of MEP to the biota in terms
of macroscopic reproducibility (see also Dewar, 2003; Dewar, this volume;
Lineweaver, this volume). When addressing the role of the biota at the
macroscale, we do not require microscopic reproducibility, but are interested
in the reproducibility of the macroscopic state. This may be illustrated as
follows: Given certain values of annual mean precipitation and temperature,
we can with high certainty predict whether this climate would likely lead to a
tropical rainforest, a grassland, a tundra, or a desert. The vegetation type in
turn determines the macroscopic state of the land surface, in terms of its sur-
face albedo, its aerodynamic roughness, and its rooting zone depth. What we
do not know is whether the community at the microscale at a certain location

in: Kleidon, A. and Lorenz, R. D. (eds.) Non-equilibrium thermodynamics and the 
production of entropy: life, Earth, and beyond.  Springer Verlag, in press.
© 2004 Springer Verlag, Heidelberg.  ISBN: 3-540-22495-5



14 Biotic Entropy Production 183

is composed of species A, B, and C at a given time t. But for the macroscopic
description of the land surface and for the functional consequences for the
global biogeochemical cycles of water and carbon, this information is not re-
quired, except to the extent to which sufficient biotic degrees of freedom are
represented. Macroscopic reproducibility then tells us that the MEP state is
the most likely macroscopic state, that is, the macroscopic MEP state can be
reproduced by the vast majority of microstates which in our case would be
the compositions of communities formed by individual plants.
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Fig. 14.1. Simulated plant functional diversity by a modeling approach of Kleidon
and Mooney (2000). A simulation model of a generic plant was used in conjunc-
tion with a Monte-Carlo simulation to estimate the range of feasible plant growth
strategies that lead to reproductive success under different climatic conditions. The
geographic variation of diversity is interpreted here as biotic degrees of freedom,
which are a necessary requirement for MEP to apply to biotic activity

14.4.2 Biotic States of MEP

We suggest two MEP states relevant to atmosphere-biosphere interactions at
the large scale, which are both related to the Earth’s albedo. As discussed
in the beginning of this chapter, the Earth’s planetary albedo is not fixed,
but variable and flexible, determined primarily by the surface albedo and
the extent of cloud and snow cover. The planetary albedo plays a crucial
role of the overall rate of entropy production of planet Earth (14.1), and
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Fig. 14.2. Conceptual diagrams of how the (top) planetary albedo and (bottom)
land surface albedo exhibit a minimum with respect to surface temperature and
land surface evapotranspiration. A minimum in the overall albedo leads to a max-
imum in absorption of solar radiation and therefore to a maximum in entropy
production (solid lines). Since surface temperature is related to the strength of the
atmospheric greenhouse, which in turn is affected by the biota through its effects
on biogeochemical cycles, there are potentially many possible states with a range of
global mean temperatures that satisfy the constraints of global energy- and carbon
balance. Likewise, the energy- and water budget constraints on land surface func-
tioning permit potentially many states with differing rates of evapotranspiration,
ranging from a bare surface to a fully vegetated one. The MEP principle in these
two cases states that the state of MEP is the most likely macroscopic state of the
system. See text for further explanations

small changes in the planetary albedo can dwarf the contributions of other
processes to the overall entropy budget of Earth (see Kleidon and Lorenz,
this volume). The two states of MEP can be explained as follows (Fig. 14.2):
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• biotic MEP and carbon cycling: Biotic activity affects atmospheric con-
centrations of carbon dioxide (and methane), and therefore the strength of
the atmospheric greenhouse effect and surface temperature. To illustrate
the state of MEP, let us think of surface temperature as an external con-
trol parameter at the planetary scale for a moment, meaning that we have
multiple potential steady states with different values of surface tempera-
ture that satisfy the constraints of the global energy and carbon budget.
We would likely expect the following effects of surface temperature on
planetary albedo (Fig. 14.2): With decreasing surface temperature, the
extent of snow cover would increase in the polar regions, leading to an
increase in planetary albedo. On the other hand, increasing surface tem-
perature leads to a lower equilibrium Bowen ratio (14.7), which leads to
a moister boundary layer and less boundary layer growth. This should re-
sult in an increase in convective clouds, particularly in the tropics, and an
associated increase in planetary albedo. Taken together, these two lines
of reasoning suggest that there is a minimum planetary albedo at which
the absorption of solar radiation is at a maximum. This, in turn, would
lead to a state of maximum entropy production of the Earth system. Sur-
face temperature of course is not an external control parameter, but at
the planetary scale is determined largely by the absorption of solar ra-
diation at the surface and the strength of the atmospheric greenhouse,
which is affected by the extent of biotic carbon cycling and the biotic
enhancement of rock weathering (see e.g., Schwartzman and Lineweaver,
this volume). This leads then to a connection between a planetary state
of MEP associated with absorption of solar radiation and biotic carbon
exchange.

• biotic MEP and water cycling: The examples of a “Desert World” and
a “Green Planet” suggest a state of MEP associated with evapotran-
spiration (which, as explained above, is directly linked to the produc-
tivity of terrestrial vegetation). Let us again view evapotranspiration as
an external parameter for a moment that we can adjust, meaning that
there are many macroscopic states of the land surface that satisfy the
energy- and water balance. We get the following effects of the magnitude
of evapotranspiration on net albedo: Increasing evapotranspiration allows
for higher productivity, therefore allowing for a lower surface albedo to
be maintained through more green biomass at the surface. This leads
to increased absorption of solar radiation. On the other hand, increased
evapotranspiration leads to a moister boundary layer with less boundary
layer growth, resulting in increased formation of convective clouds. This
leads to an increase of the net albedo of the atmospheric column and re-
duces the amount of incoming solar radiation at the surface. Therefore,
there should be a state of MEP associated with evapotranspiration. This
MEP state can be illustrated at a qualitative level by the extreme cli-
mate model simulations of a “Desert World”, the “Present-Day”, and a
“Green Planet”. Table 14.2 clearly shows the trend towards higher cloud
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cover with increasing presence of terrestrial vegetation as suggested in
Fig. 14.2b. Note however that the vegetation state of a “Green Planet”
does not account for productivity constraints on land surface parameters,
that is, rainforest characteristics are prescribed even in desert climates,
which could not be maintained in steady state due to lack of productiv-
ity. This lack of constraint may explain the absence of a peak in biotic
productivity.

14.4.3 Biotic MEP and Gaia

If we accept biotic MEP as an emergent property of atmosphere-biosphere
interactions in steady-state, then this can have important implications for
the adaptability of climate system functioning to change. This is illustrated
by the sensitivity of a simple coupled climate-carbon cycle model (Kleidon
2004) to a prescribed external change in solar output of solar radiation (i.e.,
the solar luminosity, which affects I0 in 14.1). This model implements the line
of reasoning described above for biotic MEP and carbon cycling (as shown in
Fig. 14.2a). When the model is forced by changes in solar luminosity (which
was 70% of today’s value some 4 billion years ago) and it is assumed that
biotic activity adjusts to a maximum in entropy production, then the result-
ing simulated surface temperature is insensitive to these changes (Fig. 14.3).
The resulting evolution of atmospheric carbon dioxide concentrations associ-
ated with the MEP state is roughly similar to what reconstructions suggest
about the past evolution of the atmospheric greenhouse (e.g., Kasting 1993;
Catling, this volume). The homeostatic outcome of this simple model shares
similarity to the Gaia hypothesis, which states “environmental homeostasis
for and by the biosphere” (Lovelock and Margulis 1974; see also Toniazzo
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Fig. 14.3. Sensitivity of (left) atmospheric carbon dioxide concentrations pCO2 and
(right) surface temperature to variations of solar luminosity at a state of biotic MEP
as simulated by a simple climate-carbon cycle model. Solar luminosity is expressed
as a fraction of the present-day value. Also shown are the simulated temperatures
for pCO2 = 1 (dotted line) and pCO2 = 10−6 (dashed line). After Kleidon (2004)
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et al., this volume). The important difference is, however, that the emergent
outcome of this example is the result of MEP as a physical selection princi-
ple, and biotic processes being viewed as representing additional degrees of
freedom for climate system processes.

14.5 Conclusions

In this chapter we discussed the role of the biota for present-day climate
system functioning, focusing on the role of terrestrial vegetation. We illus-
trated how climatic conditions constrain photosynthetic activity, and that
these constraints are not fixed, but an emergent outcome of atmosphere-
biosphere interactions and biotic feedbacks. For terrestrial vegetation, the
overall feedbacks can be described by two positive feedbacks: the boreal forest
feedback for temperature-limited regions and the water cycling feedback for
water-limited regions. We showed that biotic entropy production at the large
scale in steady-state can be approximated by the gross primary productivity,
and that the two feedbacks are consistent with the notion that biotic effects
enhance entropy production. The existence of a maximum in biotic entropy
production was qualitatively demonstrated with two examples involving car-
bon exchange and evapotranspiration. Both examples specifically emphasize
the role of convective clouds to understand biotic MEP states in the coupled
atmosphere-biosphere system. We also illustrated that if we assume that the
biosphere adjusts to MEP when environmental conditions (such as solar lu-
minosity) change, then the outcome can lead to environmental homeostasis.
This notion naturally needs to be substantiated, for instance with further
modeling studies using process-based simulation models of the biosphere and
the Earth system. Nevertheless, the perspective we promote here seems to
be a promising path to appreciate the role of biodiversity in the functioning
of the Earth system from a fundamental, thermodynamic perspective and to
understand the ability of the Earth system to adapt to global changes.

Acknowledgements. We thank Lola Olson for constructive comments on
this manuscript. A. K. is partly supported by the General Research Board of
the University of Maryland.

References

Betts RA (1999) Self-beneficial effects of vegetation on climate in an ocean-
atmosphere general circulation model. Geophys Res Lett 26: 1457–1460.

Bonan GB (2002) Ecological Climatology. Cambridge University Press, Cambridge,
UK.

Bonan GB, Pollard D, Thompson SL (1992) Effects of boreal forest vegetation on
global climate. Nature 359: 716–718.

in: Kleidon, A. and Lorenz, R. D. (eds.) Non-equilibrium thermodynamics and the 
production of entropy: life, Earth, and beyond.  Springer Verlag, in press.
© 2004 Springer Verlag, Heidelberg.  ISBN: 3-540-22495-5



188 A. Kleidon and K. Fraedrich

Buckley TN, Farquhar GD, Mott KA (1999) Carbon-water balance and patchy
stomatal conductance. Oecologia 118: 132–143.

Charney JG (1975) Dynamics of deserts and drought in the Sahel. Q J Roy Meteorol
Soc 101: 193–202.

Claussen M (1994) On Coupling Global Biome Models with Climate Models. Clim
Res 4: 203–221.

Claussen M (1998) On Multiple Solutions of the Atmosphere-Vegetation System in
Present-Day Climate. Global Change Biol 4: 549–559.

Claussen M, Gayler V (1997) The greening of Sahara during the mid-Holocene:
results of an interactive atmosphere – biome model. Global Ecol Biogeog 6:
369–377.

deNoblet NI, Prentice IC, Joussaume S, Texier D, Botta A, Haxeltine A (1996) Pos-
sible role of atmosphere-biosphere interactions in triggering the last glaciation.
Geophys Res Lett 23: 3191–3194.

Dewar RC (2003) Information theory explanation of the fluctuation theorem, max-
imum entropy production, and self-organized criticality in non-equilibrium sta-
tionary states. J Physics A 36: 631–641.

Eltahir EAB (1998) A soil moisture-rainfall feedback mechanism. 1. Theory and
observations. Water Resources Research 34: 765–776.

Field CB, Behrenfeld MH, Randerson JT, Falkowski P (1998) Primary production
of the biosphere: integrating terrestrial and oceanic components. Science 281:
237–240.

Foley JA, Kutzbach JE, Coe MT, Levis S (1994) Feedbacks between climate and
boreal forests during the Holocene epoch. Nature 371: 52–54.

Fraedrich K, Kleidon A, Lunkeit F (1999) A green planet versus a desert world:
Estimating the effects of vegetation extremes on the atmosphere. J Clim 12:
3156–3163.

Gallimore RG, Kutzbach JE (1996) Role of orbitally induced changes in tundra
area in the onset of glaciation. Nature 381: 503–505.

Hartmann DL (1994) Global physical climatology. Academic Press, San Diego CA.
Kasting JF (1993) Earth’s early atmosphere. Science 259: 920–926.
Kleidon A (2002) Testing the effect of life on Earth’s functioning: How Gaian is the

Earth system? Clim Change 52: 383–389.
Kleidon A (2004) Beyond Gaia: Thermodynamics of life and Earth system func-

tioning. Clim Change, in press.
Kleidon A, Fraedrich K, Heimann M (2000) A green planet versus a desert world:

estimating the maximum effect of vegetation on land surface climate. Clim
Change 44: 471–493.

Kleidon A, Heimann M (2000) Assessing the role of deep rooted vegetation in the
climate system with model simulations: mechanism, comparison to observations
and implications for Amazonian deforestation. Clim Dyn 16: 183–199.

Kleidon A, Lorenz S (2001) Deep roots sustain Amazonian rainforest in climate
model simulations of the last ice age. Geophys Res Letters 28: 2425–2428.

Kleidon A, Mooney H (2000) A global distribution of biodiversity inferred from
climatic constraints: results from a process-based modelling study. Glob Ch
Biol 6: 507–523.

Kutzbach JE, Bonan G, Foley JA, Harrison SP (1996) Vegetation and soil feedbacks
on the response of the African monsoon to orbital forcing in the early to middle
Holocene. Nature 384: 623–626.

in: Kleidon, A. and Lorenz, R. D. (eds.) Non-equilibrium thermodynamics and the 
production of entropy: life, Earth, and beyond.  Springer Verlag, in press.
© 2004 Springer Verlag, Heidelberg.  ISBN: 3-540-22495-5



14 Biotic Entropy Production 189

Larcher W (1995) Plant Physiological Ecology. 3rd edition. Springer Verlag, New
York, NY.

Lovelock JE, Margulis L (1974) Atmospheric homeostasis by and for the biosphere:
the Gaia hypothesis. Tellus 26: 2–10.

Milly PCD, Dunne KA (1994) Sensitivity of the global water cycle to the water-
holding capacity of land. J Clim 7: 506–526.
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