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Individual
plant

Population
dynamics

Planetary
dynamics and life

Dynamics of
the biosphere

larger scales, more interactions
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From Plants to Populations to Biomes
Individual

plant
Population
of plants

Biome

A group of interdependent 
organisms of different 
species growing or living 
together in a specified 
habitat.

A living organism growing 
in a permanent site, 
absorbing water and 
inorganic substances 
through its roots, and 
synthesizing nutrients in its 
leaves by photosynthesis.

A large, naturally 
occurring community of 
flora and fauna 
occupying a major 
habitat, e.g. forest or 
tundra.

source: Oxford dictionary

photosynthesis, allocation, 
growth, litterfall, traits, 
ecophysiological trade-offs, 
…

establishment, competition, 
mortality, disturbance, …

biomass, primary 
productivity, net 
ecosystem exchange, 
evaporation, …

How do all these processes scale up?
What are the regular patterns?  

Dominant processes:



Outline

• Part I: Population dynamics and resources
• Part II: Dynamics of the Biosphere: 

Biogeography; Exchange Fluxes; Vegetation 
models

• Part III: Planetary dynamics: Atmosphere-
biosphere interactions; Coevolution of life and 
Earth; The Gaia Hypothesis; Daisyworld; 
Beyond Gaia

• Summary
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Thomas R. Malthus
1766-1834

English cleric and scholar

dn

dt
= b · n� d · n = r · n

Population growth has long been described 
(including the human population)

Simplest formulation is an increase that is 
proportional to the population:

Change of 
population size n

in time

Additions 
by birth

Subtractions 
by death

Net relative 
growth rate 

r

Mathematical solution to this formulation is 
an exponential function n(t), with an initial 
population size n(0):

n(t) = n(0) · er·t
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Pierre-François Verhulst
1804-1849

Belgian mathematician

dn

dt
= r · n ·

⇣
1� n

K

⌘

Logistic (or Verhulst) equation
describes population growth 
subject to a constraining resource

n: Population size
r: Growth rate
K: Carrying capacity

Very common starting point for
many applications.

Shaped the term “carrying capacity” of
the environment.
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Example:
r = 0.5
K = 10

n(0) = 0.001
∆t = 1

The logistic equation combines initial exponential growth 
with a saturation at the carrying capacity
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Discrete solution of this equation can result in overshoot, 
oscillations and chaos
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Discrete solution of this equation can result in overshoot, 
oscillations and chaos
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Discrete solution of this equation can result in overshoot, 
oscillations and chaos
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The “logistic map” fuelled the development of chaos theory
(discovered by Mandelbrot and May)

Growth rate
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between 
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four values …

http://wikipedia.org
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Meadows et al. (1972)

Author's personal copy

2.3. LtG scenarios

To permit the design and testing of various scenarios in
Meadows et al. (1972), a selection of variables were established as
exogenous parameters. These could be set at different values
throughout the time period of the simulation, allowing the study
of the effects of different policies, technology, and behaviour.
Exogenous variables were varied to create different scenarios, and
endogenous parameters were varied to determine the sensitivity
of the model output to key factors and uncertainties.

Three key scenarios from the LtG3 are compared in this paper
with data:

! ‘‘standard run’’ (Fig. 35 in the LtG);
! ‘‘comprehensive technology’’ (Fig. 42 in the LtG); and the
! ‘‘stabilized world’’ (Fig. 47 in the LtG).

The three scenarios effectively span the extremes of technolo-
gical and social responses as investigated in the LtG. The output
from these scenarios is reproduced in Fig. 1. The graphs show the
output variables described above on normalized scales, over a
two-century timescale (1900–2100).

The ‘‘standard run’’ represents a business-as-usual situation
where parameters reflecting physical, economic, and social
relationships were maintained in the World3 model at values
consistent with the period 1900–1970. The LtG ‘‘standard run’’
scenario (and nearly all other scenarios) shows continuing growth
in the economic system throughout the 20th century and into the
early decades of the 21st. However, the simulations suggest signs
of increasing environmental pressure at the start of the 21st
century (e.g., resources diminishing, pollution increasing expo-
nentially, growth slowing in food, services, and material wealth
per capita). The simulation of this scenario results in ‘‘overshoot
and collapse’’ of the global system about mid-way through the
21st century due to a combination of diminishing resources and
increasing ecological damage due to pollution.

ARTICLE IN PRESS

Fig. 1. Output from the LtG modelling for three scenarios ((a) standard run, (b) comprehensive technology, and (c) stabilized world) that effectively span the technological
and social responses explored in the LtG.

3 The scenario graphs are from the second edition published in 1974.

G.M. Turner / Global Environmental Change 18 (2008) 397–411400

The logistic equation has been used to model  
the “limits to growth” of the world population

“Limits to growth” is highly influential work to point out the effects 
of resource depletion to human societies
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The “Carrying capacity” concept stimulated developments 
such as the “Planetary Boundaries” framework

RESEARCH ARTICLE SUMMARY
◥

SUSTAINABILITY

Planetary boundaries: Guiding
human development on a
changing planet
Will Steffen,* Katherine Richardson, Johan Rockström, Sarah E. Cornell, Ingo Fetzer,
Elena M. Bennett, Reinette Biggs, Stephen R. Carpenter, Wim de Vries,
Cynthia A. de Wit, Carl Folke, Dieter Gerten, Jens Heinke, Georgina M. Mace,
Linn M. Persson, Veerabhadran Ramanathan, Belinda Reyers, Sverker Sörlin

INTRODUCTION: There is an urgent need for
a new paradigm that integrates the continued
development of human societies and the main-
tenance of the Earth system (ES) in a resilient
andaccommodating state. Theplanetarybound-
ary (PB) framework contributes to such a
paradigm by providing a science-based analysis
of the risk that human perturbations will de-
stabilize the ES at the planetary scale. Here, the
scientific underpinnings of the PB framework
are updated and strengthened.

RATIONALE: The relatively stable, 11,700-year-
longHolocene epoch is the only state of the ES

that we know for certain can support contem-
porary human societies. There is increasing evi-
dence that human activities are affecting ES
functioning to a degree that threatens the re-
silience of the ES—its ability to persist in a
Holocene-like state in the face of increasing
human pressures and shocks. The PB frame-
work is based on critical processes that reg-
ulate ES functioning. By combining improved
scientific understanding of ES functioningwith
the precautionary principle, the PB framework
identifies levels of anthropogenic perturbations
below which the risk of destabilization of the
ES is likely to remain low—a “safe operating

space” for global societal development. A zone
of uncertainty for each PB highlights the area
of increasing risk. The current level of anthro-
pogenic impact on the ES, and thus the risk to
the stability of the ES, is assessed by compar-
ison with the proposed PB (see the figure).

RESULTS: Three of the PBs (climate change,
stratospheric ozone depletion, and ocean acid-
ification) remain essentially unchanged from
the earlier analysis. Regional-level boundaries
as well as globally aggregated PBs have now
been developed for biosphere integrity (earlier
“biodiversity loss”), biogeochemical flows, land-
system change, and freshwater use. At present,
only one regional boundary (south Asian mon-
soon) can be established for atmospheric aerosol
loading. Althoughwe cannot identify a single PB

for novel entities (here de-
fined as new substances,
new forms of existing sub-
stances, and modified life
forms that have the po-
tential for unwanted geo-
physical and/or biological

effects), they are included in the PB framework,
given their potential to change the state of the
ES. Two of the PBs—climate change and bio-
sphere integrity—are recognized as “core” PBs
based on their fundamental importance for the
ES. The climate system is a manifestation of the
amount, distribution, and net balance of energy
at Earth’s surface; the biosphere regulates ma-
terial and energy flows in the ES and increases
its resilience to abrupt and gradual change.
Anthropogenic perturbation levels of four of
the ES processes/features (climate change, bio-
sphere integrity, biogeochemical flows, and land-
system change) exceed the proposed PB (see the
figure).

CONCLUSIONS: PBs are scientifically based
levels of human perturbation of the ES beyond
which ES functioning may be substantially
altered. Transgression of the PBs thus creates
substantial risk of destabilizing the Holocene
state of the ES in which modern societies have
evolved. The PB framework does not dictate
how societies should develop. These are po-
litical decisions that must include considera-
tion of the human dimensions, including equity,
not incorporated in the PB framework. Never-
theless, by identifying a safe operating space
for humanity on Earth, the PB framework
can make a valuable contribution to decision-
makers in charting desirable courses for socie-
tal development. ▪

RESEARCH

736 13 FEBRUARY 2015 • VOL 347 ISSUE 6223 sciencemag.org SCIENCE

Current status of the control variables for seven of the planetary boundaries.The green zone
is the safe operating space, the yellow represents the zone of uncertainty (increasing risk), and the
red is a high-risk zone.The planetary boundary itself lies at the intersection of the green and yellow
zones. The control variables have been normalized for the zone of uncertainty; the center of the
figure therefore does not represent values of 0 for the control variables.The control variable shown
for climate change is atmospheric CO2 concentration. Processes for which global-level boundaries
cannot yet be quantified are represented by gray wedges; these are atmospheric aerosol loading,
novel entities, and the functional role of biosphere integrity.

The list of author affiliations is available in the full article online.
*Corresponding author. E-mail: will.steffen@anu.edu.au
Cite this article as W. Steffen et al., Science 347, 1259855
(2015). DOI: 10.1126/science.1259855

ON OUR WEB SITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.1259855
..................................................
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Alfred J. Lotka
1880-1949

US biophysicist

Vito Volterra
1860-1940

Italian physicist

dn1

dt
= ↵n1 � �n1n2

dn2

dt
= �n1n2 � �n2

Lotka-Volterra equations describe
interaction of two populations (e.g., 
predator and prey):

Prey (e.g., rabbits):

Predator (e.g., foxes):

Growth 
depends
on abundance 
of prey

Death depends
on population size
and number of 
predators

Growth depends
on abundance of 
prey and number of 
predators

Death depends
on number of 
predators

Change in prey 
population with 

time

Change in 
predator 

population 
with time© Megan Lorenz/Hotspot Media

download-wallpaper.net

http://download-wallpaper.net
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Prey
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The Lotka-Volterra equation can result 
in oscillations in population size
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Prey

Temporal dynamics Phase space

Using: 
α = 2/3; β = 4/3; δ = 1; γ = 1
n1(0) = n2(0) = 0.9

Time

Fixed point  
(derived from dn1/dt=0 and dn2/dt = 0): 
n1 = 1; n2 = 0.5

Fixed point



dn2

dt
= r2n2

✓
1� ↵2,1n1 + n2

K2

◆

Interacting Populations
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The Lotka-Volterra equation (modified) can be used to describe 
competing populations with different carrying capacities

… used later in “Daisyworld”

r-strategist
K-strategist

0
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0.8

0 50 100 150 200

dn1

dt
= r1n1

✓
1� n1 + ↵1,2n2

K1

◆

Time

Po
pu

la
tio

n

n1

n2

Values: 
r1 = 1 r2 = 0.1
K1 = 0.2 K2 = 0.8
α1,2 = 0.25 α2,1 = 1
high r, low K low r, high K

Possible to extend formulation to n interacting
populations, with αi,j: Interaction matrix

Succession
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dni

dt
= rini

✓
1�

P
j ↵i,jnj

Ki

◆
� �ni+

The Lotka-Volterra equation can be extended to account for many 
other processes such as mortality, dispersal, …

Mortality,
incl. disturbances

Interaction with
other populations

Dispersal, 
etc.

…
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Succession as a consequence
of competing plants with 

different strategies

Predator-Prey dynamics are 
generalised to trophic 

interactions in food webs

http://www.wikipedia.org

Climax
community

Disturbance
(fire, windthrow, …)

Succession



From Populations to BGC Cycling

• An ecosystem is defined as organisms interacting 
with their physical environment, leading to 
characteristic trophic structures and material cycles 
within the system

• Ecological succession describes the orderly 
process that is directional and predictable.  It results 
from modification of the physical environment.  
Succession is community-controlled even though 
the physical environment determines the pattern, 
rate of change, and often sets limits.  
 
after Odum (1969): “The strategy of ecosystem development”

22
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0 20 40 60 80 100
Days

Fig. 1. Comparison of the energetics of succession in a forest and a laboratory inicro-
cosm. PG, gross produiction; PN, net production; R, total community respiration; B, total

ple and linear in the very early stages
of succession, as a consequence of low
diversity. Furthermore, heterotrophic
utilization of net production occurs pre-
dominantly by way of grazing food
chains-that is, plant-herbivore-carni-
vore sequences. In contrast, food chains
become complex webs in mature stages,
with the bull of biological energy flow
following detritus pathways (Table 1,
item 5). In a mature forest, for ex-
ample, less than 10 percent of annual
net production is consumed (that is,
grazed) in the living state (12); most is
utilized as dead matter (detritus)
through delayed and complex pathways
involving as yet little understood animal-
microorganism interactions. The time
involved in an uninterrupted succession
allows for increasingly intimate associa-
tions and reciprocal adaptations between
plants and animals, which lead to the
development of many mechanisms that
reduce grazing-such as the develop-
ment of indigestible supporting tissues
(cellulose, lignin, and so on), feedback
control between plants and herbivores
(13), and increasing predatory pressure
on herbivores (14). Such mechanisms
enable the biological community to
maintain the large and complex organic
structure that mitigates perturbations of
the physical environment. Severe stress
or rapid changes brought about by out-
side forces can, of course, rob the sys-

264

tem of these protective mechanisms and
allow irruptive, cancerous growths of
certain species to occur, as man too
often finds to his sorrow. An example
of a stress-induced pest irruption oc-
curred at Brookhaven National Labora-
tory, where oaks became vulnerable to
aphids when translocation of sugars
and amino acids was impaired by con-
tinuing gamma irradiation (15).

Radionuclide tracers are providing a
means of charting food chains in the
intact outdoor ecosystem to a degree
that will permit analysis within the con-
cepts of network or matrix algebra. For
example, we have recently been able to
map, by use of a radiophosphorus
tracer, the open, relatively linear food
linkage between plants and insects in an
early old-field successional stage (16).

Diversity and Succession

Perhaps the most controversial of the
successional trends pertain to the com-
plex and much discussed subject of
diversity (17). It is important to distin-
guish between different kinds of diversi-
ty indices, since they may not follow
parallel trends in the same gradient or
developmental series. Four components
of diversity are listed in Table 1, items
8 through 11.
The variety of species, expressed as

a species-number ratio or a species-
area ratio, tends to increase during the
early stages of community development.
A second component of species diver-
sity is what has been called equitability,
or evenness (18), in the apportionment
of individuals among the species. For
example, two systems each containing
10 species and 100 individuals have the
same diversity in terms of species-num-
ber ratio but could have widely differ-
ent equitabilities depending on the ap-
portionment of the 100 individuals
among the 10 species-for example,
91-1-1-1-1-1-1-1-1-1 at one extreme or
10 individuals per species at the other.
The Shannon formula,

ni ni-2 N log2 -

where ni is the number of individuals
in each species and N is the total num-
ber of individuals, is widely used as a di-
versity index because it combines the
variety and equitability components in
one approximation. But, like all such
lumping parameters, Shannon's formula
may obscure the behavior of these two
rather different aspects of diversity. For
example, in our most recent field ex-
periments, an acute stress from insecti-
cide reduced the number of species of
insects relative to the number of individ-
uals but increased the evenness in the
relative abundances of the surviving
species (19). Thus, in this case the
"variety" and "evenness" components
would tend to cancel each other in
Shannon's formula.

While an increase in the variety of
species together with reduced domi-
nance by any one species or small group
of species (that is, increased evenness)
can be accepted as a general probability
during succession (20), there are other
community changes that may work
against these trends. An increase in the
size of organisms, an increase in the
length and complexity of life histories,
and an increase in interspecific compe-
tition that may result in competitive
exclusion of species (Table 1, items 12-
14) are trends that may reduce the
number of species that can live in a
given area. In the bloom stage of suc-
cession organisms tend to be small and
to have simple life histories and rapid
rates of reproduction. Changes in size
appear to be a consequence of, or an
adaptation to, a shift in nutrients from
inorganic to organic (Table 1, item 7).
In a mineral nutrient-rich environment,
small size is of selective advantage, es-
pecially to autotrophs, because of the
greater surface-to-volume ratio. As the

SCIENCE, VOL. 164
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B: Biomass

Generalized sketch of ecosystem development

PG: Gross primary production

R: Respiration
PN: Net primary production
(Biomass growth)

simple grazing food chains complex detritus food webs
open nutrient cycling closed nutrient cycling
low diversity high diversity
r-selection K-selection
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As communities develop, their number of individuals change. 
Enquist et al. (1998) explain this using metabolic scaling theory.

As individuals get larger, the number of 
individuals in the community decreases

As individuals get larger, 
the total biomass increases

Community flux is mostly independent of size
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Tigerbush
near Niamey, Niger
maps.google.com

http://maps.google.com


Tigerbush in the Sahel
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Vegetation Patterns
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without consumers functioning as ecosystem
engineers. Increasing resource availability
does not recover these localized structures,
because the resource concentration mecha-
nism fails. This phenomenon is called hyster-
esis, meaning that specific spatial structures
may develop in real ecosystems that only
arise when resource availability is de-
creased, but not when increased. There-
fore, we propose the hypothesis that
imminent catastrophic shifts in ecosys-
tems can be predicted by self-organized
patchiness.

Arid Ecosystems
Self-organized patchiness and the re-
source concentration mechanisms in-
volved have been reported from various
ecosystems (Table 1 and Fig. 1), among
which arid ecosystems are the most
prominent (8–14). The self-organized
patchiness in these ecosystems differs
in scale and shape. Patterns reported are
gaps, labyrinths, stripes (‘‘tiger bush’’)
(Fig. 1, A to C), and spots (‘‘leopard
bush’’).

The general mechanism underlying
this self-organized patchiness is a pos-
itive feedback between plant growth and
availability of water. Higher vegetation
density allows for higher water infiltra-
tion into the soil (because of root
penetration) and lower soil evaporation
(because of shading). As a result, vege-
tation persists once present, but bare soil
is too hostile for recolonization after the
vegetation disappears, implying that the
present state of the vegetation depends
on its history (3).

Recent studies link this positive feed-
back with subsequent redistribution of
water resources (10–12). Lateral flow of
subsurface soil water at a scale of 0.1 m,
driven by differences in evapotranspira-
tion, explains regular patterning of grasses
in the Negev desert (11) (Fig. 1C).
Redistribution of surface runoff water
at a scale of 10 m, driven by differences
in water infiltration, elucidates the for-
mation of self-organized patchiness in
arid bushlands (12) (Fig. 1, A and B).
These observations show that similar
patterns of self-organized patchiness
may emerge at different scales. Eco-
system transitions involve a sequence
of emerging patterns of various forms
induced by decreased rainfall. Vegeta-
tion states include homogeneous cover,
gaps, labyrinths or stripes, and spots, in
that order (11, 12, 14). More important,
in these models the vegetation shifts
catastrophically from the spotted state
to a bare homogeneous state if rainfall
is decreased beyond a threshold. This
can be attributed to global bistability

of the spotted and bare states. Hence, a
predictable form of self-organized patchi-
ness may indicate imminent catastrophic
shift to a bare homogeneous state. Increased
rainfall may not recover the spotted state,
because the resource concentration mecha-

nism (concentration of soil water under veg-
etated patches) fails (11).

Savanna Ecosystems
In nutrient-poor Savanna ecosystems, periodic
and aperiodic isolated spots of trees and shrubs

Fig. 1. Field observations. (A to C) Arid ecosystems: (A) Labyrinth of bushy vegetation in Niger [(12), *
2002 University of Chicago]; (B) Striped pattern of bushy vegetation in Niger; (C) Labyrinth of perennial
grass Paspalum vaginatum in Israel [(11), * 2001 American Physical Society]. (D and E) Savanna
ecosystems: Aerial and ground photographs of spots of tree patches in Ivory Coast and French Guiana,
respectively [(15), * 2002 American Physical Society]. (F and G) Peatlands: Regular maze patterns of
shrubs and trees in western Siberia [(25), * 2004 University of Chicago]. Scales of oblique aerial
photographs [all panels except (E)] are order-of-magnitude approximations of distance in the x direction
shown in the scale bars.

R E V I E W
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Rietkerk et al. (2004)

Striped and spotted vegetation patterns can 
be observed in many semiarid regions 
(water-limited) and in tundra (nutrient-
limited).  

Depending on topography, spots or stripes 
can be observed.  

These patterns can be understood by simple 
set of coupled differential equations known 
as “reaction-diffusion” or “advection-diffusion” 
equation.
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Coupled dynamics of water (“resource”) and 
vegetation (“population”):
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the literature, these were set to plausible values.
Direct estimation of all the parameters from one
field site would allow a more rigorous test of
this model. The quantitative fit of the model to
data would also be improved by considering a
nonlinear facilitation function and functional
response, and by separating water into surface
and subsurface compartments.

On flat ground, linear stability analysis
shows that regular pattern formation is impossi-
ble when the spatially homogeneous equilibri-
um is stable in the nonspatial model. Numerical
solution of the model (Eq. 2) shows that irreg-
ular patterns due to spatial chaos and spiral
waves can arise for parameter values for which
the nonspatial model has a stable limit cycle or
is excitable (22), but these parameters are eco-
logically unrealistic (18). Although this system
exhibits multiple stable states, this cannot ac-
count for the irregular patterns because a patch
of vegetation expands as a traveling wave (2). A
potential explanation for the irregular mosaics is
that slight topographic variation can lead to
large variation in plant density (Fig. 3, C and D).
Higher ground is left bare whereas lower points
support dense vegetation. The ecological dy-
namics amplify the underlying heterogeneity
into a sharply differentiated mosaic. This hy-
pothesis is supported by Belsky’s observation
that water flows from sparsely to densely vege-
tated patches in a grassland mosaic (10). A sim-
ple experimental test of this mechanism would
be to level the bare phase of an irregular mosaic
and see whether the vegetated phase expands.

This model can be used to help understand

the influence of rainfall and grazing on semiarid
vegetation. Linear stability analysis shows that
the wavelength of the regular patterns increases
with decreasing water input, a (Fig. 2), as has
been reported along geographic gradients in
rainfall in natural striped vegetation (9) and
suggested as an indicator of ecosystem degra-
dation (13). Increased grazing can be consid-
ered an additional source of mortality, increas-
ing the nondimensional parameter m through
the dimensional parameter M. As with decreas-
ing a, increasing m causes a transition from
homogeneous vegetation to striped vegetation
of increasing wavelength, to no vegetation (Fig.
2). This explains the observations that intense
grazing can cause striped vegetation to be re-
placed by bare ground (12, 15) and that herbi-
vore exclosures can cause mosaics to be re-
placed by homogeneous vegetation (10).

Although it greatly simplifies the physics
and biology of these systems, this model is in
reasonable agreement with field observations of
regular and irregular patterns in semiarid eco-
systems. It supports the verbal argument that
water-plant dynamics can explain the formation
and maintenance of striped vegetation patterns
and suggests that irregular mosaics are most
likely due to slight topographic variation. These
results show that spatial pattern in ecological
systems can result from both self-organization
and amplification of underlying heterogeneity.
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Fig. 3. (A to C) Snap-
shots of plant densities
obtained by numerical
solution of the model
on a 100 by 100 do-
main (in dimensional
terms, 2500 m2) with
periodic boundary con-
ditions. Darker colors
indicate higher plant
densities. Water flows
from positive x to neg-
ative x. a ! 2, m !
0.45. (A and B) On a
hillside, v ! 182.5. An
animation of this out-
put is available on Sci-
ence online at www.
sciencemag.org/feature/
data/990551.shlstripes.
qt. (A) During the
transient dynamics, de-
fects in the form of
forks and dead-ends
occur (t ! 100). (B)
Regular stripes on hill-
sides, after transient
dynamics (t ! 1000).
These stripes move uphill at a constant speed. (C) On flat ground with slight topographic variation. Plant
density varies 90-fold, from 0.08 to 7.2. (D) Elevation in the irregular landscape used in part (C), where
darker colors represent lower elevations. The topographic variation is 0.02 times the variation in the
evenly sloping landscapes used for (A) and (B). If the slopes used in (A) and (B) are 1:100, then the
variation in height in (C) is 1 cm.
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Left: Different vegetation patterns result 
depending on precipitation and mortality.

11), Australia (12, 13), and Mexico (14). On
hillsides, stripes of vegetation alternate with
patches of bare ground parallel to the hills’
contours (7–14) (Fig. 1); on flat ground, sta-
tionary irregular mosaics consisting of the
same species have been reported (8, 10).
Because of their distinct appearance, the reg-
ular stripes have been more extensively stud-
ied than the irregular patterns. Vegetation
stripes form under conditions of low rainfall,
gentle slope, and on soil on which plants
increase water infiltration (4, 9). The slight
differences between soil within and between
stripes are attributable to the vegetation itself
(4, 9). The plant community composition var-
ies, consisting of grasses in some locations
(7, 10) and shrubs and trees in others (11, 15).

The verbal explanation given for the main-
tenance of striped vegetation is as follows (4,
9): Water does not infiltrate in the bare areas
between vegetation stripes, but flows downhill
to the next stripe where it can soak in and
support plant growth. This water is exhausted
by the downhill side of the stripe, which causes
the next bare area. The stripes slowly move
uphill because colonization of bare areas can
occur only at the moister uphill side of the stripe
(14) and because plants on the downhill side of
the stripe die as a result of inadequate water.

The model is a pair of partial differential
equations for water (W ) and plant biomass (N ),
defined on an infinite two-dimensional domain
indexed by X and Y. Water is supplied uniformly
at rate A and is lost due to evaporation at rate
LW. Plants take up water at rate RG(W)F(N )N,
where G(W) is the functional response of plants
to water and F(N) is an increasing function that
describes how plants increase water infiltration.
For simplicity I use the linear functions G(W ) !
W and F(N) ! N, but the results are not sensi-
tive to the exact form of these functions. J is the
yield of plant biomass per unit water consumed.
Plant biomass is lost only through density-inde-
pendent mortality and maintenance at rate MN.
Water flows downhill (in the negative X direc-
tion) at speed V. Plant dispersal is modeled by a
diffusion term with diffusion coefficient D;

more realistic dispersal kernels can be approxi-
mated by a such a term (2). Taken together,
these assumptions result in

"W
"T

! A " LW " RWN 2 # V
"W
"X

(1)
"N
"T

! RJWN 2 " MN # D! "2

"X 2 #
"2

"Y 2" N

Unlike previous phenomenological models of
semiarid vegetation (16), this model incorpo-
rates the water dynamics thought to be re-
sponsible for pattern formation. Thus, all re-
sults can be interpreted in terms of parame-
ters that have clear biological meanings, and
the validity of the proposed water-based
mechanism can be assessed. Equations 1 can
be nondimensionalized (17) to

"w
"t

! a " w " wn 2 # v
"w
" x

"n
"t

! wn 2 " mn # ! " 2

" x2 #
" 2

" y 2"n

(2)

The nondimensionalized model (Eq. 2) has
only three parameters: a, which controls wa-
ter input; m, which measures plant losses; and
v, which controls the rate at which water
flows downhill.

The first step in analyzing the model is to
determine the behavior of the nonspatial
model obtained by setting space derivatives
equal to zero. The nonspatial model has either
one or three equilibria, which correspond to
spatially homogeneous equilibria of the full
model (Eq. 2). The equilibrium consisting of
no plants, ŵ ! a and n̂ ! 0, always exists and
is linearly stable. When a # 2m, two non-
trivial equilibria exist. One of these is never
stable and can be ignored; the other is linearly
stable for ecologically relevant parameters
(18). Thus, the model exhibits multiple stable
states, one vegetated and the other bare (19).

Returning to the full model (Eq. 2), I exam-
ine two cases: hillsides and flat ground. On
hillsides, v ## 0. Linear stability analysis can

be used to determine whether regular patterns
can form (2). This analysis shows that for given
mortality rate m and water flow speed v, there is
a critical value of water input a below which
regular stripes form (Figs. 2 and 3, A and B).
This instability is similar to a Turing instability
(1, 2), but differs in that it results from the
interplay between reaction, diffusion, and ad-
vection (20). One consequence of this differ-
ence is that the eigenvalue that determines the
instability of the homogeneous equilibrium is
complex with a negative imaginary term. This
causes the pattern to oscillate in time and the
stripes to move uphill. Although the asymptotic
state is parallel, evenly spaced vegetation
stripes (Fig. 3B), defects in the pattern are
present during the transient dynamics. These
defects appear as forks between stripes (Fig.
3A) that can be seen in aerial photographs of
natural striped vegetation patterns (Fig. 1).
These patterns are robust against environmental
stochasticity in the form of year-to-year varia-
tion in rainfall.

The model is in order-of-magnitude agree-
ment with field observations. Plausible values
of the parameters for trees and grass are as
follows: atree ! 0.077 to 0.23, mtree ! 0.045,
a

grass
! 0.94 to 2.81, mgrass ! 0.45, and v !

182.5 (21). Given these parameters, the model
predicts tree stripes to have wavelengths from
23 to 67 m and move from 0.4 to 0.6 m year$1

and grass stripes to have wavelengths from 8.1
to 28 m and move from 1.4 to 1.9 m year$1.
Field observations show that tree stripes vary in
wavelength from 70 to 190 m (8) and may
move from 0.15 to 0.3 m year$1 (11); grass
stripes range in wavelength from 1 to 40 m (7,
10) and move from 0.3 to 1.5 m year$1 (7).
Because some parameters were not available in

Fig. 1. Regular vegetation stripes near Niamey, Niger.

Fig. 2. Behavior of the model (Eq. 2) as deter-
mined by the water input rate a and plant loss
rate m when water velocity v ! 182.5. The
contours give the dimensional stripe wave-
length in meters as determined by the most
unstable mode found with linear stability anal-
ysis. As water input is decreased or plant loss is
increased, the model predicts a transition from
homogeneous vegetation, to stripes of increas-
ing wavelength, to no vegetation.
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Patagonian steppe, conditions for seedling establishment
are most favorable around shrubs when the ring of grasses
is not yet complete30. Similarly, recruitment is at a maxi-
mum in the upslope ecotone between vegetated bands and
bare-soil areas29.

Patch dynamics in banded and spotted vegetation.
Conceptual models of patch dynamics in banded and

spotted vegetation infer spatio-temporal relationships
from current structure and recruitment dynamics (Box 1).
In general, patch dynamics include both a building and a
degenerative phase (i.e. the upgrading and downgrading
phases of Watt8; Box 1a). In both tiger and leopard pat-
terns, the building phase starts with the establishment and
growth of woody plants in a certain location. As woody
plants grow, the microenvironment in the neighborhood
changes (e.g. higher water infiltration, reduction in radi-
ation reaching the soil, and accumulation of seeds, fine soil
particles, litter and other plant debris) promoting the
establishment of vegetation and consequently, building
the patch. The degenerative phase starts with the death of
the dominant individuals. Plant cover decreases, which in
turn leads to wind- and water-induced degradation of the
fine-particle soil mound that was associated with the
patches. As a result, the microenvironment is no longer
favorable for seedling establishment12,17,29.

From a landscape perspective, tiger and leopard 
patterns differ in their dynamics. In banded vegetation, the
bands ‘climb’ the slope as new individuals establish in 
the front, and old individuals die in the downslope 
border29. In spotted veg-
etation, each patch in the
mosaic has its own dynamics
and there is no unidirectional
overall landscape pattern.

Pickett and White9 con-
cluded that disturbance was
the major driver of patch dy-
namics in mesic ecosystems
and that disturbance orig-
inates in a wide range of 
exogenous (e.g. fire) and 
endogenous (e.g. death of
canopy individuals) causes.
On the contrary, in arid eco-
systems with tiger and leop-
ard patterns, endogenous
causes predominate (Box 1).

Origin and maintenance of
tiger and leopard vegetation

Tiger and leopard veg-
etation might be the result of
the same general mechanism
inherent in these two-phase
patterns. Differences in the
relative importance of the
drivers determine the occur-
rence of one pattern or the
other. The basic mechanism
is a redistribution of water,
nutrients and seeds (result-
ing from the presence of
dominant woody plants),
which creates and maintains
dense vegetation patches.
Water is the major agent of

redistribution in tiger vegetation, whereas wind and ani-
mals are the major cause of redistribution in leopard veg-
etation. Moreover, in tiger patterns, water is the main driver
of secondary seed dispersal, whereas in leopard patterns,
wind or animals are the main agents of dispersal. Water
flows predominantly in one direction, and consequently
seeds accumulate only in the upslope portion of the bands
and seedlings are constrained to that position12,29. Wind
and animals, however, do not accumulate material and

Table 2. Reported processes with different rates in the 
two phases of banded and spotted ecosystems

High-cover Low-cover 
Process patches matrix Refs

Abiotic processes
Infiltration High Low 11,13,23,24
Run-off Low High 11,13,18,23,24
Bare soil evaporation Low High 11,23,25
Wind and water erosion Low High 18,27
Deposition of fine materials High Low 18,26,27

Biotic processes
Competition High Low 29,30,32,34
Facilitation High Low 20,30,32,34
Herbivory High? Low? 40–42
Secondary seed dispersal (range) Short Long 19,20,29,31
Transpiration High Low 29,34
N mineralization High Low 14,28,39,47

Box 1. Patch dynamics in tiger and leopard patterns
Patch dynamics in both tiger and leopard patterns (Fig. 1) are associated with growth and mortality of woody plants. The 
Chihuahuan desert is an example of banded vegetation (a); in this ecosystem, most recruitment of shrubs and trees
occurs in the upslope of the band. Mature individuals are located in the body of the band, whereas dying individuals are
downslope of the band. Active growth (building phase) occurs in the upslope front of the band, where most of the seeds
transported by run-off water is collected, and where the balance between competition and facilitation is more favorable for
young plants. Downslope, mortality is the dominant process because most run-on water has infiltrated upslope and most
nutrients have been sequestered in the front and the body of the bands (degenerative phase)13,16,29. The result of these
vegetation dynamics is that bands ‘climb’ the slope as recruitment occurs in the upslope shifting-ecotone of the bands
and mortality occurs mostly in the downslope border.

(Online: Fig I)

In the spotted vegetation of the Patagonian steppe (b), the model that relates the two patch types of the mosaic indicates
that establishment of a shrub can occur in any location in the low-cover matrix. As the shrub grows (building phase), it cre-
ates a neighborhood with aerial protection that promotes both seed accumulation and seedling establishment, resulting
in the formation of a ring of tussock grasses. As the ring of grasses is completed, competition between the grasses over-
shadows facilitation by the shrub, and establishment of grass seedlings decreases30. When the shrub dies and begins to
collapse (degenerative phase), aerial protection disappears and below-ground competition dominates over any facilitation
effects. Therefore, mortality of grasses increases, leading to a thinning of the ring of grasses. Tussock mortality slows
down as grass density reaches values equivalent to that of the matrix; the ring then loses both its identity and the rem-
nant grass individuals form the scattered-tussock patch type17.

Vegetation band

Chihuahuan desert patch dynamics Patagonian steppe patch dynamics(a) (b)

Upslope Body Downslope

Degenerative
phase

Building
phase

Vegetation
movement

Water
direction

Mature patch
Shrub

Scattered-
tussocks
patch type

Shrub-ring
patch type Tussock 

grasses
Degenerative
phase

Building
phase

Aguiar & Sala (1999)

These dynamics have also been described for other 
semiarid regions
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It is to be noted that the optimal two-box solution
leads to slightly higher biomass than the distributed
model. This is because the dispersal rate of biomass
was set to 0 in the two-box model. In the dynamic, dis-
tributed model, biomass dispersal is necessary in order
to achieve the organized heterogeneity starting with
random initial conditions, but the dispersal leads to a
loss of biomass that is neglected in the two-box
model. The two-box model also simulates a slightly
higher overall entropy production compared with the
distributed model, although the entropy production
owing to the advection of water is slightly higher in
the distributed model (data not shown). The increased
overall entropy production is mainly due to the higher
overall biomass and consequently decreased overall
water content, which has a positive impact on the
entropy production by infiltration of rain water.

4. CONCLUSIONS AND OUTLOOK
The present study demonstrates the usefulness of the
MEP principle for modelling the effects of self-organ-
ization in semiarid vegetation without the need to
resolve the mechanism by which the self-organization
takes place (e.g. biomass dispersal and fine-scale
dynamics of water flow). The approach presented

here has the potential to be widely applicable to
many advection–diffusion systems similar to the
Klausmeier model, since it is based on non-equili-
brium thermodynamics. The application should also
be independent of the scale of the system, as long
as the system has sufficient degrees of freedom to
self-organize.
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Figure 4. Average dry biomass (Bv) as a function of annual rainfall (P). Dots (numerical 100 ! 100 grid) represent the area-
averaged Bv in the distributed model after 1000 years, the dashed line represents the steady-state conditions for homogeneous
biomass and the thick solid line represents the steady-state conditions in the two-box model if the size of the vegetated box (Av)
is optimized for maximal entropy production or maximal Bv. Insets illustrate the distributions of water and biomass for
the model runs at P ¼ 140 kg m22 yr21 and P ¼ 700 kg m22 yr21. Note that 1 mm of precipitation is equal to 1 kg m22

if the density of water is 1000 kg m23.
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Fairy Circles are observed on sandy soils with 
annual rainfall of ≈ 100mm/year.  Structures are 
attributed to termites as “ecosystem engineers”.
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plants (Fig. 3C). These correlations suggest that
the burrowing activities of P. allocerus within
the bare patch do not only serve in taking up
water (8); their foraging on the roots of freshly
germinated grasses kills them and keeps the
bare patch free of vegetation. Furthermore, P.
allocerus is involved in widening the diameter
of the circle. During most of the FCs’ adulthood,
the termites steadily feed on a few (often
neighboring) perennial grass plants at the inner
margin of the PB (figs. S2A, S11D, and S12B),
thereby slowly widening the diameter of the
FC. Out of a total of 160 FCs examined at
Giribesvlakte in March 2011, 96% showed re-
mains of dead grass tussocks at the margin of
the bare patch. At 53% of these FCs, some of
the grass tussocks—on average, 24.9 (minimum
of 1, maximum 80)—were still covered with
P. allocerus sheetings.

The main ecosystem function of FCs is
related to securing two important perennial long-
term resources. First, the removal of all water-
transpiring plants allows the accumulation of
water underneath the FC after rain events (water
trap). I hypothesize that the generation of a pe-
rennial water supply facilitates the survival of
termites in a hostile desert. Whereas the annual
rainfall evenly distributed in space allows ephem-
eral or annual plant growth, the removal of
plants allows perennial growth of plants in the
PB. I argue that this generation of perennial plant
biomass is the second facilitator of survival of
termites, even in extreme drought years. The
manner in which the termites create and manage
the perennial grass population within an other-
wise ephemeral desert environment supports the
hypothesis of active ecosystem “engineering.” The
formation of the PB is a consequence of the water
accumulation and the unidirecional suppression
of competition, both caused by the termites.

FCs strongly enhance biodiversity by attract-
ing many organisms. Evidence of this was es-

tablished by comparing lists of taxa observed in
and near FCs with lists established in nearby
grasslands without FCs. A number of ants, bees,
wasps, small mammals, and plants are found
more often in and near FCs. Often the mainly
granivorous ant M. denticornis establishes it-
self in the center of the bare patch and forages
along linear foraging trails in the wider sur-
roundings of the FC. Plant species, for exam-
ple, the Cucurbitaceae Citrullus lanatus with its

large water-storing fruits and even Acacia erioloba
trees, establish themselves within or next to FCs
in the reticulate dunes at the eastern margin of
the Namib dune field. Furthermore, the pop-
ulation of P. allocerus termites itself forms an
attractive resource, which is used by geckos
(Palmatogecko rangei), aardvarks (Orycteropus
afer), bat-eared foxes (Otocyon megalotis), black-
backed jackals (Canis mesomelas), golden moles
(Eremitalpa granti), and spiders (e.g., Seothyra)

Fig. 2. (A) Rainfall events and volumetric soil water content (volume percent, m3/m3 × 100) at different depths underneath a FC, measured hourly
from early 2008 until mid-2010. (B) Same measurements as in (A) comparing the bare patch (FC, solid lines) and the matrix (MT, thin lines) measured
from 15 May 2011 until 6 October 2012.

Fig. 3. (A) Activity pattern of P. allocerus
in a 1-m2 grid within and outside a FC at
Giribesvlakte, expressed as density of soil
dumps per m2. The maximum figures within
the bare patch, a minimum at the PB, and a
secondary maximum in the matrix outside
the PB indicate the foraging activities in the
surrounding area. Counts in the matrix are
random samples, and empty squares have
not been counted. (B) Example of spatial dis-
tribution of foraging nests (round pictograms)
and permanent surface nests (rectangular pic-
tograms) (nests with living termites colored red;
abandoned nests, ocher). The green ring marks the PB. (C) Assessment of 83 FCs with regard to the
number of living grass plants (individuals) found in the bare patch, plotted against the termite activity,
and measured as average number of soil dumps per m2 within the bare patch.
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Soil below patches (“Fairy Circles”) is wetter

Water content below patches allows for 98% 
relative humidity in the soil air



Fairy Circles in Namibia

38Jürgens (2013)

Explanation: Termites forage mostly on annual grass 
roots, maintaining the fairy circle free of grasses  
and allowing for perennial grasses at the edge



Summary
• Population dynamics:

• Exponential growth

• Constrained growth

• Carrying capacity

• Interacting populations

• Succession

• Vegetation patterns:

• Tigerbush, Fairy Circles

• Regional distribution

• Explanatory models

• Ecosystem engineers
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Dynamics of the Biosphere
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grassland, Mongolia grassland in Montana, USA

rainforest canopy, Singaporecloud forest canopy, Peru



Köppen Climate Classification
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Wladimir Köppen (1846-1940) viewed vegetation as a “crystallization of climate” and classified 
climate according to vegetation boundaries.  The five major climatic types are: A: tropical forests; 
C: temperate forests; B: dry climates; D: snow climates; E: ice climates. The classification 
requires monthly mean values of temperature and precipitation.



Biome Classification
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Similar climatic conditions 
typically result in similar 
looking vegetation types.
Classification of Whittaker



Aridity Index

44Budyko: Climate and Life

A more process-based classification was developed by Mikhail Budyko.  The Aridity Index A (or 
Radiative Index of Dryness) is defined as the ratio of Net Surface Radiation to the energy 
equivalent of precipitation.  Regions in which evaporation is limited by radiation correspond to A < 
1; water limited regions correspond to A > 1.
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Dryness Dryness = 
Radiation/“Precipitation”



Plant Biodiversity

45Bartlott et al. (1999), Acta Bot. Fenn.

Plant species richness shows distinct geographic variations.  Many hypotheses 
have been proposed to explain these patterns, including energy, climate 
stability, trophic interactions, …
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Global Convergence of Plant Functioning
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nonetheless suggest that there is a single unique relationship
among each pair of leaf traits that holds generally for species

within and among all biomes. Thus, there is strong and
consistent interspecific variation in leaf form, function,

Table 1. Summary of mean leaf trait relationships (of the function Y ! aXb, fitted using equations of the form log y !
a " b*log X) for six diverse biomes (tropical rain forest, subtropical forest, cool temperate forest, cold temperate
forest!prairie, desert, and alpine tundra!subalpine forest) represented in the field data set (all relationships P # 0.001)

Leaf Property, Y

Mean

r2 (mean)Trait, X Scaling slope, b($SE)

Net photosynthesis (mass-basis) Leaf lifespan %0.74 $ 0.05 0.88
Net photosynthesis (area-basis)* Leaf lifespan %0.29 $ 0.03 0.52
Dark respiration Leaf lifespan %0.58 $ 0.05 0.79
Leaf nitrogen concentration Leaf lifespan %0.32 $ 0.03 0.62
Specific leaf area Leaf lifespan %0.49 $ 0.04 0.79
Net photosynthesis (mass-basis) SLA 1.31 $ 0.10 0.88
Dark respiration SLA 1.02 $ 0.11 0.80
Leaf nitrogen concentration SLA 0.61 $ 0.07 0.67
Leaf nitrogen content* SLA %0.42 $ 0.06 0.51
Net photosynthesis (mass-basis) Leaf nitrogen concentration 1.73 $ 0.17 0.77
Dark respiration Leaf nitrogen concentration 1.36 $ 0.11 0.71
Net photosynthesis (mass-basis) Dark respiration 1.08 $ 0.09 0.79

Units, abbreviations, and mean minimum ($SE) and maximum ($SE) for leaf traits among biomes
Mimimum $ SE Maximum $ SE

Mass-based net photosynthesis (Amax) nmol g%1s%1 21 $ 4 289 $ 64

Area-based net photosynthesis
!mol
m%2s%1 3.7 $ 0.3 14.6 $ 1.2

Mass-based dark respiration nmol g%1s%1 4.0 $ 0.3 35.2 $ 7.2
Leaf nitrogen concentration (leaf N) mg!g 8.7 $ 0.6 40.9 $ 5.7
Leaf nitrogen content g!m2 1.2 $ 0.2 4.4 $ 1.1
SLA cm2!g 35 $ 6 267 $ 62
Leaf lifespan months 2.5 $ 0.6 66.2 $ 10.6

Relationships only shown if significant at five or six sites. The slopes did not differ significantly among biomes. The mean
($1 SE) of the slopes and of the coefficient of determination (r2) are shown (N ! 6).
*N ! 5; data for site where relationship was not significant are not included.

FIG. 1. (a–f) Relations (of the form Y ! aXb) among mass-based photosynthetic capacity, SLA, and leaf nitrogen concentration of young mature
leaves and their expected life-span, fitted by type I regression (of log y ! a " b!log X) for species in two data sets (—o—, our field data for 111
species from six biomes; —x—, the global literature data set). The coefficients of determination (r2) and the power function (scaling) exponents
(b $ 1 SE) are shown in each panel (all P # 0.001). (Inset) Diagram of global biome distribution in relation to annual temperature and precipitation
(12) and location of our six field sites on that matrix.

Ecology: Reich et al. Proc. Natl. Acad. Sci. USA 94 (1997) 13731

Reich et al. (1997) PNAS

Key plant traits show same relations across a range of different biomes.  
This similarity results from environmental selection and the outcome is 
referred to as convergent evolution.
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ditions that control photosynthesis (Fig.
2B).

gs � gs⇥PAR⌥�f(⌅e)f(T)f(⌃l)] (5)

where gs(PAR) is the PAR-regulated (un-
stressed) value of leaf conductance and
f(⌅e), f(T), and f(⌃l) are the environmental
stress factors that account for the effects of
vapor pressure deficit ⌅e, temperature T,
and leaf water potential ⌃l, respectively.

Equation 5 captures the important re-
sponses of leaf stomates to the environ-
ment. As PAR (sunlight) increases, the un-
stressed leaf prepares for photosynthesis by
opening its stomates, and so gs(PAR)
monotonically increases from near zero at
zero PAR to an asymptote at high light
levels. The stress factors are all scaled be-
tween 1, for optimal conditions, to 0, when
environmental conditions are severe
enough to shut down photosynthesis and
close the stomates (Fig. 2B, right). The
f(⌅e) term is particularly interesting: almost
all plants maintain open stomates in humid
air, when CO2 can be taken up freely with
a relatively small loss of leaf water vapor. As
the external air dries, the stomates progres-
sively close, and f(⌅e) decreases, presumably
to protect the leaf from desiccation and to
conserve water. The f(T) function reaches a
maximum around the mean environmental
growing season temperature and tapers off
to zero for warmer or cooler temperatures;
this action is related to the enzyme kinetics
of photosynthesis and conductance, which
have been “tuned” through evolution to
work efficiently at particular temperatures
(in fact, this optimal temperature for a
plant’s enzymatic function can vary to ac-
commodate seasonal and interannual tem-
perature variations). The leaf water poten-
tial ⌃l represents the chemical energy of
the liquid water in the leaf cells; its value
has to be negative to ensure a continuous
suction pathway of moisture from the root
zone to the leaves (26). The stomates close
when the soil moisture is limiting or when
the transpiration rate is excessive, causing
⌃l to drop. The leaf-scale model of Eq. 5 has
been modified by a number of techniques to
provide a canopy-scale estimate of con-
ductance gc (27). One scheme (28) assumes
that the stress factors are near uniform and
that PAR is attenuated exponentially down
through the vegetation canopy, which per-
mits analytical integration of Eq. 5 to yield
an estimate of gc for a canopy of known leaf
area index (LAI, the one-sided area of leaves
per unit of ground area; dense vegetation has
an LAI of around 5). The inverse of gc gives
canopy resistance rc � 1/gc, which can be
used to calculate evapotranspiration (29)
(Fig. 2B). In the absence of significant soil
evaporation, this takes the form

⌦E � ↵�e*⇥Ts⌥ ⇤ er

ra � rc
⇥ ⇧cp

�
(6)

Equations 6 and 4 should be compared.
Equation 4 has a moisture limitation term
↵, which is applied externally to an esti-
mate of the maximum evaporation rate; by
contrast, the use of rc in series with ra in Eq.
6 realistically separates aerodynamic and
surface resistance terms (Fig. 2B). Under
normal unstressed conditions (for example,
in dense green forests), ra � 10 s m⇤1 and rc
� 100 s m⇤1, so that evapotranspiration
rates calculated by Eq. 6 are almost always
much lower than those calculated by Eq. 4.
This effect becomes even more marked
when soil moisture is limiting and calculat-
ed values of Ts are high.

4) Precipitation interception and intercep-
tion loss. Vegetation canopies also intercept
precipitation, and some can store the equiv-
alent of about a millimeter of water on leaf
surfaces. The evaporation of this intercept-
ed water reduces the precipitation input
into the soil, reduces the sensible heat flux,
and can substantially increase the total
evaporation rate. For example, one-third to
one-half of the rainfall falling on Amazonia
is estimated to be re-evaporated to the at-
mosphere through interception loss (30).

5) Soil moisture availability. The depth
and density of root systems determine the
amount of soil moisture available for evapo-
transpiration. Empirical models were used
to relate f(⌃l) to soil water content in the
root zone, the root density, and the transpi-
ration rate (6).

6) Insulation. The soil surface under a
dense vegetation canopy intercepts less
radiation and may also be aerodynamically
sheltered. For these reasons, the energy
available to the covered soil is small, and
the component terms of the soil energy
budget (evaporation, sensible heat flux,
and ground heat flux) are correspondingly
reduced.

Global parameter sets for these models
were assembled from reports on ground-
based ecological surveys (7). Estimates of

seasonally varying fields of LAI and green-
leaf fraction in these data were used to
define global monthly fields of albedo,
roughness, and unstressed canopy con-
ductance with the use of a series of simple
models. Thus, the important surface param-
eters were made mutually consistent in
these second-generation models; vegetation
structure, density, and optical properties
were used to determine  , z0, and rc (5, 6).
The models were then used to investigate
continental hydrometeorology and to con-
duct some “land cover change” AGCM ex-
periments (16).

The use of second-generation models led
to improved simulation of continental hy-
drometeorology. The results of a run pro-
duced by a biophysical model linked to an
AGCM were compared with those pro-
duced by a conventional bucket hydrology
model linked to the same AGCM (31). The
continental evaporation rates calculated by
the biophysical simulation were consistent-
ly lower and in closer agreement with avail-
able observations compared with the results
from the control run, mainly because of the
inclusion of the surface resistance term (rc)
in the biophysical model. These reduced
evapotranspiration rates caused reduced
and more realistic continental precipitation
fields. More recently, a four-layer prognos-
tic soil model coupled to a canopy resis-
tance model (32) and an improved bound-
ary layer model (carefully validated against
data from land surface experiments) was
introduced into a global forecast model,
leading to improvements in the forecast of
precipitation over the continents. This im-
proved NWP model realistically simulated
the precipitation anomaly that led to the
midwestern floods in the United States in
the summer of 1993 (33).

A series of “land cover change” simula-
tion experiments directly benefited from
the second-generation LSPs. Biophysically
based models were used to study the impact
of large-scale Amazonian deforestation on
the regional and global climate (34). The
results from some of these studies show
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Fig. 3. Schematic of carbon
and water exchange in a leaf
as conceptualized in a com-
bined photosynthesis-con-
ductance model (39, 40, 42,
43). The stomatal conduc-
tance (gs) is a direct function
of photosynthesis, CO2 con-
centration at the leaf surface
(cs), and relative humidity at
the leaf surface [hs � es/
e*(Ts); es � vapor pressure
at leaf surface] (see Eq. 7).

ARTICLE

SCIENCE � VOL. 275 � 24 JANUARY 1997 505

 o
n 

Ju
ly

 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

http://evolution.berkeley.edu/evolibrary/article/0_0_0/mcelwain_02
Sellers et al. (1997) Science

Photosynthesis on land is 
closely linked to water loss
=> water plays a key role as a 
resource constraint!
Stomata are small openings in the 
leaves through which plants take up 
carbon dioxide and loose water vapor to 
the air.
Stomata can open or close, and 
regulate the gas exchange between the 
plant and the environment.
Hence, water loss and carbon uptake 
are very closely linked.
Evaporation of water requires lots of 
energy, so that it is closely linked to the 
surface energy balance.
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112 B.E. Law et al. / Agricultural and Forest Meteorology 113 (2002) 97–120

Fig. 6. Monthly GEP increased with ET in: (a) evergreen coniferous forests, where black symbols are boreal forests; (b) deciduous broadleaf
forests, where gray symbols are poplar, white symbols are beech, and black symbols are oak/maple; (c) grasslands and croplands. (d) The
correlation was weaker for tundra vegetation. (e) Pooled data show that the slope was similar across biomes.

Graph shows Gross 
Ecosystem Production 
(GEP) inferred from 
measurements in 
relation to the rate of 
water loss by 
evapotranspiration (ET)

Higher rates of carbon 
uptake by 
photosynthesis are 
directly related to greater 
water loss.
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slowdown, given that the ensemble median is based on only relatively
few models towards the end of the period.
Distinguishing land-ET response due to atmospheric demand from

that due to terrestrial moisture-supply limitation is a classic ecohydro-
logical problem11,12. ET responds to changing atmospheric demand, for
example to changing radiation, or to changing vapour-pressure deficit,
which is often associatedwith temperature, if there is sufficientmoisture
supply. In contrast, if the soils are too dry, ET becomes restricted by soil
moisture. We analysed the spatial pattern of ET-trend changes and
found that the largest regional contributions to the declining trend in
global ET since 1998 originate from the SouthernHemisphere in Africa
and Australia (Fig. 3). The largest trend declines seem to have occurred
in regions in which ET is limited by moisture (see Supplementary
Methods Section 7). In these regions, lower ET would in turn be
expected to feed back to the atmosphere and increase atmospheric dry-
ness. A recent decrease in atmospheric relative humidity detected over
Australia13 could be caused by decliningETon theAustralian continent.

We wondered whether a soil moisture shortage could be the reason
for the decline of the ET trend since 1998. Satellite microwave remote
sensing provides consistent large-scale information on soil moisture,
although these sensors are only sensitive to the moisture of the upper
few centimetres of the soil and the associated uncertainties are large for
regions of dense vegetation14. The Tropical Rainfall Measuring
Mission’s (TRMM) microwave imager currently yields the longest
high-quality record of surface soil moisture since 1998 (ref. 15). The
TRMM imaging area is confined to latitudes between 38u S and 38uN,
but covers the regions in which the largest ET-trend changes occurred.
We found strong coherence between 1998–2008 ET trends derived
from FLUXNET data using the MTE approach, and trends in the
independent TRMM satellite-observed surface soil moisture in those
regions in whichmoisture supply is expected to control ET (Fig. 4a, b).
The Southern Hemisphere pattern of decreasing ET is matched by a
soil-moisture decrease over large parts of Australia, East Africa and
South America. The coherence between temporal ET and soil-mois-
ture variability remains even when they are averaged over the whole
TRMM domain (Fig. 4c). We can rule out the hypothesis that ET
changes are caused by changes in atmospheric demand in these
regions. Trends in atmospheric demand assessed with potential ET
are in the opposite direction to trends in actual ET (Supplementary
Figs 5 and 6), except in China and southern India, where potential ET
and ET both exhibit positive trends. In these regions ET and soil-
moisture trends are opposed, probably because ET remains primarily
demand-limited (see Supplementary Fig. 2). Hence, increasing ET due
to increasing atmospheric demand (see Supplementary Fig. 5) depletes
soil moisture, but not to the extent that it would in turn limit ET.
The strong spatial consistency of the patterns in the independently

estimated ET and soil-moisture trends suggests that decreasing soil
moisture supply in the Southern Hemisphere is the main mechanism
contributing to the cessation of the rising ET trend after 1998. Other
mechanisms that could be responsible for a stabilization of global land
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Figure 2 | Global land-ET variability according to MTE and independent
models. a, Annual global land ET anomalies based onMTEand an ensemble of
up to nine independent process-oriented models. Error bars indicate one s.d.
within the MTE. Numbers at the bottom show the number of models available
each year. b, Trends in ET based onMTE estimates and based on themedian of
the independentmodels for three different time periods. ***, significance of the
trends at the 99% confidence interval; **, significance of the trends at the 95%
confidence interval; n.s., not significant.
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Figure 1 | Validation of global land ET product fromMTE. a, Map of mean
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predictingmonthly ETat FLUXNETsites (n5 4,678), basedon internal ten-fold
cross-validation (units converted to millimetres per year for consistency). R2,
coefficient of determination. c, Comparison of mean annual MTE ET against
mean annual ET from catchment water balance calculated as precipitation (P)
minus discharge (D) (n5 112). d, Comparison of annual MTE ET (1986–1995)
stratified by bioclimatic zones (n5 24) against the median GSWP-2 model
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cool summer;Dwa, snow,winter dry, hot summer;Dwb, snow,winter dry,warm
summer; Dwc, snow, winter dry, cool summer; ET, polar tundra.
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variation between biomes and sites (3–5). In the
absence of direct observations, a combined GPP
of all terrestrial ecosystems of 120 Pg C year−1

was obtained (6) by doubling global biomass pro-
duction estimates (7) without an empirical basis of
spatially resolved biomass production and its rela-
tionship to GPP. A global terrestrial GPP of 100 to
150 Pg C year−1 is consistent with the observed
variation of 18OCO in the atmosphere (8, 9). How-
ever, the ability of 18OCO to constrain GPP de-

pends critically on the isotopic imbalance between
GPP and respiration, and large uncertainties re-
main associated with isotope fractionation pro-
cesses (10). The coupled uptake of carbonyl sulfide
and CO2 by plants (11, 12) could potentially be
used to further constrain terrestrial GPP by the
combination of atmospheric [COS] measurements
with an inversion of the atmospheric transport (13)
once the ratio of CO2 versus COS uptake, the ad-
ditional COS deposition to soils, and the COS
efflux from oceans is more precisely quantified.

As an alternative to directly constraining at-
mospheric data to estimate GPP, local informa-
tion can be built into a process-oriented biosphere
model, which is then applied globally. Knowl-
edge of radiative transfer within vegetation can-
opies and of leaf photosynthesis has been used to
represent GPP within process-oriented biosphere
models, which explicitly simulate the behavior of
the ecosystem as an interaction of the system com-
ponents (e.g., leafs, roots, and soil) in a reductionist
or mechanistic way. If these models are designed
to also simulate a changing state of the biosphere
(e.g., leaf area index and carbon pools), predictions
of ecosystem dynamics under changing environ-
mental conditions can be attempted (14). However,
these process-oriented models are complex com-
binations of scientific hypotheses; hence, their re-
sults depend on these embedded hypotheses. A
complementary approach is data-oriented or diag-
nostic modeling where general relationships be-
tween existing data sets are first inferred at site-level
and then applied globally by using global grids
of explanatory variables. Particularly when data-
adaptive machine learning approaches are em-
ployed (e.g., artificial neural networks), results

are much less contingent on theoretical assump-
tions and can be considered as data benchmarks
for process models. However, being essentially a
statistical approach, the diagnostic models do lack
the capacity of extrapolating to completely differ-
ent conditions and hinge on the availability of suf-
ficient data. With the advent of a global network of
ecosystem-level observations of CO2 biosphere-
atmosphere exchange (15) (www.fluxdata.org) and
the development of new diagnostic modeling
approaches, a data-oriented global estimation of
GPP has become feasible. In this study, we estimate
terrestrial GPP and its spatial details by diagnostic
models and compare spatial correlationswith climate
variables to results from process-oriented models.

The diagnostic modeling comprises two steps,
the parametrization of GPP in relation to explan-
atory variables at sites and the application of the
model by using gridded information about these
explanatory variables. For the first step, GPP was
estimated by partitioning continuousmeasurements
of net ecosystem exchange (NEE) into GPP and
ecosystem respiration at flux tower sites (16). Two
flux partitioning methods were considered using
night-time or day-time NEE (16). Such site-level
GPP data was then used to calibrate five highly
diverse diagnostic models, which relate GPP to
meteorology, vegetation type, or remote sensing
indices at daily, monthly, or annual time scales
(16). Two of these approaches are machine learn-
ing techniques: a model tree ensemble (MTE) (17)
and an artificial neural network (ANN) (18). The
Köppen-Geiger cross Biome (KGB) approach is
a look-up table of mean GPP per ecoregion. GPP
of whole river catchment areas is estimated by the
water use efficiency approach (WUE) (19, 20),
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Fig. 1. (A) Distributions
of global GPP (Pg C year−1)
for the five data-driven ap-
proaches that are most
constrained by data, their
combined global GPP dis-
tribution, and the GPP
distribution by the Miami
model. Shown are the me-
dian (red horizontal lines),
the quartiles (blue boxes),
and the 2.5 and 97.5 per-
centiles (vertical black lines),
indicating the 95% con-
fidence interval. MTE is
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either driven by fAPAR only (MTE1) or by both fAPAR and climate data (MTE2) (16). (B)
Spatial details of the median annual GPP (gC/m2/a) from the spatially explicit approaches
MTE1, MTE2, ANN, LUE, and KGB. (C) Latitudinal pattern (0.5° bands) of annual GPP. The
gray area represents the range of the diagnostic models MTE1, MTE2, ANN, LUE, and KGB.
The red area represents the range of process model results (LPJ-DGVM, LPJmL, ORCHIDEE,
CLM-CN, and SDGVM). The thick lines represent the medians of both ranges. The dashed
black line shows the result for northern extratropical regions from an independent diagnostic
model. In this approach, we combined gridded information about the seasonal NEE am-
plitude based on atmospheric CO2 data and an inversion of atmospheric CO2 transport with
empirical relationships between annual GPP and the seasonal amplitude of NEE derived at
flux tower sites.
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to support positive NPP, f(PAR) describes
the fraction of the water column from the
surface to Zeu in which photosynthesis is light
saturated, and Popt

b (T ) is the maximum, chlo-
rophyll-specific carbon fixation rate (in mil-
ligrams of C per milligram of chlorophyll per
day), estimated as a function of sea-surface
temperature (11, 16). For the VGPM, varia-
tion in the fraction of absorbed PAR is a
function of depth-integrated phytoplankton
biomass (that is, Csat ! Zeu). The product of
P opt

b and f (PAR) yields an average water
column light utilization efficiency, making it
the corollary of " in Eq. 1. The VGPM op-
erates with a daily time step, whereas CASA
has a monthly time step.

Biospheric NPP was calculated from Eqs.
2 and 3, on the basis of observations averaged
over several years. Because the satellite data
necessary for estimating APAR cover differ-
ent time periods for the oceans and land, the
averaging periods are different: 1978 to 1983
for the oceans and 1982 to 1990 for land. The
input data include Csat from the Coastal Zone
Color Scanner (CZCS) (28), NDVI from the
Advanced Very High-Resolution Radiometer
(AVHRR) (29–31), cloud-corrected surface
solar radiation (32), sea-surface temperature
(33), terrestrial surface temperature (34), pre-
cipitation (35), soils (36), and vegetation
(37), plus field-based parameterizations of "
(16, 21, 26). Our results based on time-aver-
aged data are likely to characterize typical
NPP from this time period but certainly miss
key anomalies such as El Niño–Southern Os-
cillation, as well as progressive global chang-
es. The contribution of models like the one
used here to quantifying these changes will

depend on continuous, high-quality data, over
extended periods.

Using the integrated CASA-VGPM bio-
sphere model, we obtained an annual global
NPP of 104.9 Pg of C (Table 1), with similar
contributions from the terrestrial [56.4 Pg of
C (53.8%)] and oceanic [48.5 Pg of C
(46.2%)] components (38). This estimate for
ocean productivity is nearly two times greater
than estimates made before satellite data (39,
40). Average NPP on land without permanent
ice cover is 426 g of C m#2 year#1, whereas
that for oceans is 140 g of C m#2 year#1. The
lower NPP per unit area of the ocean largely
results from competition for light between
phytoplankton and their strongly absorbing
medium. For the average ocean Csat of 0.19
mg m#3 (16, 41), only 7% of the PAR inci-
dent on the ocean surface is absorbed by the
phytoplankton (14), with the remainder ab-
sorbed by water and dissolved organics. In
contrast, leaves of terrestrial plants absorb
about 31% of the PAR incident on land with-
out permanent ice cover. Although primary
producers in the ocean are responsible for
nearly half of the biospheric NPP, they rep-
resent only 0.2% of global primary producer
biomass (3, 16, 21). This uncoupling between
NPP and biomass is a consequence of the
more than three orders of magnitude faster
turnover time of plant organic matter in the
oceans (average 2 to 6 days) (1) than on land
(average 19 years) (42).

On land and in the oceans, spatial hetero-
geneity in NPP is comparable, with both
systems exhibiting large regions of low pro-
duction and smaller areas of high production.
In general, the extreme deserts are even less

productive than the vast mid-ocean gyres
(Fig. 1). Maximal NPP is similar in both
systems (1000 to 1500 g of C m#2 year#1),
but regions of high NPP are spatially more
restricted in the oceans (essentially limited to
estuarine and upwelling regions) than in ter-
restrial systems (for example, humid tropics)
(Fig. 1). On land, 25.0% of the surface area
without permanent ice (3.3 ! 107 km2) sup-
ports an NPP greater than 500 g of C m#2

year#1, whereas in the oceans, that figure is
only 1.7% (5.0 ! 106 km2). Highly produc-
tive (that is, eutrophic) regions in the oceans
contribute less than 18% to total ocean NPP
(Table 1).

Globally, NPP reaches maxima in three
distinct latitudinal bands (Fig. 2). The largest
peak ($1.6 Pg of C per degree of latitude)
near the equator and the secondary peak at
midtemperate latitudes of the Northern Hemi-
sphere are driven primarily by regional max-
ima in terrestrial NPP. The smaller peak at
midtemperate latitudes in the Southern Hemi-
sphere (Fig. 2) results from a belt of enhanced
oceanic productivity corresponding to en-
hanced nutrient availability in the Southern
Subtropical Convergence (43). At mid and
low latitudes, ocean NPP is remarkably uni-
form, consistent with the predominant influ-
ence of large-scale ocean circulation patterns.

Seasonal fluctuations in ocean NPP are
modest globally, even though regional season-
ality can be very important (44). Ocean NPP
ranges from 10.9 Pg of C in the Northern
Hemisphere spring (April to June) to 13.0 Pg of
C in the Northern Hemisphere summer (July to
September) (Table 1). The July to September
maximum in ocean NPP is largely a result of
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Fig. 1. Global annual
NPP (in grams of C per
square meter per year)
for the biosphere, cal-
culated from the inte-
grated CASA-VGPM
model. The spatial res-
olution of the calcula-
tions is 1° ! 1° for
land and 1/6° ! 1/6°
for the oceans. Input
data for ocean color
from the CZCS sensor
are averages from
1978 to 1983. The
land vegetation index
from the AVHRR sen-
sors is the average
from 1982 to 1990.
Global NPP is 104.9
Pg of C year#1
(104.9 ! 1015 g of C
year#1), with 46.2%
contributed by the
oceans and 53.8%
contributed by the
land. Seasonal ver-
sions of this map are
available at www.
sciencemag.org/feature/data/982246.shl. NP, North Pole; EQ, equator; Sp, South Pole.
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This map of net primary productivity shows the very different resource 
limitations for marine vs. terrestrial productivity.  
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Dominant resource constraints on productivity 

• Terrestrial:

• water limits in many ecosystems, particularly in the 
tropics

• temperature limits productivity in polar regions reflect 
mostly water limitation due to frozen soils

• linked to solar radiation and precipitation

• Marine:

• nutrient availability limits marine ecosystems

• linked to mixing processes of the surface ocean (mostly 
wind-driven)
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Climate variables
(Temperature, Radiation, 

Soil moisture, …)

General setup of a vegetation model

Vegetation properties
(Light use efficiency, 

respiration parameters, …)

Carbon fluxes,
Carbon pools,

Biome distribution,
Land surface 
properties,

…

Vegetation 
model

dCveg

dt
= Jgpp � Jres

Differential equations
solved numerically

for discrete
time steps
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A very simple vegetation model for a climate model

Kleidon (2006) Glob. Planet. Change

SIMBA = SIMulator for Biospheric Aspects

Jgpp,light = ✏lue · f(Ts) · g(pCO2) · fleaf ·Rs

Jgpp,water = cCO2 ·
pCO2,a � pCO2,l

qsat(Ts)� qa
· E

Jnpp = 0.5 ·min [Jgpp,light, Jgpp,water]

dCveg

dt
= Jnpp �

Cveg

⌧veg

fveg =
1

Cc
· arctan

✓
Cveg � Ca

Cb

◆
+ Cd

W
max

= W
max,veg

· f
veg

+W
max,nonveg

· (1� f
veg

)

a
s

= a
veg

· f
leaf

+ a
nonveg

· (1� f
leaf

)

Input: Conditions at the land surface: temperature Ts, solar radiation Rs, evaporation E, specific humidity qa

1. Calculation of carbon fluxes

2. Update carbon pools (“state variables”)

Output: Derive land surface properties  
influenced by vegetation  
(vegetative cover fveg, surface albedo as,  
soil water holding capacity Wmax, …)
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Simulated climatology and application to land cover change

of structural vegetation biomass, and leaf area index
LAI, capturing the effect of leaf display on land surface
shape and functioning. LAI in turn is computed as a
function of biomass and soil water availability. These
two parameters are converted into fractional covers of
vegetation fveg and green leaves fleaf by

fveg ¼
1
Cc

d arctan
Cveg−Ca

Cb

! "
þ Cd ð5Þ

and

fleaf ¼ 1−expð−kdLAIÞ ð6Þ

where ca, cb, cc, and cd are empirical parameters derived
from observations, and k=0.5.

The fractional covers are used to express land surface
properties as functions of a value representative of a fully
vegetated and bare, non-vegetated surface. Surface
albedo in the absence of snow is expressed as:

as ¼ avegd fleaf þ anonvegd ð1−fleaf Þ ð7Þ
with aveg=0.12 is the albedo value used to represent a
fully vegetated surface and anonveg=0.30 is the corre-
sponding value used for a bare surface. In the presence of
snow, the surface albedo as is parameterized as a
function of fveg in order to capture the structural effects
of forests on the snow albedo (e.g. Bonan et al., 1992):

as ¼ asnow;vegd fveg þ asnow;nonvegd ð1−fvegÞ ð8Þ
where asnow,nonveg=0.4–0.8 is the simulated albedo of
snow cover in the absence of vegetation (which depends

Fig. 2. Simulated annual mean values over land for temperature (top), precipitation (middle), and net primary productivity (bottom) for the Planet
Simulator's “Control” setup.

113A. Kleidon / Global and Planetary Change 54 (2006) 109–127

on surface temperature) and asnow,veg=0.35 the albedo of
a fully vegetated surface with snow cover. The surface
roughness length z0,srf and the soil water holding
capacity of the rooting zone Wmax are derived in a
similar fashion from fveg by:

z0;srf ¼ z0;vegd fveg þ z0;nonvegd ð1−fvegÞ ð9Þ

and

Wmax ¼ Wmax;vegd fveg þWmax;nonvegd ð1−fvegÞ ð10Þ

where Wmax,nonveg=50 mm, Wmax,veg=500 mm (taken
as a typical value fromKleidon, 2004b), z0,nonveg=0.05m
and z0,veg=2 m are the corresponding values for a bare
and fully vegetated surface respectively. Overall
surface roughness is derived by combining orographic
roughness z0,oro with the surface roughness z0,srf using
z0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2
0;oro þ Z2

0;srf

q
:

The set of Eqs. (1)–(10) capture the essence of the
SimBA model. Eqs. (1)–(3) link the climate variables
Ts, pCO2, and ET with carbon uptake GPP and biomass

Cveg. Biomass and leaf display in turn affect land
surface parameters as described by Eqs. (8)–(10). Thus,
these equations form an interactive system, where the
climatic conditions affect vegetation productivity, which

Fig. 3. Annual mean land averages for different values of the fraction of human appropriated net primary productivity (fhanpp). Top left: net primary
productivity (NPP) and human appropriated NPP (HANPP). Top right: absorbed shortwave (SW, left scale) and net emission of longwave (LW, left
scale) radiation at the surface and sensible (SH, right scale) and latent (LH, right scale) heat flux. Bottom left: precipitation (PREC),
evapotranspiration (ET), and atmospheric moisture convergence PME=PREC−ET. Bottom right: cloud cover (CC), surface albedo (ALB) and
fractional vegetation cover (FVEG).

Fig. 4. Sensitivity of annual mean land temperature to fhanpp.

114 A. Kleidon / Global and Planetary Change 54 (2006) 109–127

Kleidon (2006) Glob. Planet. Change

Temperature

Precipitation

Net Primary
Productivity
(NPP)

Sensitivity to Human Appropriation 
of NPP
(climatological means over land)

Surface energy balanceCarbon fluxes

Water fluxes Other
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4140 R. Pavlick et al.: The Jena Diversity-Dynamic Global Vegetation Model

plant growth 
module

tra
it 

i
trait j

Figure 10: (a) Observation-based estimate of mean annual evapotranspiration for years 1982-
2008 (Jung et al., 2010); (b) mean annual gross primary productivity from JeDi-DGVM for years
1982-2004; and (c) the di�erence between the observation-based estimate and the JeDi-DGVM
model output.

47

set of hypothetical growth 
strategies randomly sampled 
from the potential trait space

climate forcing
soil texture

pCO2 

land surface 
module

surviving growth strategies 
with associated fluxes and 

properties (incl. abundances)

abundance-weighted 
ecosystem (grid-cell)
 fluxes and properties

tra
it 

i

trait j

JeDi-DGVM

Fig. 1. Schematic diagram of the JeDi-DGVM modelling approach. The model generates a large number of hypothetical plant growth
strategies, each defined by 15 functional trait parameters that characterize plant behaviour with regards to carbon allocation, phenology, and
ecophysiology. The trait parameter values are randomly sampled from their full observed or theoretical ranges. The plant growth module
simulates the development of the plant growth strategies (independently and in parallel) based on fundamental ecophysiological processes
(e.g. photosynthesis, respiration, allocation, phenology, and turnover). The environmental conditions of each strategy are provided by the
land surface module, which simulates canopy interception, infiltration, evaporation, root water uptake, and runoff using daily meteorological
forcings of downwelling shortwave and longwave radiation, air temperature and precipitation. Land surface parameters (e.g. leaf area index,
surface albedo, and rooting depth) derived from the carbon pools and trait parameters of each plant growth strategy affect its simulated land
surface hydrology and, consequently, its net primary productivity (NPP), i.e. its supply of assimilates. Functional trade-offs and the climatic
conditions in each grid cell constrain the range and relative fitness of the surviving growth strategies (i.e. those that are able to maintain a
positive balance of stored assimilates). The fluxes and properties of the surviving plant growth strategies are averaged, weighted by their
relative biomasses, at each time step and grid cell to produce aggregated ecosystem-scale output variables. The aggregated litter fluxes form
the input for an additional module (not shown) for simulating soil carbon dynamics and heterotrophic respiration.

are more conservative, thereby potentially avoiding damage
by a turn to less favourable conditions.
To represent this flexibility of how to grow and repro-

duce in the model, many different plant growth strategies
are simulated simultaneously using the same ecophysiolog-
ical parameterizations under the same atmospheric forcing.
The only part in which the plant growth strategies differ is in
their values for fifteen functional trait parameters (t1, . . . , t15;
Table C2). These parameters control the amount of carbon
allocated from photosynthesis and storage to six plant car-
bon pools, the response times to changes in environmental
conditions and turnover times of the various carbon pools
(i.e. phenology), and other aspects of ecophysiological func-
tioning (e.g. leaf nitrogen concentration, which determines
the balance between photosynthesis and respiration).
Each growth strategy is represented by six carbon pools

representing leaves, fine roots, aboveground and below-
ground wood (stems and coarse roots), storage, and repro-
duction (“seeds”). These compartments are linked to the
physical functioning of the land surface which is simulated
by the land surface module. For instance, leaf biomass is
linked to the amount of absorbed solar radiation, and fine
root biomass to the capability of a growth strategy to extract

soil moisture from the rooting zone. Both of these examples
have functional consequences: more absorbed radiation en-
hances the supply of energy for photosynthesis and evapo-
transpiration, and the amount of extracted soil water deter-
mines the water status of the plant and the supply of mois-
ture for evapotranspiration. This coupled plant–land surface
model is therefore capable of simulating the interaction be-
tween development of a plant growth strategy and land sur-
face functioning in a process-based manner.
Each trait parameter is associated with costs and benefits,

leading to functional trade-offs because no trait value (or set
of trait values) can be optimal for plant fitness in all environ-
ments. For example, a particular growth strategy may allo-
cate a relatively high fraction of carbon to fine roots, enhanc-
ing the rate at which it can extract moisture from the soil
matrix. This may be beneficial in terms of higher productiv-
ity. However, it also comes with both real and opportunity
costs. That growth strategy would incur the real metabolic
costs of growth and maintenance respiration for the addi-
tional fine root biomass. A higher fractional allocation to
fine roots also necessarily results in a lower fractional allo-
cation to the other carbon pools (e.g. a lower allocation to
the aboveground pools and thus a decreased opportunity to

Biogeosciences, 10, 4137–4177, 2013 www.biogeosciences.net/10/4137/2013/

A very complex vegetation model
JeDi = Jena Diversity model

Pavlick et al. (2013) Biogeosciences

Approach: Test out many ways to grow (rather than prescribe) and 
evaluate reproductive success
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Trial-and-error approach to plant strategies

Ecosystem
fluxes

Environment constrains
(light, water, temperature)

Many 
strategies

 to grow and 
reproduce

Ability to 
reproduce

JEDI
Model

Relative
abundances
(by biomass)
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Simulated pools and fluxes
4146 R. Pavlick et al.: The Jena Diversity-Dynamic Global Vegetation Model

Fig. 3.Comparison of mean annual zonally averaged fluxes as simu-
lated by JeDi-DGVM with (a) data-driven model estimates of gross
primary productivity (Beer et al., 2010), (b) net primary productiv-
ity from the MODIS MOD17A3 Collection 4.5 product (Heinsch
et al., 2006; Zhao et al., 2005, 2006), and (c) data-driven model es-
timates of evapotranspiration (Jung et al., 2010). The blue-shaded
region in (a) represents the median absolute deviation of the five di-
agnostic models used in producing the data-driven model estimate.

Treseder, 2008) suggest that soil nitrogen availability and the
energetic cost of nitrogen fixation and active ion uptake limit
terrestrial productivity by about 20%. Adding a mechanistic
representation of plant nitrogen acquisition based on plant
energetic trade-offs (e.g. J. Fisher et al., 2010) to future ver-
sions of JeDi-DGVM is critical, as it is thought that nitro-
gen availability will likely constrain the capacity of terres-
trial ecosystems to continue taking up a large part of anthro-
pogenic carbon emissions (Reich et al., 2006).
In a site-by-site comparison (Fig. 4a), JeDi-DGVM per-

formed relatively well in capturing the variability in NPP
across the field-based EMDI observation network (Olson
et al., 2001). Although, the model tends to overestimate NPP,
particularly at intermediately productive sites. JeDi-DGVM
also performed reasonably well and comparably with PFT-
based models when the simulated NPP was binned by pre-
cipitation class (Fig. 4b). JeDi-DGVM underestimated NPP

Fig. 4. Comparison of net primary productivity between JeDi-
DGVM model output (mean over years 1975–2000) and 933 site
observations from the Ecosystem Model–Data Intercomparison
(EMDI) initiative class B dataset (Olson et al., 2001). Shown as
(a) scatter plot where the red dots represent matched pairs of model
grid cells and observation sites and the black line is a 1 : 1 line,
and (b) the same but normalized by precipitation (binned into 400
mm yr�1 increments).

at the driest sites (< 400mmyr�1) and overestimated NPP at
wetter sites.
A comparison with remote sensing NPP estimates

(MODIS MOD17A3; Myneni et al., 2002; Zhao et al., 2005)
reveals that JeDi-DGVM is able to capture the broad spa-
tial patterns of NPP (Fig. S4). JeDi-DGVM prominently

Biogeosciences, 10, 4137–4177, 2013 www.biogeosciences.net/10/4137/2013/

Pavlick et al. (2013) Biogeosciences

R. Pavlick et al.: The Jena Diversity-Dynamic Global Vegetation Model 4145

Fig. 2. Mean month of maximum leaf area index for years 2000–
2004 from (a) MODIS MOD15A2 Collection 4 LAI product (My-
neni et al., 2002; Zhao et al., 2005), (b) as simulated by JeDi-
DGVM, and (c) the lag in months between the occurrence of max-
imum LAI in the MODIS observations and the JeDi-DGVM model
output.

the observations across the boreal forest region. Also, both
the simulated mean and maximum LAI were higher than
observed values in several regions, particularly southeast
Brazil, northeast India, the central United States, much of
Europe, and eastern China. This may simply be due to the
fact that human land use was not accounted for in the simu-
lation set-up and these regions are used extensively for agri-
cultural purposes. These disparities may also indicate a need
to re-evaluate the trade-off costs associated with root water

uptake, i.e. the construction and maintenance costs of coarse
and fine roots.
Overall, the performance of JeDi-DGVM in capturing ob-

served global phenological patterns shows great promise for
less constrained modelling approaches that allow the dynam-
ics of the land surface to emerge from climatic constraints.

4.1.2 Global carbon stocks

JeDi-DGVM simulated global stocks of vegetation, soil, and
litter carbon of 637 PgC, 1904 PgC, and 208 PgC, respec-
tively. These values are averages over the simulation pe-
riod 1980–2004. The vegetation carbon stock simulated by
JeDi-DGVM falls within the range of reported values from
several PFT-based DGVM studies (500–950 PgC; Cramer
et al., 2001; Sitch et al., 2003; Krinner et al., 2005; Za-
ehle et al., 2010) and estimates from global carbon in-
ventories (385–650 PgC; Houghton et al., 2009). Likewise,
the modelled estimate for litter carbon is close to the es-
timate based on carbon inventories (300 PgC) reported in
Houghton et al. (2009). The simulated soil carbon stock also
falls within the range of previous inventory-based estimates
(1200–3000 PgC; Houghton et al., 2009).

4.1.3 Gross primary productivity

JeDi-DGVM simulated a mean global terrestrial gross pri-
mary productivity (GPP) of 138 PgC yr�1, which is higher
than the empirical model estimate of 123±8 PgC yr�1 from
Beer et al. (2010), but within the range of uncertainty
(118± 26 PgC yr�1) of a recent estimate from a process-
based model forced with remote sensing observations (Ryu
et al., 2011). The zonally averaged simulated GPP shows
close agreement (r2 = 0.89) with the median estimate from
Beer et al. (2010), falling within or near the range of un-
certainty across most latitudes (Fig. 3a). JeDi-DGVM per-
formed comparably with five PFT-based terrestrial biosphere
models evaluated in that study in reproducing the latitudi-
nal pattern of GPP. Averaging zonally hides some offsetting
regional biases, however. For instance, simulated productiv-
ity in Amazonia is about 25% lower than data-driven esti-
mates, but productivity is overestimated throughout most of
the Asian tropics (Fig. S3). Overall though, the broad spatial
pattern of GPP is reasonably well captured by JeDi-DGVM
(r2 = 0.85) when compared to the map of data-driven esti-
mates from Beer et al. (2010).

4.1.4 Net primary productivity

JeDi-DGVM simulated a mean global terrestrial NPP of
79 PgC yr�1, which is more than one standard deviation
greater than the mean estimate from a recent meta-analysis
of global NPP studies (56±14 PgC yr�1; Ito, 2011). We hy-
pothesize that this overestimation stems, in part, from the
lack of nitrogen limitation within the model. Global analyses
of nutrient limitation studies (Elser et al., 2007; LeBauer and

www.biogeosciences.net/10/4137/2013/ Biogeosciences, 10, 4137–4177, 2013
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Fig. 10. (a) Box plots showing the geographic variation of the en-
semble mean of the percent of surviving strategies. (b) Box plots
showing decreasing ensemble standard deviation of the percent of
surviving strategies with increasing number of sampled strategies,
S. Each ensemble contains 20 JeDi-DGVM simulations with the
same number of randomly sampled growth strategies (S =10, 20,
50, 100, 200, 500, 1000 or 2000). Central boxes show the interquar-
tile range and median across all (a) non-glaciated and (b) vegetated
land grid cells; vertical lines indicate the range; horizontal whiskers
indicate the 10th and 90th percentiles. (c) Line plots showing de-
creasing ensemble variation of the abundance-weighted trait values
with increasing number of sampled strategies (S). Each circle rep-
resents the area-weighted spatial mean of the ensemble standard de-
viation of the community-weighted mean trait values for one of the
15 functional trait parameters.
.

trait parameters skewed away from the mean of the uniform
prior distribution, i.e. grey circles shifted off of the red line.
In the first scatter plot (Fig. 13a), we show the CWMs of

trait parameter t3 (denoted as ht3i) with respect to mean an-
nual temperature. Nearly all of the CWMs from grid cells
with mean annual temperatures greater than 10 �C lie on or
near the red line. This indicates that in warm regions, trait
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Fig. 11. (a) Scatter plot showing higher values of global terrestrial
net primary productivity (NPP) and lower within-ensemble varia-
tion with increasing number of sampled strategies. Each red cross
represents the terrestrial NPP from a JeDi-DGVM simulation with
S randomly sampled strategies. Each diversity ensemble contains
20 simulations with the same number of sampled strategies (S =10,
20, 50, 100, 200, 500, 1000 or 2000). The white circles represent
the ensemble means. (b) Box plots showing decreasing ensemble
coefficient of variation of NPP with increasing number of sampled
strategies. Central boxes show the interquartile range and median
across all vegetated land grid cells; vertical whiskers indicate the
range; horizontal whiskers indicate the 10th and 90th percentiles.

parameter t3 has little to no influence on the survival or abun-
dance of growth strategies, because there are few, if any, peri-
ods of the year in which low temperatures constrain produc-
tivity. As you move right across the plot, however, towards
colder temperatures, the values of ht3i generally increase.
This is because trait parameter t3 determines the critical tem-
perature for the onset of plant growth in a linear function
between �5 �C and 10 �C (see Appendix A3 for more de-
tails). In cooler regions, the timing of the onset of the grow-
ing season strongly influences plant survival and abundance,
resulting in ht3i values skewed significantly away from the
expected prior value of 0.5.
Figure 13b shows a similar scatter plot of ht7i with respect

to the intra-annual precipitation variability. The intra-annual
precipitation variability (IPV) of each grid cell is calculated
as the coefficient of variation of the climatic monthly means
of the precipitation forcing dataset. Trait parameter t7 de-
termines the fractional allocation of carbon to belowground
growth (see Appendix A5 for more details). In regions with
low values of IPV, i.e. where precipitation falls relatively
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Fig. 8. Geographic patterns of (a) functional richness (FR) and (b)
functional evenness (FE) as simulated by JeDi-DGVM.

The geographic pattern of the ensemble NPP CV for the
highest diversity ensemble (S = 2000) is shown as a map
in Fig. 12. Overall, the pattern of the ensemble NPP CV is
very similar to the geographic pattern of trait parameter con-
vergence (not shown). The ensemble NPP CV is very low
(< 0.02) throughout most of the vegetated areas in the tropics
and subtropics, meaning that the results are highly robust and
not dependent on any particular random set of growth strate-
gies. The ensemble CV values are higher (⇠ 0.02 to 0.06) but
still reasonably low throughout most of the temperate and
boreal forest regions in the midlatitudes. Higher values of
ensemble CV (> 0.06) are present in desert regions, particu-
larly in central Asia, western Australia, the southwest USA,
the edges of the Sahara, and the polar tundra. Future JeDi-
DGVM studies may be able to further constrain the uncer-
tainty in these regions by sampling more growth strategies.
Several test runs with 50 000 sampled strategies showed high
levels of convergence in all but the most extreme environ-
ments. Running JeDi-DGVM with so many strategies, how-
ever, is computationally burdensome. Alternative solutions
might involve using more sophisticated search algorithms or
more carefully choosing the ranges and prior distributions of
the sampled trait parameter values. The white regions cov-
ering large parts of the Sahara, the Tibetan plateau, Green-
land, the Arabian Peninsula, and the high Arctic had too few

Fig. 9. (a) Simulated relative abundance distributions of plant
growth strategies for four richness quartiles. (b) Simulated relative
abundance versus growth strategy rank for four richness quartiles
(Q1–Q4). On the x-axis, growth strategies are ranked according to
their abundances, which in turn are plotted on the y-axis.

surviving growth strategies for analysis. In reality, these re-
gions are sparsely vegetated, if not completely barren, and
contribute little to the global exchange fluxes of water and
carbon.
To provide further insight into the mechanism driving the

convergence of both the biogeochemical and biodiversity
patterns, we show three scatter plots containing CWMs of a
functional trait parameter with respect to some environmen-
tal condition (Fig. 13). In each scatter plot, the red line rep-
resents the mean of the uniform prior distribution used in the
random sampling of that particular trait parameter. When the
values of a particular trait parameter have little influence on
the distribution of growth strategy abundances in a grid cell,
the grey circle representing that grid cell will fall on or near
the red line. Each trait parameterization, however, has been
designed such that, at least in some environments, functional
trade-offs will cause some range of trait values to be more
beneficial than other parts of the trait spectrum. If the mech-
anism driving the convergence is environmental selection via
functional trade-offs, we would expect to see some CWM

www.biogeosciences.net/10/4137/2013/ Biogeosciences, 10, 4137–4177, 2013

R. Pavlick et al.: The Jena Diversity-Dynamic Global Vegetation Model 4151

Fig. 8. Geographic patterns of (a) functional richness (FR) and (b)
functional evenness (FE) as simulated by JeDi-DGVM.

The geographic pattern of the ensemble NPP CV for the
highest diversity ensemble (S = 2000) is shown as a map
in Fig. 12. Overall, the pattern of the ensemble NPP CV is
very similar to the geographic pattern of trait parameter con-
vergence (not shown). The ensemble NPP CV is very low
(< 0.02) throughout most of the vegetated areas in the tropics
and subtropics, meaning that the results are highly robust and
not dependent on any particular random set of growth strate-
gies. The ensemble CV values are higher (⇠ 0.02 to 0.06) but
still reasonably low throughout most of the temperate and
boreal forest regions in the midlatitudes. Higher values of
ensemble CV (> 0.06) are present in desert regions, particu-
larly in central Asia, western Australia, the southwest USA,
the edges of the Sahara, and the polar tundra. Future JeDi-
DGVM studies may be able to further constrain the uncer-
tainty in these regions by sampling more growth strategies.
Several test runs with 50 000 sampled strategies showed high
levels of convergence in all but the most extreme environ-
ments. Running JeDi-DGVM with so many strategies, how-
ever, is computationally burdensome. Alternative solutions
might involve using more sophisticated search algorithms or
more carefully choosing the ranges and prior distributions of
the sampled trait parameter values. The white regions cov-
ering large parts of the Sahara, the Tibetan plateau, Green-
land, the Arabian Peninsula, and the high Arctic had too few
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abundance versus growth strategy rank for four richness quartiles
(Q1–Q4). On the x-axis, growth strategies are ranked according to
their abundances, which in turn are plotted on the y-axis.

surviving growth strategies for analysis. In reality, these re-
gions are sparsely vegetated, if not completely barren, and
contribute little to the global exchange fluxes of water and
carbon.
To provide further insight into the mechanism driving the

convergence of both the biogeochemical and biodiversity
patterns, we show three scatter plots containing CWMs of a
functional trait parameter with respect to some environmen-
tal condition (Fig. 13). In each scatter plot, the red line rep-
resents the mean of the uniform prior distribution used in the
random sampling of that particular trait parameter. When the
values of a particular trait parameter have little influence on
the distribution of growth strategy abundances in a grid cell,
the grey circle representing that grid cell will fall on or near
the red line. Each trait parameterization, however, has been
designed such that, at least in some environments, functional
trade-offs will cause some range of trait values to be more
beneficial than other parts of the trait spectrum. If the mech-
anism driving the convergence is environmental selection via
functional trade-offs, we would expect to see some CWM
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Summary
• Dynamics of the Biosphere:

• Vegetation as a “crystallization” of climate

• Biome classification

• Convergent evolution

• Exchange fluxes (water, carbon)

• Limitations for terrestrial and marine biosphere

• Vegetation models
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Planetary Dynamics
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Life Earthsets constraints
(“carrying capacity”)

alters constraints
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Atmosphere

Energy-,
momentum-, water- 
and carbon fluxes

Photosynthesis

Biosphere

Vegetation

Climate
Light,

temperature, 
and water

Vegetation form 
and function

constrains affects

Climatic conditions, in particularly, water availability, are affected by the 
exchange fluxes with the biosphere, resulting in interactions



64Rub Al Khali desert, Abu Dhabi
rainforest canopy, Singapore

Vegetation alters physical properties of the land surface, 
thereby affecting energy-, water-, and momentum fluxes.  
These effects can affect atmospheric conditions.



This photograph from an airplane shows boreal forest and snow cover in 
Northeastern Canada.  Ground covered by boreal forest is associated with 
less reflectivity compared to non-forested regions (hillcrests, lakes, rivers) 
so that forested ground absorbs more solar radiation.

65

river lake hill
crest

Boreal forest in Northern Canada during winter
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natural savanna 
vegetation

agricultural
fields

The “Bunny Fence” in Western Australia separates natural vegetation and 
agricultural fields.  The effect of vegetation is noticeable by the presence of 
clouds on the left.  The effect is mostly due to enhanced absorption of solar 
radiation by natural vegetation.

Lyons (2002)
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Access to soil moisture is provided by a rooting 
system and its depth.

Root systems have been found to reach up to 68 
m in depth.

Soil moisture is of particular importance for 
maintenance of transpiration and photosynthesis 
during dry periods.

A higher rate of transpiration can result in more 
regional moisture recycling.

<= deep-reaching roots in a Karst cave 
in the Caribbean
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Top 30 cm contained 69% 
of the root biomass, 98% 
was contained in the top 2 
m of the soil.

Deepest roots reached to 
18m depth.

Water extraction from 
deep roots allowed for 
substantial evaporation 
rates during the dry 
season.

Forest maintained green 
canopies during dry 
season.
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(a) (b)

Figure 9 Vegetation feedbacks on the surface energy balance. The diagrams show the two major feedback loops by which vegetation directly affects
the physical functioning of the surface energy balance. (a) The snow-masking feedback. An external change in forcing that would increase surface
temperature in regions where temperature limits terrestrial productivity (such as the Arctic) increases the length of the growing season. A longer
growing season would result in higher productivity, which extends the boreal forest cover in temperature-limited regions. Enhanced boreal forest cover
masks the presence of snow at the surface, thereby lowering the surface albedo. This results in enhanced absorption of solar radiation, which amplifies
the initial change, resulting in a positive feedback loop. (b) The water cycling feedback. An external change that results in enhanced precipitation in
regions where water limits productivity (such as the semiarid tropics) increases the length of the growing season, resulting in higher productivity.
This extends vegetative cover, and thereby evapotranspiration, atmospheric moisture content, resulting in more precipitation. The initial change is hence
amplified, resulting in a positive feedback.

Figure 10 Emergence of temperature regulation in the conceptual ‘Daisyworld’ model. The ‘Daisyworld’ model is a conceptual model of a virtual world
in which the planetary albedo is regulated by the population dynamics of black and white daisies. (a) The fractional cover of black and white daisies
for different values of solar luminosity, expressed as the fraction of its present-day value. (b) The different proportions of daisies result in an overall
planetary albedo that results in constant temperature conditions over a wide range of solar luminosity values.

14 Energy Balance 

Reference Module in Earth Systems and Environmental Sciences, (2013) 
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Albedo feedback at cold limit ET feedback at dry limit

both feedbacks are positive, and tend to enhance climatic conditions to be 
more suitable for productivity
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Plant 
property Effect Physical

consequence

leaves absorb solar radiation 
for photosynthesis

higher absorption of solar radiation 
and thus more energy for 

partitioning

stomata regulate gas exchange 
between leaf and atmosphere

transpiration; sensible and latent 
heat flux

canopy
the heterogeneity of the canopy 

enhances absorption and 
surface roughness

enhances friction and turbulent 
mixing in the lower atmosphere

roots roots provide access to soil 
moisture and soil minerals

allows for higher transpiration 
rates during dry periods
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drained the environment of energetically
and structurally useful compounds and
replaced them with degraded waste prod-
ucts, including methane. An ultimately dull
fate for life, eking out a meagre existence on a
lifeboat Earth, was averted when closed 
recycling loops developed, in which one life
form’s waste became another’s food. These
loops are large-scale manifestations of the
auto-catalytic nature of the cell, locked in as
the core of the global ‘metabolism’ that is 
still with us.

Despite recycling, life remained energeti-
cally limited until the origin of oxygenic
photosynthesis, sometime before 2.7 Gyr.
This breakthrough in metabolic evolution
greatly increased the free energy supply to
the biota, giving life a truly global environ-
mental impact. It facilitated the great oxida-
tion of the atmosphere around 2.2 Gyr, but
— as the long time lag indicates — other fac-
tors were required. Perhaps oxidation had to
await tectonically driven changes in Earth’s
‘anatomy’, including the appearance of shelf
seas where reduced organic carbon could
reach the sediments and be buried.

essay concepts
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Although the energetic stage was
now set for global dominance by
eukaryotes, the emergence of a soft cell-
boundary membrane coupled to an
internal skeleton and a means for cellu-
lar division were also required. These
transitions are thought to have been
especially difficult, as they required the
fixation of thousands of rare mutations.

Eukaryotes may be implicated in
the worst crisis of past co-evolution:
the extreme Neoproterozoic glacia-
tions of 0.8–0.6 Gyr that were accom-
panied by a second rise in oxygen.
Whenever eukaryotes started to 
colonize the land surface, there would
have been strong selection for traits
that accelerated weathering to access
rock-bound nutrients. Weathering of
silicates would have inadvertently
drawn down atmospheric carbon
dioxide  and cooled the planet, and
weathering of phosphorus would have
increased global productivity and
contributed to oxygen rise. The latter
opened the door for the diversification
of larger, hard-shelled, animal life in
the Cambrian explosion. After that,
the triumph of vascular land plants,
causing a further rise in oxygen and
fall in carbon dioxide,played its part in
creating the environmental condi-
tions in which active megafauna

(including ourselves) evolved.
Pursing this concept of entwined evolu-

tion may reveal where we are ultimately
heading — towards Solaris, or something
even scarier. ■

T. M. Lenton and H. J. Schellnhuber are in the
Tyndall Centre, UK, and the School of Environmental
Sciences, University of East Anglia, Norwich NR4 7TJ,
UK. E. Szathmáry is at the Collegium Budapest,
2 Szentharomsag utca, H-1014 Budapest, Hungary.
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Climbing the co-evolution ladder
Co-evolution: Earth history involves tightly entwined transitions of
information and the environment, but where is this process heading?

Oxygenic 
photosynthesis

Cambrian explosion

Oxygen peak
Carbon dioxide drop

Megafauna

Second 
oxidation

Ocean formation

Methane-rich 
atmosphere

First fossil organisms

Environment Life

Cell differentiation
in eukaryotes

Sex
Eukaryotes

3

4

2

1

0

Neoproterozoic
glaciations

Great oxidation

Impact events

Vascular plants

Billions of years

Earth’s co-evolutionary ladder, as built so far…

T. M. Lenton, H. J. Schellnhuber 
and E. Szathmáry

Stanislav Lem’s science-fiction master-
piece, Solaris, tells the gripping —
and scary — story of a super-intelli-

gent super-organism that has transmuted
into a vast ocean covering most of the sur-
face of a distant planet. Thus information-
processing (that is, active) life and
force-driven (that is, passive) environment
have finally merged into a single entity.

Here on Earth, we have yet to reach this
vanishing point of evolutionary history. But
modern civilization already perturbs — if
not dominates — various large-scale
processes and components of the planet.
Most notably, the global ‘metabolism’ (the
cycling of essential elements, including car-
bon, nitrogen,phosphorus and sulphur) and
features of the global ‘anatomy’ (the land-
scape textures of the habitable continents)
are largely a product of relentless socio-
economic action.

Within the framework of Earth system
analysis, this can be perceived as the latest
step on the grand co-evolutionary ladder 
of entwined transitions of information 
and environment. Global industrialization,
particulary since the Second World War,
induced the transition into the Anthropocene.
Its environmental consequences may in turn
provoke a transition to an even higher form of
worldwide socio-political organization.

Extending our concept of entwined tran-
sitions further back in time, we soon
encounter the rise of the ‘hydraulic societies’
in the valleys of the Nile, Euphrat, Tigris and
Indus, which were probably founded in
response to the great drying of the
African–Asian regions that took place in the
sixth millennium before present (BP). Before
this,organized Homo sapiens hunting caused
mass extinctions of the prehistoric fauna.
Language provided the novel inheritance
system that allowed cumulative cultural and
technological evolution, and a society rest-
ing on complex, negotiated division of
labour. Further back, the evolution of
hominins in the East African Rift valley was
shaped by a rapidly changing environment.

Entwined environment–information
transitions have characterized Earth’s evolu-
tionary history since its beginning some 
4 billion years ago (4 Gyr). Life emerged
remarkably soon after surface conditions
became habitable, with the formation of
oceans and cessation of sterilizing asteroid
impacts. The first organisms would have
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today

origins

The co-evolution of life and Earth 
describes the combined evolution of 
both systems.  
Major evolutionary advances in the 
b iosphere are l inked to major 
environmental changes.
In the Earth’s past, biotic effects were 
predominantly biogeochemical (as 
opposed to b iogeophysica l for 
terrestrial vegetation, discussed 
before)
Implies that the evolutionary history of 
life and Earth needs to be understood 
by interactions!
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USGS

Age of the Earth: ≈ 4.6 
billion years
First life: ≈ 3.6 billion years 
ago
“Cambrian explosion”  
(multicellular, animals): 540 
million years ago
Colonization of land: ≈ 420 
million years ago
first trees: ≈ 380 million 
years ago
flowering plants: ≈ 150 
million years ago
extensive grasslands (and 
large mammals): ≈ 40 million 
years ago
humans: ≈ 3 million years 
ago
agriculture: ≈ 0.01 million 
years ago
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after Niklas (1997) Evolutionary History of Plants
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goddess of spring (Retallack, 2000b), is undeni-
able for the annual spring fall and autumn rise of
atmospheric CO2 with northern hemisphere leaf
sprouting and shedding (Figure 2(a)). This
explanation is especially demonstrated by the
muted and out-of-phase annual fluctuation of CO2

in the southern hemisphere (Mooney et al., 1987),
where there is less fertile land, more evergreen
plants, and different seasons. The question
addressed here is whether the Proserpina principle
operates on geologically significant timescales,
and so far, such a simple idea does not conflict
with the history of life and paleoclimate outlined
here.
On evolutionary timescales, it is the biochemi-

cal evolution of lignin, pyrethrin, caffeine, and
other substances that deter herbivory, digestion,
and decay, which affect rates of carbon burial in
sediments as the principal long-term control on
atmospheric CO2 levels. The role of trees and
their soils in Late Paleozoic carbon seques-
tration, cooling, and glaciation is widely accepted
(Berner, 1997; Algeo and Scheckler, 1998; see
Chapter 5.06). The role of humans in global
warming is also becoming well known (Vitousek
et al., 1997b). According to the Proserpina
principle, we may not have been the only
organisms to have had significant effects on
climate. There remain many other instances of
global change less clearly related to changes in
life and soils, in part because the numerous
paleosols of appropriate age have not yet been
studied in detail. Asteroid impacts, volcanic
eruptions, and methane clathrate dissociation

events also affect life and the carbon cycle,
producing transient greenhouse events (Retallack,
2001b). Ocean currents and mountain building
also are likely to play a role in carbon sequestra-
tion (Raymo and Ruddiman, 1992;Ramstein et al.,
1997). Soils and their ecosystems play an
important role in the carbon cycle today, and
the history of that role now decipherable
from paleosols appears ripe for modeling and
other quantitative comparisons with other likely
controls on global paleoclimate change.
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Figure 16 The Proserpina principle relates variation in atmospheric CO2 concentration with coeval evolutionary
and ecological events on a variety of timescales. Carbon sequestering evolutionary innovations and ecological
transitions (closed symbols) alternate with carbon oxidizing evolutionary innovations and ecological transitions

(open symbols). The CO2 curve is a composite of those shown in Figure 2 and by Kasting (1992).

Soils and Global Change in the Carbon Cycle over Geological Time600

Retallack (2004)

It is generally expected that the early Earth had a much higher concentration of greenhouse gases to 
compensate for a faint early Sun.  Events in biotic evolution coincide with drops in CO2 concentration 
in the atmosphere.  Other aspects of the atmospheric composition has likely changed through time as 
well (e.g., O2, CH4).
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On long time scales, carbon is removed from the ocean-atmosphere system by the 
deposition of limestone (CaCO3).  The formation of limestone requires the release of 
Calcium from the weathering of silicate rocks.  The biosphere affects weathering as 
well as deposition.
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Lichen have been found to substantially enhance the rate of rock 
weathering.  It is estimated that this enhancement resulted in a greater 
release of Calcium (and nutrients) to the oceans.



Oceanic organisms (planktonic foraminifera, shells) are able to 
concentrate dissolved Calcium, thereby more effectively depositing 
Calcium carbonate when they die.
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USGS (via wikipedia.org)
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Limestone represents by far the largest carbon reservoir in the Earth system.  
It is estimated to store 40 - 70 million GtC, compare to ocean (≈ 38 000 GtC), 
atmosphere (≈ 800 GtC) or vegetation (600 GtC).  1 GtC = 1 billion tons of 
carbon.



What

79Image: NASA

Does life shape the conditions on Earth in any 
particular way?

The Gaia Hypothesis



The Gaia Hypothesis on wikipedia

80 www.wikipedia.org

http://www.wikipedia.org


The Gaia Hypothesis
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1972 2006

Images: amazon.com



Science on the Gaia Hypothesis
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proceedings of AGU Chapman conferences on the Gaia hypothesis

Schneider and Boston (eds.) 
“Scientists on Gaia”

MIT Press

Schneider et al. (eds.)
“Scientists debate Gaia”

MIT Press

1988 2000

Images: amazon.com



The Creators of the Gaia Hypothesis
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James Lovelock:
British inventor 

and independent scientist
1919 - 

Lynn Margulis:
US Microbiologist

1938 - 2011

Atmospheric chemical 
disequilibrium as a sign of a 

habitable planet

Significance of 
symbiosis in biological 

evolution

Images: www.wikipedia.org

William 
Golding

http://www.wikipedia.org


©          Nature Publishing Group1965



Origins of the Gaia hypothesis
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How can we identify a habitable planet from space?

Venus Earth Mars

≈ 460 °C ≈ 15 °C ≈ -60 °C

very strong 
greenhouse effect

weak 
greenhouse effect

no 
greenhouse effect

96.5% CO2 78% N2; 21% O2 95.3% CO2

Images: NASA

no life no lifeabundant life



Origins of the Gaia hypothesis
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[CH4]

[O2]

[H2O]

[CO2]

“reverse” reaction

Chemical
reactions

The Earth’s atmospheric composition is maintained far from 
chemical equilibrium.  Is this a sign for widespread life?

Dis-
equilibrium Equilibrium

[O2]
[H2O]

CH4 + 2 O2 => CO2 + 2 H2O

CH4 + 2 O2 <= CO2 + 2 H2O

Atmosphere



Lovelock (1972)

Is it … probable that the biosphere interacts actively with the 
environment so as to hold it at an optimum of its choosing?

The climate and the chemical composition of the Earth is usually 
said to be uniquely favourable for life …

… the Biosphere … is an entity with properties greater than the 
simple sum of its parts

Such a large creature … with the powerful capacity to homeostat 
the planetary environment needs a name: … Gaia.



Lovelock and Margulis (1974)

…conditions [on Earth] … have never varied from those most 
favourable for life. … However, the Earth’s radiation environment 

underwent large changes.

… atmospheric compositional changes could have affected the 
Earth’s radiation balance.

… early after life began it acquired control of the planetary 
environment and that this homeostasis by and for the biosphere 

has persisted ever since.



The Gaia Hypothesis
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• “atmospheric homeostasis for and by the biosphere”
• “optimum conditions for life”
•  “overall negative biotic feedback”

James Lovelock:
British inventor 

and independent scientist
1919 - 

Lynn Margulis:
US Microbiologist

1938 - 2011



… yes, but …

Criticisms of the Gaia Hypothesis

• Testability: “this hypothesis cannot be tested”

• Optimality: “what is good for one species may not 
be good for another” (hummingbird vs. penguin)

• Teleology: “how would an organism ‘know’ what’s 
best?”

• Homeostasis: “the Earth’s environment is far from 
constant” (glacial cycles)
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The Daisyworld Model
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online Daisyworld e.g.,
http://gingerbooth.com

Simplify

Daisyworld represents a simple model to illustrate the interaction 
between populations and their planetary environment
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Biological homeostasis of the global environment: 
the parable of Daisyworld 

By ANDREW J .  WATSON, Marine Biological Association, The Laboratory, Citadel Hill, Plymouth 
PLI ZPB, England and JAMES E. LOVELOCK, Coombe Mill, St. Giles on the Heath, Launcesfon, 

Cornwall PL15 9R Y, England 

(Manuscript received October 20, 1982; in final form February 14, 1983) 

ABSTRACT 
The biota have effected profound changes on the environment of the surface of the earth. At the 
same time, that environment has imposed constraints on the biota, so that life and the 
environment may be considered as two parts of a coupled system. Unfortunately, the system is 
too complex and too little known for us to model it adequately. To investigate the properties 
which this close-coupling might confer on the system, we chose to develop a model of an 
imaginary planet having a very simple biosphere. It consisted of just two species of daisy of 
different colours and was first described by Lovelock (1982). The growth rate of the daisies 
depends on only one environmental variable, temperature, which the daisies in turn modify 
because they absorb different amounts of radiation. Regardless of the details of the interaction, 
the effect of the daisies is to stabilize the temperature. The result arises because of the peaked 
shape of the growth-temperature curve and is independent of the mechanics by which the biota 
are assumed to modify the temperature. We sketch out the elements of a biological feedback 
system which might help regulate the temperature of the earth. 

1. Introduction 

On earth, modification of the environment by 
living things is apparent on any scale that one cares 
to look at, up to and including the global scale. In 
turn, geophysical and geochemical constraints have 
shaped the evolution of life and continue to dictate 
what type of life, and how much of it, can colonize 
the available space. One can think of the biota and 
their environment as two elements of a closely- 
coupled system: perturbations of one will affect the 
other and this may in turn feed back on the original 
change. The feedback may tend either to enhance 
or to diminish the initial perturbation, depending on 
whether its sign is positive or negative. 

If we wish to explore the properties which this 
close-coupling may confer on the system, we at 
once come upon a substantial problem: the earth’s 
biota and environment are vastly complex and 
there is hardly a single aspect of their interaction 
which can as yet be described with any confidence 
by a mathematical equation. For this reason we 

have chosen to study an artificial world, having a 
very simple biota which is specifically designed to 
display the characteristic in which we are 
interested-namely, close-coupling of the biota and 
the global environment. By simplifying our bio- 
sphere enormously we can describe it in terms of a 
few equations borrowed directly from population 
ecology theory. But let the reader be warned in 
advance: we are not trying to model the Earth, but 
rather a fictional world which displays clearly a 
property which we believe is important for the 
Earth. 

2. The equations for Daisyworld 

Daisyworld is a cloudless planet with a negligible 
atmospheric greenhouse on which the only plants 
are two species of daisy of different colours. One 
species is dark-ground covered by it reflects less 
light then bare ground-while the other is light and 
reflects more than the bare ground. To emphasize 

Tellus 35B (1983), 4 

…life and the environment may be considered as two parts of a 
coupled system.

Watson and Lovelock (1983) Tellus



The Daisyworld Model
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• A hypothetical world 
inhabited by black and white 
daisies

• Developed to demonstrate 
environmental regulation by 
life

• Abundance of daisies 
governed by optimum 
growth temperature and 
population dynamics

• Daisies affect energy 
balance

• Atmosphere mixes heat

Watson and Lovelock (1983) Tellus

Dynamics of daisies results in 
homeostasis (i.e. insensitivity to 
changes in solar radiation)



The Daisyworld Model
• Ecophysiology and traits: 

• albedoes of white and black daisies, Aw, Ab

• same temperature-dependent growth (with zero 
growth below 5°C and above 40°C):

• Population dynamics: 

• abundance measured by fractional areas, aw, ab 
(and bare ground, x = 1 - aw - ab)

• death rate γ

• dynamics given by Lotka-Volterra equations:
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The Daisyworld Model
• Planetary albedo obtained by weighted sum:

• Planetary energy balance (thermal emission = 
absorbed solar radiation):

• Redistribution of heat:
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Projects
• Project A: Optimum temperature (ecophysiology)

• Project B: Albedoes of the daisies (surface properties)

• Project C: Mortality (population dynamics)

• Project D: Heat transport (climate)

• Key questions:

• How sensitive is environmental regulation in the 
Daisyworld model to selected processes?

• Describe the changes in the model when the 
selected parameter is altered

• Can you explain the sensitivity?

96



Spreadsheet Daisyworld
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parameter values 
and initial conditions

stepwise integration of 
differential equations

end result for one 
value of luminosity: 
scroll to the right

plots of time 
evolution of (left) 
temperatures and 
(right) abundances



Beyond Gaia
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Chemical disequilibrium 
as a sign of life

Conditions optimal  
to life

Biosphere more than 
the sum of its parts

Homeostasis by and 
for the biosphere

Thermo-
dynamics

of Earth

Maintenance of thermo-
dynamic disequilibrium

Gaia
hypothesis

Optimality and limits  
in thermodynamics

Interactions shape 
thermodynamic state

Dominant negative 
feedbacks

Images: www.wikipedia.org; NASA

http://www.wikipedia.org
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Ordered state

(low entropy)

Mass flux

Low entropy

Mass and heat flux

High entropy

Ordered state

(low entropy)

Radiative flux

High entropy

Radiative flux

Low entropy Earth systemLiving cell

Systems are maintained in thermodynamic disequilibrium

System

boundary



Beyond Gaia
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Thermodynamic limits constrain Earth system processes

Terrestrial radiation

Solar radiation

Power to drive 
Earth system 

processes

Cold reservoir

Warm reservoir

Power G 
= Work/Time
(no entropy)



Beyond Gaia
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Earth system dynamics driven by energy conversions
of different forms, following the direction of the second law

Radiation

Heat

Motion

Cycling

Life

Thermodynamics 
sets limits to these 

conversions

Dynamics alter 
constrains and 
“accelerate” the 

second law



Beyond Gaia
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Photosynthesis
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(chemical energy)

CO2

CO2
O2

O2

Solar
radiation

Atmospheric
composition

Radiative
properties

Motion, hydrologic 
cycling, clouds

Earth system



Beyond Gaia
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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):

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

Global maximum
in solar absorption

Terrestrial maximum
in solar absorption

after Kleidon (2004), Kleidon and Fraedrich (2005)
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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):

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
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… could result in “homeostasis by and for the biosphere”



C L A S S  I

Purely Radiative · No Dissipation

Mostly Abiotic Dissipation · Small Biotic Dissipation

Abiotic Dissipation · No Biotic Dissipation

Abiotic Dissipation · Substantial Biotic Dissipation

Abiotic and Biotic Dissipation · Substantial Technological Dissipation

C L A S S  I I

C L A S S  I I I C L A S S  I V

C L A S S  V

Physical 
free energy

Chemical 
free energy

Life

Technological
civilization

Flux of 
solar radiation
(low entropy)

Flux of 
terrestrial radiation

(high entropy)

Heat
engines

Temperature
differences

Photo-
chemistry

Solar-based
renewable energy

technology

Photo-
synthesis

Food

Nutrients

Geo-
chemistry

Planetary impacts
by modified radiative 
properties and heat 

fluxes

Pclim

Pchem

Pbio

Pciv

Frank, Alberti, Kleidon (Anthropocene, in press)



Distinguishing Planets by their Work
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Type I
purely radiative
no work done

Frank, Alberti, Kleidon (Anthropocene, in press)

Type II
abiotic work

no biotic work

Type III
mostly abiotic work
small biotic work

Type IV
abiotic work

substantial work power

Example: Mercury Example: Venus, Mars Example: early Earth, Mars?

Example: Earth

Type V
abiotic and biotic work

substantial technologic work

Example: Earth 2200?

Types and magnitudes of work results in different types of planets



Summary
• Planetary Dynamics:

• Atmosphere-Biosphere interactions

• Coevolution of Life and Earth

• The Gaia hypothesis

• The Daisyworld model

• Beyond Gaia

106



Summary

• Population Dynamics: From the dynamics of 
population of individuals to environmental 
constraints and mass balance dynamics

• Vegetation patterns: Characteristic patterns 
resulting from the interactions of plants and 
animals with their environment 

• Dynamics of the Biosphere: Large-scale 
patterns of the terrestrial biosphere and their 
modelling

• Planetary Dynamics: How life and Earth 
interact today and in the past, Gaia hypothesis
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Feedback

• What went well?  
• What did not go well?  
• What did you learn?
• What else would you have liked to learn, but 

was not covered?
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