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Planetary
dynamics and life

From Plants to Populations to Biomes
Individual
plant

Population
of plants

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

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

Dominant processes:
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?
source: Oxford dictionary
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Outline

•
•

Part I: Population dynamics and resources

•

Part III: Planetary dynamics: Atmospherebiosphere interactions; Coevolution of life and
Earth; The Gaia Hypothesis; Daisyworld;
Beyond Gaia

•

Summary

Part II: Dynamics of the Biosphere:
Biogeography; Exchange Fluxes; Vegetation
models
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Population Dynamics
Population growth has long been described
(including the human population)
Simplest formulation is an increase that is
proportional to the population:

dn
=b·n
dt
Change of
population size n
in time

Thomas R. Malthus
1766-1834
English cleric and scholar

Additions
by birth

d·n=r·n
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
7

Population Dynamics
Does the world human population grow exponentially?
HYDE database
UN statistics
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Constrained Growth
Logistic (or Verhulst) equation
describes population growth
subject to a constraining resource

⇣

dn
=r·n· 1
dt
n: Population size
r: Growth rate
K: Carrying capacity
Pierre-François Verhulst
1804-1849
Belgian mathematician

⌘
n

K

Very common starting point for
many applications.
Shaped the term “carrying capacity” of
the environment.

Images: wikipedia.org
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Constrained Growth
The logistic equation combines initial exponential growth
with a saturation at the carrying capacity

Population n

10

Carrying
capacity K
(n = K)

Saturation at
capacity

8
6

Example:
r = 0.5
K = 10
n(0) = 0.001
∆t = 1
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Constrained Growth
Discrete solution of this equation can result in overshoot,
oscillations and chaos
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Constrained Growth

Population n

Discrete solution of this equation can result in overshoot,
oscillations and chaos
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Constrained Growth
Discrete solution of this equation can result in overshoot,
oscillations and chaos
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Constrained Growth
The “logistic map” fuelled the development of chaos theory

Final population size

(discovered by Mandelbrot and May)

oscillations
between
two values

oscillations
between
four values

…

Growth rate
Note: different
parameters

Source: wikipedia.org
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Constrained GrowthAuthor's personal copy
ARTICLE IN PRESS

The logistic equation has been used to model
the “limits to growth” of the world population
400

G.M. Turner / Global Environmental Change 18 (2008) 397–4

Meadows et al. (1972)
“Limits to growth” is highly influential work to point out the effects
of resource depletion to human societies
15

ary (PB) framework contributes to such a
paradigm by providing a science-based analysis
of the risk that human perturbations will destabilize the ES at the planetary scale. Here, the
scientific underpinnings of the PB framework
are updated and strengthened.

Holocene-like state in the face of increasing
human pressures and shocks. The PB framework is based on critical processes that regulate ES functioning. By combining improved
scientific understanding of ES functioning with
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

Constrained Growth

The “Carrying
capacity”
concept
stimulated
developments
RATIONALE: The relatively stable, 11,700-yearlong
Holocene
the only state of the ES
such
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Current status of the control variables for seven of the planetary boundaries. The green zone
(2015)
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Interacting Populations

Alfred J. Lotka
1880-1949
US biophysicist

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

dn1
= ↵n1
dt

Change in prey
population with
time

download-wallpaper.net

Vito Volterra
1860-1940
Italian physicist

Growth
depends
on abundance
of prey

n1 n2
Death depends
on population size
and number of
predators

Predator (e.g., foxes):

dn2
= n1 n 2
dt

© Megan Lorenz/Hotspot Media
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Change in
predator
population
with time

n2

Growth depends
Death depends
on abundance of
on number of
prey and number of predators
predators

Interacting Populations
The Lotka-Volterra equation can result
in oscillations in population size
Temporal dynamics

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

Fixed point
(derived from dn1/dt=0 and dn2/dt = 0):
n1 = 1; n2 = 0.5
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Interacting Populations
The Lotka-Volterra equation (modified) can be used to describe
competing populations with different carrying capacities

dn1
= r1 n 1 1
dt
✓
dn2
= r2 n 2 1
dt

n1 + ↵1,2 n2
K1
↵2,1 n1 + n2
K2

◆
◆

Possible to extend formulation to n interacting
populations, with αi,j: Interaction matrix
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… used later in “Daisyworld”

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

✓

dni
= ri n i 1
dt

P

j

↵i,j nj
Ki

Interaction with
other populations
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◆

ni +

…

Mortality,
Dispersal,
incl. disturbances
etc.

Interacting Populations
Succession as a consequence
of competing plants with
different strategies
Climax
community

Predator-Prey dynamics are
generalised to trophic
interactions in food webs

Disturbance
(fire, windthrow, …)

Succession
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http://www.wikipedia.org

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”
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From Populations to BGC Cycling
Generalized sketch of ecosystem development

Fluxes

PG: Gross primary production
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From Populations to BGC Cycling
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

Enquist et al. (1998) Nature
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Vegetation Patterns

Tigerbush
near Niamey, Niger
maps.google.com
25

Tigerbush in the Sahel
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of the spotted and bare states. Hence, a
predictable form of self-organized patchiness 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 vegetated patches) fails (11).

Vegetation Patterns

Savanna Ecosystems

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

Striped and spotted vegetation patterns can
be observed in many semiarid regions
(water-limited) and in tundra (nutrientlimited).
Downloaded from www.sciencemag.org on August 18, 2008
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REVIEW

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.

Rietkerk et al. (2004)
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Vegetation Patterns
Coupled dynamics of water (“resource”) and
vegetation (“population”):

dW
=a
dt

Water:

Change in surface
water content

Precipitation

@W
rW N + v
@x
2

lW
Evaporatio

Lateral
water flux

Infiltration and
Transpiration

Coupling of transpiration
with biomass production

dN
2
= rjW N
Biomass:
dt
Change in
biomass

Klausmeier (1999)

Biomass
production

mN + D
Mortality
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✓

2

2

@ N
@ N
+
@x2
@y 2
Dispersal
of biomass

◆

g.org/ on August 28, 2017

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

Vegetation Patterns

Mortality m

more
stripes

Left: Different vegetation patterns result
depending on precipitation and mortality.

REPORTS

Fig. 3. (A to C) Snapshots of plant densities
obtained by numerical
solution of the model
on a 100 by 100 doless
main (in dimensional
terms, 2500 m2) with
stripes
periodic boundary conditions. Darker colors
indicate higher plant
densities. Water flows
more
less from positive x to negarid
arid ative x. a ! 2, m !
0.45. (A and B) On a
Fig. 2. Behavior of the model (Eq. 2) as deter-hillside, v ! 182.5. An
animation of this outmined by the water input rate a and plant lossput is available on Scionline at www.
rate m when water velocity v ! 182.5. Theence
sciencemag.org/feature/
contours give the dimensional stripe wave-data/990551.shlstripes.
(A) During the
length in meters as determined by the mostqt.
transient dynamics, deunstable mode found with linear stability anal-fects in the form of
and dead-ends
ysis. As water input is decreased or plant loss isforks
occur (t ! 100). (B)
increased, the model predicts a transition fromRegular stripes on hillafter transient
homogeneous vegetation, to stripes of increas-sides,
dynamics (t ! 1000).
These stripes29
move uphill at a constant speed. (C) On flat ground with slight topographic variation. Plant
Klausmeier
(1999) to no vegetation.
ing wavelength,
density varies 90-fold, from 0.08 to 7.2. (D) Elevation in the irregular landscape used in part (C), where

2.

3.
4.
5.
6.

Precipitation a

Right: On sloped terrain, stripes of biomass
(dark color) form, moving uphill (A and B).
On heterogeneous topography, spots of
biomass form (C and D).

7.
8.
9.
10.
11.
12.
13.

14.
15.
16.

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 waterfor
has other
infiltrated upslope and most
These
dynamics
have
also
been
described
nutrients have been sequestered in the front and the body of the bands (degenerative phase)13,16,29. The result of these
regions
vegetation dynamics is that bands ‘climb’ the semiarid
slope as recruitment
occurs in the upslope shifting-ecotone of the bands
and mortality occurs mostly in the downslope border.

Vegetation Patterns

(a)

Chihuahuan desert patch dynamics

(b)

Patagonian steppe patch dynamics

Vegetation band
Water Upslope
direction

Body

Mature patch
Downslope

Shrub-ring
patch type

Building
phase
Vegetation
movement

Building
phase

Degenerative
phase

Shrub
Tussock
grasses
Degenerative
phase

Scatteredtussocks
patch type
(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 cre30
Aguiar & Sala (1999)
ates a neighborhood with aerial protection that promotes both seed accumulation and seedling establishment, resulting

Vegetation Patterns
1454

Downloaded
from rstb.royalsocietypublishing.org
on April 9, 2010
Formation of
patterns
allow for higher
biomass and
compared
to the homogeneous state
S. J.productivity
Schymanski et al. MEP
in semiarid ecosystems
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v

Fairy Circles in Namibia
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Fairy Circles in Namibia
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Fairy Circles in Namibia
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Fairy Circles in Namibia
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Fairy Circles in Namibia
Fairy Circles are observed on sandy soils with
annual rainfall of ≈ 100mm/year. Structures are
attributed to termites as “ecosystem engineers”.

Jürgens (2013)
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Fairy Circles in Namibia
Soil below patches (“Fairy Circles”) is wetter

content
below underneath
patches allows
ent (volume percent, m3/m3 × 100) atWater
different
depths
a for
FC,98%
measured hourly
humidity in the soil air
as in (A) comparing the bare patch (FC, solid relative
lines) and
the matrix (MT, thin lines) measured
37

Do

Jürgens (2013)

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

Jürgens (2013)
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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

https://eoimages.gsfc.nasa.gov
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cloud forest canopy, Peru

rainforest canopy, Singapore

grassland, Mongolia

grassland in Montana, USA
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Köppen Climate Classification

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.
42

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

43

Aridity Index

Radiation

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.

Dryness
Budyko: Climate and Life

44

Dryness =
Radiation/“Precipitation”

Plant Biodiversity
Plant species richness shows distinct geographic variations. Many hypotheses
have been proposed to explain these patterns, including energy, climate
stability, trophic interactions, …

Bartlott et al. (1999), Acta Bot. Fenn.
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Relative Abundance Distributions
Typically, plant species are not evenly distributed within plant communities,
but a few species are highly abundant while many species are rare.

# of species

40

richness

many
species
are rare

few species
are common

30
20
10
0

rainforest at
Barro Colorado
Island, Panama
Hubbell (1997), Coral Reefs

0

2
4
6
8
10
log2(# individuals per species)

abundance
46

Rank-Abundance Distributions

number of
individuals of a
species divided by
total number of
individuals

fewer species
and fewer rare
species in the
boreal forest
Hubbell (1997), Coral Reefs

relative species abundance

When species are sorted from high abundance to low abundance, tropical
forests show a greater evenness in the abundance than boreal forests
100

Tropical evergreen
Tropical semideciduous
Temperate deciduous

10-2

Boreal forest
more even

10-4

less
even

10-6
1

more species
and more rare species
in the tropical
least
evergreen forest
abundant

50 100 150 200 250
species rank in abundance

most
abundant
species

species
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Global Convergence of Plant Functioning
Key plant traits show same relations across a range of different biomes.
This similarity results from environmental selection and the outcome is
Ecology:
al.
Proc. Natl. Acad. Sci. USA 94 (1997) 13731
referred
toReich
as etconvergent
evolution.

Reich et al. (1997) PNAS
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b

amount of soil moisture available for evapotranspiration. Empirical models were used
to relate f(⌃l) to soil water content in the
root zone, the root density, and the transpiration 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 groundbased ecological surveys (7). Estimates of

tance model (32) and an improved boundary 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 improved NWP model realistically simulated
the precipitation anomaly
that led to the
Photosynthesis
on land is
midwestern floods in the United States in
linked to water loss
the summer of 1993closely
(33).
A series of “land cover change” simula=> water
plays
tion experiments directly
benefited
from a key role as a
the second-generation LSPs. Biophysically
resource constraint!
based models were used to study the impact
of large-scale Amazonian
deforestation
on openings in the
Stomata
are small
the regional and global climate (34). The
which plants take up
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of these through
studies show
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Exchange Fluxes of the Biosphere

carbon dioxide and loose water vapor to
the air.

Stem and
roots
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Leaf
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http://evolution.berkeley.edu/evolibrary/article/0_0_0/mcelwain_02
SCIENCE
VOL. 275
24 JANUARY 1997
Sellers et al. (1997) Science
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Fig. 3. Schematic of carbon
and
water exchange
a leaf or close, and
Stomata
caninopen
as conceptualized in a comregulate
the gas exchange between the
bined
photosynthesis-conductance
42,
plant model
and (39,
the40,
environment.
43). The stomatal conducdirect function
tance
(gs) is a water
Hence,
loss and carbon uptake
of photosynthesis, CO2 conare very
linked.
centration
at theclosely
leaf surface
(cs), and relative humidity at
Evaporation
requires lots of
es/
the
leaf surface [hs of water
vapor
pressure
e*(T
s); es
energy,
so
that
it is closely linked to the
at leaf surface] (see Eq. 7).

surface energy balance.
505

Exchange Fluxes of the Biosphere
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.
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.

Law et al. (2002): Agr. For. Met. 113, 97-113.
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models, which explicitly simulate the behavior of model by using gridded information about these
the ecosystem as an interaction of the system com- explanatory variables. For the first step, GPP was
ponents (e.g., leafs, roots, and soil) in a reductionist estimated by partitioning continuous measurements
or mechanistic way. If these models are designed of net ecosystem exchange (NEE) into GPP and
to also simulate a changing state of the biosphere ecosystem respiration at flux tower sites (16). Two
LETTER
flux partitioning methods were considered using
(e.g., leaf area index and carbon RESEARCH
pools), predictions
ecosystem
environ- night-time or day-time NEE (16).
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mental conditions can be attempted (14). However, GPP data was then used to calibrate five highly
to
these process-oriented modelsaare complex com- diverse diagnostic models, which relate GPP 1,400
binations of scientific hypotheses; hence, their re- meteorology, vegetation type, or remote sensing
1,050
sults depend on these embedded hypotheses. A indices at daily, monthly, or annual time scales
complementary approach is data-oriented or diag- (16). Two of these approaches are machine learnnostic modeling where general relationships be- ing techniques: a model tree ensemble (MTE) (17)
750
tween existing data sets are first inferred at site-level and an artificial neural network (ANN) (18). The
is
and then applied globally by using global grids Köppen-Geiger cross Biome (KGB) approach350
of explanatory variables. Particularly when data- a look-up table of mean GPP per ecoregion. GPP
60
adaptive machine learning approaches are em- of whole river catchment areas is estimated by the
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Exchange Fluxes of the Biosphere

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 heterogeneity in NPP is comparable, with both
systems exhibiting large regions of low production and smaller areas of high production.
In general, the extreme deserts are even less

form, consistent with the predominant influence of large-scale ocean circulation patterns.
Seasonal fluctuations in ocean NPP are
modest globally, even though regional seasonality 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

Exchange Fluxes of the Biosphere

This map of net primary productivity shows the very different resource
limitations for marine vs. terrestrial productivity.
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Field et al. (1998) Science, 281: 237-240
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Exchange Fluxes of the Biosphere
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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Global Vegetation Models
General setup of a vegetation model
Climate variables
(Temperature, Radiation,
Soil moisture, …)

Vegetation
model
dCveg
= Jgpp
dt

Vegetation properties
(Light use efficiency,
respiration parameters, …)

Jres

Differential equations
solved numerically
for discrete
time steps

54

Carbon fluxes,
Carbon pools,
Biome distribution,
Land surface
properties,
…

Example 1: The SIMBA model
A very simple vegetation model for a climate model
SIMBA = SIMulator for Biospheric Aspects
Input: Conditions at the land surface: temperature Ts, solar radiation Rs, evaporation E, specific humidity qa
1. Calculation of carbon fluxes

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

pCO2,a pCO2,l
= cCO2 ·
·E
qsat (Ts ) qa

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

dCveg
= Jnpp
dt
fveg

Cveg
⌧veg

1
=
· arctan
Cc

✓

Cveg Ca
Cb

as = aveg · fleaf + anonveg · (1

◆

+ Cd
fleaf )

Wmax = Wmax,veg · fveg + Wmax,nonveg · (1
Kleidon (2006) Glob. Planet. Change
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fveg )

vegetation fveg and green leaves fleaf by
fveg ¼

!

Cveg − Ca
1
d arctan
Cc
Cb

and

"

þ Cd

ð5Þ

with aveg = 0.12 is the albedo value used to represent a
fully vegetated surface and anonveg = 0.30 is the corresponding 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):

ð6Þ

as ¼ asnow;veg d fveg þ asnow;nonveg d ð1−fveg Þ

Example 1: The SIMBA model

fleaf ¼ 1−expð−kd LAIÞ

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

ð8Þ

where asnow,nonveg = 0.4–0.8 is the simulated albedo of
snow cover in the absence of vegetation (which depends

Simulated climatology and application to land cover change

Temperature

Sensitivity to Human Appropriation
of NPP
(climatological means over land)
114

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

Carbon fluxes

Surface energy balance

Precipitation

Water fluxes

Other

Net Primary
Productivity
(NPP)

Fig. 3. Annual mean land averages for different values of the fraction of human appropriated net primary productivity (fhanpp). T
productivity (NPP) and human appropriated NPP (HANPP). Top right: absorbed shortwave (SW, left scale) and net emission of
56 productivity (bottom) for the Planet
Fig. 2. Simulated annual mean values over land for temperature (top), precipitation (middle), and net primary
scale) radiation at the surface and sensible (SH, right scale) and latent (LH, right scale) heat flux. Bottom left: pre

Kleidon (2006) Glob. Planet. Change
Simulator's “Control” setup.

Example 2: The JeDi Model
A very complex vegetation model
4140

R. =
Pavlick
et al.: Themodel
Jena Diversity-Dynamic Global Vegetation Model
JeDi
Jena Diversity

land surface
module

trait i

trait i

climate forcing
soil texture
pCO2

plant growth
module

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

trait j

JeDi-DGVM

surviving growth strategies
with associated fluxes and
properties (incl. abundances)

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

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
Approach:
Test
out
to grow
prescribe)
and
ecophysiology.
The trait parameter
values
are many
randomly ways
sampled from
their full(rather
observed orthan
theoretical
ranges. The plant
growth module
simulates the development of the plant growth
strategies (independently
and in parallel)
based on fundamental ecophysiological processes
evaluate
reproductive
success
(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,
Pavlick et al. (2013) Biogeosciences
surface albedo, and rooting depth) derived from the carbon pools and57
trait parameters of each plant growth strategy affect its simulated land

Example 2: The JeDi Model
Trial-and-error approach to plant strategies
Environment constrains
(light, water, temperature)

Many
strategies
to grow and
reproduce

JEDI
Model

Relative
abundances
(by biomass)
58

Ability to
reproduce

Ecosystem
fluxes

Example 2: The JeDi Model
Simulated pools and fluxes
4146

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

Phenology (leaf area)

4145

R. Pavlick et al.: The J

Carbon and water fluxes

uptake, i.e. the construction and maintenance costs of coarse
and fine roots.
Overall, the performance of JeDi-DGVM in capturing observed global phenological patterns shows great promise for
less constrained modelling approaches that allow the dynamics 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 Pg C, 1904 Pg C, and 208 Pg C, respectively. These values are averages over the simulation period 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 Pg C; Cramer
et al., 2001; Sitch et al., 2003; Krinner et al., 2005; Zaehle et al., 2010) and estimates from global carbon inventories (385–650 Pg C; Houghton et al., 2009). Likewise,
the modelled estimate for litter carbon is close to the estimate based on carbon inventories (300 Pg C) reported in
Houghton et al. (2009). The simulated soil carbon stock also
falls within the range of previous inventory-based estimates
(1200–3000 Pg C; Houghton et al., 2009).
4.1.3 Gross primary productivity

Pavlick et al. (2013) Biogeosciences

JeDi-DGVM simulated a mean global terrestrial gross priFig. 3. Comparison of mean
annual zonally averaged fluxes as simumary productivity (GPP)
of 138 Pg C yr 1 , which
is higher
lated by JeDi-DGVM with (a) data-driven
model estimates of gross
1 from
than the empirical model
estimate
of
123
±
8
Pg
C
yr
primary productivity (Beer et al., 2010), (b) net primary productivBeer 59
et al. (2010), ity
butfrom
within
the range
of uncertainty
the MODIS
MOD17A3
Collection 4.5 product (Heinsch
1

Example 2: The JeDi Model
Simulated biodiversity patterns
R. Pavlick et al.: The Jena Diversity-Dynamic Global Vegetation Model

Effects of biodiversity
R. Pavlick et al.: The Jena Diversity-Dynamic
Global Vegetation Model
Global NPP (PgC year-1)

Ensemble mean of
surviving strategies (%)

Biodiversity
patterns
4152

(a)
40

20

0

10

Ensemble CV of NPP

4151

Ensemble SD of
surviving strategies (%)

Global Vegetation Model

4151

(b)

1

0.1

80
60
40
20

(a)
0
10
1
0.1
0.01

(b)
10

20

50

100 200

500 1000 2000

Ensemble SD of
WM trait parameters

Sampled strategies, S
(c)
0.1

0.01
Pavlick
(2013) patterns
Biogeosciences
Fig.et
8. al.
Geographic
of (a) functional richness (FR) and (b)
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Fig. 11. (a) Scatter plot showing higher values of global terrestrial
net primary productivity (NPP) and lower within-ensemble variation 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

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
Life

sets constraints
(“carrying capacity”)

alters constraints
62

Earth

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

Light,
temperature,
and water

Climate

Energy-,
momentum-, waterand carbon fluxes

Atmosphere
constrains

affects

Biosphere
Photosynthesis

Vegetation
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Vegetation form
and function

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

rainforest canopy, Singapore
Rub Al Khali desert, Abu Dhabi
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Boreal forest in Northern Canada during winter

river

lake

hill
crest

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

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.

natural savanna
vegetation

agricultural
fields

Lyons (2002)
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Rooting Properties
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
67

Deep Roots in Amazonia
Precipitation
(mm)

dry season

20
0
200

0 - 2m

Top 30 cm contained 69%
of the root biomass, 98%
was contained in the top 2
present-day
m of the soil.

climate models

0

Plant
Available
Soil Water 400
(mm)

2 - 8m

Deepest roots reached to
18m depth.

“deep roots”

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

200
0

Leaf
Area
(%)
0

M

J

after Nepstad et al. (1994), Nature

J

A

S

O

N

D

68

J

F

Forest maintained green
canopies during dry
season.

Vegetation-Climate Feedbacks
Author's personal copy

14

(a)

Energy Balance

Albedo feedback at cold limit

ET feedback at dry limit

(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
69
the initial change, resulting in a positive feedback loop. (b) The water cycling feedback. An external change that results in enhanced precipitation in

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

Vegetation Effects on Climate
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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mbing the
co-evolution
ladder
Coevolution of Life and Earth

tion: Earth history involves tightly entwined transitions of
on and the environment, but where is this process heading?

H. J. Schellnhuber
áry

today

m’s science-fiction masterris, tells the gripping —
— story of a super-intellinism that has transmuted
covering most of the surplanet. Thus informationt is, active) life and
t is, passive) environment
ed into a single entity.
h, we have yet to reach this
f evolutionary history. But
on already perturbs — if
— various large-scale
omponents of the planet.
e global ‘metabolism’ (the
al elements, including carosphorus and sulphur) and
obal ‘anatomy’ (the landthe habitable continents)
oduct of relentless socio-

amework of Earth system
be perceived as the latest
nd co-evolutionary ladder
ansitions of information
. Global industrialization,
the Second World War,
tion into the Anthropocene.
consequences
in turn
Lenton et may
al. (2004)

origins

Environment

Life
0

Oxygen peak
Carbon dioxide drop
Neoproterozoic
glaciations Second
oxidation
1

Megafauna

Vascular plants
Cambrian explosion
Cell differentiation
in eukaryotes

Sex
Eukaryotes

Great oxidation

2

Oxygenic
photosynthesis

Methane-rich
atmosphere
3

First fossil organisms

Impact events

4
Ocean formation
Billions of years

Earth’s co-evolutionary ladder, as built so far…
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Although the energetic stage was
Theset co-evolution
now
for global dominanceofby life and Earth
eukaryotes, the emergence of a soft celldescribes the combined evolution of
boundary membrane coupled to an
bothskeleton
systems.
internal
and a means for cellular division were also required. These
Major areevolutionary
advances in the
transitions
thought to have been
especially
difficult,
as they
required
the
b
i
o
s
p
h
e
r
e
a
r
e
l
i
nked to major
fixation of thousands of rare mutations.
environmental
changes.
Eukaryotes may be implicated
in
the worst crisis of past co-evolution:
In extreme
the Earth’s
past,
biotic effects were
the
Neoproterozoic
glaciations
of 0.8–0.6 Gyr that werebiogeochemical
accompredominantly
(as
panied by a second rise in oxygen.
o p p o s eukaryotes
e d t o started
b i o g to
eophysical for
Whenever
colonize
the land surface,
there would
terrestrial
vegetation,
discussed
have been strong selection for traits
before)
that
accelerated weathering to access
rock-bound nutrients. Weathering of
Implies
that
evolutionary history of
silicates
would
havethe
inadvertently
drawn
down Earth
atmospheric
carbon
life
and
needs
to be understood
dioxide and cooled the planet, and
by interactions!
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-

Global Biosphere
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

USGS
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Evolution of Vegetation

Number of Species

800
angiosperms
(herbs, grasses, most trees)

600

gymnosperms
(conifers, cycads)

400

pteridophytes
(ferns, horsetails, mosses)

200

0

DEV
419

CARBON
359

PERM
299

252

TR

JUR
201

CRETACEOUS
145

million years before present
after Niklas (1997) Evolutionary History of Plants
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66

Pg
23

0

CO2 through Earth’s history
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.
aspects
of theinatmospheric
composition
hasGeological
likely changed
through time as
Soils andOther
Global
Change
the Carbon
Cycle over
Time
well (e.g., O2, CH4).

Retallack (2004)
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Geologic Carbon Cycle

CO2

deposition

volcanic
activity

weathering

Ca2+
SiO2

CaCO3
75

CaSiO3

lithosphere

ocean

atmosphere

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.

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.
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Oceanic organisms (planktonic foraminifera, shells) are able to
concentrate dissolved Calcium, thereby more effectively depositing
Calcium carbonate when they die.

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.
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The Gaia Hypothesis

What

Does life shape the conditions on Earth in any
particular way?
Image: NASA
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The Gaia Hypothesis on wikipedia
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www.wikipedia.org

The Gaia Hypothesis
1972

Images: amazon.com

2006
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Science on the Gaia Hypothesis
proceedings of AGU Chapman conferences on the Gaia hypothesis
1988

2000

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

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

Images: amazon.com
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The Creators of the Gaia Hypothesis

James Lovelock:
British inventor
and independent scientist

Lynn Margulis:
US Microbiologist
1938 - 2011

1919 -

Atmospheric chemical
disequilibrium as a sign of a
habitable planet
Images: www.wikipedia.org

Significance of
symbiosis in biological
evolution
83

William
Golding

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

Earth

Mars

≈ 460 °C
96.5% CO2
very strong
greenhouse eﬀect

≈ 15 °C

≈ -60 °C

78% N2; 21% O2
weak
greenhouse eﬀect

95.3% CO2
no
greenhouse eﬀect

no life

abundant life

no life

Images: NASA
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Origins of the Gaia hypothesis
The Earth’s atmospheric composition is maintained far from
chemical equilibrium. Is this a sign for widespread life?
CH4 + 2 O2 => CO2 + 2 H2O
Atmosphere

[CH4]
Disequilibrium

[O2]

Chemical
reactions

[H2O]
[H2O]

[O2]

[CO2]

“reverse” reaction
CH4 + 2 O2 <= CO2 + 2 H2O
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Equilibrium

The climate and the chemical composition of the Earth is usually
said to be uniquely favourable for life …
Is it … probable that the biosphere interacts actively with the
environment so as to hold it at an optimum of its choosing?
… 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 (1972)

…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.
Lovelock and Margulis (1974)

The Gaia Hypothesis

James Lovelock:
British inventor
and independent scientist

Lynn Margulis:
US Microbiologist
1938 - 2011

1919 -

• “atmospheric homeostasis for and by the biosphere”
• “optimum conditions for life”
• “overall negative biotic feedback”
89

… yes, but …
Criticisms of the Gaia Hypothesis

•
•

Testability: “this hypothesis cannot be tested”

•

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

•

Homeostasis: “the Earth’s environment is far from
constant” (glacial cycles)

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

90

The Daisyworld Model
Daisyworld represents a simple model to illustrate the interaction
between populations and their planetary environment

Simplify

online Daisyworld e.g.,
http://gingerbooth.com
91

Tellus (1983), 35B, 284-289
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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

…life and the(Manuscript
environment
may
bein considered
two parts of a
received October
20, 1982;
final form February 14,as
1983)
coupled system.
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-temperaturecurve 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.
Watson and Lovelock (1983) Tellus

The Daisyworld Model

• 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)
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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?
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Spreadsheet Daisyworld
parameter values
stepwise integration of
and initial conditions differential equations

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

plots of time
evolution of (left)
temperatures and
(right) abundances
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Beyond Gaia
Thermodynamics
of Earth

Gaia
hypothesis

Chemical disequilibrium
as a sign of life

Maintenance of thermodynamic disequilibrium

Conditions optimal
to life

Optimality and limits
in thermodynamics

Biosphere more than
the sum of its parts

Interactions shape
thermodynamic state

Homeostasis by and
for the biosphere

Dominant negative
feedbacks

Images: www.wikipedia.org; NASA
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Beyond Gaia
Systems are maintained in thermodynamic disequilibrium
Living cell

Mass flux
Low entropy

System
boundary

Radiative flux
Low entropy

Ordered state
(low entropy)

Ordered state
(low entropy)

Mass and heat flux
High entropy

Radiative flux
High entropy
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Earth system

Beyond Gaia
Thermodynamic limits constrain Earth system processes
Cold reservoir

Terrestrial radiation

Power G
= Work/Time
(no entropy)

Warm reservoir
100

Power to drive
Earth system
processes

Solar radiation

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

Heat

Thermodynamics
sets limits to these
conversions

Motion

Cycling

Life
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Dynamics alter
constrains and
“accelerate” the
second law

Beyond Gaia
Solar
radiation
Earth system
Motion, hydrologic
cycling, clouds

CO2
O2

Biosphere

Photosynthesis
Biomass
(chemical energy)

O2
CO2

Respiration
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Radiative
properties

Atmospheric
composition

184

A. Kleidon and K. Fraedrich

Beyond Gaia

entropy
production

reflection by
tropical convective
clouds

Albedo

reflection by
polar snow and
ice cover

Potential states of maximum absorption of solar radiation

Lorenz, R. D. (eds.) Non-equilibrium thermodynamics and the
opy: life, Earth, and beyond. Springer Verlag, in press.
erlag, Heidelberg. ISBN: 3-540-22495-5

Global maximum
in solar absorption

Terrestrial maximum
in
solar absorption
Surface Temperature

A. Kleidon and K. Fraedrich

Reflection
reflection by
tropical
convective
by
clouds
clouds

Solar
entropy
radiation
production

Albedo
Albedo

Albedo
Albedo

Solar
Reflection
reflection by
entropy
polar snow and
radiation
production
byice snow
cover

Surface Temperature

Surface Temperature
entropy
production

reflection by
convective clouds

Reflection
reflection
by
by bare
soil
bare surface

Reflection
reflection by
by
clouds
convective clouds

`

Evapotranspiration
Evapotranspiration

Fig. 14.2. Conceptual diagrams of how the (top) planetary albedo and (bottom
land surface albedo exhibit a minimum with respect to surface temperature an
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 entrop
production (solid lines). Since surface temperature is related to the strength of th
atmospheric greenhouse, which in turn is aﬀected by the biota through its eﬀect
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on biogeochemical
cycles, there are potentially many possible states with a range o

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

reflection by
after Kleidon
(2004), Kleidon and Fraedrich (2005)
bare surface

Flux of
solar radiation
(low entropy)

Temperature
differences

Flux of
terrestrial radiation
(high entropy)

Heat
engines
Planetary impacts
Pclim
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chemistry
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Photosynthesis

Chemical
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Solar-based
renewable energy
technology

Life
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Technological
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Frank, Alberti, Kleidon (Anthropocene, in press)

Distinguishing Planets by their Work
Types and magnitudes of work results in different types of planets
Type I
purely radiative
no work done

Type II
abiotic work
no biotic work

Type III
mostly abiotic work
small biotic work

Example: Mercury

Example: Venus, Mars

Example: early Earth, Mars?

Type IV
abiotic work
substantial work power

Type V
abiotic and biotic work
substantial technologic work

Example: Earth

Example: Earth 2200?

Frank, Alberti, Kleidon (Anthropocene, in press)
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Summary
•

Planetary Dynamics:

•
•
•
•
•

Atmosphere-Biosphere interactions
Coevolution of Life and Earth
The Gaia hypothesis
The Daisyworld model
Beyond Gaia
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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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