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ABSTRACT: Positive feedback has the potential to create multiple steady
states that divide system space into regions of distinct behavioral modes.
Graphical analysis can be used to recognize systems likely to behave in this
way. For example, positive feedback created by interactions among tropical
forest, regional hydrology, and climate in the Amazon basin may produce
multiple steady states. As deforestation progresses, one state—the normal for-
est with a high leaf area index—is stable and promotes system resilience.
However, deforestation can cause the system to shift toward and past a second,
unstable state at moderate levels of forest cover. The latter separates forest
stability in the face of stress from runaway behavior and system collapse into
an alternative grassland ecology. To test this inference, a two-dimensional
finite-difference model has been constructed that includes parameterizations
of the functions controlling feedback. Results of the experiment indicate that
human-driven deforestation may shift regions of the Amazonian ecosystem to
instability after 25%–30% of the forest has been permanently cleared, within
two to four decades if the current practice is maintained. Even a temporary
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loss of the Amazon forest or significant portions of it would negatively impact
terrestrial biodiversity.

KEYWORDS: Climate dynamics, evapotranspiration, hydroclimatology,
precipitation, numerical modeling, South America

1. Introduction
Positive feedback has the potential to stabilize or destabilize a system (Milsum,
1968). It is, therefore, important to recognize systems controlled by positive feed-
back and to evaluate their resilience in the face of stress if we are to successfully
predict system behavior (Hollings, 1973; Ludwig et al., 1997; Scheffer et al.,
2001; Higgins et al., 2002). One approach to determining system resilience is to
write an equation of state for the system that includes factors describing the
multiple correlations or couplings among the variables that control feedback. In-
tegration of the equation with respect to time and (or) with increasing stress allows
one to predict the ability of the system to accept and recover from perturbation.
Outcomes of such an analysis are likely to indicate consistent resilience of the
system at all reasonable levels of stress or the catastrophic shift of the system to
an alternative state (Ludwig et al., 1978, 1997; Wang and Eltahir, 2000; Higgins
et al., 2002). A second approach to the problem is to use observed system be-
havior to identify resilient systems and those likely to experience a catastrophic
shift in equilibrium (Done, 1992; Scheffer et al., 1993, 2001).

In this paper, a third approach is described: the use of graphical analysis to
evaluate the effect of feedback on system resilience and to recognize conditions
likely to produce shifts between alternative states. The advantage of this method
is that generalized curves based on a qualitative description of the system are
often sufficient for establishing a possible system response. Combined with finite-
difference models that use parameterizations of couplings modeled during graph-
ical analysis, this approach can provide important information about a system and
its response to stress even when detailed mathematical descriptions of the system
are not possible. An investigation of the effect of deforestation on the stability of
the Amazon basin tropical forest ecosystem is used to demonstrate the method.

2. The Amazon basin ecosystem
Current practice in the Amazon basin is causing rapid changes to its tropical
forest ecosystem. Most important are the agricultural, logging, and mining activ-
ities that cause permanent clearing of the forest at rates of about 0.5% yr21 (Skole
and Tucker, 1993; Nepstad et al., 1999). Simple models based on linear or even
exponential extrapolations imply that the forest could withstand this assault on
its viability for 150 to 200 years before its last vestiges were destroyed. However,
these models do not consider the role of feedback among climatic, hydrologic,
and biological processes within the ecosystem. Theoretical considerations suggest
that this feedback has the potential to destabilize the system leading to a cata-
strophic system shift in the relatively near future.
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Recognition of feedback between tropical forest and climate is not new (Sal-
ati et al., 1979), and a number of studies have been conducted to model the effect
of deforestation of the Amazon basin on the regional and global climate (Shukla
et al., 1990; Shuttleworth et al., 1991; Henderson-Sellers et al., 1993; Marengo
et al., 1994; Bonell, 1998; Cox et al., 2000; Zhang et al., 2001). These studies,
however, concentrate on the end-member case of total deforestation and so have
not considered the reverse effect, the possible loss of tropical forest in response
to climate change. This is important because the sustainability of the forest de-
pends on a rather simple feedback between precipitation (P) and forest health
(Wang and Eltahir, 2000; Alcock, 2001). The forest needs high levels of P for
biological processes and to limit damage by fire (Nepstad et al., 1999; Cochrane
et al., 1999; Cochrane, 2001; Nepstad et al., 2001; Siegert et al., 2001). A healthy
forest returns a high percentage of P to the atmosphere through evapotranspiration
(ET; Leopoldo et al., 1984; Marengo et al., 1994; Jipp et al., 1998). Deforestation
can interrupt the cycle by reducing ET and increasing runoff (R) so that available
water is lost to the local system. In addition, deforestation raises land surface and
atmospheric temperatures, which, in turn, affects the dewpoint and local and re-
gional convection patterns. Eltahir and Pal (Eltahir and Pal, 1996) report that the
net effect of temperature and humidity changes over deforested land is to reduce
local convective storms and to weaken intertropical convergence and thus reduce
rainfall. The issue, however, is complicated by a new study that has found that
temperature differences over pastures and forests are likely to cause small local
convective storms (Baidya Roy and Avissar, 2002). The possible impact of this
effect will be considered later in the paper, but is not considered likely to impact
regional feedback patterns.

Figure 1 summarizes the processes and variables creating and affected by
feedback in the system. With the exception of feedback involving temperature
and intertropical convergence, all feedback loops are positive. That is, the alge-
braic product of all couplings in each loop is positive (Berner, 1999). Note that
this definition is different from that used by Wang and Eltahir (Wang and Eltahir,
2000) who use positive and negative to be synonymous with enhancing and damp-
ing of perturbations, respectively. Using the algebraic product to determine the
sign of feedback is preferable because it does not require prior knowledge of
system behavior, nor does it allow the sign of a feedback loop to change as the
strength of the coupling changes. Because most loops in Figure 1 are positive,
and because the one negative loop involving temperature and intertropical con-
vergence has been shown to be less important than the positive loop including
absolute humidity and convergence (Eltahir and Pal, 1996), the overall effect of
feedback between climate and forest is positive.

3. Graphical analysis
In order to further the analysis, the feedback presented in Figure 1 can be reduced
to two functions (e.g., Figure 1b) so that graphical analysis can be used (e.g.,
Figure 2). Precipitation and leaf area index (LAI), a measure of forest health,
have been chosen to represent the variables controlling feedback. In each case,
multiple effects have been combined to create a single coupling. For example,
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Figure 1. (a) Schematic diagram tracing feedback between forest and climate.The
ovals contain variables that provide important measures of the state of
the system. Arrows represent couplings, processes by which change in
one variable affects a second. The sign of the arrow gives the sign of the
slope of the function that describes the coupling. Feedback in the system
is indicated by the closed loops that create a cyclical set of couplings.
The sign of feedback is determined by the algebraic product of couplings
in the loop. As discussed in the text, the net effect of the various feedback
loops shown is to create positive feedback that controls system behavior.
(b) For additional analysis, the feedback is reduced to a two-variable
system with two couplings, each representing multiple processes.
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Figure 2. Schematic graphs showing possible mathematical expression of cou-
plings in Figure 1b. (a) The effect of P on LAI for forest and grassland
ecosystems. Precipitation P is measured in mm yr21. LAI is normalized with
maximum LAI for a location that is set to 1 and with an allowable range
between 1 and 0. The rationale for curve shapes is discussed in the text.
(b) The predicted effect of change in LAI on P. (c) The two couplings are
combined on a single graph to identify potential steady states (inter-
sections of curves labeled 1, 2, and 3) and to allow stability of those
states to be determined. The stepwise response of the system to defor-
estation at state 1 is traced by arrows and indicates that the system is
resilient near state 1. Similar tests show state 2 to be unstable and state
3 to be stable.
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the control of LAI by P includes both the direct effect of drought and the changing
potential for fire as P changes.

In Figure 2, both couplings are presented as functions of the following form:
2Y 5 exp(2ax ), (1)

where a is a constant with a value greater than 1. Functions of this type produce
a logistics curve with asymptotic approaches to maximum and minimum values.
The representations are based on inference. For example, consider the effect of
increasing P on LAI. As the forest becomes denser and various layers are more
fully occupied, space limitations and nutrient availability become more important
than P in controlling the expansion of LAI. Conversely, small reductions in P
are likely to have little impact on forest health. More severe drought conditions
would affect forest health by lowering the forest’s resistance to disease, fire, and
other factors, eventually leading to the replacement of forest vegetation. It seems
probable that some vegetation would continue to persist despite severe drought,
for example, in response to a local variation in soil moisture, and so LAI would
also approach zero asymptotically. However, it is also possible that the response
of LAI to severe drought approaches a linear function. Various forms of the
function and its effect on the system’s behavior will be considered later.

While the curves have been drawn to represent the tropical forest ecosystem,
it should be recognized that alternative ecosystems with different feedback effects
would replace the forest if it were to collapse. These alternatives—pasture land,
savanna, or intermittent forest and grassland—would be described by a variety
of curves similar to that drawn showing the effect of P on LAI for the forest.
For this discussion, a second curve showing the grasslands’ response to P has
been included.

A similar curve is shown in Figure 2b representing the response of P to a
change in LAI. At LAI 5 0, a minimum level of precipitation will occur deter-
mined by intertropical convergence, local evaporation, and atmospheric temper-
ature. As LAI increases, climatic changes and increased ET can produce a rapid
increase in precipitation. At high LAI, relative humidity in the forest approaches
100% and little additional water vapor can be added to the atmosphere. Precipi-
tation change with increasing LAI diminishes. Studies of the regeneration of for-
ests have found that ET increases most rapidly in the first few years of forest
regrowth and that a change in ET follows a curve similar to that shown in Figure
2b (Murakami et al., 2000).

Because graphs in both Figures 2a and 2b concern the same variables, it is
possible to combine the graphs (i.e., Figure 2c) and to use the combined graphs
to evaluate the system’s response to perturbations. As drawn, the forest–climate
system has three steady states identified by the points of intersection. Intersections
are the only states in which conditions satisfy both functions; therefore, they are
the only states at which the system can achieve equilibrium. All other states
require that at least one of the couplings must act to change the conditions of the
system.

Stability of the steady states can be evaluated visually by introducing a stress
to the equilibrium system. For example, a temporary decrease in P when the
system is at state 1 (initial stress) will result in a small decrease in LAI. LAI
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remains high enough to allow partial recovery of P to near-original levels. Higher
P will in turn allow partial recovery of LAI. Eventually the system will return to
state 1 and thus is stable in the area of state 1. The model, therefore, predicts a
resilient system at high levels of P and LAI. This has been the condition of the
Amazon basin forest as the ecosystem has maintained equilibrium (Salati and
Vose, 1984) and has even been able to expand at its margin during the last several
millennia (Mayle et al., 2000).

State 2 is unstable. A decrease in P at state 2 results in a large decrease in
LAI, and lower levels of LAI lead to additional loss of P. State 2, therefore, can
be seen as a point-of-no-return for the system. Should current deforestation in the
Amazon basin move the system to state 2, then any additional clearing or tem-
porary decrease in P would result in the collapse of the ecosystem and a shift
toward an alternative ecosystem at state 3. The loss of system resilience at state
2 is possible even though the forest is currently controlled by stable state 1 be-
cause the forcing process is continuous and the recovery of the system through
regrowth is slow relative to the rate of clearing.

This first pass at graphical analysis, therefore, leads to two important con-
clusions. The model as presented is consistent with current system behavior in
that it predicts a stable system with high LAI. Second, the model predicts that
continued forcing may move the system beyond a point-of-no-return leading to
a catastrophic ecosystem shift.

As noted above, the tropical forest is not the only ecosystem that might
develop within the Amazon basin. Grasses are likely to be the first plants to
replace cleared forest, especially if clearing is intended for agricultural purposes
or if it occurred in response to drought as grasses require less water. If we include
a grassland ecosystem in the model (Figure 3), it provides an alternative to the
unrealistic creation of barren or near-barren ground at state 3. As drawn, the
grassland ecosystem produces only a single steady state because grasses are likely
to grow well even at minimum levels of P in the Amazon basin. Because state
1g is stable, the system will naturally shift to state 1g should the forest ecosystem
collapse. The position of state 1g relative to state 2f, the point-of-no-return for
the forest ecosystem, will determine the ability of the forest to recover after
collapse if human intervention is controlled. If the grassland equilibrium state is
at state 1g1 (Figure 3) so that P is greater than P at state 2f, the grassland eco-
system will be temporary and the forest will return if human interference (defor-
estation) is halted. The model of Wang and Eltahir (Wang and Eltahir, 2000)
predicts recovery of the African tropical forest from a catastrophic but temporary
perturbation causing total forest loss and so would be consistent with grassland
equilibrium at state 1g1. However, if grassland stabilizes the system at state 1g2,
then a permanent shift from forest to grassland ecosystems would occur.

3.1 Quantifying the model

Although the model presented is reasonable, it does not necessarily reflect actual
system behavior. It is possible to estimate mathematical functions that define the
couplings, that is, to create a parameterized model of the system. If this is done,
a different outcome may result. Curves drawn based on the parameterizations are
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Figure 3. Figure 2c has been modified to predict the effects of the grassland eco-
system on the resilience of the forest. In addition the effect of P on LAI of
grassland suggests that the forest may regrow after the ecosystem shifts
if stable grassland state is at 1g1 with P greater than P at the unstable
forest state 2f. Recovery of the forest depends on a cessation of actions
that might clear new forest growth.

shown in Figure 4. The results indicate that either one or three steady states may
exist in the tropical forest depending on the shape of the functions that control
system behavior. A single steady state would also be consistent with the model
of Wang and Eltahir (Wang and Eltahir, 2000) because with a single stable steady
state, the forest must always recover from stress, even from total loss of the forest,
which occurs in their model.

However, the current situation in the Amazon basin is distinct in that defor-
estation is not a temporary, but a constant stress that produces a permanent
change. Approximately 0.5% of the forest is permanently cleared each year and
as clearing proceeds, the possible LAI maximum for the basin is reduced. This
has the effect of changing the position of the curve, LAI 5 f(P) (Figure 5) causing
the position of stable state 1 to shift to lower values of LAI and P. Eventually
this leads to the loss of state 1 (Figure 5a) or the loss of states 1 and 2 (Figures
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Figure 4. Parameterizations of couplings between LAI and P. (a) Three possible
functions are used to predict the effect of P on LAI. (b) A logistics curve
used to describe the effect of LAI on P. (c) Functions are combined to
create a single graph. Colors and patterns are the same as those used
in (a) and (b). Only the magenta curve showing the effect of P on LAI
creates a three-steady-state system similar to that shown in Figure 2c.
Blue and yellow curves predict that the system will maintain resilience
under all conditions considered.

5b and 5c) and shifts equilibrium conditions to a new state at low P and low
LAI. Because recovery of temporary clearings is slow relative to the rate of
clearing, the actual shift to state 3 occurs more rapidly than is predicted by con-
sidering only the permanent clearing of the forest.

3.2 A finite-difference test of graphical analysis

The results of this graphical analysis have been tested by a finite-difference model
written in Excel Visual Basic that is based on the parameterizations discussed
above. Figure 6 presents a flowchart describing the program’s algorithm. (A copy
of the program may be obtained from the author.) A more complex model that
combines advanced climate models with land surface and biome response to cli-
mate change (Brovkin et al., 1998; Dolman et al., 1999; Wang and Eltahir, 2000;
Baidya Roy and Avissar, 2002) might also be used, but is beyond the scope of
this paper.

The finite-difference model follows changes in the system that occur at nodes
within a 100 3 100 or 250 3 250 grid in response to clearing. A fixed number
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Figure 5. The effect of permanent clearing of the forest on system behavior is il-
lustrated. Replacement of forest by pasture causes a permanent de-
crease in LAI and so causes curves showing the effect of P on LAI to shift
to lower LAI values at any P. The result in each case forces a shift to low
LAI and P representing a catastrophic replacement of the forest by an
alternative ecosystem. Colors and patterns are the same as those used
in Figure 4.

of nodes are cleared each year by a random function that favors clearing near
previously cleared nodes. A fixed percent of previously cleared nodes are also
recleared leading to a permanent clearing of 0.5% yr21 in most model runs. If
deforestation causes the system to collapse, human-driven deforestation is stopped
in most experiments, and the model system is allowed to establish a new equi-
librium. Alternatively, permanently cleared lands were maintained to test the ef-
fect of this more realistic possibility on the potential recovery of the forest.

Forest loss also occurs in response to drought. Loss is calculated as occurring
in an exponential fashion between 90% and 50% of initial P at which point all
trees would succumb to drought conditions. Other model parameters prevent P
from falling below about 65% of initial conditions; thus, this ultimate limit on
forest existence is not reached.

Regrowth of vegetation is modeled as the forest with the same properties as
the original forest relative to its effect on P or as a second vegetation type rep-
resenting a savanna-like ecosystem with lower values of ET and other climatic
effects that reduce P. Precipitation determines which vegetation type grows at a
particular node with the savanna being more resistant to drought; thus, it is the
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Figure 6. Flowchart presenting the algorithm used to construct the finite-difference
model of feedback between climate and forest in the Amazon basin.
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dominant type at low levels of P. Grasses are also modeled as the first species
to grow on cleared land and are assumed to have fully colonized a node 2 yr
after clearing.

The forest in turn acts to control P by returning a large percentage, 50%–
80%, of rain to the air through ET (Leopoldo et al., 1984; Marengo et al., 1994;
Jipp et al., 1998) and through its impact on the local climate. Water not returned
to the atmosphere by ET is lost to the system, as indicated by a typical water
balance equation for the tropical forest:

R 5 P 2 ET (2)

(Marengo et al., 1994). Soil water, not included in the equation, can also serve
as an important reservoir or sink in a stressed system. Trees have been shown
to extend their root systems as the water table recedes in response to hydro-
meteorological change (Jipp et al., 1998) and would add water to the system.
Should a forest be cleared, the deeper soil water would no longer be acces-
sible, and recharge of the deeper soils will remove available water from the
system.

Eltahir and Bras (Eltahir and Bras, 1994) present an alternative model and
determine that only approximately 25% of rain in the Amazon basin is recycled
water returned to the atmosphere by ET. Their model (Figure 7) still recognizes
that nearly 60% of P is returned to the atmosphere, but they conclude that a
significant portion of that moisture is carried out of the basin by atmospheric
circulation. These data raise an important question about the impact of de-
creases in ET on P. The experiments described here assume that a reduction
in ET has an equivalent effect on P because it decreases absolute and relative
humidity of the atmospheric system. In effect the finite-difference model as-
sumes that water vapor leaving the basin remains constant, an assumption that
may not be valid if airflow through the system is decreased by reduced inter-
tropical convergence or if higher temperatures allow the air leaving the system
to carry more moisture.

Precipitation in the model is determined by a time step calculation of external
water entering the system and a measure of ET and climate conditions affecting
P at each node based on the amount and type of vegetation. External water is set
by the initial conditions of the program as equal to initial R, a condition required
by Equation (2). Climatic conditions and lowered ET over fully developed grass-
lands are modeled to reduce P by about 15%, a conservative estimate when
compared to the about 20% decrease in P predicted by the most recent study of
the climatic effect of complete deforestation of the basin (Zhang et al., 2002).
Cleared land without vegetation returns a fixed minimum amount of water to the
atmosphere representing simple evaporation. Actual P at each time step is then
determined based on an average ET for the entire grid or for a subarea of the
grid surrounding each node. The two approaches allow one to explore the effect
of different degrees of atmospheric mixing on model outcomes.

A review of P and vegetation type indicates that 1600 mm yr21 is an ap-
proximate minimum value for rainfall required to sustain the forest, although
seasonality of rainfall is an important secondary factor (Hoare, 1998; Mathews,
1983). Rainfall is higher in much of the Amazon basin at 2000–2500 mm yr21
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Figure 7. A schematic representation of influx and outflow of water vapor as it
affects precipitation and runoff. The model is presented to be consistent
with the data of Eltahir and Bras (Eltahir and Bras, 1994) and to produce
P 5 2000 mm yr21.

(Marengo et al., 1994). Therefore, initial P was set at 2000 mm for most exper-
imental runs.

One additional variable, the rate of deforestation, is important to the system
but external to feedback. Rates of deforestation in the Amazon basin have been
estimated to be 0.4% to more than 2.0% yr21 (Skole and Tucker, 1993; Nepstad
et al., 1999). The increase in visibly deforested land as seen in Landsat images
is about 0.5% yr21, indicating that these lands are recleared on a regular basis.
Combining satellite analysis, field observations, and interviews of landowners,
Nepstad and others (Nepstad et al., 1999) estimate that an additional 0.5% is
cleared each year but not as permanent clearing. Forest is also lost to fire at a
rate that may be equal to or possibly greater than direct loss to human actions,
especially during drought (Nepstad et al., 1999; Cochrane et al., 1999; Cochrane,
2001; Nepstad et al., 2001).

3.3 Experimental results and discussion
One must recognize that any model of a system as complex as the Amazon forest
will be limited in its ability to fully recreate the system as a mathematical reality.
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This is especially true of a model such as the one used in the experiments de-
scribed here that relies heavily on parameterizations of complex processes to make
predictive statements about future system behavior. However, the very simplicity
of the model derived from the parameterizations can be a strength because it
allows a rapid and clear definition of important processes and their potential to
affect the system. The robustness of the model results can be tested by allowing
initial conditions and parameterization of processes to vary across a range of
potentially reasonable values. If the model response remains constant or similar
as variables and functions describing processes change, the confidence in the
model predictions increases so long as the underlying assumptions of the model
are valid.

Table 1: Initial conditions for model runs.

Variable tested in multiple runs

Variables set at model
initiation

Years of
clearing

Initial P P causing
first loss of

forest

P causing
total loss
of forest

Clearing
rate

External
water

ET
potential of
secondary
vegetation

Years of clearing 55*(5)** Until
collapse

Until
collapse

Until
collapse

Until
collapse

Until
collapse

Until
collapse

Clearing rate 0.01 0.01 0.01 0.01 0.006*

(0.002)**

0.01 0.01

Percent of cleared lands
recleared each year

50 50 50 50 50 50 50

External water as
fraction of initial P

0.45 0.45 0.45 0.45 0.45 0.35*(0.1)** 0.45

Initial P (cm yr21) 200 200*(50)** 200 200 200 200 200
ET of secondary

vegetation as fraction
of forest potential

0.7 0.7 0.7 0.7 0.7 0.7 0.*0.1)**

Rate of growth of
secondary vegetation
(yr to full potential)

2 2 2 2 2 2 2

Maximum runoff
(% of initial P)

75 75 75 75 75 75 75

Initial loss of vegetation
at fraction of initial P

0.90 0.90 0.85*

(0.05)**

0.90 0.90 0.90 0.90

Total loss of forest
(% of initial P)

50 50 50 50*(10)** 50 50 50

Growth rate of forest
(yr to full potential)

25 25 25 25 25 25 25

Run time (yr) 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Time step

(steps yr21)
5.0 5.0 5.0 5.0 5.0 5.0 5.0

* Value of tested variable in first run.
** Incremental change in variable in additional runs.

Results of eight sets of representative experiments are summarized in Figure
8. Most model runs that do not arbitrarily halt human-generated deforestation
before collapse predict ecosystem collapse between 25 and 100 yr of the onset
of rapid deforestation. With conservative estimates of variables and parameters



EARTH INTERACTIONS (AMS)
Tuesday Jun 03 2003 08:45 AM
Allen Press • DTPro System GALLEY 15

eint vol7_0005 Mp_15
File # vol7_0005.sgm

Earth Interactions • Volume 7 (2003) • Paper No. 5 • Page 15

Figure 8. Results of eight series of model runs testing the impact of changes in
important variables and parameterizations of feedback. Initial condi-
tions are listed in Table 1. (a) Effect of arbitrarily halting human interven-
tion after 55 and 60 yr. The result supports the implication of graphical
analysis that the system, although currently stable, has the potential to
switch to an alternative mode of behavior. Catastrophic shift in the eco-
system occurs shortly after marked change in slope of curves showing
P and undisturbed primary forest. Area of forest that has been perma-
nently cleared will approximate time divided by 2. (b) Initial P is
changed from 2000 to 2500 mm yr21 with a small impact on model out-
come. (c) Model results when P that allows forest damage is varied be-
tween 1700 and 1900 mm yr21. (d) Minimum P required to allow some
forest is varied from 800 to 1200 mm yr21. (e) Impact of changing rates
of deforestation are shown. (f) The effect of pasture on P is varied be-
tween 85% and 95% of P over forest. (g) The effect of different functions
used to describe couplings on model outcomes. Curve 1 experiment
used Pa exp[24(1 2 LAI)2]; curve 2, Pa exp[22(1 2 LAI)2]; and curve 3,
Pa exp[21(1 2 LAI)2] with Equation (4) to model forest loss. Curve 4 ex-
periment sets the loss of forest as a {[(180 2 P)/180]2} and P (cm) con-
trolled by Equation (3). Note that colors and patterns do not correspond
to those used in Figures 4 and 5. (h) Model effects of limited atmospheric
mixing across 2.5% and 25% of grid area on the ecosystem’s response
to deforestation compared to mixing across the entire system.The model
used for these calculations was based on an early version of the pro-
gram that used exponential responses and allowed initial damage at
95% P. Experiments were not rerun because each run required several
weeks to complete. Alternative parameterizations would change the
years to collapse, but not the nature of the outcome.
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Figure 8. (Continued.)

(see Table 1) the system loses resilience after about 60 yr of deforestation or after
about 30% of the model forest has been permanently cleared. Loss of the re-
maining model forest is rapid, occurring within about 5 yr. If human intervention
in the ecosystem ends after collapse, then the forest ecosystem may regrow. How-
ever, if intervention continues, even if it is limited to maintaining previously
cleared lands, the grassland ecosystem becomes permanent. A few experiments
that delay initial feedback response to relatively low levels of P, or that use a
weakened feedback response, do not predict catastrophic system change.

In each set of model runs, a parameter or controlling variable was varied
across a range of reasonable values to test the robustness of the model with respect
to that variable. Each experiment is described briefly.

3.3.1. Precipitation and its impact on forest resilience

In most runs initial P was set at 2000 mm yr21, a value considered to be a
reasonable approximation of average rainfall within the Amazon basin. However,
because measured rainfall varies across the Amazon forest from about 1600 to
more than 3000 mm yr21 (Marengo et al., 1994), P was increased to 2500 mm
yr21 to test the effect of the initial level of precipitation on the model. No other
changes were made. For example, initial loss of forest began at 90% of initial P
and total loss occurred if P fell to 1000 mm yr21. This assumes that the forest at
any location has evolved to be in balance with and to use available moisture
(Bazzaz, 1998). It is possible that stress on a forest by continued drought might
result in changes to species that require less water. However, the relatively rapid
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nature of the changes that are occurring is unlikely to allow what must be a
gradual process of species replacement. A change in initial P does not signifi-
cantly affect model outcomes (Figure 8b).

Experiments also tested the effect of changing the minimum decrease in P
that would cause loss in the forest and the level of P at which all trees would be
lost (Figures 8c and 8d). Published data that quantify the effects of drought on
the forest were not found. However, data are reported that indicate a strong sea-
sonal response of LAI to precipitation (Santos and Negri, 1997), the loss of forest
near cleared land (Laurance et al., 1997; Cochrane et al., 1999; Nepstad et al.,
2001; Cochrane, 2001), and the effect of climatic change caused by deforestation
on uncleared forests (Lawton et al., 2001). In most runs, the model forest began
to experience some natural loss if P fell to 90% of initial values. An actual
decrease in forest health as measured by change in LAI did not occur until P was
less than 90% of its initial value because loss is balanced by a growth factor.
Forest resistance to drought was varied so that natural loss began if P decreased
to 85%, 90%, or 95% of initial P. Increased resistance to drought enhances the
resiliency of the forest and thus delays the ecosystem’s collapse.

Minimum values of P required to sustain some forest were varied from 40%
to 60% of initial P with most experiments run at 50% (Figure 8d). Because the
model system constrains minimum amounts of ET and external moisture entering
the system, P never falls below about 65% of initial P. Change in this variable
reshapes the function controlling the loss of vegetation to drought and thus affects
the model’s response; however, the effects are small.

3.3.2. Effects of clearing rates

The model includes two kinds of clearing of the forest: clearing of virgin lands
and reclearing previously cleared nodes to established permanently cleared lands.
In most runs the former occurred at a rate of 1.0% yr21 and the latter at 0.5%
yr21 with values set to mimic measured rates of deforestation (Nepstad et al.,
1999). Changing either variable will change the years before the ecosystem’s
collapse (Figure 8e), but as would be expected they do not have much impact on
the conditions resulting in the loss of system resilience. In each of these experi-
ments, a catastrophic shift in the model ecosystem occurs when 25%–30% of the
forest has been permanently cleared to pasture.

3.3.3 Effect of grassland on precipitation

The effect of grassland on P is set so that P above grassland was about 85% of
P over forest, a value consistent with, but slightly higher than, most predictions
from GCMs that have considered the effect of complete deforestation on the
Amazonian climate (Shukla et al., 1990; Shuttleworth et al., 1991; Henderson-
Sellers et al., 1993; Marengo et al., 1994; Bonell, 1998; Zhang et al., 2001). To
evaluate the impact of this parameter on model results, the P over grassland was
varied between 85% and 95% of a mature forest. Although this variable has little
impact on the ability of the forest to withstand the effects of deforestation, it does
affect the ability of the forest to regenerate itself if human interference is halted
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(Figure 8f). This is consistent with the qualitative model derived from graphical
analysis and presented above.

3.3.4 Functions defining feedback

The years to loss of resilience are strongly correlated with the function used to
describe the forest’s response to precipitation. As predicted by graphical analysis,
a simple exponential function slows the system shift relative to a response that
follows a logistics curve (Figures 4, 5, and 8g). For most model runs, the logistics
curves were used on the inference that they better fit reality as discussed above.
Furthermore, the typical forms of the equation were

2Pa exp[22(1 2 d) ] and (3)

2loss a exp[21(l )], (4)

where d is a measure of the transpiration potential of the vegetation-combining
type, amount, and climatic impacts; loss is the loss of vegetation from a particular
node; and l is a measure of P relative to the P needed to preserve a healthy forest.
The most common model, therefore, resembles the graphical analysis presented
in Figure 5b, which treats the loss of forest in response to drought as nearly linear
at low P. This choice of parameterizations is conservative relative to a well-
developed logistics curve with an asymptotic approach to minimum LAI, as sug-
gested by the analysis above. The importance of the form of the parameterizations,
visible in these results, indicates that observational data that better describe the
mathematical relationships between P and LAI and LAI and P are needed to
accurately predict the future behavior of the ecosystem.

3.4 Other issues

3.4.1 Scale

The 100 3 100 or 250 3 250 grid of the model forest has not been scaled to
represent actual distance. The grid, therefore, might be taken to represent either
the entire Amazon basin or an area within it. If the distance between nodes were
set at 5 km, then the smaller grid would cover 250,000 km2 or approximately
one-sixteenth of the basin. At this scale, the total area represented approximates
the area of a node in the GCM used by Marengo et al. (Marengo et al., 1994) or
an area equal to about one-eighth of the larger catchments of the southern and
western basin (Marengo et al., 1994). In the larger grid a distance of 2 km between
nodes covers the same area. A distance of 1 km between nodes in the larger grid
creates an area of 62,500 km2 or about 4% of the catchment area of the Madeiras
River.

A smaller model area is more likely to mimic the behavior of the forest
because a smaller area is likely to be more homogeneous in response than a larger
one. Important differences are created by the variations in seasonality of precip-
itation and in the positions within or external to river flood plains that experience
seasonal flooding. However, too small an area might lead to a misrepresentation
of climatic effects that involve large-scale and local atmospheric mixing.
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3.4.2 Area of atmospheric mixing

Although the model is dimensionless, two distinct scales are used to measure the
model change within the system. Growth and loss of forest and the resultant
changes in LAI and ET are measured at the scale of individual nodes. Because
these changes would operate on the scale of individual trees, they should be
measured across the smallest possible area. Precipitation change is calculated from
either LAI as measured across the entire grid or in smaller sections of the grid
centered on each node as P is determined for that node (Figure 8h). Smaller
sections represented 0.6%, 2.5%, and 25% of the model area. The two different
approaches represent two end-member models of the processes controlling pre-
cipitation in the Amazon basin. Averaging LAI and ET changes across the entire
grid infers rapid and large-scale atmospheric mixing within the zone of intertrop-
ical convergence. Averaging across subareas infers that local P results from local
convective storms. Both processes are active in the Amazon (Eltahir and Pal,
1996).

Calculating P across subregions of the model does produce a different result
from models that average ET across the entire grid. Loss of resilience occurs
more rapidly when mixing occurs across 25% of the grid. This is probably a
result of concentrating the effects of drought near areas that have experienced
deforestation. Because both large-scale mixing and local convective storms con-
tribute to basin P, it may be that this model, which includes the moderate mixing
of atmospheric moisture, best represents the ecosystem’s reality.

Models that limit atmospheric mixing to less than or equal to 1% of the
model area limit collapse to areas near deforested nodes. This raises the possibility
that small areas of undisturbed forest may be preserved if atmospheric mixing of
water returned to the atmosphere occurs on a relatively small scale. Reports that
the majority of damage to the forest occur within 1 km of previously deforested
areas (Cochrane, 2001) suggest that local climatic changes may be important;
however, the forces that act to concentrate damage are varied, including the con-
centration of human interventions, so the impact of climatic change remains un-
certain. Determining regional and local contributions to P as the ecosystem chang-
es is important because the ability of the forest to prevent large-scale extinction
and loss of biodiversity depends on their not being destroyed in the general eco-
system collapse predicted by most model runs (Turner and Corlett, 1996; Phillips,
1997).

3.4.3 Effects of local climate change

Baidya Roy and Avissar (Baidya Roy and Avissar, 2002) have constructed a
model that explicitly considers the local (kilometer scale) changes in weather
patterns caused by a change in land cover within the Amazon basin that results
from deforestation. They conclude that the warmer temperatures above deforested
areas will increase small convective storms and move moisture from the forest
to pasture lands. The impact of such local changes, if they occur, on the broader
problem of the forest ecosystem’s resilience is uncertain. First, an increase in P
on permanently cleared land will not enhance regrowth of forest. Second, a shift
of moisture from the forest to these permanently cleared lands will reduce P over
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the forest and possibly enhance damage to the forest. Third, reports of increased
wind damage to trees near cleared patches are inferred to be a result of small
convective storms (Laurence et al., 1997) such as those that form in the model
of Baidya Roy and Avissar (Baidya Roy and Avissar, 2002). Damage at the
forest–pasture boundary could be an additional positive feedback leading to the
increased loss of the forest.

3.4.4 Changes in area water balance

Three factors may alter water balance within a region of the basin: change in
water leaving the system as runoff and atmospheric moisture, change in external
water vapor entering the system, and change in available soil water. Increases in
runoff caused by the clearing of land, which allows a more rapid movement of
water to and across the ground surface, remove moisture from an area. Similarly,
warming of the basin may lead to increased loss of moisture as water vapor
leaving the system because the dewpoint has been increased. Once lost, the water-
balance deficit can be reduced only if there are increases in water from some
other source. For example, additional moisture from external sources may enter
the region during periods of strengthened intertropical convergence. Variability
of P in the basin can be large, about 6 50% of the average values in Pará (Jipp
et al., 1998). Increased P could restore lost water. Of course, lower than average
P would exacerbate the water-balance problem. Eltahir and Pal (Eltahir and Pal,
1996) predict that deforestation by reducing absolute humidity will reduce large-
scale convective forces and thus weaken intertropical convergence. They suggest
that this feedback may be largely responsible for decreases in P in a deforested
Amazon basin, which are predicted by GCM experiments.

Soil water is also an important potential reservoir and sink for water. Im-
mediately after deforestation, it should act as a sink as the deep sources of water
available to trees will not be available to grasses and initial forest regrowth (Jipp
et al., 1998). Recharge of the deeper (. 2 m) soils will act to remove water from
the system and so might potentially cause additional reduction in rainfall. If a
secondary forest grows and matures, this water would become available and begin
to be recycled through ET. This could serve as an important feedback allowing
regeneration of forest if human-driven deforestation is controlled.

3.4.5 Position within the basin

The model described here assumes 45% of P is derived from external moisture
entering the system, which is consistent with an estimated total R as a percent of
P for the entire basin (Marengo et al., 1994). Runoff from individual major catch-
ments ranges from 30% to 50% of P. Higher values are typically associated with
areas of topographic uplift. One might also expect that areas near the Atlantic
would receive more external moisture as a percent of P, but this does not appear
to be supported by observed R. This would suggest that surface conditions—
surface gradient in undisturbed forest and vegetative cover in disturbed areas—
are primarily responsible for controlling R. If this is the case, then the model
presented here should apply equally to all areas of the Amazon basin. If coastal
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areas are in fact less susceptible to drought induced by deforestation, then the
model results should only be applied to interior portions of the basin.

Perhaps more important is the position of the forest within or external to
areas that are regularly flooded. Flooding would recharge the soil water reservoir
and so provide the forest with an additional source of water that might make it
more resistant to decreases in local P. If this is the case, then forests located in
floodplains may not respond to deforestation-induced climate change as predicted
by the model.

3.4.6 Application to other climate–biome interactions
The model described here has attempted to predict the behavior of the Amazon
basin’s ecosystem to current stress caused by deforestation. Other ecosystems
might also be at risk. For example, atmospheric–vegetation interactions in the
Sahel have been modeled and indicate that it may also be controlled by positive
feedback that creates multiple behavioral states (Brovkin et al., 1998).

4. Conclusions
Qualitative models that combine descriptions of feedback and graphical analysis
can provide valuable insight into the functioning of complex systems. Especially
interesting is the potential for systems controlled by positive feedback to contain
multiple behavioral modes and to have the potential to shift between them when
subjected to a continued forcing. Qualitative models of feedback between the
tropical forest and the climate describe such a system with two behavioral states:
one at high levels of LAI that is resilient and able to recover from even severe
stress, and a second mode characterized by runaway behavior that leads to the
collapse of the forest and the development of an alternative ecosystem.

A quantitative model based on the parameterization of processes controlling
feedbacks confirms the potential for the Amazon forest’s ecosystem to experi-
ence a major ecological shift in the relatively near future as current deforestation
in the Amazon basin caused by logging, agricultural, and mining practices con-
tinues. Although the quantitative model is simplistic, the results appear to be
robust as model predictions are consistent across a wide range of variables and
parameterizations. The results indicate that the point-of-no-return separating re-
silience and instability may be reached within two to four decades if current
rates of deforestation are maintained. A more certain estimate can be obtained
if the functions controlling feedbacks are better defined by ongoing research in
the Amazon basin. The model also implies that current hopes of creating forest
preserves to prevent total loss of the forest and its incredible biodiversity may
be misplaced.
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