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Abstract
Global warming can potentially influence ecological commu-
nities through altered disturbance regimes in addition to in-
creased temperatures. We investigate the response of pine
savannas in the southeastern United States to global warming
using a simple Lotka-Volterra competition model together
with predicted changes to fire and hurricane disturbance re-
gimes with global climate change. In the southeastern United
States, decreased frequency of both fires and hurricanes with
global warming will shift pine savannas toward a forested
state. A CO2 fertilization effect that increases the growth rate
of tree populations will also push southeastern landscapes
from open savannas towards closed forests. Transient dynam-
ics associated with climate driven changes in vegetation will
last on the order of decades to a century. In our model, the
sensitivity of savannas to relative changes in the frequency of
fire versus hurricanes is linearly dependent on the growth rate
and mortality of trees in fire and hurricane disturbances.

Keywords: Fire; Forest; Global warming; Grassland; Hurri-
cane; Longleaf pine; Lotka-Volterra model; Pinus palustris.

Introduction

Global warming is expected to have a large effect on
ecological communities over the next century (Hough-
ton et al. 2001). Increasing levels of greenhouse gases
in the atmosphere associated with human activities
have increased global temperatures over recent dec-
ades and continued anthropogenic emissions of green-
house gases are expected to result in a rise of global
temperature between 1.9 and 7.5 °C this century (Stott
& Kettleborough 2002). Species are expected to adjust
their ranges towards higher latitudes and to higher
elevations in response to increasing temperatures, and
some range shifts have already been observed (Tho-
mas & Lennon 1999; Root et al. 2003). In addition to
rising temperatures, global warming is expected to
change the frequency of natural disturbances such as
fires and hurricanes (Dale et al. 2001). Altered distur-
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bance regimes could exert a strong influence on the
distribution and abundance of species, resulting in rapid
and dramatic changes in the structure of ecological
communities.

We explore the effects of altered fire and hurricane
frequency on pine savannas of the southeastern United
States with the goal of understanding how global cli-
mate change will influence these communities. Pine
savannas are broadly-distributed ecological communi-
ties in this region that are shaped by and are sensitive to
recurrent fires and hurricanes (Platt 1999). Pine savan-
nas are likely to be more influenced by the indirect
effects of global climate change on disturbance regimes
rather than directly by increasing temperatures because
the most pronounced warming is expected at far north-
ern latitudes (Zwiers 2002). Other studies that have
investigated the response of forested systems to global
warming have typically used complex simulation mod-
els or climate envelope approaches to predict climate-
driven community change (e.g. Loehle & LeBlanc 1996;
Iverson et al. 1999; Schwartz et al. 2001). In contrast, we
explore the consequences of climate change on southeast-
ern pine savannas using a simple mathematical model. We
abstract much ecological detail in the hope that we may
gain general insights into community responses to altered
disturbance regimes rather than precise predictions.

Methods

Pine savannas
Historically, pine savannas covered 36 million ha on

the coastal plan of the southeastern U.S., but only ca. 1
million ha are estimated to remain (Anon. online). South-
eastern pine savannas are characterized by widely spaced
pine trees in a continuous, graminoid-dominated ground-
cover matrix. They have a two-layered structure with
distinct ground cover and canopy layers but often lack a
significant mid-story component. The overstory is usu-
ally composed of Pinus palustris (longleaf pine) except



76 BECKAGE, B. ET AL.

in southern Florida where Pinus elliottii var. densa
(south Florida slash pine) is the canopy dominant. Tree
density in the savanna landscape is variable, ranging
from nearly treeless prairies to closed woodlands; the
most common condition is a discontinuous canopy with
large areas unoccupied by trees (Platt 1999; Beckage &
Stout 2000). We refer to the overstory layer as ‘woody’
vegetation and the ground cover layer as the ‘grass’
component out of convenience, recognizing that woody
vegetation can occur outside of the overstory and that
the ground cover contains species other than grasses
(Platt et al. 2006).

Variable tree density across pine savannas is associ-
ated with differences in the frequency of fire and hurri-
cane disturbance. Decreasing disturbance leads to in-
creasing tree density (Veno 1976; Givens et al. 1984;
Gilliam & Platt 1999; Platt et al. 2002), as illustrated by
the simple conceptual model of pineland dynamics in
Fig. 1. We assume that the effects of fire and hurricane
disturbance are independent, although there may be
interactive effects (Platt et al. 2002). In this conceptual
model, pinelands exist along a continuum of overstory
density from open prairie, which lacks an overstory, to a
closed forest without an understory grass layer. A sa-
vanna state where grass and trees coexist, is intermedi-
ate between these two extremes. Competition between
the overstory woody vegetation and the understory grass
layer is largely asymmetric; the woody vegetation sup-
presses the grass layer while the grass layer exerts little
influence on the woody vegetation. This implies that the
overstory density of pinelands will increase to the exclu-
sion of the grass layer unless disturbance periodically
reduces overstory density.

Model
We represent this simple conceptual model of pine

savanna dynamics mathematically using a set of ordi-
nary differential equations (ODE) that are an extension
of the Lotka-Volterra model of species competition
(Kot 2001; van Langevelde et al. 2003). This modelling
approach is intended to capture the general dynamics of
the system rather than fine scale patterns as a forest
simulation model might reproduce. We analyse this
system of equations by first locating equilibrium where
both grass and woody vegetation coexist, and then ex-
amine the stability of these equilibria points, which
indicates whether the system will tend to stay at these
points or move away. We represent the dynamics of the
overstory or woody layer with the equation:

(1)

The left side of (1) represents the instantaneous rate of
change of woody biomass W (g/m2) in the savanna

overstory. The right side of Eq. 1 consists of a growth
term where the growth of woody vegetation is described
by rw, which is the intrinsic rate of increase in woody
biomass (1/year), and Kw (g/m2), which is the maximum
amount of woody biomass that can exist in a southeast-
ern pineland, e.g., the carrying capacity. The growth of
woody biomass is logistic, with increasing woody bio-
mass inhibiting its continued growth. The second term
on the right side of Eq. 1 describes the loss of woody
vegetation due to fire and hurricane disturbances. Mwf is
the proportionate loss of woody biomass in a fire and Ff
is the frequency of fires (1/year). Similarly, Mwh is the
proportionate loss of woody biomass in a hurricane and
Fh is the frequency of hurricanes (1/year).

The dynamics of the understory grass layer are de-
scribed by the equation:

(2)

The left side of Eq. 2 represents the instantaneous rate of
change in grass biomass G (g/m2), while the right side
contains terms for the growth and loss of grass biomass.
The growth of grass biomass is again inhibited by its
own growth as in equation (1) but, in addition, its
growth is also reduced by increasing amounts of woody
vegetation, i.e. the term

The inclusion of this additional term in Eq. 2 but not  1

Fig. 1. Conceptual model of pine savanna dynamics in the
southeastern United States. Top.  The upper curved line repre-
sents the community response surface and the circle represents
the location of the pineland along a hypothetical gradient from
open grassland to closed forest. The pineland tends to move
‘downhill’ towards a closed forest in the absence of re-
peated disturbances such as fire. Recurring disturbances push
the pineland ‘upslope’ toward a savanna or grassland state.
Bottom. Relative amounts of grass or tree biomass along the
disturbance gradient from grassland to closed forest. We de-
fine savanna as intermediate between grassland and closed
forest where grass and trees occur together.
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represents the asymmetric competition between the
ground layer and trees; trees shade out ground-layer
vegetation but the ground layer exerts little effect on the
tree layer. The right side of Eq. 2 has a loss term for fire,
Mg, the proportionate loss of grass biomass in a fire, but
no loss term for hurricane disturbance as is found in Eq.
1. This is because hurricanes frequently blow down or
snap trees, resulting in the loss of overstory biomass, but
do not exert a similar effect on the ground-layer vegeta-
tion.

We simplified the analysis of this system by first
non-dimensionalizing the equations to reduce the number
of parameters prior to investigating their behaviour (Kot
2001). We made the following three substitutions into
Eqs. 1 and 2:

to arrive at the following simplified system of equations:

(3)

(4)

where

The left sides of Eqs. 3 and 4 now represent the rescaled
rates of change of grass and woody vegetation. This
rescaling is useful because it reduces the number of
model parameters from 9 to 4, simplifying the analysis.
Note that all terms in Eqs. 3 and 4 are now dimensionless.
We present results from the simplified system or from
the untransformed scale as appropriate.

We analysed the system of equations to determine
the location and stability of equilibrial solutions. The
equilibria were found by setting both
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then solving for w and g. The local stability of the
equilibria was determined by computing the eigenvalues
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evaluated at each of the i equilibrium points (g1, w1)…
(gi, wi) (Kot 2001). The eigenvalues were calculated by
solving the characteristic equation corresponding to

Det(Ji
* – λI) = 0

where Ji
* is the Jacobian evaluated at equilibrium point

i. The resulting eigenvalues indicate the stability of the
corresponding equilibrium. An equilibrium solution is
stable when the real component of both eigenvalues is <
0, unstable if the real component of either eigenvalue is
>  0, and the stability is ambiguous if one eigenvalue is
< 0 while another equals 0. In the later case, we exam-
ined the phase plane to ascertain stability of the equilib-
rium. Purely imaginary eigenvalues indicate more com-
plex dynamics. Analyses were performed using the
Mathematica software (Wolfram Research, Inc.).

We investigated the transient behaviour of the sys-
tem by numerically integrating the system of equations
in the untransformed time scale to determine how quickly
the system moved to a stable equilibrium point. This
analysis required information on model parameters in-
cluding intrinsic rates of increase for grass and woody
vegetation (rg, rw), carrying capacities (Kg, Kw), propor-
tionate loss of biomass in fire (Mg, Mwf) and hurricane
disturbances (Mwh), and frequencies of fires (Ff) and
hurricanes (Fh). We used estimated carrying capacities
from Langevelde et al. (2003), which were not specific
to southeastern pine savannas, to compute intrinsic rates
of increase using approximate times for grasslands and
forests to reach their asymptotic biomass (Fig. 2). Esti-
mates of loss rates in fire and hurricane disturbance
come from our work in southeastern pine savannas in
Florida and Louisiana as did estimates of long-term
disturbance frequencies. The parameter values chosen
to represent disturbance frequencies correspond to fires
occurring every five years and hurricanes every 20
years, which are within the range of natural variability
for these communities. The parameter values used in
our analyses were, unless otherwise indicated,

 (5)

We emphasize that these specific values represent order
of magnitude estimates of parameters that are only used
to illustrate our general results. Our qualitative results
do not depend on the particular values chosen.

We present results that describe the behaviour of the
system of equations (1) in the absence of disturbance;
(2) with only fire or hurricane disturbance, and (3) with
both fire and hurricane disturbance. Since our primary
interest was in describing the dynamics of existing pine
savannas in response to climate change, we focused on
equilibria in a savanna state.
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Results

No disturbance
In the absence of disturbance, no equilibria occurred

in a savanna state with both grass and woody vegetation
present. The three equilibria that did occur were located
at:

(g*, w*) = (0,0) (1,0) (0,1)

The first equilibrium at (0,0) corresponded to the case
where neither grass nor woody vegetation was present.
This was a trivial equilibrium that was unstable because
any perturbation away from this point, such as the
introduction of an infinitesimal amount of either grass
or woody vegetation, causes the system to move in-
creasingly far away. The second equilibrium at (1,0)
was in a grassland state and was also unstable, e.g., the
introduction of any woody biomass results in the move-
ment of the system toward a forest state with loss of the
grass component. The third equilibrium (0,1) was in a
forest state and was globally stable: the system returns
to the equilibrium following any perturbation away
from this point.

Fire disturbance
Four equilibria occurred when fire was introduced

into the system, including a trivial equilibrium with
neither grass nor woody vegetation, equilibria with ei-
ther grass or woody vegetation, and an equilibrium in a
savanna state with both a grass and woody vegetation

component. The equilibrium in the savanna state oc-
curred at:

and was locally stable if

In other words, the ratio of growth rate to fire mortality
must be lower for woody vegetation compared to grass,
and fires must occur at a frequency lower than these
ratios for the system to exist as a savanna. If fire fre-
quency Ff was reduced to 0, the savanna equilibrium
collapsed to the No disturbance scenario described ear-
lier with the system moving to a forested state.

Hurricane disturbance
Hurricane disturbance also led to four equilibria in

the system. As in previous cases, three of the equilibria
occurred with neither grass nor woody vegetation, with
grass but no woody vegetation, or with woody vegeta-
tion but no grass component. The fourth equilibrium
was in a savanna state at:

This equilibrium was locally stable if

If hurricane frequency Fh was reduced to 0, the system
collapsed to the No disturbance scenario and moved to a
forested state. If hurricane frequency equalled or ex-
ceeded the ratio of growth rate to mortality of woody
vegetation in hurricanes, then the system moved to a
grassland state that lacked a woody component.

Fire and hurricane disturbance
When fire and hurricane disturbances occurred to-

gether, there were four equilibria. Three equilibria oc-
curred outside of the savanna state and corresponded to
neither grass nor woody vegetation present, grass but no
woody vegetation, or woody vegetation but no grass
component. The fourth equilibrium was in a savanna
state with grass and woody biomass coexisting and
occurred at:

The conditions necessary for this equilibrium to be
stable were satisfied if:

Fig. 2. Growth of (A) grass, G and (B) woody, W, biomass
assuming rg = 1.5.a–1; Kg = 300 g.m–2; rw = 0.08.a–1; and
Kw = 1000 g.m–2 and beginning at 1% of carrying capacity.
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                                     and

where both fire and hurricane frequency must be greater
than 0. The first condition was met for realistic rates of
growth and mortality such as given in Eq. 5 and was
satisfied by the conservative condition

The second condition states that hurricane frequency
must be below a threshold described by the line:
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If the frequency of disturbance is above this line (Fig.
3a), then the system will be in a prairie state with no
overstory present, and the further below this line the
system moves, the greater the relative proportion of
woody overstory compared to grass (Fig. 3b). As both
fire frequency Ff and hurricane frequency Fh approach
0, the system will move toward a closed forest. The time
scale of system response is illustrated in Fig. 4. In this
case the community was initially at (g,w) = (0.46, 0.44),
which was the result of fires occurring every 5 years and
hurricanes every 20 years. When the frequency of dis-
turbance went to 0, the system moved to the equilibrium
at (0,1) in 75 to 100 years (Fig. 4).

Fig. 3. Community structure as a function of fire and hurri-
cane frequency. A. The transition from prairie to savanna.
The solid line represents the threshold below which over-
story trees enter the community. The system is in a prairie
state with only a grass understory when above this threshold,
and moves toward a forested state as disturbance frequency
approaches 0 (at bottom left corner). The vertical dashed line
is a slice through this response surface at a fixed fire fre-
quency but with hurricane frequency varying from 1 (annual
hurricanes) to 0 (no hurricanes). B. Proportionate abundance
of grass and woody vegetation along the slice in A.  The
dotted vertical line indicates the location of the threshold
where overstory trees begin to enter the community. At a
hurricane frequency of 0, there is still a grass understory
component because fire frequency is fixed at a frequency of
0.2 (i.e. fire every five years).

Fig. 4. Pine savanna maintained by recurrent fire and hurricane
disturbances. A. Phase plane of the proportion of grass (g) and
woody vegetation (w) with fires occurring every five years and
hurricanes every 20 years. (The other parameter values are
described in the Methods section.) The vectors indicate the
direction and speed of change in grass and woody vegetation as
a function of location in phase space. The three equilibria
outside of a savanna state are indicated by circles, while the
stable equilibrium in a savanna state is indicated by a diamond.
If both fire and hurricane disturbances ended, the system would
move along the trajectory shown from the savanna equilibrium
(diamond) to a closed forest (solid circle).  B. The time course of
change in biomass (as a fraction of carrying capacity) is shown
for grass and woody vegetation.
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Discussion

We used a variation of the Lotka-Volterra (LV)
competition equations to model the dynamics of pine
savannas in the southeastern U.S. in response to fire and
hurricane disturbance. Systems of differential equations
have been used previously to model the partitioning of
soil water by grass and woody vegetation in arid savan-
nas (e.g. Walker et al. 1981, van Langevelde et al.
2003), but these concepts are unlikely to be applicable
to southeastern savannas, which tend to be more mesic.
Our savanna model utilized a different model structure,
which reflects the different mechanisms that operate in
these wet savannas, that captured the broad patterns of
pine savanna dynamics in the southeastern U.S. such as
conversion from open savanna to closed forest in the
absence of fire and hurricane disturbance (Veno 1976).
In our model, fire or hurricane disturbances alone can
lead to a stable equilibrium in a savanna state, although
the location and conditions of the equilibrium are differ-
ent for fire and hurricanes disturbances. This leads to the
simple prediction that the cessation of fire and hurricane
disturbance will result in the conversion of savannas to
closed forest while the introduction of disturbance to
areas that formerly lacked disturbance may result in the
creation of savannas. Changes in disturbance frequency,
other than the de novo introduction or elimination of
disturbance, will have more complex effects on pine
savannas depending on the location of the threshold
where open prairies transition to savannas. As the sys-
tem moves away from this threshold in the direction
towards reduced levels of disturbance, the relative im-
portance of the tree overstory increases while the
understory grass component declines. The understory
grass component is eliminated as the frequency of fire
and hurricane disturbance approaches 0.

In our simple model, the boundary between treeless
prairies and savannas has the form of a straight line
on a two-dimensional plane of disturbance frequency
(Fig. 3a). The intercept of this line is determined by the
growth rate and hurricane mortality of woody vegeta-
tion, while the slope is determined by the mortality of
woody vegetation in fire compared to hurricanes. The
sensitivity of savannas to changes in fire or hurricane
frequency is determined by this slope. As fire mortality
of overstory trees declines or as hurricane mortality
increases, the slope of this line approaches 0, indicating
decreased sensitivity to changes in fire frequency. In
contrast, increased fire mortality or declining hurricane
mortality, increases the slope of the threshold indicating
greater sensitivity to changes in fire frequency relative
to hurricane frequency. A fertilization effect associated
with elevated levels of CO2 that increases population
growth rates of trees (e.g. LaDeau & Clark 2001; Lewis

et al. 2004) will move the intercept of the threshold line
upward and shift communities towards a forested state
even if disturbance rates remain unchanged. This pre-
dicted response is consistent with both empirical evi-
dence of past grassland-savanna shifts associated with
fluctuating atmospheric CO2 and the results of complex
simulation models (Bond et al. 2003): the woody com-
ponent of savannas has been reduced during past peri-
ods of low CO2 and has expanded during periods of
increasing CO2 concentration.

Anticipating the effects of global warming on eco-
logical systems requires both an understanding of com-
munity dynamics in response to external drivers such as
disturbance as well as an understanding of how external
drivers themselves will change. We have described the
responses of pine savanna communities to altered distur-
bance regimes, but have not explored the expected impact
of global warming on southeastern disturbance regimes.
We next address how fire and hurricane disturbance
regimes in the southeastern U.S. are expected to change
in response to global warming before anticipating how
southeastern savannas will be affected by climate change.

Global climate influences disturbance regimes in the
southeastern U.S. through the periodicity and amplitude
of climatic cycles such as the El Niño-Southern Oscilla-
tion (ENSO) and the North Atlantic Oscillation (NAO).
These climatic cycles are characterized by atmospheric
or oceanic conditions in well-defined global regions but
with effects that extend globally. ENSO cycles, for
example, are characterized by alternating periods of
warm (El Niño phase) or cold (La Niña phase) sea
surface temperatures in the central and eastern Pacific
off the west coast of South America, but exert a strong
influence on regional rainfall patterns and temperatures
across the globe (Allan et al. 1996; Stenseth et al. 2003).
In the southeastern U.S., ENSO conditions exert a strong
influence on fire regimes because of the resonance
between the state of ENSO and the annual hydrologic
cycle (Beckage & Platt 2003; Beckage et al. 2003).
Most rainfall is received during the summer months
from convective thunderstorms with little precipitation
during the winter dry season. The severity of the dry
season is mediated by the state of the ENSO cycle
because winter precipitation is increased during the El
Niño phase of ENSO and decreased during the La Niña
phase (Ropelewski & Halpert 1986). In addition, the
ENSO cycle influences the frequency of lightning strikes,
increasing the probability of fire ignitions in years with
severe La Niña droughts (Beckage et al. 2003). ENSO
effects on drought conditions and lightning strike fre-
quency result in strong concordance between the La
Niña phase of the ENSO cycle and wildfire severity in
the southeastern U.S. (Simard et al. 1985; Brenner 1991;
Beckage et al. 2003).
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ENSO conditions also affect the frequency of hurri-
canes and tropical cyclones. Hurricanes are more fre-
quent and intense during La Niña phases and less fre-
quent and intense during El Niño phases (Wilson 1999;
Elsner & Bossak 2001). The incidence of hurricanes on
the southeastern U.S. is also dependent on the North
Atlantic Oscillation (NAO). The NAO is a north-south
difference in atmospheric pressure between the sub-
tropical high-pressure over the Azores and the subpolar
low-pressure over Iceland that is related to the strength
of the westerly winds in the northern Atlantic Ocean.
The significance of the NAO for the southeastern U.S. is
in its influence on the tracks of hurricanes and tropical
cyclones. A negative NAO results in hurricanes that
track predominately in a westward direction with a high
likelihood of hitting the southeastern U.S. A strong
positive NAO index results in increased likelihood of
more northerly hurricane tracks and decreased likeli-
hood of landfall in the southeastern U.S. ENSO and
NAO events are related such that during La Niña condi-
tions when hurricanes are most frequent, landfall in the
southeastern U.S. is most probable.

Global warming is expected to affect the frequency
of ENSO events, which will influence disturbance re-
gimes in southeastern savannas. The El Niño phase of
ENSO is expected to become increasingly frequent with
global warming, with La Niña events decreasing in
frequency (Timmermann et al. 1999; Tsonis et al. 2003).
These changes to the ENSO cycle will create conditions
that favour less frequent large-scale fires and decreased

hurricane frequency in southeastern savannas. In addi-
tion, if the current relationship between ENSO and
NAO remains intact with global warming, then the
hurricanes that do form will be more likely to track
toward the northeastern rather than the southeastern
coast of the U.S..

Reductions in the frequency of fires and hurricanes
associated with global warming will push southeastern
pine savannas towards a forested state with an increased
overstory density and reduced understory component. If
decreased fire frequency is associated with a corre-
sponding increase in fire intensity that results in an
elevated level of tree mortality, this may partially offset
reduced frequency of fire. However, the overall effect of
reductions in fire and hurricane frequencies in the south-
eastern U.S., together with a CO2 fertilization effect,
will be to move savanna communities towards closed
forests. If we assume that the frequency of disturbance
is reduced by half, for example, with fires occurring
every ten years rather than every five years and hurri-
canes every 40 years rather than every 20 years, then
the system will move from an equilibrium at (g*, w*) =
(0.46, 0.44) to one at (0.23, 0.72) in ca. 75 years (Fig. 5).
The transformation of savannas to a more closed forest
will have large effects on species diversity in the south-
eastern U.S.. Savanna understories are rich reservoirs of
biodiversity (Platt 1999), which will be at risk in a warmer
world with fewer large-scale disturbances, as the closing
of the overstory canopy leads to large reductions in species
richness in these systems (Platt et al. 2004). Preservation of
southeastern savanna communities will likely require ac-
tive management to offset reduced frequencies of natural
disturbance.
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The time course of change in biomass (as a fraction of carrying
capacity) is shown for grass and woody vegetation.
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