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SUMMARY

(1) To study the population-level effects of fire on the savanna grass Andropogon
semiberbis, size-classified matrix population models were constructed for an annually
burnt population and for a population protected from fire. These models were used
to examine the effects of fire on population growth rate, stable size distributions and
reproductive value, and to simulate different fire regimes.

(2) The burnt population is capable of increasing rapidly (A, = 1-2524, r = 0-2251),
whereas the unburnt population is unable to persist (A, = 0-2762, r = —1-2886). Most
of this difference is due to effects on the growth, survival and reproduction of the
smallest two size classes, which are shown by elasticity analysis to be the most
important to population growth in both populations. The stable size distributions
and reproductive values are similar in the two populations.

(3) Both deterministic and stochastic analyses reveal a critical frequency of fire
(=0-85) below which this species is unable to maintain itself. This apparent reliance
on fire frequency suggests that the spread and evolution of this species has been
closely related to human occupation of neotropical savannas.

INTRODUCTION

Savanna fires, naturally occurring and anthropogenic, have important direct and
indirect effects on several ecological processes. They are considered to be a deter-
minant of tropical savannas, and play an important role in maintaining savanna
composition and physiognomy (Gillon 1983; Frost et al. 1986; Frost & Robertson
1987). Several experiments with fire regimes have been conducted (O’Connor 1985)
and changes in community composition as a result of fire exclusion documented
(Menaut 1977; San José & Farinas 1983; Farinas & San José 1987). There are also
several descriptive studies on the role of fire on plant growth and population
dynamics of savanna species (Coutinho 1982; Lacey, Walker & Noble 1982; Trollope
*1982; Mott & Andrew 1985b; Canales & Silva 1987; Silva & Castro 1989). Mathe-
matical models of the population processes involved in the effects of fire on the
structure of savanna communities are still lacking, however (Silva 1987). Studies on
the ecology and dynamics of tropical plant populations are scarce (Sarukhédn 1978),
but models have been used to predict population behaviour of tropical rain-forest
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trees (Hartshorn 1975; Pifiero, Martinez-Ramos & Sarukhdn 1984). Mathematical
tools for the demographic analysis of complex life cycles (Hubbell & Werner 1979;
Caswell 1986, 1989a) are now available, and overcome difficulties arising from the
nature of plant populations.

As part of an international effort to study tropical savanna ecosystems (Respon-
ses of Savannas to Stress and Disturbance, a programme of the International
Union of Biological Sciences), we are addressing the response of plant populations
to changes in prevailing environmental factors, especially fire regimes. In this
paper, matrix population models are used to compare population responses under
regimes of annual burning and fire exclusion for a common savanna grass species,
Andropogon semiberbis.

THE SPECIES AND THE MODEL

Andropogon semiberbis (Nees) Kunth. is a perennial grass species common in
seasonal savannas in the Orinoco Llanos of Venezuela (Sarmiento 1983). We have
studied several aspects of populations of this species in Farm Palma Sola, near the
city of Barinas in western Venezuela (8°38' N, 70°12’ W) in annually burnt savannas,
focusing on its reproductive ecology (Silva & Ataroff 1985) and seasonal regrowth
related to competitive interference (Raventos & Silva 1988). These studies show that
this C, grass is a late-growing species with an erect habit, with a relatively high
reproductive output and higher competitive ability than the accompanying species
Leptocoryphium lanatum (H.B.K.) Nees and Elyonurus adustus (Trin.) Ekman.

In this study, four size classes were distinguished, based on the number of tillers
plant™": 1 tiller, 2—10 tillers, 11—20 tillers and > 20 tillers. Size-classified matrix
models were constructed for two populations, one burnt annually at the end of the
dry season and the other protected from fire for 1 year. The coefficients in each
matrix were obtained by combining growth and survival data from two previous
demographic field studies in the same area. One of these studies followed two
cohorts of seedlings for 6 years in an annually burnt plot (Silva & Castro 1989).
The other study followed a cohort of seedlings and a sample of adults in two plots
for 2 years. One plot was burnt at the end of the dry season and the other one
was protected from fire (Silva, Raventos & Caswell 1990). These studies recorded
survivorship, growth and flowering for A. semiberbis plants of different sizes. Fec-
undity values were obtained by multiplying the number of inflorescences for each
size class by the average number of germinating seeds inflorescence™ (Silva &
Ataroff 1985). These data provide no information on temporal variability in demo-
graphic rates within the treatments; such variability is an important factor to be
explored in future population dynamic studies.

A linear time-invariant matrix population model is given by

n(t+ 1) = An(s), 1

where the state vector n(f) gives the abundance of each size class and the population
projection matrix A determines the dynamics of the population. The projection
interval from ¢ to t+1 in the present case is 1 year. The solution to Eqn 1 can
be written

n(z) = A'n(0), @
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where n(0) is an arbitrary initial population vector.

Population matrices U and B for the unburnt and burnt populations are shown in
graphical form in Fig. 1. Both matrices are irreducible and primitive, and have
distinct eigenvalues. Thus the solution to Eqn 2 can be written in terms of the
eigenvalues ); and the right (w;) and left (v;) eigenvectors of the projection matrix:

n(t) = Zciw,?»f, (3)

where ¢;=vn(0). The Perron—Frobenius theorem guarantees the existence of a
real dominant eigenvalue A;; when the transient effects due to the other eigenvalues
have decayed, as ¢ gets large:

n(t) = c;WiAj. 4)

A population described by Eqn 4 grows exponentially at a rate A; (in continuous
time, the familiar intrinsic rate of increase r =Ink;) with a stable stage distribution
given by the right eigenvector w;. The rate of increase A, is an integrative measure of
the population’s response to its environment, combining as it does stage-specific
rates of survival, growth and reproduction. It is the appropriate measure of fitness in
age- or stage-classified selection models (Charlesworth 1980; Lande 1982).

To evaluate the importance of the different parts of the life cycle (and thus the
different entries in the population projection matrix), elasticities were calculated
(DeKroon et al. 1986). The elasticities give the proportional changes in A; due to
proportional changes in the matrix coefficients, and are given by

_ aijakl

eij_ Xlaa,-j’ (5)

The elasticities e;; give the proportional contribution of the transition a; to popu-
lation growth.

This analysis, applied to the matrices U and B provides information about the
differences between burnt and unburnt environments. To go beyond this, the
matrices must be combined to characterize a variable environment with a specified
frequency of fire.

A simple deterministic model of an environment with a fire frequency of x/m
is given by

n(t + m) =BU" " *n(r) (6)

for any value of m. The dominant eigenvalue of the matrix B*U™ " gives the
eventual rate of growth of the population over a period of m years; this rate can be
converted to a per-year basis by taking the mth root.

Equation 6 describes an environment in which fire occurs in exactly x years out of

m. Fire, however, is a stochastic process, so that an environment with a given long-
term fire frequency will occasionally experience much longer and much shorter
intervals between fires than expected. A simple stochastic environment model is
‘provided by a first-order Markov chain with the transition graph:

QG WD
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where p is the probability of an unburnt year following a burnt year and q is the
probability of a burnt year following an unburnt year. This environmental model can
be characterized by two parameters: the frequency of burning, w, and the auto-
correlation, p. A negative autocorrelation indicates that burnt and unburnt years
tend to alternate, while positive values indicate that the environment tends to
produce long sequences of burnt years, followed by sequences of unburnt years. If
p =0, successive years are independent. It is known that both the frequency of
different environmental states and their autocorrelation can have significant effects
on population dynamics (e.g. Tuljapurkar & Orzack 1980; Tuljapurkar 1989). The
relation between the environmental transition probabilities p and g and the fire
frequency m and the autocorrelation p is given by

__49
m=1 0
p=1-p—gq. (8

The population dynamics in this environment are described by

n() = A, 1A—>--Agn(0), )

where the projection matrix A, is U or B, as determined by the stochastic environment
model.

The appropriate measure of population growth in a stochastic environment is the
stochastic growth rate A, defined by

1
logh, = lim v E(logN(1)), (10)
t—

where N(7) is the abundance of any stage or group of stages in the population (see
Tuljapurkar 1989 for a review). This index gives, with probability 1, the asymptotic
growth rate of a population experiencing the stochastic environment. If logh, <0,
eventual extinction is certain. The appropriate measure of fitness in stochastic
environments is logh, (Tuljapurkar 1982).

Because the analytical computation of logh, is not feasible, we used the numerical
method of Cohen, Christensen & Goodyear (1983) and Heyde & Cohen (1985). This
method uses the Markov model to generate a sequence of T matrices (7 = 3000 in
this study), which are then used to project an arbitrary initial population. At each
time ¢ an instantaneous growth rate is calculated from

logh(?) = logN(t + 1) — logN(¢). (11)
The estimate of the stochastic growth rate is the mean of these instantaneous estimates:
N 1 =1
loghs=——— > 1logh(y). (12)
T-1 =

Approximate 95% confidence intervals on this estimate are given by

PR ——

logh, = 1-96\/V(logh(¢))/T, (13)
where V(logh(¢)) is the variance of the logh(?).
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FiG. 1. Life-cycle graphs for two populations of Andropogon semiberbis in savanna grassland.
The nodes represent stages (1: 1 tiller; 2: 2—10 tillers; 3: 11—20 tillers; 4: > 20 tillers) and
the arrows indicate transitions between stages. The (i, j) element of the projection matrix is
the coefficient on the arrow from stage j to stage i. (a) An annually burnt population. (b) A
population protected from fire for 1 year.

RESULTS

Fire exclusion has a dramatic and unambiguous effect on the population dynamics
of Andropogon semiberbis (Fig. 1). Almost all the entries in the burnt matrix B
are greater than the corresponding entries of the unburnt matrix U. The sum of
fertilities is 9-25 in B and only 4-69 in U. These effects are highly significant,
according to log-linear analysis applied to matrices describing growth and mortality
of individual plants (Silva, Raventos & Caswell 1990). Here, the consequences of
these differences for population growth rate, population structure and growth-rate
sensitivities will be examined.

Growth rates

The population growth rates under the two treatments are A, = 1-2524 (r = 0-2251)
for B and A, = 0-2762 (r = —1-2866) for U. Thus the conditions resulting from even a
single year of fire exclusion would lead to rapid extinction.

Comparison of the two matrices reveals differences in almost every transition in
the life cycle (Fig. 1). Because A, is differentially sensitive to these changes, the
method of Caswell (1989b) was used to evaluate the contributions of these differences
to the effect of fire on population growth. Let A\ =1-2524 —0-2762 denote the
effect of fire on population growth rate. A first approximation to A\ is

A
Ak = E, Aa;; 5 (14)
where the sensitivities 9A/da;; are calculated from the mean of the two matrices. The
terms in this summation give the contributions of the differences in the matrix
entries to the effect on growth rate. The matrix of these contributions is

0-0163 0-0711 0-0459 0-0061

0-2560 0-2423 0-0316 0-0033 (15)
0-0724 0-0696 0-0019
0-0305 0-0658 0-0411
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By far the most important contributions come from the upper left corner of the
matrix, from the transitions involving size classes 1 and 2. These four terms contribute
61% of the effect of burning on population growth, emphasizing the importance of
fire effects on the growth, survival and reproduction of small plants.

Stable size distribution and reproductive value

The stable size distributions are given by the right eigenvectors of the two projection
matrices. They are very similar and have the typical inverted-J shape (Table 1). The
observed size distribution in the burnt plot was not significantly different from that
predicted from the eigenvector of the matrix B (Kolmogorov—Smirnov test, P> 0-05).
The size distribution in the unburnt plot was not measured because the population
had declined to such low numbers.

The reproductive values for the two models, calculated from the left eigenvectors
of the projection matrices, show the same trend (Table 1): the reproductive values
of the three largest size classes, which comprise juveniles and adults, are similar and
about an order of magnitude greater than those of the one-tiller plants.

Elasticity analysis

In the burnt population, stage 2 (2—10 tillers) makes the largest contribution
(50%) to population growth (Fig. 2a). Including the transition from stage 1 to stage
2 increases the total elasticity to 70% of the total. The subgraph formed by stages
1 and 2 accounts for 58:6% of the total elasticity.

In the unburnt population the contribution of the second stage is even larger
(61%) than in the former model (Fig. 2b). In this case the subgraph defined by the
first two stages contributes 74-5% of the population growth rate. In both models the
largest stage (> 20 tillers) contributes less than 10% of the population growth rate.

Effects of fire regime

In the deterministic model, population growth rate (measured as logh to facil-
itate comparison with the stochastic model) increases with the frequency of fire
(Fig. 3a). The critical fire frequency, below which the population cannot persist, is
approximately 0-85.

TABLE 1. Observed size distribution (for a burnt treatment) of Andropogon
semiberbis and the predicted stable size distribution and reproductive values for
both burnt and unburnt treatments.

Size distribution

Predicted Reproductive value
Observed
Stage  Tillers (burnt) burnt unburnt burnt unburnt
1 1 0-639 0-633 0-705 1-00 1-00
2 2—-10 0-284 0-266 0-207 5-57 15-34
3 11-10 0-041 0-070 0-084 7-92 13-88
4 >20 0-035 0-031 0-004 9-31 38-49
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Fic. 2. Elasticity analysis for two populations of Andropogon semiberbis in savanna grassland.
The graphs correspond to the life-cycle graphs in Fig. 1, but the coefficients are elasticities
of A with respect to the corresponding matrix entry. Elasticities have been scaled to sum to
100, so the coefficients give the percentage of A contributed by the corresponding transition.
Values less than 1 are not shown. (a) An annually burnt population. (b) A population
protected from fire for 1 year.

The stochastic growth rate (logh,) also increases with fire frequency (Fig. 3b). The
environmental autocorrelation pattern has no significant effect on logh,. Confidence
intervals, calculated using Eqn 13, were never larger than +0-025, and are not
shown in the Fig. 3b. In this case (and it need not be so in other cases) the stochastic
results are close to the deterministic ones. All three models predict a critical fire
frequency of approximately 0-85.

DISCUSSION

The lack of basic studies on the population dynamics of savanna plant species makes
it difficult to understand the dynamics of savanna communities and their response to
changing conditions, particularly fire regimes. This study has used field data to feed
theoretical but biologically sound models in order to contrast the demographic
properties of Andropogon semiberbis in habitats subjected to annual burning and in
those protected from fire. The results show that A. semiberbis is drastically affected
by even a single year of fire exclusion, but that the population can grow rapidly
under an annual fire regime. These differences are due mainly to the effects of fire,
or its exclusion, on the growth, survival and reproduction of the first two size classes
in our model; the elasticity analysis shows that these size classes are the most
important determinants of population growth in either environment.

These effects agree with what has been reported from other areas protected from
fire and grazing (Farinas & San José 1987). In temperate and tropical grasslands,
standing necromass accumulation resulting from low decomposition rates stifles
new growth by shading, limiting space and slowing nutrient recycling (Vogl 1974).
Radiation reaching the ground is five to twenty times less in unburnt than in burnt
plots by the end of the growing season after dry-season fire exclusion, and this
difference is even greater at the beginning of the following growing season (Silva,
Raventos & Caswell 1990). This excessive shading probably impairs the energy
balance of the C, species and boosts air and topsoil humidity promoting death and
decay of underground plant parts. Prolonged exclusion of fire and grazing, the two
main factors reducing litter accumulation in savanna communities, may lead to a
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FiG. 3. (a) Population growth rate of Andropogon semiberbis, measured by logh;, as a
function of fire frequency in a deterministic, periodic environment. (b) The stochastic
population growth rate logh,, as a function of mean fire frequency in an autocorrelated
stochastic environment. Environmental autocorrelation p = —0-5 (solid line), 0 (dashed
line) and 0-5 (dotted line). (The line for p=—0-5 is truncated because fire frequencies
outside this range are impossible with this autocorrelation.)

substantial decrease in grass cover and grass diversity and an increase in tree density
‘and diversity (Menaut 1977; San José & Farinas 1983).

Therefore, plant growth is high in burnt savannas, and this is reflected in high
transition rates and high survival in the burnt model. More vigorous growth resulted
in higher fertilities and recruitment in the annually burnt population. The beneficial
effects of fire on the production of the grass layer has already been reported for
several savanna and grassland communities (San José & Medina 1976; Gillon
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1983; Frost 1985); however, the promotion of flowering has only been reported for
precocious and early species (Coutinho 1982).

Caswell (1986) used elasticity analysis to compare the relative contributions of
survival in the same size class, growth to the next size class, and reproduction to the
population growth rate of five tree species. In these species, survival contributed the
most and reproduction the least; a similar trend can be found in the perennial herb
Arisaema triphyllum (Bierzychudek 1982) and the shrub Alnus incana ssp. rugosa
(Huenneke & Marks 1987). Caswell (1986) suggested that this pattern might be
typical of long-lived, slow-growing species. In the Andropogon semiberbis populations
examined here, the relative contribution of growth (transitions to larger size classes)
is the most important, and reproduction the least. Growth is also the most important
transition in the biennial Dipsacus sylvestris (Caswell & Werner 1978; DeKroon et
al. 1986) and the annual Phlox drummondii (Leverich & Levin 1977). It seems
plausible that in short-lived species transitions to larger size classes is the most
important parameter determining population growth rate.

The deterministic and stochastic models for variable environments both show that
a high frequency (0-85 or greater) of fire is required for population persistence.
Savannas are very prone to be burnt annually, and have probably been under
an annual regime of fire since European settlement. Savanna fires tend to be
patchy, however, with sites being burnt every year, whereas others remain several
years without fire.

The fact that, when grazing is excluded, A. semiberbis needs frequent fires to
persist suggests that the spread and evolution of this species is closely related to
human occupation of neotropical savanna ecosystems, because natural fires are
unlikely to occur very frequently. Also, the only large herbivores in these seasonal
savannas are cattle, introduced by Europeans a few centuries ago. We suggest that
changes in the fire regime of neotropical savannas as a consequence of European
settlement may have induced evolutionary change from fire tolerance to dependence
on fire in this species.

In both models the reproductive value of A. semiberbis increases with size, with a
tendency to reach a plateau in the B model. This seems to be a general feature of
size-classified populations of trees (Caswell 1986), herbs (Caswell & Werner 1978;
Bierzychudek 1982) and shrubs (Huenneke & Marks 1987). In contrast, age-classified
populations usually show a decline in reproductive value after the beginning of
reproduction. This difference could be explained by the lack of senescence in the
size-classified populations, or by the fact that large plants are killed by other than
physiological causes (Sarukhan 1980; Monasterio 1986). The pattern is also predicted
on evolutionary grounds, because selection should act to reduce growth rate into any
size class in which reproductive value declines (Caswell 1986).

Stable size distributions for A. semiberbis are similar in the two models, show-
ing the inverted-J shape found in other plant species (Werner & Caswell 1977;
Bierzychudek 1982; Pifiero, Martinez-Ramos & Sarukhan 1984). This pattern seems
to be relatively independent of whether individuals are classified by age, size or stage.

Our results suggest several avenues for further research. First, characterizing
habitats as ‘burnt’ or ‘unburnt’ is an obvious oversimplification, especially for other
species in which the immediate effect of a single year of fire exclusion might be
smaller. A larger series of matrices, characterizing population dynamics as a function
of the time since the last fire, would be an improvement. Such a series could be
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coupled with data on fire frequency to construct a much more detailed stochastic
analysis. Secondly, our data do not permit examination of other sources of environ-
mental variability. Although we found that the burnt population is close to its
stable size distribution, which suggests that other fluctuations do not have a major
effect, it would be valuable to characterize the population response to other factors
(e.g. rainfall) as well as fire. Thirdly, our analysis does not address the important
issue of density-dependent and competitive effects, which may well be important.
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