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life histories, with few intermediate forms, despite the 
fact that the transition between strategies is evolutionarily 
labile. How did this strong dichotomy evolve? We address 
this question by developing a stochastic demographic 
model to assess determinants of relative fitness of reseed-
ers, resprouters and hypothetical intermediate forms. The 
model was parameterised using published demographic 
data from South African protea species and run over vari-
ous relevant fire regime parameters facets. At intermedi-
ate fire return intervals, trade-offs between investment in 
growth versus fire resilience can cause fitness to peak at 
either of the extremes of the reseeder–resprouter contin-
uum, especially when assuming realistic non-linear shapes 
for these trade-offs. Under these circumstances, the fitness 
landscape exhibits a saddle which could lead to disrup-
tive selection. The fitness gradient between the peaks was 
shallow, which may explain why this life-history trait is 
phylogenetically labile. Resprouters had maximum fitness 
at shorter fire-return intervals than reseeders. The model 
suggests that a strong dichotomy in fire survival strategy 
depends on a non-linear trade-off between growth and fire 
persistence traits.

Keywords Demography · Fire-return interval · Protea · 
Stochastic matrix population model · Fynbos

Introduction

Fitness trade-offs, where a fitness gain due to a change in 
one trait is opposed by a fitness loss due to a concomitant 
change in another trait, are a key concept in life-history 
theory (Stearns 1992). The evolution of fitness trade-offs 
is still poorly understood (Roff and Fairbairn 2007), but 
cases where trade-offs lead to the coexistence of distinct 

Abstract Crown fire is a key selective pressure in Med-
iterranean-type plant communities. Adaptive responses 
to fire regimes involve trade-offs between investment for 
persistence (fire survival and resprouting) and reproduc-
tion (fire mortality, fast growth to reproductive maturity, 
and reseeding) as investments that enhance adult survival 
lower growth and reproductive rates. Southern hemisphere 
Mediterranean-type ecosystems are dominated by species 
with either endogenous regeneration from adult resprout-
ing or fire-triggered seedling recruitment. Specifically, on 
nutrient-poor soils, these are either resprouting or reseeding 
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life-history strategies offer particularly promising opportu-
nities for study. One such case is found in fire-prone plant 
communities (Bond and Keeley 2005; Keeley et al. 2012), 
where woody plants have evolved two distinct strategies to 
cope with fire (Le Maitre 1992; Bond and Midgley 2001; 
Pausas et al. 2004; Higgins et al. 2008; Pratt et al. 2012). 
They either have well-protected buds that allow adults to 
resprout after a fire, or adults are killed by fire and rely 
solely on their seeds to re-establish in the burnt area (Bond 
and Midgley 2001; Keeley et al. 2012). This life-history 
dichotomy is found in most major families of woody plants 
that dominate Mediterranean-type regions with regular 
stand-replacing crown fires (Vesk and Westoby 2004), and 
the two strategies are particularly dominant on the nutri-
ent-poor soils of the South African fynbos and Australian 
kongwan (Wells 1969; Le Maitre and Midgley 1992; Ojeda 
1998; Keeley et al. 2012). Intermediate forms, i.e. species 
in which some individuals exhibit one strategy and some 
the other, are rare (Schutte et al. 1995). The clear life-his-
tory dichotomy and its appearance in many families raise 
the question of the evolutionary origin of this dichotomy. 
Apparently, the trait has been evolutionary labile and 
repeatedly subject to disruptive selection (Lamont et al. 
2011). For example, in the protea genus Leucadendron, the 
two fire-response strategies are not phylogenetically clus-
tered, suggesting multiple switches between the two strate-
gies within this single genus alone (Barker et al. 2004).

We examined the role of various aspects of fire regime, 
principally fire frequency or fire-return interval, but also fire 
season and fire intensity, or extreme events, in shaping the 
fitness landscape of reseeders and resprouters to see under 
what conditions disruptive selection may be expected. We 
refer to reseeder as the strategy that involves all adults dying 
in a fire and reproduction taking place exclusively through 
seeds that germinate after the fire. This strategy is also 
known as ‘non-sprouter’ (Bond and Midgley 1995; Schutte 
et al. 1995; Pratt et al. 2012), ‘non-persistent semelpa-
rous’ (Higgins et al. 2008) and ‘obligate seeder’ (Pausas 
et al. 2004; Keeley et al. 2012). We refer to resprouter as 
the strategy where most adults survive a fire and resprout 
afterwards, but where fire also triggers reproduction from 
seeds. This strategy has also been called ‘persistent iteropa-
rous’ (Higgins et al. 2008), ‘facultative sprouter’ (Pratt et al. 
2012) or ‘facultative seeder’ (Keeley et al. 2012).

Both resprouting and reseeding have advantages (Le 
Maitre and Midgley 1992; Schutte et al. 1995; Vlok and 
Yeaton 1999; Bond and Midgley 2003). Initially after a fire, 
resprouters have safe underground resources from which to 
draw and can rapidly take advantage of the recently opened 
spaces, while reseeders must first germinate and establish. 
At this stage, reseeders require environmental conditions 
favourable for germination and need predictable rainfall 
after the fire season to facilitate establishment (Keeley et al. 

2012). Later in post-fire succession, reseeders likely incur 
lower costs of investing in and maintaining carbon-rich 
defensive structures such as bark, buds (particularly basal 
buds that are well insulated) and storage tissues (particu-
larly lignotubers) required to support post-fire shoot growth 
(Pausas et al. 2004; Pratt et al. 2012). Even though the gen-
erality of this trade-off is not well established (Bond and 
Midgley 2003), there is evidence that seedlings of reseed-
ers tend to grow faster than seedlings of resprouters (Pausas 
et al. 2004; Lamont et al. 2011), and the latter also tend 
to show slower shoot development (associated with greater 
root development tied to drought avoidance; Pausas et al. 
2004). In the fynbos and kongwan, which experience more 
pronounced summer drought than other Mediterranean-
type regions, reseeders appear to have higher seedling sur-
vival than resprouters during the summer drought (Ojeda 
et al. 2005; Keeley et al. 2012). Reseeders may produce 
more seeds than resprouters of similar age (Pausas et al. 
2004; Ojeda et al. 2005), although this difference mostly 
disappears when correcting for canopy volume (Bond and 
Midgley 2003).

With these varied advantages for each life-history strat-
egy, it is not obvious why intermediate forms combin-
ing beneficial traits from both strategies hardly ever reach 
dominance. Indeed, the co-existence of the two strategies is 
much better investigated (Keeley and Zedler 1978; Enright 
et al. 1998a, b; Vesk and Westoby 2004; Ojeda et al. 2005; 
Higgins et al. 2008) than the poorly understood issue of 
how selective pressures have apparently routinely led to 
disruptive selection in fire survival strategies. Here, we use 
demographic estimates obtained from the literature on two 
fynbos Protea species and a demographic model that uses a 
set of conceptual trade-offs to examine how fire frequency 
interacts with basic life-history trade-offs to favour either 
the reseeder or the resprouter life history, as opposed to 
hypothetical intermediate strategies. Effects of fire season 
and fire intensity are also modelled. We examine the trade-
off between fire mortality and growth mediated by different 
levels of investment in either protective tissue or structural 
growth. We envision intermediate strategies that invest into 
some protection at the cost of reduced growth but still suf-
fer substantial fire mortality.

The three main questions that we address are:

1. Does the fire-return interval affect which strategy has 
higher fitness?

2. Do reseeders and resprouters have higher fitness than 
intermediate strategies?

3. Does the shape of the underlying life-history trade-offs 
affect the fitness landscape?

The fynbos vegetation of the Cape Floristic Region 
(CFR) is one of the most diverse amongst temperate floras 
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(Takhtajan 1986; Cowling et al. 1992; Goldblatt and Man-
ning 2002). One of the determinants of this diversity is 
thought to be the occurrence of fire (Cowling 1987; Linder 
2003; Barraclough 2006; Lamont et al. 2011), which has 
an intermediate frequency in relation to global ecosystems 
(return interval of roughly 7–25 years, compared to cen-
tury time scale in forests and annual to biennial time scale 
in grasslands and savannas). The dry summer season when 
fires naturally happen are followed by predictably wet 
winters, particularly in the west where diversity is great-
est (Cowling 1992). Human modification (mainly accel-
eration) of the fire cycle is thought to have occurred in the 
past few hundred years, and this may accelerate further 
under climate change scenarios (Wilson et al. 2010). There 
is thus an important need to understand how biodiversity 
components may be affected by fire frequency in order to 

assess species vulnerability and implement conservation 
action.

Materials and methods

Data

We searched the published literature for estimates of demo-
graphic parameters on reseeding and resprouting South 
African proteas (Table 1). We needed estimates of annual 
survival, reproduction and growth based on individuals fol-
lowed trough time. Only few studies met this criterion and 
data were most complete for Protea neriifolia and P. repens 
(reseeders), and P. nitida (resprouter; Table 1). There was 
considerable variation among published estimates and we 

Table 1  Parameter values selected for modeling demography of reseeding and resprouting proteas, and literature values for selected species on 
which these were based

Abbreviations used in Eq. 2 are given in parentheses. n is sample size on which the estimates were based in the original study, if available (na 
not available). Estimates for P. neriifolia (a reseeder) are from Le Maitre (1987, 1992), and Le Maitre and Midgley (1992), and estimates for 
P. nitida (a resprouter) are from Le Maitre (1992); and estimates for P. repens (a reseeder) are from Coetzee and Giliomee (1987), Le Maitre 
(1987), and Musil (1991). Survival rates used in the model were at the higher end of reported values because sample sizes were larger for these 
studies. Size classes were defined to reflect difference in fecundity. Because of uncertainty in parameter estimates, we examine three alternative 
parameterisations of the model (Online Resource 1)

Model parameter value Literature values

Reseeder Resprouter Protea neriifolia n Protea repens n Protea nitida n

Seed survival in seed bank (s1) 0.4 0.4 0.28–0.4 40, 350

Seedling survival (ss) 0.05 0.05 0.054 40

Survival vegetatives (s2) 0.95 0.95 0.6–0.98 na 0.919–0.989 54, 160

Survival small adults (s3) 0.98 0.98 0.6–0.98 na 0.995 18, 54

Survival medium adults (s4) 0.98 0.98 0.6–0.98 na 0.97–0.98 32, 123

Survival large adults (s5) 0.98 0.98 0.6–0.98 na 1 15, 22

Growth from vegetative to small 
adult (g23)

0.2 0.06 0.15–0.25 na 0.04–0.08 na

Growth from small to medium adult 
(g34)

0.5 0.25 0.06–0.25 18, 22

Growth from medium to large adult 
(g45)

0.4 0.1 0.03–0.06 123, 32

Fecundity small adults (f3) 15 15 9–53.4 na, 74 2.6–15.2 na, 119

Fecundity medium adults (f4) 40 40 9–34.3 na, 30

Fecundity large adults (f5) 80 80 9–99.4 na, 160 54–1,553 na, 40

Germination rate after fire (h) 0.98 0.98

Germination rate no fire (h) 0 0

Fire mortality vegetatives (m2) 1 0.9 0.13–1 116, 103, 41, 38

Fire mortality small adults (m3) 1 0.3 0–0.37 29, 19

Fire mortality medium adults (m4) 1 0.2 0–0.29 68, 49 29

Fire mortality large adults (m5) 1 0.1 0–0.14 48, 43, 40

Probability being reset during fire: 
medium adults (r4)

0.5 0.34–0.93 68, 46, 70

Probability being reset during fire: 
large adults (r5)

0.5 0.17–1 48, 37, 40
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therefore chose the estimates that seemed to be most rep-
resentative based on their sample size, analysis method and 
information given in the publications about the circum-
stances of data collection. Table 1 shows the values we used 
to parameterise the model described in the next section.

To examine whether our results depended on a particular 
choice of parameter value, we examined three alternative 
parameterisations, spanning the uncertainty in the values 
retrieved from the literature. The main uncertainties were 
around survival, growth and fecundity, which tend to be 
negatively correlated across plant life histories (Franco and 
Silvertown 2004). Our alternative parameterisations were 
one life history with high mortality and fast growth (sur-
vival reduced by 10 % compared to baseline and growth 
increased by 100 %), one life history with high mortality 
and high fecundity (survival reduced by 10 % and fecun-
dity increased by 150 %), and one life history with high 
fecundity and slow growth (increased fecundity by 150 % 
and decreased growth by 60 %). Details are given in Table 
S1.1 of Online Resource 1.

Model description

We modelled local population dynamics with a stochas-
tic demographic model based on projection matrices. This 
model projects the number of individuals in each stage in 
year t + 1 from the numbers in year t:

with

(1)nt+1 = Aent

(2)Ae =













s1(1 − h) 0 f3s1(1 − h) f4s1(1 − h) f5s1(1 − h)

ssh s2(1 − g23) f3ssh f4ssh f5ssh

0 s2g23 s3(1 − g34) s4r4 s5r5

0 0 s3g34 s4(1 − g45)(1 − r4) 0

0 0 0 s4g45 s5(1 − r5)













Reproduction occurs shortly after the census at the 
beginning of the projection interval, which we take to be 
1 year. We consider serotinous species that keep all seeds 
on the plant until the next fire, when they are dropped and 
germinate if there was a fire. The elements of the projec-
tion matrix Ae depend on whether or not there is a fire in 
a particular year. We examine two plant types, a reseeder 
and a resprouter. The reseeder dies in a fire, whereas the 
resprouter survives either in its present state or as an under-
ground tuber that produces a small adult plant in the follow-
ing year. Seeds of both types germinate only after fires, and 
they start producing seeds after 2 years at the earliest. Fig-
ure 1 shows graphs of the life cycles of both types during 
fire-free years and years with fire. The transitions between 
life-stages are composed of survival rates, the probability of 
growing to the next stage (or being reduced to small adults 
in the case of resprouters during fire), and reproduction.

The sequence of fire and no-fire years was partly a first-
order Markovian process in that a fire year was always fol-
lowed by a non-fire year. During the first year after fires, 
there is almost never enough biomass available to support 
another fire. In years after that, we modelled fires as occur-
ring with a fixed probability p, independent of the preced-
ing year. We explore dynamics for p ranging from 0 to 1. If 
p = 0, there are no fires at all, and if p = 1, fire and no-fire 
years alternate. Note that as p approaches 0 or 1, the envi-
ronment becomes deterministic. As p goes from 0 to 1, the 
temporal autocorrelation goes from 0 to −1 (Tuljapurkar 
1997). We present the results in terms of fire-return  

Here, n is a vector with the number of individuals in 
each stage and Ae is the projection matrix where the sub-
script e denotes that its entries depend on the environment, 
i.e. whether or not there is a fire. Fire happens after seed 
development in the annual cycle. We distinguish five stages: 
(1) seeds, (2) small vegetative plants, and (3–5) three size 
classes of reproductive plants. Plants (or seeds) in stage x 
survive with probability sx, while survival of seedlings dur-
ing their first year is ss. The growth rate from stage x to stage 
y is gxy, and fx is the fecundity (number of viable seeds pro-
duced) in stage x. Seeds germinate after fire with probability 
h (h = 0 in non-fire years), and resprouting adult plants are 
reset to the smallest adult stage (3) in fire years with prob-
ability rx (r = 0 in non-fire years). In fire years, we further 
multiplied s by a stage-specific mortality factor (1 − mx), 
where mx was 1 for reseeders (all reseeders die during fires).

intervals, (1/p) + 1, in order to make them more compara-
ble to earlier studies.

We chose to model fire-return intervals using fixed 
annual fire probabilities, because this introduced stochas-
ticity in similar ways at all fire-return intervals that we 
considered, and therefore did not confound the effects of 
stochasticity and fire-return intervals. In reality, fires may 
become more likely with time since the last fire, which 
would lead to more regular fire-return intervals leading in 
the extreme case to a deterministic fire cycle with a given 
length. We re-ran our models with a deterministic fire cycle 
and all results remained qualitatively the same.

We used simulations to calculate the stochastic popula-
tion growth rate log λs and its sensitivity to changes in life-
history parameters (Morris and Doak 2002). If viewed as 
a property of genotypes, λs is a measure of fitness (Metz 
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et al. 1992) and the sensitivities are equivalent to selection 
gradients (Van Tienderen 2000). We started the simulations 
with total population size N0 = 1. This vector was left-mul-
tiplied 10,000 times by Ae. After discarding the first 1,000 
steps to eliminate transient dynamics (which generally dis-
appeared with the first fire), we calculated the stochastic 
population growth rate as,

(3)log �̂s =
1

9000

10000
∑

t=1001

log

(

Nt+1

Nt

)

Nt is the total population size at time t. In the next step 
we in turn changed each life-history parameter by 0.01 
one at a time, and repeated the above step to calculate the 
altered stochastic population growth rate (log �̂

alt
s ). While 

doing so, we retained exactly the same sequence of fire 
and non-fire years so that the life-history parameter was the 
only thing that changed among simulations. The sensitivity 
of the stochastic population growth rate to changes in the 
life-history parameter ai was then calculated as,

These steps were repeated for each life-history parameter 
of both reseeders and resprouters. Sensitivities are concerned 
with the effect of absolute changes in life-history parameters 
on λs, and it may therefore be difficult to compare two life-
history parameters that are measured on different scales. 
Therefore, we also calculated elasticites (DeKroon et al. 
1986) as the change in λs caused by a change of 1 % in each 
life-history parameter. It has to be kept in mind, however, 
that the elasticities are dependent on the exact parameterisa-
tion of the model. For example, had we equivalently param-
eterised our model in terms of mortality rather than survival, 
we would have obtained different estimates for the elastici-
ties but not for the sensitivities (Morris and Doak 2002). All 
calculations were done in R (R Development Core Team 
2012) and the code can be found in Online Resource 2.

Fire response streategy on a reseeder–resprouter continuum

Our main goal was to examine the fitness consequences 
of the trade-off between growth and mortality during fires 
(Bond and Midgley 2003). We considered three different 

(4)S(ai) =
�̂

alt
s − �̂s

0.01

Fig. 1  Life-cycle graphs showing the possible life-history transi-
tions during a year with a no fire (for both reseeders and resprout-
ers), b reseeders during a year with fire, and c resprouters during a 
year with fire. The graphs illustrate the model developed in Eqs. 1 
and 2 and the transitions axy refer to the element in row x and column 
y of matrix A (Eq. 2). Life stages are: seeds, vegetative (Veg), small 
adult (S.ad), medium adult (M.ad) and large adult (L.ad) for reseeder 
and resprouter life-histories. Reseeders all die during fires, whereas 
resprouters can survive in their present state or be reset to the small 
adult stage. Seed production occurs at the beginning of each projec-
tion interval. Transitions a23, a24, and a25 account for post-fire recruit-
ment from seeds that were produced earlier in the same year
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Fig. 2  Three hypothesized trade-offs between growth (g) and fire 
mortality (m) in four life stages. Open and filled circles represent 
resprouters and reseeders, respectively. The connecting lines repre-
sent the parameter values for intermediate life histories along a con-
tinuum between the two extremes and define the fire response strate-
gies explored in Fig. 4
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forms of this trade-off, motivated by mechanistic consid-
erations. First, we consider a linear relationship between 
growth and fire mortality (Fig. 2). However, a linear loss of 
protection (in terms of survival) as a function of decreased 
investment (and thus improved growth) is unlikely because 
the trade-off results from the effectiveness of protective tis-
sue. It is more realistic to assume that protection will only 
become effective near the maximum level of investment, 
i.e. halving the thickness of protective tissue would result 
in less than half the survival benefits. We describe this type 
of trade-off using two curved relationships (Fig. 2). Using 
the model and methods described in the previous section, 
we calculated the fitness that intermediate forms would 
have achieved under different fire regimes. We started 
at the parameter values of resprouters (open symbols in 
Fig. 2), and examined 100 intermediate forms along the 
trade-off lines, up to the values for reseeders (closed sym-
bols in Fig. 2).

Event dependence versus interval dependence

The characteristics of a particular fire event may be more 
important than the time between fire events (termed ‘event 
dependence’; Bond and Van Wilgen 1996). We explored the 
generality of our results by varying two characteristics of 
fires that are important for plant population ecology: fire 
intensity and the season in which the fire happens (Bond 
and van Wilgen 1996). We used a simple extension of our 
model to accommodate each of these two effects in turn.

High intensity fires can kill resprouters that would nor-
mally survive. In addition to the two states, no fire and fire, 
we defined a third state, high-intensity fire, with its own 
version of projection matrix Ae. In high-intensity fires, 
mortality of resprouters either doubled or the fire killed all 
resprouters. In our model, high-intensity fires had the same 
effect on reseeders as normal intensity fires: they killed 
all plants. We ran the stochastic simulations as explained 
above, with a mean fire-return interval of 10 years. How-
ever, the fires now consisted of two types: normal inten-
sity (identical to our previous simulations) or high inten-
sity under a variety of fixed proportions. This approach 
allowed us to control the frequency of high-intensity fires 
but makes the unrealistic assumption that the probabil-
ity of a fire being of high intensity is independent of the 
time since the last fire. We therefore explored an alterna-
tive parameterisation where the odds of a high-intensity 
fire linearly depended on time since the last fire (Online 
Resource 3).

Fires occurring during an unusual time of the year have 
two effects: they can kill the plants before the new gener-
ation of seeds is formed, and when many of the previous 
season’s seeds have died; or they can lead to seed release 
at a time that is unfavourable for germination. The latter 

situation also applies for fires during the normal season if 
they are followed by an unusual drought during the season 
normally favourable for germination and establishment. In 
both cases, the number of successful recruits will decrease. 
We ran the stochastic model as described in the section 
on model development, with a mean fire-return interval 
of 10 years. However, we simulated two different types 
of fire, normal fires and fires followed by reduced recruit-
ment under a variety of fixed proportions. In the latter type 
of fire, we assumed 90 % reduction in seeds released as a 
proxy for reduced recruitment.

Results

Analysing the basic model: responses of fitness parameters 
to differences in fire-return intervals

Both reseeder and resprouter populations declined at very 
short and very long fire-return intervals (Fig. 3), and our 
model thus realistically reproduces the dependency of these 
two life forms on fire. In our model, the optimal fire-return 
interval for maximum population growth (and thus fit-
ness) of reseeders was 13 years, and 7 years for resprout-
ers (Fig. 3). Reseeders did better than resprouters at fire-
return intervals longer than 9 years. There were fire-return 
intervals where only resprouter populations achieved posi-
tive growth. At the chosen parameter values, this happened 
between 4 and 7 years.
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Fig. 3  Projected stochastic growth rate [log(λs)] of reseeder and 
resprouter populations in relation to fire-return interval. A fire year 
was always followed by a year without fire, and fire with probability 
p in years thereafter. Populations are stable at log λs = 0, decline for 
negative values and increase for positive ones
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Sensitivity estimates measure selection strength as the 
effect of small absolute changes in life-history param-
eters on fitness (λs), and we expected these estimates to 
depend on the length of the fire-return interval. We there-
fore repeated the sensitivity analysis for fire-return inter-
vals between 2 and 35 years (see Figures S4.1–S4.2 of 
Online Resource 4 for details) and found similar patterns 
in reseeders and resprouters: reproduction and survival of 
early life stages were relatively more important at short 
fire-return intervals, whereas adult survival was relatively 
more important at long fire-return intervals.

Focusing on a relatively short fire-return interval of 
7 years (Table 2), fitness was most sensitive to changes in 
seedling survival and growth from the vegetative to small 
adult life stage. At long fire-return intervals (e.g. 26 years; 
Table 2), fitness was most sensitive to changes in the ger-
mination rate during years with no fire, and to survival of 
seedlings and large-adults, whereas growth, fecundity, 
and fire mortality (in the case of resprouters) were less 
important.

Survival and reproduction are measured on different 
scales and sensitivity estimates between the two types of 

life-history parameters may not be strictly comparable. We 
therefore also calculated elasticities, or changes in popula-
tion growth in response to relative changes, in each life-his-
tory parameter. The elasticity analysis confirmed that fecun-
dity was relatively less important for population growth than 
survival and growth (Table 2, and Figs. S4.3, S4.4).

Reseeders and resprouters were similar in their patterns of 
sensitvity and elasticity. However, overall, seedling survival 
was relatively more important in reseeders, and survival of 
all adult stages was relatively more important in resprouters, 
compared to the rest of the life-history parameters.

Above, we have followed Bond and Midgley (2003) 
who found (in their Fig. 2) that reseeders and resprouters 
among South African proteas (genus Leucadendron) pro-
duced similar numbers of seeds given a certain plant size. 
However resprouters may produce fewer seeds than compa-
rable reseeder species (Lamont 1985; Bond and van Wilgen 
1996; Verdu 2000; Higgins et al. 2008). Halving seed pro-
duction of resprouters compared to reseeders in our model, 
the maximum fitness λs of resprouters decreased from 
0.041 to 0.013 and the optimal fire interval increased from 
7 to 11 years.

Table 2  Sensitivity and elasticity of the stochastic population growth rate (log λs) to changes in the life-history parameters at fire-return inter-
vals (FRI) of 7 and 26 years

Sensitivity and elasticity for fire mortality are both negative because the increase mortality rate decreases population growth. See Online 
Resource 4 for more detailed sensitivity analyses

Sensitivity Elasticity

Reseeder Resprouter Reseeder Resprouter

FRI = 7 FRI = 26 FRI = 7 FRI = 26 FRI = 7 FRI = 26 FRI = 7 FRI = 26

Seed survival in seed bank 0.121 0.058 0.068 0.039 0.049 0.023 0.026 0.015

Seedling survival 2.773 0.725 1.068 0.467 0.140 0.035 0.051 0.023

Survival vegetatives 0.310 0.147 0.208 0.193 0.297 0.135 0.190 0.179

Survival small adults 0.163 0.071 0.251 0.108 0.161 0.067 0.237 0.103

Survival medium adults 0.129 0.081 0.297 0.203 0.128 0.077 0.279 0.195

Survival large adults 0.218 0.698 0.241 0.530 0.216 0.663 0.227 0.508

Growth from vegetative to small adult 0.554 0.072 0.743 0.232 0.112 0.014 0.043 0.014

Growth from small to medium adult 0.067 0.008 0.071 0.014 0.034 0.004 0.017 0.003

Growth from medium to large adult 0.033 0.006 0.106 0.032 0.013 0.002 0.010 0.003

Fecundity small adults 0.004 0.000 0.001 0.000 0.054 0.003 0.008 0.001

Fecundity medium adults 0.001 0.000 0.001 0.000 0.039 0.004 0.021 0.005

Fecundity large adults 0.001 0.000 0.000 0.000 0.059 0.032 0.025 0.018

Germination rate after fire 0.116 0.039 0.054 0.025 0.115 0.037 0.051 0.024

Germination rate no fire 0.395 2.423 0.208 1.090 0.000 0.000 0.000 0.000

Fire mortality vegetatives −0.039 −0.005 −0.034 −0.004

Fire mortality small adults −0.044 −0.003 −0.013 −0.001

Fire mortality medium adults −0.051 −0.005 −0.010 −0.001

Fire mortality large adults −0.033 −0.009 −0.003 −0.001

Probability being reset during fire: medium adults −0.006 0.000 −0.003 0.000

Probability being reset during fire: large adults −0.015 −0.003 −0.007 −0.001
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Fire response streategy on a reseeder–resprouter continuum

We examined three different shapes of the trade-off 
between fire mortality and growth (Fig. 2) and calculated 
the expected fitness of intermediate strategies on those 
lines. Regardless of the shape of trade-off between fire 
mortality and plant growth rates, the fire-return interval 
had a stronger effect on population growth than the posi-
tion on the reseeder–resprouter continuum (Fig. 4, shown 
by the steeper slopes in the direction of the x-axis, i.e. 
the fire-return interval). Resprouters achieved their high-
est population growth rates at shorter fire-return intervals 
than reseeders, confirming our results above. The fitness of 
intermediate forms depended on the shape of the trade-off. 
With a linear relationship between growth and fire mortal-
ity, intermediate forms tended to achieve slightly higher 
population growth rates than pure reseeders and resprout-
ers, and the maximum was at 63 % reseeder (Fig. 4a). With 
an inverse exponential relationship between growth and fire 
mortality, intermediate forms performed worse than pure 
reseeders and resprouters (Fig. 4b, c). As the non-linearity 
in the trade-off becomes stronger, a clear saddle appears in 
the fitness surface and fire-return intervals between ~10 and 
~20 years exert selective pressure to specialise towards the 
ends of the reseeder–resprouter continuum (Fig. 4c). These 
patterns were similar for the three alternative parameteri-
sations (Figures S1.1–S1.3 in Online Resource 1) show-
ing that these results were true across a set of different life 
histories.

Event dependence versus interval dependence

We examined the effect of occasional high-intensity fires 
on fitness of the reseeders and resprouters. Both regular 
and high-intensity fires killed all reseeders, and the pro-
portion of high-intensity fires therefore had no effect on 
the reseeders’ fitness in our model (Fig. 5). High-intensity 
fires also had little effect on resprouters if they led to twice 
the mortality of normal fires. If high-intensity fires killed 
all resprouters, however, resprouter fitness was depressed 
below 0 when 40 % or more of the fires were of high inten-
sity. These results remained qualitatively the same if we 
modelled the probability of a high-intensity fire as a func-
tion of the time since the last fire (Online Resource Fig. 
S3.2), and are consistent with our sensitivity analysis show-
ing that fitness was relatively insensitive to fire mortality 
(Table 2).

We obtained these results under the assumption that 
reseeders and resprouters produce a similar number of 
seeds given a certain size class. However, resprouters may 
produce relatively fewer seeds than reseeders (Bond and 
Midgley 2003; Higgins et al. 2008). In that case, the curves 
in Fig. 5 would be shifted down for resprouters, and we 

would predict that resprouter populations decline at lower 
proportions of high-intensity fires.

Aseasonal fires reduced fitness in both reseeders and 
resprouters (Fig. 6). However, the effect was larger on reseed-
ers than on resprouters. Again, this is consistent with our 
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Fig. 4  Fitness landscape (contours are lines of equal fitness, meas-
ured as log stochastic growth rate λs) in relation to fire-return interval 
and fire response strategy. The latter is defined as a continuum from 
resprouter (0) to reseeder (100) with intermediate parameter values 
for growth and fire mortality as depicted by the lines connecting the 
values for the extreme resprouter and reseeder life histories in Fig. 2. 
The panels show fitness landscapes under the three hypothesized 
trade-offs between fire mortality and growth: a linear, b, c inverse 
exponential trade-offs
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sensitvity analysis showing that seedling survival is relatively 
more important in reseeders than in resprouters (Table 2) and 
is confirmed in the literature (e.g. Bond et al. 1984).

Discussion

In fire-prone Mediterranean-type plant communities, two 
co-existing growth strategies differ in their response to fire 
(Le Maitre 1992; Higgins et al. 2008; Keeley et al. 2012). 
Reseeders die and recruit from seeds whereas resprouters 

generally survive and resprout from protected buds or 
tubers. The strategies essentially differ in how they allo-
cate resources to fast growth or protective tissue (Le Maitre 
1992; Bond and Midgley 2003). The two distinct strategies 
are found in all major plant families living in fire-prone 
habitats with very few intermediate forms (Schutte et al. 
1995; Ojeda 1998). Apparently these habitats select for the 
evolution of two coexisting specialist forms rather than an 
intermediate strategy, but the reason for why this should be 
so is unclear. The phylogenetic evidence clearly shows that 
transition from one strategy into the other have been made 
repeatedly during evolutionary time (Schutte et al. 1995; 
Bond and Midgley 2003; Linder 2003; Barker et al. 2004). 
However, it is still unclear how such transitions in fire biol-
ogy occur (Linder 2003).

Using a demographic model parameterised from pub-
lished data on life-history parameters of resprouting and 
reseeding Protea species from the Cape Floristic Region, 
we found that the fire-return interval affected fitness dif-
ferently in the two strategies with resprouters being able 
to persist at shorter fire-return intervals. These results are 
consistent with field observation showing that reseeders 
are more frequent at low fire frequencies whereas resprout-
ers are dominant at higher fire frequencies (Le Maitre and 
Midgley 1992; Ojeda 1998; Vlok and Yeaton 2000; Lamont 
et al. 2011). Our results also confirm earlier work showing 
that fire can be a strong structuring force in plant communi-
ties (Higgins et al. 2000a).

The length of the fire-return interval also affected the 
strength of selection, measured as the sensitivity of the 
population growth rate to changes in life-history param-
eters. With decreasing fire-return intervals, seedling sur-
vival and growth became more important because quick 
establishment is critical under these circumstances. Under 
long fire-return intervals, the sensitivity analysis suggested 
that an ability to germinate between fires could be strongly 
advantageous. Germination between fires is uncommon in 
the South African fynbos and the Australian kwongan but 
can be common in other Mediterranean-type regions (Kee-
ley et al. 2012). Based on our results, we predict that the 
maintenance of serotiny depends on medium fire-return 
intervals (Le Maitre 1992).

Our results provide a possible explanation for the 
observation of the striking dominance of Mediterranean 
climate plant communities by reseeders and resprouters, 
with an apparent absence of intermediate forms, but with 
a frequent evolutionary switch between the two strategies. 
Our demographic model showed that there are two dis-
tinct fitness peaks at these extreme life-history strategies, 
when the trade-off between fire mortality and growth is 
concave-down. This matches the pattern that we observe 
among Protea where the majority of species are reseed-
ers or resprouters, with very few intermediate forms, i.e. 
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facultative resprouters (e.g. some Fabaceae, Schutte et al. 
1995, and Ericaceae, Ojeda 1998). If the trade-off between 
growth and fire mortality is well described by an inverse 
exponential function, our results show that the length of 
the fire-return interval can affect the outcome of evolution, 
and support the notion that long fire-return intervals would 
favour the evolution of reseeders and short fire-return inter-
vals favour resprouters (Keeley 1977; Barker et al. 2004). 
For example, Kraaij et al. (2013) found that a reseeding 
protea failed to reproduce with a 5-year fire-return interval. 
Along a gradient of fire frequency, the fitness peaks were 
relatively close together and separated only by a narrow 
fitness trough (Fig. 4b, c). This result could explain why 
selection leads to one of the two strategies and why the two 
strategies are phylogenetically labile if fire-return intervals 
vary around 7–25 years, as observed in these ecosystems. 
If the trade-off between fire mortality and growth is linear, 
then an intermediate strategy would be optimal (Fig. 4a), 
and a dominance of intermediate forms would be expected. 
This is not supported by observation of life-history data in 
the fynbos (Schutte et al. 1995; Ojeda 1998). A non-linear 
trade-off is expected if it is mediated by the function of 
protective tissue, such as bark. Growing bark of half the 
required thickness to withstand crown fires, for example, 
would incur half the cost but buy less than half the protec-
tion. Our results thus suggest that the nature of this trade-
off is important for understanding the evolution of reseed-
ers and resprouters.

Within the fynbos biome, fire regimes are often man-
aged to aim for a 15-year fire-return interval, but inter-
vals can vary widely between less than 10 years and more 
than 20 years. According to our model, both reseeders and 
resprouters should be able to persist under such a regime. 
However, frequent off-season fires, or fires not followed 
by favourable conditions for establishment, including 
unpredictable rainfall, favoured resprouters. On the other 
hand, high-intensity fires favoured reseeders, especially 
if resprouters produce less seed than reseeders. In that 
case, populations of resprouters would be sensitive to 
the occurrence of occasional intense fires, with only one 
intense fire in 100 years resulting in negative population 
growth of resprouters in our simulations. The frequency 
of intense fires could well increase with likely climate 
change scenarios forecast for the fynbos (Wilson et al. 
2010).

Our model could be extended in several ways. First, it 
does not account for demographic stochasticity and is not 
yet suitable to determine extinction risk. Reseeders pos-
sibly carry a higher risk of local population extinction at 
each fire event than resprouters, as they risk an entire gen-
eration’s reproductive effort on a single recruitment event 
(Higgins et al. 2000b; Ojeda et al. 2005). Our main result, 
i.e. the general shape of the fitness landscape should not 

be affected by demographic stochasticity but it would be 
important for projecting extinction risk, for example under 
different scenarios for fire management.

The model also does not account for genetic effects and 
senescence. Resprouters with longer generation times and 
with over-lapping generations may be more susceptible to 
build-up of somatic mutations (Lamont et al. 2011) and 
consequent genetic load (Keeley et al. 2012), whereas the 
shorter and non-overlapping generations of reseeders may 
increase their scope for adaptive evolutionary response. We 
do not expect that these effects would change our results in 
a qualitative way.

Our main results were robust to relatively large changes 
in parameter values, and the conclusions held across four 
different model parameterisations that span a wide range 
of the plausible parameter space and accounted for likely 
correlations between traits. The results were also robust to 
additional mortality due to high-intensity fires and reduced 
recruitment due to unfavourable conditions after the fire. It 
would be interesting to model the interplay between life-
history trade-offs and environmental factors more explicitly 
and see to what extent the environment can explain patterns 
of dominance of the two strategies within and among Med-
iterranean-type ecosystems around the globe. In this regard, 
our model complements earlier work that has focused on 
competition and co-existence between the two strategies 
(Ojeda et al. 2005; Higgins et al. 2008).
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