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Abstract: Cycads are the most threatened group in the plant kingdom. Fire is identified as one of 

the major factors heightening cycad extinction risk. However, compared to South American cycads, 

we know little about how fire negatively affects the demography of African cycads. Here, we col-

lected a snapshot of demographic data on the largest known population of South Africa’s cycad 

species, Encephalartos lanatus, in unburnt and regularly burnt habitats. We fitted several statistical 

models to investigate the effects of fire on the population structure of E. lanatus. First, we found that 

the population follows a ‘J’ structure with more adults than any other life stage. Contrary to pop-

ular belief, this ‘J’ structure may not necessarily imply the future of the population is at risk, given 

that E. lanatus is a long-lived species. Second, we found that the abundance of adults explains 25% 

of the abundance of seedlings but does not predict the abundance of suckers, perhaps suggesting 

the adults ensure preferential seedling rather than clonal recruitment. Third, irrespective of life 

stages, the subpopulation in fire-prone habitats is, in term of size, proportionately lower than the 

subpopulation in unburnt areas, suggesting that fire may negatively affect the dynamic of the 

population. However, fire is not linked to differences in sex ratio across the population; not only do 

fire-prone subpopulations have more cones, but they also tend to have more damaged cones than 

unburnt populations. Overall, although we raised some limitations of the present study, we also 

inferred that fire may shape the observed ‘J’ structure of the population of E. lanatus, but, contrary 

to traditional belief, the ‘J’ structure is not enough to raise concern about the future of the popula-

tion. A population dynamics study is required to determine if the future of the population is at risk. 
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1. Introduction 

In the plant kingdom, cycads, with their unique evolutionary history [1–3] and 

unique shared morphological features between ferns and angiosperms [4,5], are the most 

threatened taxonomic group. Once widely distributed, particularly in the Mesozoic era 

[6], cycads now exhibit a patchy distribution in tropical and subtropical regions [1]. This 

restricted geography predisposes them to a high risk of extinction, whereby 70% of all 

cycad species are threatened with high extinction risk [7,8]. It is well established that 

extinction risk is linked to ecological and biological factors [9,10] as well as evolutionary 
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history [11,12]. Specifically, for cycads, nine threats were recently identified, including, in 

order of importance, habitat loss, overcollection, fire, reproduction failure, deforestation, 

medicinal usage, grazing, flood/drought, and alien invasive species [7]. The question 

then arises: How does each of these nine factors heighten the extinction risk of cycads? 

Fire is the third largest reported threat to cycads [7]. Fire, through various aspects, 

e.g., frequency, intensity, duration, and timing, shapes the population structure of sev-

eral long-lived species by influencing several demographic processes, e.g., survival, fe-

cundity, and growth [13–15]. To survive the effects of fire, these species resprout [16]. 

However, since surface buds can easily be killed by the heat produced by fire, plants 

have to conceal their buds away from fire heat if they are to survive [16]. Therefore, the 

ability of plants to resprout depends on the locations of their buds, e.g., above-ground 

(thick insulating barks; [17]) or below-ground (roots, root crown, rhizomes, etc.; [18]), 

using soil as a heat insulator [19]. Overall, fire plays positive roles by stimulating repro-

duction, seed release and germination, and/or vegetative growth of several species 

[20–24]. Fire is required for the germination of the seeds of some savanna species [25] and 

seedling recruitment [26]. 

However, existing studies of the effects of fire on cycads are old, and most of these 

studies focused on New World cycads. These studies reveal that fire stimulates leaf for-

mations in the Australian cycad Macrozamia riedlei [27,28], in Cycas media [29], as well as 

coning phenology in Macrozamia communis [27,30,31]. Coning phenology and leaf pro-

duction were also reported to be simulated in the African cycad Encephalartos transveno-

sus in South Africa [32]. Fire is also linked to seedling recruitment in the population of 

Cycas armstrongii [33]. Furthermore, fire stimulates the fixation of specific nutrients by 

cycads. For example, Grove et al. [34] reported that in the leaves of the cycad Macrozamia 

riedlei, there were significantly higher concentrations of nitrogen and phosphorus after 

fire. The same study reported significantly higher concentrations of phosphorus, potas-

sium, and zinc in coralloid roots of the same cycad species after fire [34]. Overall, 35 kg of 

nitrogen per hectare was fixed by Macrozamia riedlei in 5–7 years of prescribed fires [34]. 

In the absence of fire, higher concentrations of calcium, sodium, and chlorine in the 

leaves of Macrozamia riedlei were reported [34]. Overall, cycads are adapted to fire-prone 

ecosystems [35–38]. How, then, could fire be listed among the forces that threaten the 

survival of cycads? 

We set two hypotheses to explain how fire may predispose cycads to extinction. Our 

first hypothesis is that some important life stages for the population growth of a given 

species may be more vulnerable to fire effects, thus stressing out the population dynam-

ics of the species. For example, 33–63% of seedling deaths in a South Africa’s population 

of Encephalartos latifrons were related to fire, while other life stages of the same species 

showed stronger resilience to fire [39]. An early study reported a fire-driven mortality of 

up to 50% of adults of the Australia’s Cycas armstrongii [40]. Our second hypothesis is that 

fire may mediate damage to cones (the cycad reproductive structures), thus affecting 

important demographic processes, e.g., fertility, which may eventually lead to popula-

tion decline that heightens the extinction risk of cycads. Evidence supporting this hy-

pothesis was provided for South America’s cycads. For example, Fawcett and Norstog 

[41] linked fire to damaged cones of the genus Zamia, leading to low fecundity [30], 

which may eventually cause the collapse of its population [36]. Furthermore, fire seems 

to mediate the herbivory of cycad seeds, leading to the mortality of some adult individ-

uals of Zamila pumila [42]. For example, herbivory activities of the larvae of Seirarctia echo 

are boosted following fire, resulting in several plants of Z. pumila totally defoliated [42]. 

This defoliation led to the deaths of some adults while promoting leaf production in 

other life stages [42]. Also, the boosted activities of the herbivore Seirarctia echo led to 

more damaged cones and the death of some seeds of Z. pumila, thus resulting in indirect 

negative effects of fire on the reproduction of this cycad species [42]. However, in com-

parison with the South American cycads, we do not know much about how Africa’s 
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populations of cycads interact with fire. The cycad genus Encephalartos, with its 65 spe-

cies, is endemic to Africa [2,8], with South Africa being its center of diversity [8]. 

The aim of the present study is to investigate fire in relation to the demography of an 

African cycad population, Encephalartos lanatus Stapf & Burtt Davy (1926), in South Af-

rica. We tested two hypotheses: (i) some important life stages for population growth of 

this species may be more vulnerable to fire; (ii) fire mediates damage to cones, thus af-

fecting important demographic processes. 

2. Materials and Methods 

2.1. Locality and Study Species 

The present study on Encephalartos lanatus was conducted from May 2021 to Sep-

tember 2022 in the Botshabelo Nature Reserve, Middleburg, where the largest stands of 

the natural population of E. lanatus occur. The reserve falls within the mesic Highveld 

grassland bioregion and is home to several small herbivores. The landscape is a 

fire-prone habitat that experiences annual fires, aiming to promote grass growth for the 

herbivores. Because of this regular burning, E. lanatus is exposed to frequent annual 

winter fires, which may affect the population structure and the fecundity of the plants. 

Encephalartos lanatus is an endemic cycad to South Africa and occurs in the Highveld 

grasslands and sandstone outcrops around the catchment area of the Olifants River in 

Middelburg, the Witbank and Bronkhorstspruit districts of Mpumalanga, and the 

Gauteng provinces of South Africa [43,44]. In its native geography, fire occurs in winters, 

which are dry with temperatures ranging between −6 and 22 °C, and summer tempera-

tures vary from 9 to 32 °C. The area is characterized by thunderstorms with summer 

rainfall of between 500 mm and 625 mm [43]. 

Encephalartos lanatus is a medium- to fairly large-sized cycad that grows individually 

and in clumps with an erect or reclining stem of 1–3 m tall and 25 cm in diameter [43,44]. 

E. lanatus is a frost-hardy, fire-adapted, and drought-resistant plant. Its population size is 

estimated to be >10,000 mature individuals, and the species is classified as “near threat-

ened” according to IUCN criteria [45,46]. The immature leaves of E. lanatus are hairy 

(wool-like), greyish, and have a curled tip, while the grown leaves are greyish-green in 

color and measure 60 to 80 cm long [47]. The plants cone in the winter, and immature 

male and female cones are dense, woolly, and turn yellow as they mature [43]. 

2.2. Data Collection 

During the years 2021 and 2022, we measured the demographic data of E. lanatus in 

the largest known natural population of the species. First, transects were defined fol-

lowing different directions: north -> south -> north. Second, along each transect, plots 

were set such that two consecutive plots were separated by at least 7 m. Twenty plots 

were set in total. Next, plots close to roads or the edge of the reserve were not considered 

to avoid edge effects (green plots in Figure 1). Plots that fall in a position where there is 

no E. lanatus (red plots in Figure 1) were also avoided. Finally, only plots that are away 

from the roads or the reserve’s edges and which fall at positions where E. lanatus is found 

were surveyed (black plots in Figure 1). Each of those plots was 30 m × 20 m in the ac-

cessible yearly burnt and unburnt sections of the Botshabelo Nature Reserve. Individuals 

of E. lanatus were categorized as burnt based on signs of recent fires, which include 

scorched leaves, a black trunk/stem, and debris and soot lying around the plant. The 

unburnt individuals did not have any of the characterization recorded in the burnt sec-

tion, and there was no burn debris from the surrounding vegetation. In total, 20 plots (10 

in the burnt and 10 in the unburnt sections) were set, which covered the entire accessible 

population. 
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Figure 1. Graphical representation of the design of data collection. The minimum distance between 

two consecutive plots is 7 m. 

In each plot, we recorded the number of E. lanatus and the number of stems per in-

dividual plant. The plants were categorized into adults, juveniles, suckers (sprouts), and 

seedlings. Following Hall and Walter [48], plants on which the longest leaf measured 

from petiole base to farthest leaflet tip was ≤0.5 m were classified as seedlings, while 

those with the longest leaf measuring >0.5 m and ≤1 m were grouped as juveniles, and 

plants with a leaf length of ≥1 m were grouped as adults. Adult plants were sexed 

whenever possible based on the type of cones they bore and on other indicators like old 

cone scales and stalks. Those adults for which the determination of sex was not possible 

were classified as “undetermined”. Plants with the status of ‘undetermined sex’ were not 

included in the analysis of sex ratio in this study. Adult plants, sprouts, and juveniles had 

their stem height measured. 

All cones on plants in the 20 plots were counted, sexed, and assessed for damage. 

Male cones were considered damaged if parts of the cones were removed or completely 

broken off from the plant, and also if they were partially burnt by fire or some sporo-

phylls were removed and the remaining cones were on the plant. Female cones were 

considered to be damaged when immature ovules/seeds were completely or partially 

removed from the cones and if an immature cone was burnt or completely or partially 

broken off from the plant. All the collected data are presented in Table S1. 

2.3. Data Analysis 

All the analyses were conducted in R (see R scripts used as Supplemental Infor-

mation). 

Population structure (Tables S1 and S2). To assess the distribution of life stages 

across the population, we fitted a simple ANOVA, using the proportion of individuals in 

each stage (log-response) as the response variable and life stages as the predictor (data in 

Table S1). To determine the structure of the population, we plotted a boxplot with a trend 

line. We further analyzed the population structure by exploring whether the abundance 

of one life stage predicts that of another stage (data in Table S2). To this end, we fitted a 

negative binomial Generalized Linear Model since the response variable is count data 

(abundance); a negative binomial was preferred to account for overdispersion. 

Effects of fire on population structure. We investigated the effects of fire in four 

ways. First, we tested whether the proportion of each life stage varied between burnt and 

unburnt plots in the habitat (data in Table S2). This was performed by fitting an AN-

COVA, using proportion as the response variable and life stages and fire occurrence as 

the co-variates. Second, we tested the effects of fire on cone production (data in Table S2) 

by fitting a simple ANOVA, using the number of cones produced as the response varia-

ble and the fire occurrence (burnt and unburnt plots) as the predictor. Third, we tested 

whether fire predicts cone sex ratio distribution (data in Table S2) by fitting a simple 

ANOVA with cone sex ratio as the response variable and fire occurrence as the predictor. 

Finally, we tested whether fire predicts the number of damaged cones (cone herbivory by 

baboons; data in Table S3). This was conducted by fitting a negative binomial General-
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ized Linear Model using the number of cones as the response variable and fire and states 

of the cones (damaged and undamaged) as predictors. 

3. Results 

3.1. Population Structure 

First, we found that the population of E. lanatus follows a ‘J’ structure (Figure 2) with 

a significantly higher proportion of adults than any other life stage (ANOVA, DF = 3, F = 

42.82, p < 0.001; Figure 2). In this structure, juveniles are the least represented in propor-

tion. We further found no link between the abundance of seedlings and suckers, juveniles 

and suckers, adults and suckers, or between adults and juveniles (p > 0.05). However, we 

found that juveniles and adults explain 48% (β = 0.09 ± 0.025, p < 0.001) and 25% (β = 0.12 ± 

0.05, p = 0.01) of the changes in the abundance of seedlings, respectively. 

 

Figure 2. Population structure of Encephalartos lanatus. 

3.2. Effects of Fire on Population Structure 

We found that irrespective of the life stages, the population in fire-prone habitats is 

proportionately lower than the population in unburnt areas (ANCOVA, DF = 1, F value= 

3.603, p = 0.06; Figure 3), although this difference is only marginal, suggesting that fire 

may negatively affect the dynamic of the population. 
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Figure 3. Distribution of life stages in relation to fire occurrence. 

To understand the role of fire, we investigated whether fire affects the reproductive 

organs, i.e., the cones of the species. We found that fire is not linked to differences in sex 

ratio across the entire population (ANOVA, DF = 1, F = 0.013, p = 0.912). However, we 

found that fire-prone populations not only possess more cones (ANOVA, DF = 1, F = 

13.38, p = 0.0018; Figure 4a), but they also tend to have more damaged cones than unburnt 

populations (negative GLM; β = 1.77 ± 0.61, p = 0.0035; Figure 4b). 

 

Figure 4. Effects of fire on the cone phenology of Encephalartos lanatus. (a) Comparison of the total 

cones between fire-prone areas and unburnt areas; (b) comparison of the state of cones (damaged 

versus undamaged) between fire-prone and unburnt areas. 
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4. Discussion 

In the face of the ongoing biodiversity crisis [49], especially the cycad diversity crisis 

[8,12], it is critically important to understand the dynamics of cycad populations. In the 

present study, we found that the population of E. lanatus follows a ‘J’ structure, suggest-

ing that we have only a few seedlings and juveniles and a larger proportion of adults. 

This structure, a priori, is a concern for the future of the population of E. lanatus, which is 

the largest known population of this species in Africa. It is, a priori, a concern because 

this structure departs from the reverse J-shaped structure (see [50] for cycad genus 

Dioon), i.e., the negative exponential growth model traditionally believed to characterize 

old-growth forests in an equilibrium state [51–60]. From an ecological perspective, the 

reverse J-growth model implies that strong seedling recruitment is a prerequisite to en-

suring positive population growth [61–63]. Also, ecologically, it implies equal mortality 

rates across all life stages in a population. The ‘J’ structure that we found therefore im-

plies a disproportionately higher mortality rate for early-life stages (e.g., seedlings and 

juveniles). 

However, the J-shaped trajectory that we found for E. lanatus may not necessarily 

predict negative growth for its population. The reason is that the traditional belief in the 

reverse J-growth trajectory as indicative of positive growth does not take into considera-

tion the life history of the species at hand. Such consideration is critical since long- and 

short-lived species respond differently to perturbations ([64]; see also Gaoue and 

Yessoufou [65]). This is because long-lived species, unlike short-lived ones, invest heavily 

in long-term survival strategies [66]. According to life history theory, the survival of re-

productive adults drives long-term population growth for long-lived species 

[64,65,67,68]. As such, low proportions of early life stages, such as those we found in the 

present study for a long-lived species like E. lanatus, would have limited impacts on the 

long-term population dynamics of this cycad species (see [65]). 

In contrast, low seedling survival rates may be critical in determining the short-term 

growth trajectory (see [69]), suggesting that, in the short term, the ‘J’ structure that we 

found in this study may be a red flag, which can be quickly dismissed because long-term 

growth matters most. Considering these alternative scenarios (the ‘J’ structure may or 

may not be a concern), there is a need for a population dynamics study to clarify whether 

the ‘J’ structure we found here should be considered a red flag for the largest known 

population of E. lanatus. Such a study should seek to understand which life stages, when 

lost or heavily perturbed, would severely impact the population dynamics of the 

long-lived species E. lanatus (see [65]). 

Pending such research, we employed a basic approach for a preliminary stand on 

the question. We found that juveniles and adults explain 48% and 25% of the seedling 

subpopulations, respectively. This implies perhaps that the adult subpopulations are 

ensuring the persistence of a quarter (25%) of seedlings in the population, which is con-

sistent with the life-history theory predictions that the survival of adults is critical for the 

positive growth of long-lived species. Surprisingly, adults did not predict suckers. This is 

surprising because adults generate suckers through vegetative or asexual reproduction. 

Our finding that adults predict seedlings but do not predict suckers may indicate that E. 

lanatus prefers sexual reproduction over vegetative reproduction strategies. However, a 

recent study demonstrated that, when a sexual reproduction strategy is compromised, 

e.g., through intense fruit harvesting, tropical trees shift from a sexual to a clonal repro-

duction strategy [70]. Our claim that sexual reproduction strategies may still be pre-

dominant in our population of E. lanatus over clonal or asexual reproduction would 

therefore imply that seedling recruitment in our population of E. lanatus may not yet be at 

risk. 

We found that irrespective of the life stages, the fire-prone subpopulation is pro-

portionately lower than the subpopulation in unburnt areas, suggesting that fire may 

negatively affect the dynamic of the population. This negative effect may be linked to 

perturbation of reproduction strategies [7] through, for example, less cone production in 
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fire-prone habitats, bias in sex ratio patterns, or substantial cone damage. For example, 

on bias in sex ratio patterns, ref. [42] reported an increase in the production of more fe-

male cones by Zamia pumila in fire-prone habitats. However, we found that fire-prone 

populations have more cones than not, suggesting that fire may actually stimulate cone 

phenology. Also, we found no correlation between fire and patterns of cone sex ratio 

across the population, suggesting that fire may not alter sex ratio patterns in a way that 

negatively affects the population of E. lanatus. Nevertheless, we found that fire-prone 

populations suffer a heavier burden of damaged cones than unburnt populations, 

meaning that the lower number of seedlings found in the population may be the result of 

more damaged cones. Negrón-Otiz and Gorchov [42] reported that fire reduced the sur-

vival of seeds of Zamia pumila in America but did not kill seedlings. Similar evidence of 

the negative effects of fire was reported for other cycad genera. Swart et al. [39] reported 

33–63% of fire-driven seedling deaths in South Africa’s population of Encephalartos 

latifrons, while Liddle [40] reported a death rate of 50% for adults of Cycas armstrongii in 

Australia due to fire [40], which at the same time stimulates seedling recruitment of the 

species [33]. 

The answer to our initial question of how fire could be listed among threatening 

forces to cycad survival is that fire mediates damage to cycad cones. However, based on 

field observations, cone damage in the population of E. lanatus that we study is caused by 

baboons and not directly by fire. Specifically, baboons prefer to attack cones in burnt 

habitats because it is easier for baboons to escape human attacks or other dangers in 

burnt habitats where visibility from a distance is higher than in unburnt habitats full of 

grasses, behind which humans can hide to surprise baboons (see [71]). As a result of this 

baboon behavior, there are more damaged cones in burnt plots than in unburnt. 

However, there are some limitations to our investigations, which can be used to in-

form future studies. First, we did not explore what the net outcome of the fire effect was, 

that is, whether there was a net loss or gain of cones in the burnt plots when damaged by 

baboons. Also, we have taken a very simplistic approach to fire impacts, focusing on the 

dichotomy between burnt and unburnt populations. Within the life history of cycads in 

general, including E. lanatus, it is much more realistic to explore cycad population 

structures in terms of fire regimes rather than simply burnt and unburnt populations. As 

such, it is important to interrogate what fire regimes would likely promote population 

persistence, seed production, and seedling emergence, and what regimes might be det-

rimental in the long term in terms of population dynamics. Finally, one can interrogate 

the importance of the ‘J’ structure for the dynamics of a species, which can resprout after 

fire even if all above-ground biomass is removed in very high-intensity fires. As such, the 

interpretation of the structure as just one snapshot in time could be misleading. Howev-

er, a very recent interesting study just demonstrated that, in heavily harvested ecosys-

tems in an Amazon rainforest, a liana species, Banisteropsis caapi, boosts clonal growth to 

persist and ensure its survival in response to intense anthropogenic pressure, but this 

increased clonal growth did not prevent the population from declining [72]. In the con-

text of the present study, even though E. lanatus resprouts after fire, this is no guarantee 

of a positive growth of its population. In conclusion, fire has mixed effects on the popu-

lation of E. lanatus: it stimulates cone production and, at the same time, creates a safe 

haven for baboons’ attacks on the cones of E. lanatus. Therefore, a priori, keeping baboons 

away from the near-threatened species of E. lanatus [73] would be advisable to reduce the 

proportion of damaged cones. An important recommendation from this observation on 

the baboons is that the population, or part of the population, be fenced to exclude ba-

boons so that one can test for the effect of baboons vs. fire on cone production. This could 

be a way of managing this threatened population by removing a key threat. However, 

from an ecological perspective, the role of baboons may be critical in maintaining the 

population of E. lanatus—by causing damage to the cones of E. lanatus, baboons may be 

exerting a controlled force on the population to maintain it within a certain window that 

allows sustainable growth, an ecological force similar to prey-predator interactions. To 
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clarify whether the future of this population is not at risk despite the fire, a population 

dynamics study similar to that of Gaoue and Yessoufou [65] is needed. 
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https://www.mdpi.com/article/10.3390/d15101075/s1, Table S1: Number of individuals per life 

stage (called ‘data2′ in the R script); Table S2: All demographic data collected in this study (called 

‘data’ in the R script); Table S3: Number of individuals with cone state (damaged/undamaged) in 

burnt versus unburnt habitats (called ‘data3′ in R scripts); R scripts used for data analyses are in-

cluded as supplemental information. 
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