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Abstract: Developing standardised classification of post-fire responses is essential for globally
consistent comparisons of woody vegetation communities. Existing classification systems are based
on responses of species growing in fire-prone environments. To accommodate species that occur
in rarely burnt environments, we have suggested some important points of clarification to earlier
schemes categorizing post-fire responses. We have illustrated this approach using several Australasian
conifer species as examples of pyrophobic species. In particular, we suggest using the term “obligate
seeder” for the general category of plants that rely on seed to reproduce, and qualifying this to
“post-fire obligate seeder” for the narrower category of species with populations that recover from
canopy fire only by seeding; the species are typically fire-cued, with large aerial or soil seed banks
that germinate profusely following a fire, and grow and reproduce rapidly in order to renew the seed
bank before the next fire.

Keywords: Athrotaxis; Australian conifers; Callitris; canopy fire; obligate seeder; resprouting;
high-severity fire

Fire presents a powerful filter of plant populations and hence shapes the geographic pattern
and dynamics of plant communities. Reflecting such strong selection pressure, post-fire regeneration
involves a diverse range of sexual and vegetative strategies across numerous plant lineages [1-5].
Developing standardised classification of post-fire responses is an essential step to enable globally
consistent comparative biogeographic and functional analyses. Existing classification systems have
focussed on plants growing in ecosystems in which canopy-defoliating fire has been an important
evolutionary force, such as heathlands growing in Mediterranean climates. For example, the four
categories of fire response derived by Pausas and Keeley [4] explicitly apply to responses to
canopy-defoliating fire, usually in reference to species in fire-prone environments. However, with
changes in climate and land management, fire has become more prevalent in ecosystems that
have previously experienced very little fire, such as rainforests and sub-alpine regions [6,7], so a
broader classification of post-fire response is needed to accommodate species in these environments.
Therefore, we propose a modification of the classification of post-fire recovery strategies developed by
Pausas and co-workers [3,4] and Clarke et al. [5], using several fire-intolerant Australasian conifers
as examples.

Early classification schemes often treated the response of long-lived plants to fire as dichotomous,
whereby taxa in fire-prone vegetation either resprout (resprouters) or are killed by fire and rely on
seed to regenerate (obligate seeders) [1,2,5]. It has been subsequently recognised that resprouting and
regeneration from seed are functionally independent traits, with many plant species capable of either
or both [4,5]. Current classifications of plant responses, therefore, are based on the presence or absence
of two traits: resprouter vs. non-resprouter (R+ vs. R-) and postfire seeding vs. no postfire seeding (S+
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vs. S-), leading to four potential categories of postfire responses, termed obligate resprouters (R+S-),
facultative seeders (R+5+), obligate seeders (R-5+), and fire avoiders (R-S-) by Clarke et al. [5]. (The
equivalent terms proposed by Pausas and Keeley [4] are, for R+5+, facultative resprouters and, for
R-S-, postfire colonisers; it is assumed that R-S- species that are not colonisers cannot persist in such
environments, and are simply considered fire-intolerant). It is important to note that these terms were
defined specifically in relation to responses to canopy-defoliating fire; thus the terms “seeder” and
“obligate seeder” were reserved for plants that regenerate by seed post-fire, and not for plants that
regenerate by seeds in other conditions [4]. Furthermore, embedded in the schemes of Clarke et al. [5]
and Pausas and Keeley [4] is an assumption that “seeding” is fire-cued, and that “seeder species” have
a seed bank that is long-lived (>1 year); the release and/or germination of their seeds is stimulated
by fire, and/or they display immediate postfire recruitment from seed [5]. Thus, establishment of
seedlings after fire is confounded with fire-cued seedling production. This is reflected in the current
use of the term “obligate seeders” as plants with large, fire-activated seed banks that germinate, grow,
and mature rapidly following a fire, in order to reproduce and renew the seed bank before the next
fire [4].

Here, we broaden the scope of schemes that describe post-fire recovery strategies to accommodate
communities assumed to be occupied by “fire-intolerant” species. This is based on the presence or
absence of traits affecting post-fire resprouting, seeding and colonization ability. Table 1 compares
our classes with equivalent terms used by Pausas and co-workers [3,4] and Clarke et al. [5]. The most
important change we propose concerns the definition of seeders.

Table 1. Terminology proposed here to describe woody plant responses to canopy-defoliating fire, and
comparison with earlier schemes. Relevant traits, listed in brackets, are as follows (our scheme): R
is resprouter, Ry is post-fire resprouter, S is seeder, Sy is post-fire seeder, C is colonizer. Traits used in
earlier schemes: R is post-fire resprouting; P is propagule persistence; S is post-fire seeding.

Proposed Terminology Definition Pausas et al. [3] Pausas & Keeley [4] Clarke et al. [5]

General responses

Does not resprout and reproduces exclusively
from seed. Not all produce seedlings after - - -
severe fire.

Obligate seeder (R-S+)

Obligate resprouter Does not produce seed, reproduces clonally.

(R+S-) Not all resprout after severe fire.
Facultative Both resprouts and produces seedlings, though
resprouter/seeder A : - - _
not necessarily after severe fire.
(R+S+)

Post-fire responses

Does not resprout but regenerates (often
prolifically) from seed after fire. Fire-tolerant at
a population, but not at an individual, level.

Post-fire obligate seeder
(R¢-S¢+)

Obligate seeder
(R-P+)

Obligate seeder
(R-P+)

Obligate seeder
(R-S+)

Survives complete defoliation by resprouting

Post-fire obligate and does not produce seedlings post-fire. Obligate resprouter Obligate resprouter Obligate resprouter

re(;p:—osuf)e T Fire-tolerant at an individual as well as a (R+P-) (R+P-) (R+S-)
£rof population level.
Post-fire facultative Both resprouts and produces seedlings after Facultative species Facultative seeder Facultative
resprouter/seeder fire (R+P+) (R+P+) resprouter
(Re+S5¢+) ' (R+S+)

Post-fire obligate
coloniser

Neither resprouts nor produces seedlings
post-fire but is able to colonise burnt areas by
dispersal from areas not burnt by high-severity

Species that do not

Postfire colonizer
(R-P-)

Fire-avoider

(Re-5¢-C+) persist after fire

(R-P-)

fire. Fire-tolerant at a meta-population level (R-S)

Fire-intolerant
(R¢-5¢-C-)

Populations unable to recover by post-fire
resprouting, seeding or colonisation

Pausas and Keeley [4] reserved use of the terms “seeder” and “obligate seeder” for plants that
regenerate by seed post-fire, stating that they cannot be used for plants that regenerate by seeds in
other conditions. We recommend using the more accurate and explicit terms “post-fire seeder” and
“post-fire obligate seeder”. This is in keeping with the dictionary definition of a “seeder” as a plant
that produces seeds, and of “obligate”, which means restricted to a particular mode of life, habitat, or
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function [8]; hence, an “obligate seeder” is a species that can regenerate only from seed. A post-fire
obligate seeder does not resprout, but, after fire, it regenerates from seed. Its seed germination is often
fire-cued and prolific. Post-fire obligate seeders are fire-tolerant at a population, but not at an individual,
level. Analogously, in the context of fire ecology, we have qualified “obligate resprouter” as “post-fire
obligate resprouter”. A post-fire obligate resprouter survives complete fire-induced defoliation by
resprouting and does not produce seedlings post-fire. It is fire-tolerant at an individual as well as a
population level. Post-fire obligate colonisers neither resprout nor produce seedlings post-fire but
are able to colonise burnt areas by dispersal from areas not burnt by high-severity fire. These species
are fire-tolerant at a meta-population level. We also use the composite category “fire-intolerant”,
which includes fire-intolerant obligate seeders, fire-intolerant obligate resprouters and fire-intolerant
facultative resprouters/seeders that are not readily able to colonise from nearby unburnt areas. It is
important to recognise that, although our categorisation is binary, responses can fall on a spectrum from
a weak to a strong resprouter. For example, some species resprout after disturbances such as insect
attack, drought or surface fire, but not after severe fire [9]. We suggest reserving the term “post-fire
resprouter” for species which reliably resprout after canopy-defoliating fire. A suitable operational
definition could be a species in which at least 50% of individuals resprout following canopy-defoliating
fire. In addition to fire severity, population responses can vary according to factors such as fire size,
because colonisation from unburnt populations is more difficult when a larger area is burnt.

Note that seeders can be further categorised according to whether or not they are serotinous (i.e.
their seed remains on the plant after maturity, and is released after an environmental trigger), a feature
that can promote prolific seedling regeneration following fire or drought [10]. Post-fire obligate seeders
require a long-lived, fire-resistant seedbank, either in the canopy or in the soil, to allow seedling
production after fire. Another important feature of seeders is whether they are good colonisers of
disturbed areas; this is influenced by their dispersal ability and is crucial in determining a species’
tolerance to fire at a metapopulation level.

There are environments such as rainforests and alpine areas where severe fire is relatively
infrequent, and not a dominant evolutionary force on the species they contain. Such species are
found on all vegetated continents, but, here, we use some Australasian conifer species to illustrate
the need to more precisely describe the various effects of fire in species that have not been subject
to strong selection pressure by fire, although they often persist in refugia surrounded by fire-prone
landscapes. Unsurprisingly, many of these species from fire-protected environments appear to be
fire-intolerant. A good example of a fire-intolerant facultative resprouter/seeder is the Tasmanian
sub-alpine conifer Athrotaxis cupressoides. It is a mast-seeder and lacks a soil or aerial seedbank, and
root-suckering is an important mode of regeneration (Figure 1a—c). It is highly susceptible to crown
fires, with high individual mortality, very limited resprouting and often no seedling regeneration,
so many populations have been eliminated by fires in the period since European settlement [7]. By
contrast, Podocarpus drouynianus, a common understorey shrub in flammable Eucalyptus diversicolor
forests, resprouts from its rootstock and produces small male and female cones, allowing persistence
of populations after fire. Thus, unlike all of its fire-sensitive congeners, it is a post-fire facultative
resprouter/seeder, possibly reflecting adaptation to more flammable environment [11]. Recent bushfires
have revealed that the Wollemi pine (Wollemia nobilis), a clonal species that survived for thousands of
years in several small fire-protected refugia in rugged country in eastern Australia, aerially resprouts
after complete defoliation by fire (Bradstock pers. comm. 2020), so it could be potentially considered a
post-fire obligate resprouter.

Several dryland species of the important genus Callitris have very limited vegetative recovery
following disturbance and rely on seed for regeneration, and they are therefore obligate seeders in
the dictionary sense of the term [12]. Yet, there are crucial differences in the type of seeding response
to fire disturbance. For instance, Callitris glaucophylla grows in woodlands subject to periodic severe
fire. It is not serotinous, lacks a long-lived soil seedbank and is poorly dispersed [13,14]. As a
consequence, it regenerates only during fire-free intervals, and is locally eliminated by high-severity
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fires [14]. Its congener, Callitris intratropica, also lacks a long-lived seedbank and is poorly dispersed [14].
It grows in savannas, which are subject to frequent surface fires. Mature trees can survive low-severity
fires, but are killed by severe fire, and in recent years many populations have been eliminated by
increased-severity fire. By contrast, Callitris verrucosa, which has an overlapping geographic range
with C. glaucophylla, is serotinous and regenerates prolifically following canopy fire [13,15], creating
even-aged stands. Thus, while the three taxa are obligate seeders, only C. verrucosa is a “post-fire
obligate seeder”; C. glaucophylla and C. intratropica are “fire-intolerant obligate seeders”. Similarly, their
New Caledonian rainforest congener Callitris sulcata, which has not evolved with fire and is poorly
adapted to it, can only regenerate from seed and can also be considered a ‘fire-intolerant obligate
seeder’ [16]. Highlighting the fact that plant responses are seldom absolute, we note that some Callitris
species are able to very weakly resprout after fire (Figure 1d-e); it is unknown why species in this clade
that grow in fire-prone environments have not evolved more robust aerial resprouting.

Figure 1. Resprouting response after fire is not binary, but falls on a continuum, as illustrated by some

fire-intolerant Australian conifer species. (a) Athrotaxis cupressoides, endemic to sub-alpine areas of
Tasmania, can form extensive clumps through clonal regeneration, but (b) is also a mast seeder. It is
a facultative resprouter/seeder that is intolerant of canopy fire, but (c) a few stems have resprouted
after severe fire in 2016. In drier regions of Australia, the fire-intolerant obligate seeders (d) Callitris
intratropica and (e) Callitris glaucophylla, usually regarded as non-resprouters, can also weakly resprout
after canopy fire. Photos: (a)—(c), Aimee Bliss, and (d)—(e), Lynda Prior.

In conclusion, to accommodate species that occur in rarely burnt environments, we have
suggested some minor, albeit important, points of clarification to earlier schemes categorizing
post-fire responses [2-5]. We have illustrated this approach using several Australian conifer species as
examples. The most important change is to explicitly recognise different types of “obligate seeders”.
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We acknowledge that our proposal is a small amendment to existing schemes, designed to include
a greater range of plant species’ post-fire responses, particularly from pyrophobic communities.
However, we suggest that our modifications are important because precise terminology of post-fire
responses is essential to understand the evolution of fire recovery strategies. We expect these schemes
to continue to develop in order to capture more subtle post-fire responses (Figure 1). These are affected
by other factors such as plant age and size [17,18], fire severity and frequency [18-20], location [21],
and the interaction with physiological stress, particularly drought [22,23]. Incorporating these effects
into post-fire responses remains a research frontier.
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