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Abstract: Gymnosperms are generally regarded as poor resprouters, especially when compared
to angiosperms and particularly following major disturbance. However, is it this clear-cut? This
review investigates two main aspects of gymnosperm resprouting: (i) various papers have provided
exceptions to the above generalization—how frequent are these exceptions and are there any tax-
onomic trends?; and (ii) assuming gymnosperms are poor resprouters are there any anatomical or
physiological reasons why this is the case? Five of six non-coniferous gymnosperm genera and 24 of
80 conifer genera had at least one species with a well-developed resprouting capability. This was a
wider range than would be expected from the usual observation ‘gymnosperms are poor resprouters’.
All conifer families had at least three resprouting genera, except the monospecific Sciadopityaceae.
Apart from the aboveground stem, buds were also recorded arising from more specialised structures
(e.g., lignotubers, tubers, burls and underground stems). In some larger genera it appeared that
only a relatively small proportion of species were resprouters and often only when young. The poor
resprouting performance of mature plants may stem from a high proportion of apparently ‘blank’
leaf axils. Axillary meristems have been recorded in a wide range of conifer species, but they often
did not form an apical dome, leaf primordia or vascular connections. Buds or meristems that did
form often abscised at an early stage. While this review has confirmed that conifers do not resprout
to the same degree as angiospermes, it was found that a wide diversity of gymnosperm genera can
recover vegetatively after substantial disturbance. Further structural studies are needed, especially
of: (i) apparently blank leaf axils and the initial development of axillary meristems; (ii) specialised
regeneration structures; and (iii) why high variability can occur in the resprouting capacity within
species of a single genus and within genera of the same family.

Keywords: axillary meristems; buds; conifer; coppice; epicormic; layering; leaf axil; lignotubers;
meristems; pine; sprouts; suckers; vegetative

1. Introduction

The gymnosperms first appeared in the fossil record about 300 Mya, with the first an-
giosperms appearing about 135 Mya (based on fossil pollen) [1]. Conifers were widespread
and dominant, especially during the Triassic and Jurassic periods. Extant gymnosperms
number about 1000 species (conifers around 600 species and non-conifers, mainly cycads
and gnetophytes, the other 400 species), compared to over 350,000 species of angiosperms.
While conifers cover much of North America and Eurasia species diversity can be greater
towards the equator, e.g., New Caledonia 43 spp. compared to all of Europe 41 spp. [1]. A
major decline of gymnosperms and a rapid diversification of the angiosperms occurred
during the Cretaceous [2]. Condamine et al. considered that direct competition with
angiosperms resulted in increased extinction of gymnosperms, especially during the mid-
Cretaceous. The increased competitiveness of angiosperms has been associated with
numerous anatomical, morphological and physiological developments related to repro-
ductive biology, water-conducting systems, secondary metabolisms and stress defence
mechanisms [3].

Gymnosperms are generally regarded as poor resprouters, while most woody an-
giosperms are accomplished resprouters after substantial disturbance (e.g., storm damage,
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coppicing, herbivory and even after crown fire). Supplementary Table S1 provides quotes
supporting this statement from numerous authors, over an extended period and from
different disciplines (e.g., forestry and ecology). Additional supporting evidence is also
available from the fields of arboriculture and horticulture (e.g., formative pruning). Most
pruning books suggest that conifers should only be pruned to where green leaves are
present and not to prune into brown old wood for most species [4,5]. From an ecological
perspective Stahl et al. (2013) [6] assessed 23 functional traits of 305 North American woody
species (103 gymnosperm species, 202 angiosperm species) to determine their ecological
strategies. Three leaf traits, conduit type (tracheids vs. vessels) and resprouting capacity
were mainly responsible for the separation of gymnosperms and angiosperms. Bond
(1989) [7], in his slow seedling hypothesis, also notes gymnosperms have a more rigid
architecture and are slower and less likely to reiterate branches into canopy gaps.

In contrast to most of the general statements in Supplementary Table S1, various
authors have prepared listings of gymnosperms that could resprout or had some form of
vegetative regeneration (e.g., [8-11]). Farjon [12] provides extensive conifer resprouting
observations that are included within the individual species descriptions in ‘Conifers of the
World’. Burns and Honkala [13] provide detailed information on vegetative reproduction
for 65 conifer species of North America (see also the USDA Fire Effects Information System
website https:/ /www.feis-crs.org/feis/ (accessed on 1 September 2021) for further infor-
mation regarding the resprouting of gymnosperms of the USA). The first comprehensive
compilation of conifer vegetative reproduction was that of Lamant [14], although this
assessment indicated that additional information was needed for 26 genera. Chris Earle
(see the website “The Gymnosperm Database” https:/ /www.conifers.org/ (accessed on
1 July 2021), which includes the page ‘vegetative reproduction in conifers and Ginkgo’
https:/ /www.conifers.org/topics/vegetative.php) (accessed on 1 July 2021) organised
Lamant’s information into a list and updated some aspects. He et al. [15] (their Supple-
mentary Table S3) compiled a list of gymnosperms (about 40 genera and 95 taxa) with
resprouting capacity.

Various authors have provided data that quantify that angiosperms are better re-
sprouters than gymnosperms. Del Tredici [11] noted that of 68 temperate tree species
(13 conifer species, 55 angiosperm species) of NE North America, 78% of the angiosperms
could resprout as adults, while none of the conifers could. Vesk and Westoby [16], based
on a literature search of mainly Australian and North American species, recorded that of
nine gymnosperm species, six were non-resprouters, two were intermediate and one was a
resprouter. Gymnosperms had the highest percentage of non-resprouters of 19 high level
taxonomic groupings. Paula et al. [17] assessed 13 Mediterranean conifers for their capacity
to resprout after fire. Ten species were recorded as non-resprouters (mainly species of
Pinus), one was a resprouter (Tetraclinis) and two had variable resprouting reports. Pausas
et al. [18] investigated belowground bud banks in ecosystems with severe recurrent distur-
bance (fire). In the supporting information they provide data on 21 genera and 37 species
of conifers and three species of non-coniferous gymnosperms.

He et al. [15], in an investigation of serotiny, presented evidence that fire had in-
fluenced plant evolution from 350 million years ago. They also briefly mentioned other
fire-related traits such as shedding of dead branches, bark thickness and resprouting. They
considered that resprouting was relatively common in extant conifers. They indicated that
there were at least 41 conifer genera and at least 94 coniferous taxa that have a resprouting
capability after disturbance. He et al. [15] and its supporting Table S3 are currently the most
detailed information source on resprouting in the gymnosperms. In terms of indicating
why the present survey was carried out it should be noted that the information in He et al.’s
Table S3 needs extending as: (i) the table is listed as covering gymnosperms but includes
only one of over 400 non-coniferous gymnosperm species, (ii) apart from Lamant [14] only
a further 11 references are used and (iii) ‘resprouting modes’ for the taxa are given as 80,
17 and 3% epicormic, layering and suckering, respectively. The disturbance would need to
be quite slight to have such a high percentage of epicormic resprouting.


https://www.feis-crs.org/feis/
https://www.conifers.org/
https://www.conifers.org/topics/vegetative.php
https://www.conifers.org/topics/vegetative.php
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On the basis of the information in Supplementary Table S1, it would appear that
gymnosperms are relatively poor resprouters, but in several of these papers (e.g., [19,20]) a
few exceptions are provided. When these exceptions were compiled, there were enough
to suggest that gymnosperms were better at resprouting than is usually stated. Thus, this
review has the following aims:

(i) To conduct an extensive literature review of resprouting of gymnosperms, including
a more in-depth analysis of some of the better resprouting genera (e.g., Araucaria,
Pinus). While focussed on resprouting after substantial disturbance (e.g., coppicing,
severe fire (e.g., 100% leaf scorch of the plant), information on less severe damage
(e.g., formative pruning, frost, insect attack) and other forms of vegetative reproduc-
tion (e.g., layering) was also recorded. This was conducted as any resprouting is
indicative of a long-lived bud reserve, which is an important but little studied aspect
of gymnosperm resprouting.

(ii) To conduct a taxonomic assessment of the literature review at a species, genus and
family level.

(iii) To assess gymnosperm resprouting in the fossil record.

(iv) To assess the reasons why many gymnosperms are poor resprouters. Resprouting
requires buds, as well as protection and resources for those buds (Clarke et al.,
2013). Does studying the ontogeny of axillary buds and meristems help understand
gymnosperm resprouting?

2. Taxonomic Assessment

A systematic review of the gymnosperm resprouting literature was undertaken. All
families and genera were searched against terms such as ‘resprout*’, ‘coppice’, ‘epicormic’,

‘vegetative’, ‘asexual’, ‘layering’, ‘suckering’, ‘root shoot” and ‘fire’ in Google, Google

Scholar and Web of Science. The main previous studies on this topic used six [14], 15
(Earle 2020 website) and 12 [15] references. This study is based on around 220 references
(Supplementary Tables S2 and S3).

Four of the six (mainly monogeneric) families of non-conifer gymnosperms each had
a resprouting genus (Table 1, Supplementary Table S2). Within the conifers, 23 of the
70 genera were assessed to have at least one species that was capable of resprouting after
substantial disturbance (Figures 1 and 2). Other genera such as Athrotaxis, Diselma, Fitzroya,
Pilgerodendron, Lagarostrobos, Microcachrys and Pherosphaera can vegetatively reproduce via
root suckers and/or buried stems as a normal part of plant development, in some cases
forming clonal patches. This is not considered in this review as ‘strongly resprouting’ but
perhaps could be. At least three resprouting genera were identified in all families except
for the monospecific Sciadopityaceae. In the Araucariaceae, all three genera had resprouter
species (Figure 1), while only four of the 19 Podocarpaceae genera were classified as
accomplished resprouters. At a generic level, it appears that all 19 species of Araucaria
could resprout after branch or leader damage (i.e., coppicing but not necessarily fire), while
in some of the other larger genera (e.g., Juniperus (75 spp.), Pinus (111 spp.) and Podocarpus
(110 spp.)) there was a mix of resprouters and non-resprouters, with the latter in greater
abundance. This dichotomy of resprouting responses in closely related species can be found
in other genera, even ones that are excellent resprouters. For example, in the eucalypts
several pairs of taxa are morphologically very similar, except for presence/absence of a
lignotuber [21]. One taxon from each pair has gained or lost the ability to form lignotubers.
In summary, this review (Supplementary Table S2) indicates that gymnosperms are indeed
generally poor resprouters; however, there are more exceptions to this generalisation than
are generally known. These exceptions are spread across a wide range of genera and
families and some of the exceptions are excellent resprouters, with similar capabilities
to angiosperms.
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Figure 1. Epicormic and coppice shoots for various species in the Araucariaceae. (a) Araucaria
cunninghamii, (b) Araucaria bidwillii, (c) Agathis robusta, (d) Araucaria heterophylla, (e,£) Wollemia nobilis.
In (a-d) the shoots had formed on relatively intact specimen trees that may have been subject to
damage from landscape maintenance. While different to resprouting after substantial damage it does
show that these conifer species retain a resprouting capacity in mature trees. (e,f) Wollemia nobilis in
the Wollemi National Park. (e) clump of coppice shoots from what is possibly a single individual.
(f) large diameter trunk with numerous epicormic shoots growing from the distinctive bubble bark.
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Figure 2. Epicormic resprouting in two species of the Cupressaceae. (a) Cryptomeria japonica. This
species is used for bonsai and topiary and this example in a Japanese botanical garden had been
pruned to form several leaders of equal dominance. (b,c) Sequoiadendron giganteum. This species is
known to resprout from the stumps of younger trees, as is shown here for trees in an arboretum.

Table 1. Gymnosperm families and genera with at least one ‘strongly’ resprouting species, based on
information in Supplementary Table S2. The number in brackets after the family name indicates the
number of genera in that family.

Family Genera

non-conifers

Cycadaceae (1)

Zamiaceae (9) Encephalartos

Ginkgoaceae (1) Ginkgo

Ephedraceae (1) Ephedra

Gnetaceae (1) Gnetum

Welwitschiaceae (1) -

conifers

Araucariaceae (3) Agathis, Araucaria, Wollemia

Actinostrobus, Cryptomeria, Cunninghamia, Cupressus, Juniperus, Sequoia,

Cupressaceae (30) Sequoiadendron, Taxodium, Tetraclinis, Widdringtonia

Pinaceae (11) Keteleeria, Pinus, Pseudotsuga
Podocarpaceae (19) Halocarpus, Manoao, Phyllocladus, Podocarpus
Sciadopityaceae (1) -

Taxaceae (6) Amentotaxus, Cephalotaxus, Taxus, Torreya

Various fire-related traits of gymnosperms have been mapped on to phylogenetic
trees. He et al. [22] found that fire-protective thick bark developed in Pinus approximately
126 Ma and at around 89 Ma even thicker bark combined with branch shedding or serotiny
without branch shedding appeared. The grass stage (see Section 7.1.) was rare and clearly
derived with lineages traceable to <40 Ma. Sexual reproduction characteristics such as
seed cones with woody rachis, seed cones with woody scales and winged seeds have also
been mapped on to phylogenetic trees for gymnosperms [15]. Figure 3 shows a phylogeny
of extant gymnosperm families. It shows that strongly resprouting species/genera are
widespread across the 12 families, except in the monospecific Sciadopityaceae. Some traits
related to recovery from major disturbances have been mapped onto phylogenetic trees
(see above). Usually, these traits are binary in nature. This is not the case for resprouting
capacity as: (i) species and genera quantified in Figure 3 have varied resprouting structures
and types (e.g., epicormic, basal, lignotubers, root shoots, rhizomes, tubers), (ii) capacity
differs widely between seedlings, saplings and mature trees, (iii) different disturbances (e.g.,
fire (of varying intensity), coppicing, pruning, herbivory) produce different resprouting
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— Podocarpaceae (4/19; 3/191)

responses and iv) several genera (e.g., Juniperus, Pinus, Podocarpus) have a mix of poor and
accomplished resprouters. Probably the strongest phylogenetic trend is the apparently
unique axillary meristems and bark patches in the Araucariaceae (see Sections 4.4, 5 and 6)
which, according to the divergence times of Lu et al. [23], originated at least 190 Ma.

Cupressaceae (10/30; 7/162)

Taxaceae (4/6; 2/31)

Araucariaceae(3/3;2/38)

Sciadiopityaceae (0/1; 0/1)

Welwitschiaceae (0/1; na)

Gnetaceae (1/1; na)

Ephedraceae(1/1; 3/70)

Pinaceae (3/11; 10/247)

Ginkgoaceae (1/1; 1/1)

Zamiaceae (9/9; na)

Cycadaceae (1/1; na)

Figure 3. Phylogeny of extant conifer families (adapted from Figure 5 of Lu et al. [23]). Numbers in brackets represent

number of resprouting genera/number of genera in the family; number of species resprouting after 100% leaf scorch/total

number of species in the family.

3. Fossil Evidence of Resprouting

Both the fossil record and molecular phylogenetic evidence indicate that the conifers
originated during the middle Carboniferous (340-310 Mya) and rapidly diversified during
the Carboniferous and Permian [24]. This was a time when fire was widespread [15].
Fire tolerance is a general trait in conifers [24], with extant conifer families exhibiting
various fire-adapted traits, e.g., serotinous cones, thick bark and lower branch shedding.
As previously indicated, He et al. [15] identified 41 gymnosperm genera with resprouting
or vegetative reproduction capacity and it has been concluded that resprouting had an
early origin in conifer phylogeny [24]. While molecular phylogenetic analysis has been
used in assessing the evolution of epicormic resprouting in some groups of angiosperms
(e.g., Myrtaceae [25]), is there fossil evidence for resprouting in conifers?

Several reports of vegetative reproduction in fossil gymnosperms have been published,
including epicormic resprouting and production of root shoots. Epicormic resprouting has
been recorded in Woodworthia [26,27], Glossopterids [28], Araucaria mirabilis [29], Cuyoxy-
lon [30], a new tree taxon [31] and an unspecified conifer genus [32]. Root suckering has
been recorded in Notophyllum krauselii [33,34] and Austrocupressinoxylon barcinense [35].
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The above studies of epicormic resprouting were mainly based on decorticated fossil
stems of a wide range of diameters (3-76 cm) and from various geological periods, e.g.,
Palaeozoic, Triassic and Jurassic. Evidence for the previous existence of epicormic buds
or shoots on these stems was based on: (i) patterns on the surface of the cylinders (e.g.,
cylindrical/circular projections or depressions) [26,28,30] and/or (ii) the presence of radial
vascular traces within the xylem [26-28,30]. Comparison was made between these struc-
tures and epicormic structures in extant gymnosperms. Falaschi et al. [29] indicated the
occurrence of both total (new orthotropic leaders) and partial (epicormic shoots) reiteration
in Araucaria mirabilis. Most studies considered the buds to be preventitious but it was also
suggested they may have been of adventitious origin [28-30].

Several of these studies indicated that the epicormic shoots would have had similar
functions (normal part of crown maintenance (i.e., non-substantial disturbance) as well as
recovery after traumatic events) to that described for extant trees, both gymnosperms and
angiosperms. In terms of traumatic injury, Falaschi et al. [29] noted that the fossil trunks
they studied were growing in volcanic palesols and the reiterations were for repairing
damage, probably volcanic in origin. Thus, gymnosperms have a long history of clonal
growth through root shoots as well as responding to damage through epicormic shoots.
He et al. [15] noted that the ability of a wide range of modern conifers to resprout after
disturbance implies that this capability must have originated early in conifer phylogeny,
which aligns with selective pressure from recurrent fires in the Paleozoic. The above fossil
records of resprouting add weight to He et al.’s hypothesis.

4. Axillary Buds and Meristems
4.1. Introduction

Without buds or their precursor meristems, resprouting will not occur [36]. As
eloquently stated by Stone [37] (p. 366), “The presence of buds can be readily determined
in advance: No buds; no sprouts!”. The presence of buds does not ensure that resprouting
will occur, but it is a vital preliminary step. As most coppice and epicormic shoots arise
from preventitious buds it is important to assess the initial formation of axillary buds
and/or meristems. While adventitious buds can form on gymnosperm roots (e.g., [38])
and possibly on trunks (see [39,40] for angiosperm examples) these de novo buds are
responsible for a small proportion of shoots [41], except in the cycads where it is considered
that axillary buds do not form and adventitious buds can develop from damaged regions
and leaf bases (Supplementary Table S2) [42]. Farjon [12] frequently mentions adventitious
buds and adventitious foliage branches, especially in Araucaria but also in Dacrycarpus,
Pinus, Taxodium and Tetraclinis. It is likely (see the following sections) that these buds and
branches are preventitious in origin. Thus, an assessment of axillary meristem initiation
and subsequent ontogeny is critical to understanding the different resprouting capabilities
of gymnosperms versus angiosperms and between gymnosperm species of the same genus
and genera in the same family. The angiosperms have resprouting potential in almost all
leaf axils, usually in the form of fully formed buds (apical dome with overarching leaf
primordia) with vascular connections from the buds to the central stele. Multiple buds in
a single axil (e.g., accessory buds) form in some species. There can be a wide variation
in anatomy between species, even in the same family (e.g., [43]), but only a few reports
of ‘blank’ or ‘empty’ axils (i.e., without macroscopically visible buds) have been made.
This review will first assess bud forming structures in gymnosperm leaf axils, then the
structures they can develop into as plants age or increase in diameter, e.g., epicormic buds,
basal buds and lignotubers.

4.2. Non-Coniferous Gymnosperms

The cycads (Cycadaceae 92 spp., Zamiaceae 216 spp.) are generally considered to
not form axillary buds, with adventitious buds able to form in a wide range of organs
and tissues, with and without damage to a plant [42]. Ginkgo biloba (Ginkgoaceae 1 sp.)
produces long shoots with well-developed internodes and axillary buds, as well as short
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shoots with very short internodes and no axillary buds [44]. In addition, lignotubers
with numerous buds develop from buds in the axils of the cotyledons [44]. Ephedra
(Ephedraceae 65-70 spp.) has early development of conspicuous axillary buds, although
in Ephedra foliata in nodes with four leaves only one of the leaves will have an associated
axillary bud [45,46]. In Ephedra pedunculata buds can form in the axils of the cotyledons
and more than one bud may form in an axil [47]. In the leaf axils of Gnetum gnemon (tree)
and Gnetum africanum (vine) (Gnetaceae 41 spp.), a normal axillary bud is present (upper
position) along with a collateral supplementary bud (lower position) that functions as
a suppressed and inconspicuous bud reserve [48-50]. Some species also produce ‘root
tubers’ or “‘underground tubers’. As tubers can be the swollen part of either a stem or
root, the buds they produce might be either preventitious or adventitious. In Welwitschia
mirabilis (Welwitschiaceae 1 sp.) the seedling shoot apex produces three pairs of leaves
before it become meristematically inactive [51,52]. The second pair of leaves is capable of
growing indefinitely through a basal leaf meristem. The only axillary activity is related to
the production of reproductive structures.

These non-coniferous gymnosperms have a wide variation in axillary structures
(apparently blank or empty leaf axils to axils with collateral buds, as well as buds on tubers,
rhizomes and lignotubers) and generally these morphological and anatomical observations
correlated well with their recorded resprouting responses (Supplementary Tables S1 and
S2). It should be noted that bud information for Ephedra and Gnetum is based on data for
only a small percentage of the 40 plus species in each genus.

4.3. Conifers—General

As conifers are generally considered to have a high percentage of apparently blank or
empty leaf axils [53-55] at least some of their poor resprouting capabilities could relate to
this lack of meristematic potential. Holthusen [56] examined leaf axil structure in 28 conifer
species in four families. With the exceptions of, for example, Taxus baccata, Abies concolor and
Pinus spp., the leaf axils examined were recorded as being devoid of buds or meristems.
However, subsequent investigations have re-examined some of the species studied by
Holthusen and found axillary meristems (e.g., Sequoiadendron giganteum (syn. Sequoia
gigantea) [55] and Araucaria bidwillii, Araucaria cunninghamii and Araucaria heterophylla (syn.
Araucaria excelsa) [53,54]). The meristems in these species are very small (see below) and
thus might have been overlooked.

Fink [55] examined the leaf axils of five species from the Cupressaceae (species of
Cryptomeria, Sequoia, Sequoiadendron, Thuja, Thujopsis) and Taxus baccata (Taxaceae). In Taxus
baccata persisting detached meristems were located in the apparently empty needle axils.
After two to four years these meristems gradually developed into small axillary buds.
In Sequoia sempervirens persisting detached meristems formed singly in a leaf axil and in
an accessory position (located between the regular axillary shoots and the subtending
leaf). The other four species developed minute meristems in the leaf axils but they were
abscised after one to several years when periderm formation began. These meristems may
allow for resprouting after damage to young shoots. Interestingly Taxus baccata and Sequoia
sempervirens are recorded as strong resprouters, while species of Cryptomeria and Thujopsis
are generally considered poor epicormic resprouters (Supplementary Table S2). If these
persisting detached meristems are widespread in the Cupressaceae and perhaps other
conifer families, but only relatively short lived, this might indicate why many conifers can
be hedged but the general pruning advice is not to cut back into wood where the leaves
have fallen [4,5].

Taxodium distichum forms exogenous and ‘pseudo-endogenous’ axillary buds [57].
The pseudo-endogenous buds form in many, but not all, axils of the proximal leaves of
expanding permanent shoots. Their development is delayed by two to three months
compared to the exogenous buds, perhaps showing that the axillary cells have specific
development or meristematic capabilities. This species is a prolific stump resprouter, from
saplings to very old trees [13].
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4.4. Araucariaceae

Mature trees of many species of the Araucariaceae can resprout (Supplementary
Table S2), which has been reported after coppicing in forest operations and also after fire for
Araucaria araucana [58] and Wollemia nobilis [59]. Several anatomical investigations of their
axillary buds and meristems have been made. Holthusen [56] recorded that neither buds
nor meristems were present in the leaf axils of three species of Araucaria and one species
of Agathis. In contrast, for Araucaria angustifolia, Fink [39] recorded that small groups of
cells of meristematic appearance were present in the axils of all leaves except where branch
buds had formed. Fink recorded that cell division in the axils gave rise to small protrusions.
It was considered that the outer cells of the protrusions soon vacuolated and only at the
base did the cells retain their meristematic appearance. The meristems were considered to
be endogenous in origin. Iritani et al. [60] also recorded the presence of axillary meristems
in Araucaria angustifolia.

Burrows [53,54] described the formation of detached axillary meristems, similar to
those of Araucaria angustifolia [39], in the leaf axils of six species of Agathis and 14 species
of Araucaria. The cells in the axils were of meristematic appearance but there were no
additional divisions in the meristems (thus no apical dome, no leaf primordia and no
vascular connections). In contrast to Fink, Burrows [54] found that the axillary meristems
of Araucaria cunninghamii were exogenous, but were subsequently buried beneath the stem
surface by the activity of very localised phellogens adjacent to the meristems, resulting in
the formation of small ‘bark patches’. There was strong but indirect evidence of a similar
ontogeny in several of the other investigated araucarian species [53]. Iritani et al. [60]
illustrated that bark patch formation also occurred in Araucaria angustifolia, indicating
a similar ontogeny to that of Araucaria cunninghamii. The phellogen of the bark patch
subsequently provided a path for the later formed extensive phellogen to differentiate
to the outside of the meristems and consequently they were not abscised. In addition,
Wollemia nobilis was also found to have the same type of axillary meristems as Agathis
and Araucaria [61] (Figure 4). Wollemia nobilis can produce epicormic shoots on intact
trees (Figure 1f). Some of the axillary meristems can form small buds and vascular tissue
within the bark [62], which is probably a preliminary step in producing these shoots.
These araucarian axillary meristems were very small (usually less than 140 um in radial,
vertical and tangential dimensions) in the leaders of seedling to adult plants of Araucaria
cunninghamii and were progressively smaller in the leaf axils of the first, second and third
order branches [54]. Likewise the main stem axillary meristems of Wollemia nobilis were
larger (130-210 pm diameter) than those in the first order branches (45-75 pm diameter) [61]
(Figure 4). For Larix occidentalis Owens and Molder [63] suggested that the absence of buds
in the leaf axils may be related to a lack of sufficient internodal space. Compared to buds,
araucarian detached meristems require no additional volume and can thus occur where
numerous small needles are clustered together.

For Wollemia nobilis Tomlinson and Huggett [64] suggested that the axillary buds that
formed after damage to first order branches arose from the dedifferentiation of cells in
the leaf axils. They suggested that persistent meristems in these axils were hypothetical.
They used 60-90 um thick sections, which was not ideal when searching for structures
only 45-75 pm in diameter [65]. In addition, they overlooked information that indicated
persistent axillary meristems had already been described and illustrated in leaf axils of first
order branches of wollemi pine [61,65].

The araucarian axillary meristems are very consistent in structure across the family
and different to that described for other conifers. While approaching the angiospermous
condition of having long-lived regenerative potential in every axil, they differ in that the
axillary meristems do not form an apical dome or leaf primordia and have no vascular
connections until they receive hormonal signals (e.g., after damage) to develop into buds.
This comparatively independent existence within the stem’s cortex leads to other unusual
developmental consequences as the stems increase in diameter (see subsequent section).
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Figure 4. Radial longitudinal sections of the leaf axils of Wollemia nobilis. (a) Leaf axil from a
plagiotropic first order branch of juvenile morphology. Note the location of the axillary meristem
(arrowed) and the xylem of the central vascular cylinder (x). Scale 200 um. (b) Detail of a) showing
the small axillary meristem (note the large nuclei and dense cytoplasm) and the bark patch (arrow),
the activity of which resulted in the axillary meristem being located below stem level. Scale 100 pm.
(c) Leaf axil from the orthotropic leader of a mature tree. Note the xylem (x) of the central vascular
cylinder, the sclereid (s) bands in the cortex and the relatively deeply buried axillary meristem
(arrowed). Scale 200 pm. (d) detail of (c) showing the axillary meristem has a distinct outer layer,
while it gradually merges into the cortex to the rear. Note the absence of leaf primordia or vascular
connections. Scale 100 pm.

4.5. Pinus

Pinus seedlings initially produce numerous narrow elongated primary leaves before
the shoot apical meristem starts to produce the characteristic dwarf shoots in the axils of
scale leaves [66,67]. Lester [66], who investigated seedlings of nine Pinus species over a
period of 120 d, described three zones of differing axillary activity. For several of the species,
there was a proximal zone where many of the primary leaf axils were blank (20-40% of
axils had lateral branches of indeterminate growth, i.e., long shoots), then a middle zone
with few (0-25%) axillary meristems, then a distal zone with 80-100% dwarf or short shoots.
Stone and Stone [68] considered that each of the lower primary needles of Pinus seedlings
contained a potential bud-forming meristem but in some species they remain blank, while
in others an abundance of axillary shoots formed.

Pinus dwarf shoots (also known as brachyblasts or needle fascicles) are normally
regarded as a determinate short shoot [69] but can have an interfoliar bud [70]. This is a
persistent terminal dwarf shoot apical meristem [69] that can proliferate into long shoots,
either after shoot damage or, more rarely, as a normal part of development [71,72]. In 23
Pinus species Doak [71] found that ‘growing points” were present in at least some of the
dwarf shoots. In contrast, in Pinus monophylla after the single needle in the dwarf shoot is
initiated the apex becomes inactive and decreases in size before becoming “obliterated” [73].
In Pinus lambertiana most of the outer cell layers of the residual apices of the dwarf shoots
undergo dessication [70]. In Pinus longaeva the distal dwarf shoots had interfoliar buds
that could develop into long shoots, while proximal dwarf shoots lacked protective scales
and often had a suberised apex that could not proliferate [69,72]. Given that the dwarf
shoot retention times for many low elevation pines in North America are around two to
four years [74], even if an individual dwarf shoot possesses an interfoliar bud, this is not
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a long-lived resprouting resource. Little and Somes [75] noted that for Pinus echinata and
Pinus rigida the needle fascicle buds were relatively unimportant in recovery from injury.

Del Tredici [11] made the broad generalisation that conifers with two cotyledons have
cotyledonary buds and collars that sprout, while conifers with three or more cotyledons
lack cotyledonary buds and functional collars, with some Pinus species (see following
section) as the main exception. Butts and Buchholz [76] provide cotyledon numbers for
almost 200 species of conifers.

4.6. Conifers—Various

The preceding morphological and anatomical studies examined the axillary meristems
of multiple species in the Araucariaceae and Pinus. The next section brings together
information about axillary meristems of single species from a wide range of genera, mainly
examining why relatively few buds form and why buds/meristems are not long-lived.

In saplings of Abies nordmanniana meristematic activity was visualised by ubiquitin
immunohistochemical localisation. The staining indicated that the initial stages of axillary
bud initiation began in the axils of all needles, but the signal transduction pathway did not
proceed, meaning that buds were not formed except in a few axils [77]. In the same species,
Briand et al. [78] noted that leaves appeared to have ‘empty” axils but in certain axis orders
buds could develop. They stated that the reiterated shoots were not adventitious and
presumably originated from detached meristems.

In Thuja plicata seedlings, structures variously described as ‘meristematic zones’,

‘undifferentiated clumps’ and ‘rudimentary bud primordia” were present in the axils of all

leaves and were not linked to the stem’s vascular tissues [79]. They could, under certain
conditions, give rise to axillary shoots.

While not specifically mentioning axillary meristems, Jansson and Bornman [80] noted
that in needle explants of Picea abies, the area where the axillary buds would have formed,
had there been any, had a high capacity for regeneration. They described a “peg-like
cushion of axillary, meristematic tissue” (p. 191) proximal to the needle abscission zone
that was capable of regeneration. Cannell et al. [81] considered that species of Picea and
Abies do not produce true axillary buds. The buds formed by dedifferentiating areas of
cortical tissues in a few needle axils of elongating preformed shoots “long after the needles
were initiated” (p. 195).

As Fink [82] (p. 376) noted, “even in the absence of any buds or meristems, the axillary
positions are predisposed for the neoformation of buds from already differentiated tissue
by anaplasia”.

In Cephalotaxus drupacea there are empty leaf axils where the tissues of the axil differ-
entiate as epidermis and cortical parenchyma, with no evidence of a bud initial [83]. If the
terminal bud of a shoot is damaged, cells of the empty leaf axil can dedifferentiate and
form a replacement meristem.

Harrison and Owens [84] described two types of bud damage in Picea engelmannii.
Some buds were damaged by insects, while others degenerated or aborted. Sixty-six
percent of axillary buds that developed on vegetative shoots became latent or there was de-
generation or abortion of the bud. The 66% abortion estimate was considered conservative,
as many buds may have aborted before they were large enough to be counted. This has
also been noted in other species, e.g., Tsuga mertensiana [85].

Cunninghamia lanceolata is a prolific stump resprouter, especially in trees less than
30 years old [86]. Yanming and Jingzhong [87] described the presence of supressed axillary
buds and persisting detached meristems, along with the absence of adventitious buds.

In Thuja occidentalis unbranched shoots from in vitro cultures were examined for
bud histogenesis [88]. In the absence of supplied cytokinin few axillary buds developed.
However, in most axils detached axillary meristems were present. In the absence of
cytokinin the cells in the meristems underwent very few divisions and did not form an
apical dome, leaf primordia or vascular connections.
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Some studies have indicated that cytokinin sprays on conifers growing in the field can
increase the number of visible axillary buds. Little [89] indicated that a 6-benzylaminopurine
spray on five to six year old plants of Abies balsamea increased meristematic activity within
needle axils, resulting in an increased number of lateral buds. In some shoots a bud was
formed in almost every axil showing that the normal production of lateral buds was much
less than the potential production. In a similar manner, Fink [82] indicated that after
cytokinin treatment buds could be induced in all needle axils in shoots of Abies alba.

Combined, these observations, mainly for species in the Cupressaceae and Pinaceae,
indicate that conifer leaf axils might not be as blank or empty, at least in recently initiated
shoots, as they might appear to be. Cells in the leaf axils, while not forming buds, can
maintain a meristematic potential and if they lose meristematic appearance, they may be
preferentially able to dedifferentiate into bud forming structures. Nonetheless, it appears
that development of recently detached axillary meristems into buds does not occur in many
axils of many species.

4.7. Summary

The studies above indicate a wide diversity of leaf axil developmental pathways are
present in the conifers: (1) bud or meristem initiation commences but is terminated early in
the developmental sequence, (2) persisting detached meristems are formed but are abscised
by periderm formation, (3) long lived axillary meristems develop, (4) buds may form from
dedifferentiated axillary cells with the correct hormonal stimulus or (5) well developed
buds may form. Further research is needed in this area, especially for conifer species that
are known to be resprouters (Table 1), to determine how they initiate and then maintain
buds and/or meristems over time. Many of the 28 resprouting genera listed in Table 1 have
had no detailed anatomical investigation of leaf axil structure.

5. Conifer Micropropagation

Axillary shoot multiplication or proliferation is generally considered more difficult
in conifers than in angiosperm trees (e.g., [90-93]). As axillary shoot multiplication uses
small shoots with nodes and internodes as explants, it is another avenue for investigating
axillary meristems/buds in conifer leaf axils. Some conifer species where in vitro axil-
lary bud development has been achieved are as follows: Araucaria and Agathis [94], Larix
occidentalis [95], Podocarpus macrophyllus [96], Thuja occidentalis [88], Cephalotaxus harringto-
nia [97], Juniperus oxycedrus [90], Cupressus sempervirens and Chamaecyparis lawsoniana [98],
Podocarpus henkelii and Podocarpus elongatus [99], Cedrus atlantica and Cedrus libani [100]
and Metasequoia glyptostroboides [101]. This is a far from exhaustive listing but focusses on
studies where axillary bud development was clearly demonstrated. It includes examples
from five of the six conifer families and most of the species above had been recorded as
having some type of resprouting ability (Supplementary Table S2).

Several authors have attempted to micropropagate various species of the Araucari-
aceae using small diameter stem segments, including Burrows et al. [94] (9 Araucaria spp.,
1 Agathis sp.), Sehgal et al. [102] (Araucaria columnaris), Iritani et al. [60] (Araucaria angustifo-
lia), Gough et al. [103] (Agathis australis), Sarmast et al. [104] (Araucaria heterophylla) and
Niu et al. [105] (Wollemia nobilis). These explants usually contained several nodes and
internodes and buds developed from the axillary meristems. Whereas most axillary buds
are externally visible, these araucarian buds seemingly pushed through the epidermis
and outer cortex to emerge [60,62,94,106]. Their progenitor meristems appeared to be
endogenous but, as indicated above, were exogenous. Often medium to high concentra-
tions of cytokinins, which can lead to enhanced axillary branching in dicotyledonous tree
species, led to the formation of distorted buds [94,104,105]. A single bud developed in each
axil. Buds did not develop in the leaf axils of the newly formed buds; thus, high rates of
proliferation were not achieved. Vascular connections between the developing bud and
the central stele were created by dedifferentiation of cortical parenchyma into xylem and
phloem [60,94,106]. Thus, while species of the Araucariaceae approach the angiospermous
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condition of having long-lived bud-forming potential in all leaf axils, these meristems
responded differently in vitro.

6. Buds/Meristems in Older Stems

While few studies of conifer leaf axil anatomy have been made, there are even fewer
anatomical studies of coppice and epicormic buds and specialised organs such as ligno-
tubers. This is probably a reflection of the relatively few axillary buds that form and the
short life span of those that do. In addition, few detailed anatomical studies of epicormic
buds are available for either angiosperms or gymnosperms.

Fink [107] investigated the anatomy of epicormic buds of five angiosperm and five
gymnosperm species (four from the Pinaceae (Abies, Picea, Larix two species) and one from
the Taxaceae (Taxus)). Buds of Taxus baccata were classified as type 1 ("high-bud’), those of
Abies alba as type 111 (‘deep-bud’) and those of Picea abies, Larix decidua and Larix kaempferi
as type IV (‘shoot-germ’). In type 1 a well-formed bud projects beyond the bark surface, in
type Il a bud is present but is below the general level of the outer bark and in type IV a
preventitious meristem is present within the bark but it has lost its bud-like organisation.
In the type IV structure, the tip (leaf primordia and apical meristem) of the bud becomes
suberised and is cut off by periderm formation, with the bud base able to maintain its
meristematic character for many years. In the 10 species examined by Fink the type IV
structure was only found in the conifers.

In most angiosperm trees and shrubs fully formed (apical dome and overlapping
leaf primordia) epicormic buds are positioned near the bark surface, with a bud trace that
extends through the bark and wood to the pith. As the araucarian axillary meristems in
small diameter stems are surrounded by cortical tissues, they are subject to tangential
growth stresses as the stems age and increase in diameter. To counteract this, cells in the
meristems undergo infrequent anticlinal divisions, thus becoming longer or ‘stretched’
in the tangential plane, but little changed in the radial plane or height. This has been
shown for Araucaria angustifolia [39] (Figure 33c. 1800 um), Araucaria cunninghamii [108]
(Figure 8c. 1000 um in 3-5 cm diameter) and Wollemia nobilis [62] (Figure 2E c. 1300 pm,
4-5 cm diameter) (approximate tangential dimension, diameter of stem where given).
Burrows [108] provided indirect evidence that multiple buds might be produced along
the length of a stretched meristem. With no vascular trace and no direct indication of
their location on the bark surface these meristems can only be located while a remnant
of the associated leaf base remains attached to the bark surface. When the meristems are
induced to form buds, vascular connections are formed by dedifferentiation of cortical
cells [60,62,106]. For Araucaria angustifolia Fink [39] stated that these meristems, although
long-lived, are eventually abscised by rhytidome formation. For Araucaria angustifolia [109]
and Araucaria cunninghamii [110] high percentages of coppicing were reported from 20 to
26-year-old trees, which indicates a considerable longevity for these meristems.

In Podocarpus drouynianus (SW W Australia) and Podocarpus spinulosus (coastal NSW
and southern Qld) a swelling mass of stem tissue, with associated buds, develops in the
axils of the cotyledons soon after germination [111]. The authors note that the buds are
more obvious than in the lignotubers of most other Australian species (e.g., eucalypts). In
Podocarpus spinulosus swellings can also develop in higher leaf axils and on the stems of
mature plants. The meristems on stem swellings may develop into roots or shoots. The
lignotubers can grow to be more than 400 cm in diameter. Plants of Podocarpus drouynianus
were subjected to a prescribed burn and then all live shoots were counted three months
later [112]. These shoots were then cut off at ground level. All new shoots that appeared
were counted, then removed on two further occasions (at 6-week intervals). There was
almost no new shoot production after the initial removal of resprouts. Chalwell and Ladd
considered that fire had released all the dormant lignotuber buds at the one time and a
lack of resprouting after clipping was due to depletion of the bud bank. They noted that
fire encouraged lignotuber proliferation and that regenerative tissue on the surface of the
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lignotuber gradually renewed the bud bank, but presented no anatomical details of how
this occurred.

In seedlings of Sequoia sempervirens exogenous meristems were present in the axils
of the two cotyledons [113,114]. Initially these meristems were poorly differentiated (a
single superficial cell layer of meristematic appearance) but by 60 days after germination
they had produced leaf primordia and a vascular connection to the stele. The formation of
collateral accessory buds then occurred, resulting in clusters of buds. After 4 to 5 years,
cortical swelling and further bud proliferation had spread distally to envelop the lowermost
nodes produced during the first year of growth. The lignotubers can develop into massive
swellings with the surface covered in suppressed buds. Lignotubers can also develop from
layered branches, so their initiation was not limited to the cotyledonary axils.

Ginkgo biloba produces both basal and aerial lignotubers (‘chichi’). The basal lignotu-
bers developed from superficial meristems in axils of the pair of cotyledons [115]. These
meristems, while not obvious in embryos, developed into buds in two-week-old seedlings.
After 6 to 12 weeks from germination, a well-developed bud (apical dome with overarching
leaf primordia) developed, with one or more lateral accessory buds that became embedded
in the periderm. At this stage a well-established vascular connection to the central vascular
cylinder had been established. These buds could: (i) develop into clusters of dormant buds
within the periderm, (ii) form an aerial shoot, usually after damage to the existing shoot
system, or (iii) give rise to an elongated positively geotropic lignotuber with numerous
supressed buds on its surface. Both basal and aerial lignotubers develop from preventi-
tious buds, however basal lignotubers develop predictably as a normal part of seedling
ontogeny while aerial lignotubers are produced unpredictably on the underside of large
lateral branches, usually in response to severe trunk or crown damage. Aerial lignotubers
can be up to 2 m in length and can form roots and shoots upon contacting the soil [116].

7. Resprouting in Pinus

Pinus is the largest gymnosperm genus with around 110-120 species. As it is of consid-
erable ecological and economic importance, and also has a wide spectrum of resprouting
responses and mechanisms, it is investigated in greater depth below.

It has been proposed that large wildfires have occurred from at least 395 Mya, with
charcoal appearing in the fossil record from 420 Mya [15]. The origin of the conifers has
been estimated at 350-300 Mya [15], with this group having been used to explore the
long interaction between plants and fire [15]. Pinus has evolved a suite of fire-dependent
functional traits [22] such as serotiny, thick bark, self-pruning of lower branches and
resprouting. He et al. [22] considered that fire-adapted traits appeared in the Pinaceae
from 126 Ma (thick protective bark), with serotiny dating to 89 Ma. Subsequent research
indicated that many early conifers were serotinous in response to intense crown fires from
332 Ma [15].

Various tabular summaries of Pinus regeneration strategies have been compiled (each
covering 20-113 species), including resprouting (e.g., [117] (Table 12.1), [118] (Table 2), [119]
(Table 20.2), [22] (Table S1), [15] (Table S3), [120] (Table S1), [121] (Table 1)). Resprouting
was assessed in different ways (e.g., ‘grass stage’, ‘resprouting’, ‘resprouting (young trees)’,

‘recovery from crown scorch’, ‘epicormic’, ‘basal resprouting’) which complicates direct

comparisons. The percentage of species with some form of resprouting varied from 40 to
50% when tropical and warm temperate species were assessed (e.g., [118,119]), and 15-25%
for studies of 100 plus species (e.g., [22,120]). From the detailed information in the USDA
FEIS about 15% of the 39 Pinus species of the USA have resprouting capacity. Note that
these percentages include seedlings and young trees. Few mature Pinus trees can resprout
basally after topkill in a fire or after coppicing.

These studies show that a variety of strategies or features can be assessed to determine
whether a Pinus species is a post-fire resprouter. Pinus species range from not being capable
of resprouting after fire at any stage of their life cycle to ‘the most fire-resistant pine in the
world’ (Pinus canariensis) [122]. Supplementary Table S3 indicates conflicting information
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for several species, e.g., Pinus clausa, Pinus halepensis, Pinus heldreichii and Pinus occidentalis.
This again shows resprouting capability is not a black and white assessment but depends
on fire conditions and plant growth stage, among other factors. Excluding Grivet et al. [123],
each study listed 13-24 Pinus species with some form of vegetative regeneration. In the
present study, 25 species were identified as resprouters. Interestingly all these species
are in the subgenus Pinus (hard pines), with none in the subgenus Strobus (soft pines). It
would appear that less than 20% of the 110-120 Pinus species have some type of post-fire
vegetative regeneration. In many of these species resprouting capability is only present in
the juvenile/seedling/sapling stage [68,117].

Layering is quite common in several conifers but is quite rare in Pinus [124]. It has
been described in Pinus strobus [124], Pinus pumila [125], Pinus x pseudopumilo [126] and
Pinus mugo [127].

As noted above the genus has evolved a range of resprouting strategies and struc-
tures, including: (i) grass stage in seedlings, (ii) development of a basal crook, (iii) root
collar sprouts and epicormic buds and (iv) protected terminal buds. These are further
addressed below.

7.1. Grass Stage

The grass stage is probably best investigated in Pinus merkusii (SE Asia) and Pinus
palustris (SE USA) and usually occurs in environments with frequent, low intensity fires.
Seedlings with this adaptation have delayed stem elongation for the first five to 10 years
after germination [128], with the terminal bud staying at or near ground level [129,130].
During this stage the needles gather as a mantle or dense tuft over the apex [22], thus
protecting the shoot apex from the heat of a fire. When “the tufts burn from the needle tips
towards the bud, moisture is vaporised which dissipates heat and extinguishes the combus-
tion of the needles” [119] (p. 566). In Pinus merkusii seedlings the needles are described as
fire-resistant [131], while in Pinus palustris the outer layer of needles are destroyed during a
fire but the inner part remains intact [132]. During this period of reduced stem elongation
a large, deep taproot with substantial carbohydrate stores develops [117,129]. In Pinus
merkusii a large percentage of the root is cortex and phloem rather than xylem [131]. In
Pinus palustris when the root collar diameter reaches about 25 mm, the seedlings commence
rapid height growth [133]. Eventually this growth elevates the apical meristem above the
reach of surface fires. The zone between 0.3 and 1.5 m above ground level is the most critical
for bud survival as above 1.5 m the terminal bud can usually survive surface fires [13,134].
The 1.5 m increase in height can occur within 3 years [117]. Having a grass stage does
not ensure fire survival as the apical meristem of small seedlings of Pinus palustris can be
killed by fire. In a post-fire study of 294 seedlings, 50% of plants had died, in 27% the
apical meristem survived and in the remaining 23% the apical meristem was killed but the
seedlings had resprouted from the root collar [133]. The capacity to resprout from the root
collar is an important secondary mechanism for seedling survival but is lost by the sapling
stage [135].

The grass stage is relatively uncommon (4 of 35 Mexican pines [118], 8 of 39 tropical
taxa [119], 10 of 101 taxa worldwide [22], 13-15 species this study (Supplementary Table S3),
chiefly from SE Asia and Central America). It is recorded in four of the six subsections
of subgenus Pinus. He et al. [22] (p. 755) note the “fire-tolerant grass stage and ability to
resprout, are rare and clearly derived among pines” and lineages with these traits were
traceable to <40 Ma.

7.2. Basal Crook

A basal crook has been recorded in small number of Pinus species. It is well developed
and extensively described in Pinus rigida and Pinus echinata and also mentioned as occurring
in Pinus pungens [136] and Pinus serotina [137]. For Pinus echinata the basal crook protects
dormant basal buds from fire and facilitates resprouting after top kill from fire [138]. In
seedlings with a basal crook around 25-75 mm of stem at the base of the seedling (a
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combination of hypocotyl and epicotyl) forms parallel to and close to ground level before
growing upright, thus forming an ‘S’ or a ‘J” shape [68,139]. Thus, root collar buds in the
section of horizontal stem are at ground level and may become covered by soil movement.
If so, they would be insulated from the heat of fires [68]. As stem diameter increases the
external evidence of the crook disappears [139]. Stone and Stone [68] note that in Pinus
echinata the crook is almost always present in nursery stock and naturally regenerated
seedlings, while Little and Somes [75] note that shade-grown plants have a much higher
percentage with poorly developed crooks.

Pinus taeda is generally considered a poor resprouter, after both coppicing and fire [140].
When seedlings were cut above the cotyledons 48-72% resprouted but resprouting capacity
rapidly decreases with age (at over 8 years of age it was 0%). Pinus echinata and Pinus
taeda hybridise, with the hybrid seedlings having an intermediate development of the basal
crook and an intermediate success in resprouting after fire [141,142].

7.3. Root Collar Sprouts and Epicormic Buds

Poulos et al. [121] listed fire-adapted traits for about 40 Pinus species. They indicated
13 species were basal resprouters and 11 species were epicormic resprouters; this was the
only comparative study (see previously) to make this distinction. As mentioned previously
Pinus seedlings can form buds in the axils of the primary needles just above the cotyledons.
The percentage of axils that have buds and those that are blank varies between species and
distance up the seedling stem. Of the buds that do form, some elongate soon after initiation
while others remain dormant. It is the dormant buds that give rise to root collar sprouts [68].
Early reports often indicated that the root collar sprouts were adventitious but subsequent
research showed that their precursors were axillary buds (i.e., preventitious) [68]. In Pinus
roxburghii seedlings dormant buds are found in the thickened cortex of the stem base [143].

Stone and Stone [144] described the dormant buds of several species (e.g., Pinus
echinata, Pinus leiophylla, Pinus palustris, Pinus rigida), specifically excluding buds associated
with the root collar and the dwarf shoots. These dormant buds were most often found
in multinodal pines, where in a single season’s growth there are alternating sections
of the stem that have scales that subtended either needle fascicles or scales that were
empty or sterile. The uppermost scales of each region with fascicles can bear buds that
can develop into normal branches, while others have limited development or remain
completely dormant. The dormant buds can become well protected by being concealed
within the bark. Following fires that kill or sometimes consume the foliage, the branches of
limited growth and the dormant buds can vigorously resprout. Little and Somes [75] made
similar observations for Pinus echinata and Pinus rigida.

7.4. Protected Terminal Buds

Regelbrugge and Conard [145] (p. 145) noted that “crown scorch has been implicated
as the primary cause of post-fire mortality in conifers, largely due to killing of buds”.
Needle kill from scorch does not necessarily equate to crown kill as trees can survive total
defoliation [146]. It is possible to have species where 100% crown scorch (foliage killed) is
associated with little crown kill (light damage to buds), while there are other species where
100% crown scorch equates to bud and crown kill [147,148]. Bud kill is more important
than foliage scorch to tree survival [149] and resistance to heat varies with bud size, with
large or shielded buds having greater heat resistance.

While bud size in Pinus is important and it is known that certain species have larger
buds, there appears to have been little quantification of bud dimensions. In constructing
ecological groups for 34 North American Pinus species, McCune [150] considered there
was insufficient data for several characters of interest, including winter bud size. Tapias
et al. [151] investigated terminal bud thickness (width) of seven Pinus species in Spain.
Average bud width (mm) of the species was 5.0, 5.5, 5.5, 6.5, 8.2, 8.5, 11.5 (mean 7.2,
median 6.5). The largest buds were those of Pinus canariensis, which was the only species of
the seven scored as having resprouting capability. In a study of heat resistance the needles
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and buds of Pinus pinea and Pinus halepensis were immersed in hot water for 15 min [152].
The lethal temperature was 10 °C higher for buds than for needles for Pinus pinea and
5°C higher for buds than for needles for Pinus halepensis. In general, Pinus halepensis has a
greater fire sensitivity than Pinus pinea.

Pinus species with large buds and/or shielded by thick (heat resistant) scales and/or
long needles include Pinus elliottii [153], Pinus jeffreyi [118,147,148], Pinus palustris [153,154],
Pinus pinaster [155,156] and Pinus ponderosa [147,148,154,157].

8. Resprouting after Fire

As noted, this review mainly focuses on resprouting after substantial damage such
as coppicing and fire, but also mentions responses to what are usually less intense forms
of disturbance such as light pruning, wind damage, insect damage, frost and drought.
It also includes some details of other forms of vegetative reproduction, such as layering,
which does not directly involve resprouting. All forms of disturbance and subsequent
resprouting are of interest in gymnosperms as they indicate the presence of a long-lived
bud reserve. However, the disturbance of greatest interest, particularly from an ecological
perspective, is fire. Determining if a species can be classified as a post-fire resprouter is
not necessarily straightforward as fires can be of different intensities and durations and
species can have different responses at different stages of growth (seedling vs. adult) and
environmental constraints (e.g., drought). Fire ecologists have limited the definition of
a post-fire resprouter to those species that resprout after 100% leaf scorch. Many fires in
Northern American pine forests fires produce less than 100% canopy scorch. In addition,
many conifers grow in environments where fires are rare and study of post-fire resprouting
response is even rarer. Thus, for many species it is difficult to assess if they are post-fire
resprouters according to the above definition.

The cycads are a major part of gymnosperm species diversity (c. 350 species). While
seedlings can be killed by fire, for most adult plants the columnar stem or caudex is
protected by persistent leaf bases [158], with the terminal shoot apical meristem protected
by numerous overlapping leaf bases. This is similar to a range of palms, tree ferns and
grass trees. These species are classified as apical sprouters, not resprouters per se [36].
Some cycads have subterranean, tuberous fleshy stems [159]. These species can feature
root and stem contraction which pulls the shoot apex below ground level, thus protecting
it during a fire [159].

In the Ephedraceae many species of Ephedra have rhizomes and species such as Ephedra
nevanensis, Ephedra torreyana and Ephedra viridis can produce numerous sprouts after top-kill
(USDA FEIS).

Many of the species identified in this study and He et al. [15] would probably not
be classified as post-fire resprouters. For example, it appears that all 37 species of the
Araucariaceae would probably be resprouters after coppicing or severe pruning but few
would probably be classified as post-fire resprouters. Possibly the best post-fire resprouter
in the family would be Araucaria araucana. With extremely thick bark and shedding of
lower branches it is well adapted to low intensity fires [160]. Burns [58] noted the continued
growth of terminal buds in burnt crowns, as well as epicormic buds on trunks and branches.
Root suckers have also been recorded. During the 2019-2020 NSW fire season most Wollemia
nobilis trees < 8 m tall suffered 100% crown scorch [59]. Although above-ground tissues
were killed most plants commenced basal resprouting.

In the Cupressaceae there are resprouting species for which there would appear to be
little fire response information (e.g., Cryptomeria japonica), species very vulnerable or intoler-
ant of fire even though they form root suckers (e.g., Athrotaxis cupressoides, Diselma archeri),
species able to survive 90-95% but not 100% crown scorch (e.g., Sequoiadendron gigan-
teum [157]) and post-fire resprouters (e.g., Juniperus deppeana, Juniperus pinchotii, Juniperus
oxycedrus, Sequoia sempervirens, Taxodium distichum [161], Tetraclinis articulata, Widdringto-
nia nodiflora).
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The Pinaceae would appear to have only two post-fire resprouting genera, Pseu-
dotsuga (Pseudotsuga macrocarpa) and Pinus (e.g., Pinus echinata, Pinus elliottii, Pinus
leiophylla, Pinus palustris, Pinus pungens, Pinus rigida, Pinus serotina, Pinus canariensis, Pi-
NUs Yunnanensis).

In the Podocarpaceae Halocarpus bidwillii can form basal resprouts after fire but it is
not clear if this is after 100% scorch. As in the Cupressaceae there are a couple of genera
(e.g., Microcachrys, Pherosphaera) where clonality (buried trunks, layering, root sprouts)
is an important part of population structure, but the plants are highly sensitive to fire.
Podocarpus drouynianus, Podocarpus elongatus and Podocarpus spinulosus are accomplished
post-fire resprouters.

In the Taxaceae several species of Tuxus are strong resprouters but not after fire. Torreya
californica and probably Torreya taxifolia resprout after top-kill from fire.

At a world-wide level, the post-fire response after 100% leaf scorch is not known for
many conifers. In contrast, detailed information, usually from multiple studies at a range
of fire intensities, is given in the USDA FEIS for 94 conifer species for North America.
Of these 94 species about 20 could be considered as post-fire resprouters after 100% leaf
scorch of adult plants. Post-fire resprouting species include Juniperus deppeana, Juniperus
pinchotii, Sequoia sempervirens, Sequoidendron giganteum, Torreya californica, Torreya taxifolia,
Pseudotsuga macrocarpa, Taxodium distichum, Taxodium mucronatum. Strong resprouters, but
killed by fire, include Taxus brevifolia and Taxus floridana.

Of the 94 species about 40% are species of Pinus. Very few Pinus species can survive
crown fire as there is little or no basal resprouting in mature trees, while some species can
survive after substantial crown scorch [162]. This is substantially different to angiosperms
where post-fire resprouters usually resprout from the base, rather than on the stem or
branches. Assessing which Pinus species can resprout after substantial crown scorch can
be quite subjective. It usually occurs in species with thick bark and self-pruning of lower
branches (i.e., measures to keep fire out of the canopy). Open crowns, large buds, thick bud
scales and tight needle bundles are also associated with resprouting as they can result in a
zone where the needles are scorched but the buds are alive. Species where mature plants
have a greater degree of tolerance of crown scorch and/or basal resprouting include Pinus
arizonica, Pinus echinata, Pinus elliottii, Pinus jeffreyi, Pinus leiophylla, Pinus palustris, Pinus
ponderosa, Pinus pungens, Pinus resinosa, Pinus rigida, Pinus serotina and Pinus taeda. In short,
compared to angiosperms very few Pinus species can resprout after 100% crown scorch
and especially after 100% crown consumption, primarily related to poor basal sprouting in
mature trees.

Thus, at a world-wide level 11 genera and 24 species (c. 40% Pinus species) of conifers
have been recorded as resprouting after 100% leaf scorch. The few conifer species, excluding
Pinus species, that resprout after 100% leaf scorch are mainly from crown-fire ecosystems,
although some species (e.g., Wollemia nobilis, Sequoia sempervirens, Taxodium distichum) occur
in moist environments. Although there are several resprouting Pinus species they require a
specific fire intensity to produce leaf scorch (foliage killed by hot gases but not consumed)
rather than leaf consumption (foliage is consumed by flaming combustion or is charred).
Most of the other resprouting conifer species can resprout after top-kill.

9. Conclusions

As indicated in Supplementary Table S1, gymnosperms are widely reported to be poor
resprouters, especially when compared to woody angiosperms. Has this review supported
the prevailing view? In general, it has, with about 70% of genera not having any species
reported to resprout after substantial damage. However, a much wider and more extensive
range of genera were found to have resprouting species than would be expected based on
the information in Supplementary Table S1.

Resprouting requires buds, protection for those buds and resources to support bud
growth. Is the lack of gymnosperm resprouting related to a lack of buds? A wide range of
conifers has been reported to have blank or empty leaf axils (no macroscopically visible
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buds). In the Araucariaceae long-lived detached axillary meristems were consistently
present in all the apparently blank leaf axils. In other conifer species, while earlier research
indicated the blank axils were devoid of meristems, more recent observations suggest
that detached meristems might initially be present in a high percentage of axils but they
often have a limited development and life span. Understanding this initial differentiation
of axillary meristems and buds in gymnosperms and their subsequent ontogeny will be
critical to understanding the resprouting capacity of seedlings, saplings and mature trees.

Condamine et al. [2] considered that increased extinction of gymnosperms was related
to increased competition from angiosperms. This has been related to a wide diversity
of morphological, anatomical, physiological and genetical factors. Perhaps the greater
abundance and longevity of angiosperm axillary buds and hence greater resprouting
capacity is another part of their competitive advantage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10122551/s1, Supplementary Table S1. Various quotations regarding the resprouting
capacity of gymnosperms, arranged in chronological order. Supplementary Table S2. Vegetative
reproduction in gymnosperms. Supplementary Table S3. Pinus species that have been reported to be
capable of vegetative reproduction.

Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article and the supplementary file.

Acknowledgments: I thank the Charles Sturt University Open Access Publication Scheme for publi-
cation funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Farjon, A. Conifers of the world. Kew Bull. 2018, 73, 8. [CrossRef]

2. Condamine, EL; Silvestro, D.; Koppelhus, E.B.; Antonelli, A. The rise of angiosperms pushed conifers to decline during global
cooling. Proc. Natl. Acad. Sci. USA 2020, 117, 28867-28875. [CrossRef]

3. De La Torre, A.R,; Li, Z.; Van de Peer, Y.; Ingvarsson, P.K. Contrasting rates of molecular evolution and patterns of selection
among gymnosperms and flowering plants. Mol. Biol. Evol. 2017, 34, 1363-1377. [CrossRef] [PubMed]

4. Thomas, R.W.; Martin, S.F; Tripp, K. Growing Conifers. Four-Season Plants; Brooklyn Botanic Garden: Brooklyn, NY, USA, 1977.

5. Reich, L. The Pruning Book; Taunton Press: Newtown, CT, USA, 2010.

6.  Stahl, U,; Kattge, J.; Reu, B.; Voigt, W.; Ogle, K.; Dickie, ].; Wirth, C. Whole-plant trait spectra of North American woody plant
species reflect fundamental ecological strategies. Ecosphere 2013, 4, 128. [CrossRef]

7. Bond, WJ. The tortoise and the hare: Ecology of angiosperm dominance and gymnosperm persistence. Biol. ]. Linn. Soc. 1989, 36,
227-249. [CrossRef]

8.  Potzger, ].E. Vegetative reproduction in conifers. Am. Midl. Nat. 1937, 18, 1001-1004. [CrossRef]

9.  Lacey, CJ.; Johnston, R.D. Woody clumps and clumpwoods. Aust. J. Bot. 1990, 38, 299-334. [CrossRef]

10. Peterson, C.J.; Jones, R.H. Clonality in woody plants: A review and comparison with clonal herbs. In The Ecology and Evolution of
Clonal Plants; de Kroon, H., van Groenendael, J., Eds.; Backhuys Publishers: Leiden, The Netherlands, 1997; pp. 263-289.

11.  Del Tredici, P. Sprouting in temperate trees: A morphological and ecological review. Bot. Rev. 2001, 67, 121-140. [CrossRef]

12.  Farjon, A. A Handbook of the World’s Conifers; Brill: Leiden, The Netherlands, 2010.

13.  Burns, RM.; Honkala, B.H. Silvics of North America. Volume 1: Conifers; Agriculture Handbook 654; United States Department of
Agriculture Forest Service: Washington, DC, USA, 1990.

14. Lamant, T. La reproduction végétative naturelle chez les Gymnospermes. Bull. I’Association des Parcs Bot. Fr. 2012, 53.

15. He, T.H,; Belcher, C.M.; Lamont, B.B.; Lim, S.L. A 350-million-year legacy of fire adaptation among conifers. J. Ecol. 2016, 104,
352-363. [CrossRef]

16. Vesk, P.A.; Westoby, M. Sprouting ability across diverse disturbances and vegetation types worldwide. J. Ecol. 2004, 92, 310-320.
[CrossRef]

17.  Paula, S.; Arianoutsou, M.; Kazanis, D.; Tavsanoglu, C.; LLoret, F.; Buhk, C.; Ojeda, F,; Luna, B.; Moreno, ].M.; Rodrigo, A.; et al.
Fire-related traits for plant species of the Mediterranean Basin. Ecology 2009, 90, 1420. [CrossRef]

18. Pausas, ].G.; Lamont, B.B.; Paula, S.; Appezzato-da-Gloria, B.; Fidelis, A. Unearthing belowground bud banks in fire-prone
ecosystems. New Phytol. 2018, 217, 1435-1448. [CrossRef]

19. Bond, W].; Midgley, ].]. Ecology of sprouting in woody plants: The persistence niche. Trends Ecol. Evol. 2001, 16, 45-51. [CrossRef]

20. Zeppel, M.].B.; Harrison, S.P.; Adams, H.D.; Kelley, D.I; Li, G.; Tissue, D.T.; Dawson, T.E.; Fensham, R.; Medlyn, B.E.; Palmer, A,;

et al. Drought and resprouting plants. New Phytol. 2015, 206, 583-589. [CrossRef]


https://www.mdpi.com/article/10.3390/plants10122551/s1
https://www.mdpi.com/article/10.3390/plants10122551/s1
http://doi.org/10.1007/s12225-018-9738-5
http://doi.org/10.1073/pnas.2005571117
http://doi.org/10.1093/molbev/msx069
http://www.ncbi.nlm.nih.gov/pubmed/28333233
http://doi.org/10.1890/ES13-00143.1
http://doi.org/10.1111/j.1095-8312.1989.tb00492.x
http://doi.org/10.2307/2420599
http://doi.org/10.1071/BT9900299
http://doi.org/10.1007/BF02858075
http://doi.org/10.1111/1365-2745.12513
http://doi.org/10.1111/j.0022-0477.2004.00871.x
http://doi.org/10.1890/08-1309.1
http://doi.org/10.1111/nph.14982
http://doi.org/10.1016/S0169-5347(00)02033-4
http://doi.org/10.1111/nph.13205

Plants 2021, 10, 2551 20 of 24

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.
43.

44.

45.

46.
47.
48.
49.

50.
51.
52.

53.
54.

Gosper, C.R.; Hopley, T.; Byrne, M.; Hopper, S.D.; Prober, S.M.; Yates, C.J. Phylogenomics shows lignotuber state is taxonomically
informative in closely related eucalypts. Mol. Phylogenetics Evol. 2019, 135, 236-248. [CrossRef] [PubMed]

He, T,; Pausas, ].G.; Belcher, C.M.; Schwilk, D.W.; Lamont, B.B. Fire-adapted traits of Pinus arose in the fiery Cretaceous. New
Phytol. 2012, 194, 751-759. [CrossRef]

Lu, Y;; Ran, ] H.; Guo, D.M,; Yang, Z.Y.; Wang, X.Q. Phylogeny and divergence times of gymnosperms inferred from single-copy
nuclear genes. PLoS ONE 2014, 9, €107679. [CrossRef]

He, T.H.; Lamont, B.B. Baptism by fire: The pivotal role of ancient conflagrations in evolution of the Earth’s flora. Natl. Sci. Rev.
2018, 5, 237-254. [CrossRef]

Crisp, M.D.; Burrows, G.E.; Cook, L.G.; Thornhill, A.H.; Bowman, D.M.].S. Flammable biomes dominated by eucalypts originated
at the Cretaceous-Palaeogene boundary. Nat. Commun. 2011, 2, 193. [CrossRef] [PubMed]

Creber, G.T.; Ash, S.R. The Late Triassic Schilderia adamanica and Woodworthia arizonica trees of the Petrified Forest National Park,
Arizona, USA. Palaeontology 2004, 47, 21-38. [CrossRef]

Creber, G.T.; Collinson, M.E. Epicormic shoot traces in the secondary xylem of the Triassic and Permian fossil conifer species
Woodworthia arizonica—Short communication. IJAWA J. 2006, 27, 237-241. [CrossRef]

Decombeix, A.L.; Taylor, E.L.; Taylor, T.N. Epicormic shoots in a Permian gymnosperm from Antarctica. Int. ]. Plant Sci. 2010, 171,
772-782. [CrossRef]

Falaschi, P.; Grosfeld, J.; Zamuner, A.B.; Foix, N.; Rivera, S.M. Growth architecture and silhouette of Jurassic conifers from La
Matilde Formation, Patagonia, Argentina. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2011, 302, 122-141. [CrossRef]

Césari, S.N.; Busquets, P.; Méndez-Bedia, I.; Colombo, F.; Limarino, C.O.; Cardd, R.; Gallastegui, G. A late Paleozoic fossil forest
from the southern Andes, Argentina. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2012, 333-334, 131-147. [CrossRef]

Decombeix, A.L.; Serbet, R.; Taylor, E.L. Under pressure? Epicormic shoots and traumatic growth zones in high-latitude Triassic
trees from East Antarctica. Ann. Bot. 2018, 121, 681-689. [CrossRef] [PubMed]

Feng, Z.; Bertling, M.; Noll, R.; Slipiﬁski, A.; RoBler, R. Beetle borings in wood with host response in early Permian conifers from
Germany. Palz 2019, 93, 409-421. [CrossRef]

Decombeix, A.L.; Taylor, E.L.; Taylor, T.N. Root suckering in a Triassic conifer from Antarctica: Paleoecological and evolutionary
implications. Am. J. Bot. 2011, 98, 1222-1225. [CrossRef]

Bomfleur, B.; Decombeix, A.L.; Escapa, LH.; Schwendemann, A.B.; Axsmith, B. Whole-plant concept and environment reconstruc-
tion of a Telemachus conifer (Voltziales) from the Triassic of Antarctica. Int. |. Plant Sci. 2013, 174, 425-444. [CrossRef]

Nunes, C.I; Bodnar, J.; Escapa, LH.; Gandolfo, M.A.; Ctineo, N.R. A new cupressaceous wood from the Lower Cretaceous of
central Patagonia reveals possible clonal growth habit. Cretac. Res. 2019, 99, 133-148. [CrossRef]

Clarke, PJ.; Lawes, M.].; Midgley, ].].; Lamont, B.B.; Ojeda, E; Burrows, G.E.; Enright, N.J.; Knox, K.J.E. Resprouting as a key
functional trait: How buds, protection and resources drive persistence after fire. New Phytol. 2013, 197, 19-35. [CrossRef]

Stone, E.L. The origin of epicormic branches in fir. J. For. 1953, 51, 366.

Burrows, G.E. Anatomical aspects of root bud development in hoop pine (Araucaria cunninghamii). Aust. J. Bot. 1990, 38, 73-78.
[CrossRef]

Fink, S. The occurrence of adventitious and preventitious buds within the bark of some temperate and tropical trees. Am. J. Bot.
1983, 70, 532-542. [CrossRef]

Fink, S. Anatomische untersuchungen tiber das vorkommen von sprof- und wurzelanlagen im stammbereich von laub- und
nadelbdumen. II. Adventive anlagen. Allg. Forst-Und Jagdztg. 1980, 151, 181-197.

Meier, A.R.; Saunders, M.R.; Michler, C.H. Epicormic buds in trees: A review of bud establishment, development and dormancy
release. Tree Physiol. 2012, 32, 565-584. [CrossRef] [PubMed]

Stevenson, D.W. Observations on vegetative branching in cycads. Int. ]. Plant Sci. 2020, 181, 564-580. [CrossRef]

Burrows, G.E.; Hornby, S.K.; Waters, D.A.; Bellairs, S.M.; Prior, L.D.; Bowman, D. Leaf axil anatomy and bud reserves in
21 Myrtaceae species from northern Australia. Int. J. Plant Sci. 2008, 169, 1174-1186. [CrossRef]

Del Tredici, P. The evolution, ecology, and cultivation of Ginkgo biloba. In Ginkgo Biloba; van Beek, T.A., Ed.; Harwood Academic
Publishers: Amsterdam, The Netherlands, 2000; pp. 7-23.

Marsden, M.P.E,; Steeves, T.A. On the primary vascular system and the nodal anatomy of Ephedra. ]. Arnold Arbor. 1955, 36,
241-258.

Deshpande, B.D.; Keswani, C.L. Nodal anatomy of Ephedra foliata. Bot. Gaz. 1963, 124, 253-256. [CrossRef]

Voth, P.D. A study of the vegetative phases of Ephedra. Bot. Gaz. 1934, 96, 298-313. [CrossRef]

Lee, S.K.; Rao, A.N. Axillary buds of some tropical trees. Gard. Bull. Singap. 1984, 37, 65-79.

Kubitzki, K. Gnetaceae. In The Families and Genera of Vascular Plants. 1. Pteridophytes and Gymnosperms; Kramer, K.U., Green, ].D.,
Eds.; Springer: Berlin/Heidelberg, Germany, 1990; pp. 383-386.

Tomlinson, P.B. Reaction tissues in Gnetum gnemon—A preliminary report. IAWA J. 2001, 22, 401-413. [CrossRef]

Martens, P. Welwitschia mirabilis and neoteny. Am. |. Bot. 1977, 64, 916-920. [CrossRef]

Kubitzki, K. Welwitschiaceae. In The Families and Genera of Vascular Plants. 1. Pteridophytes and Gymnosperms; Kramer, K.U., Green,
].D., Eds.; Springer: Berlin/Heidelberg, Germany, 1990; pp. 387-392.

Burrows, G.E. Leaf axil anatomy in the Araucariaceae. Aust. J. Bot. 1987, 35, 631-640. [CrossRef]

Burrows, G.E. Axillary meristem ontogeny in Araucaria cunninghamii Aiton ex D. Don. Aust. |. Bot. 1986, 34, 357-375. [CrossRef]


http://doi.org/10.1016/j.ympev.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30914394
http://doi.org/10.1111/j.1469-8137.2012.04079.x
http://doi.org/10.1371/journal.pone.0107679
http://doi.org/10.1093/nsr/nwx041
http://doi.org/10.1038/ncomms1191
http://www.ncbi.nlm.nih.gov/pubmed/21326225
http://doi.org/10.1111/j.0031-0239.2004.00345.x
http://doi.org/10.1163/22941932-90000151
http://doi.org/10.1086/654849
http://doi.org/10.1016/j.palaeo.2010.12.005
http://doi.org/10.1016/j.palaeo.2012.03.015
http://doi.org/10.1093/aob/mcx199
http://www.ncbi.nlm.nih.gov/pubmed/29324979
http://doi.org/10.1007/s12542-019-00476-9
http://doi.org/10.3732/ajb.1100028
http://doi.org/10.1086/668686
http://doi.org/10.1016/j.cretres.2019.02.013
http://doi.org/10.1111/nph.12001
http://doi.org/10.1071/BT9900073
http://doi.org/10.1002/j.1537-2197.1983.tb07880.x
http://doi.org/10.1093/treephys/tps040
http://www.ncbi.nlm.nih.gov/pubmed/22555307
http://doi.org/10.1086/708812
http://doi.org/10.1086/591985
http://doi.org/10.1086/336200
http://doi.org/10.1086/334472
http://doi.org/10.1163/22941932-90000385
http://doi.org/10.1002/j.1537-2197.1977.tb11936.x
http://doi.org/10.1071/BT9870631
http://doi.org/10.1071/BT9860357

Plants 2021, 10, 2551 21 of 24

55.

56.

57.

58.

59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

76.
77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

Fink, S. Some cases of delayed or induced development of axillary buds from persisting detached meristems in conifers. Am. |.
Bot. 1984, 71, 44-51. [CrossRef]

Holthusen, K. Untersuchungen tiber das vorkommen und den zustand der achselknospen bei den hoheren pflanzen. Planta 1940,
30, 590-638. [CrossRef]

Cross, G.L. The structure and development of the apical meristem in the shoots of Taxodium distichum. Bull. Torrey Bot. Club 1939,
66, 431-452. [CrossRef]

Burns, B.R. Fire-induced dynamics of Araucaria araucana—Nothofagus antarctica forest in the southern Andes. J. Biogeogr. 1993, 20,
669-685. [CrossRef]

Mackenzie, B.; Clarke, S.; Auld, T.D. Persistence of Wollemi pine under contemporary fire regimes: Impacts and insights from the
2019-2020 bushfires. In Book of Abstracts, Ecological Society of Australia, 60th Anniversary Conference; Ecological Society of Australia:
Brisbane, Australia, 2020; p. 68.

Iritani, C.; Zanette, F; Cislinski, J. Anatomical aspects of in vitro culture of Araucaria angustifolia. I. Organization and development
of orthotropic axillary meristems of stem segments. Acta Bioldgica Parana. 1992, 21, 57-76.

Burrows, G.E. Wollemi pine (Wollemia nobilis, Araucariaceae) possesses the same unusual leaf axil anatomy as the other investi-
gated members of the family. Aust. |. Bot. 1999, 47, 61-68. [CrossRef]

Burrows, G.E.; Offord, C.A.; Meagher, PF; Ashton, K. Axillary meristems and the development of epicormic buds in Wollemi
pine (Wollemia nobilis). Ann. Bot. 2003, 92, 835-844. [CrossRef] [PubMed]

Owens, ].N.; Molder, M. Bud development in Larix occidentalis. 1. Growth and development of vegetative long shoot and
vegetative short shoot buds. Can. J. Bot. 1979, 57, 687-700. [CrossRef]

Tomlinson, P.B.; Huggett, B.A. Partial shoot reiteration in Wollemia nobilis (Araucariaceae) does not arise from ‘axillary meristems’.
Ann. Bot. 2011, 107, 909-916. [CrossRef]

Burrows, G.E. Elusive but not hypothetical: Axillary meristems in Wollemia nobilis. Ann. Bot. 2012, 109, 1-2. [CrossRef]

Lester, D.T. Developmental patterns of axillary meristematic activity in seedlings of Pinus. Bot. Gaz. 1968, 129, 206-210. [CrossRef]
Riding, R.T. Early ontogeny of seedlings of Pinus radiata. Can. J. Bot. 1972, 50, 2381-2387. [CrossRef]

Stone, E.L.; Stone, M.H. Root collar sprouts in pine. J. For. 1954, 52, 487—491.

Ewers, EW.; Schmid, R. The fate of the dwarf shoot apex in bristlecone pine (Pinus longaeva). Am. ]. Bot. 1985, 72, 509-513.
[CrossRef]

Sacher, J.A. Dwarf shoot ontogeny in Pinus lambertiana. Am. ]. Bot. 1955, 42, 784-792. [CrossRef]

Doak, C.C. Evolution of foliar types, dwarf shoots, and cone scales of Pinus. Ill. Biol. Monogr. 1935, 13, 1-106.

Ewers, EW. The determinate and indeterminate dwarf shoots of Pinus longaeva (bristlecone pine). Can. . Bot. 1983, 61, 2280-2290.
[CrossRef]

Gabilo, E.M.; Mogensen, H.L. Foliar initiation and fate of dwarf-shoot apex in Pinus monophylla. Am. |. Bot. 1973, 60, 671-677.
[CrossRef]

Ewers, EW.; Schmid, R. Longevity of needle fascicles of Pinus longaeva (bristlecone pine) and other North American pines.
Oecologia 1981, 51, 107-115. [CrossRef] [PubMed]

Little, S.; Somes, H.A. Buds enable pitch and shortleaf pines to recover from injury. In Station Paper No. 81; Northeastern Forest
Experiment Station, Forest Service United States Department of Agriculture: Madison, WI, USA, 1956.

Butts, D.; Buchholz, J.T. Cotyledon numbers in conifers. Trans. Ill. State Acad. Sci. 1940, 33, 58-62.

Veierskov, B.; Rasmussen, H.N.; Eriksen, B. Ontogeny in terminal buds of Abies nordmanniana (Pinaceae) characterized by
ubiquitin. Am. J. Bot. 2008, 95, 766-771. [CrossRef] [PubMed]

Briand, C.H.; Posluszny, U.; Larson, D.W. Differential axis architecture in Thuja occidentalis (eastern white cedar). Can. . Bot. 1992,
70, 340-348. [CrossRef]

Misson, ].P.; de Cannieérre, C.; André, P. Western red cedar (Thuja plicata D. Don ex. Lambert). In Biotechnology in Agriculture and
Forestry 16. Trees III; Bajaj, Y.P.S., Ed.; Springer: Berlin/Heidelberg, Germany, 1991; pp. 479—-490.

Jansson, E.; Bornman, C.H. In vitro initiation of adventitious structures in relation to the abscission zone in needle explants of
Picea abies-anatomical considerations. Physiol. Plant. 1981, 53, 191-197. [CrossRef]

Cannell, M.G.R.; Thompson, S.; Lines, R. An analysis of inherent differences in shoot growth within some north temperate
conifers. In Tree Physiology and Yield Improvement; Cannell, M.G.R., Last, ET., Eds.; Academic Press: London, UK, 1976; pp. 173-205.
Fink, S. Pathological and Regenerative Plant Anatomy; Gebriider Borntraeger: Berlin, Germany, 1999.

Bompar, J.-L. Morphologie et ontogenese du rameau plagiotrope du Cephalotaxus drupacea Sieb. et Zucc male. Rev. Générale Bot.
1974, 81, 5-39.

Harrison, D.L.S.; Owens, J.N. Bud development in Picea engelmannii. 1. Vegetative bud development, differentiation, and early
development of reproductive buds. Can. |. Bot. 1983, 61, 2291-2301. [CrossRef]

Owens, J.N. Bud development in mountain hemlock (Tsuga mertensiana). 1. Vegetative bud and shoot development. Can. J. Bot.
1984, 62, 475-483. [CrossRef]

Li, M; Ritchie, G.A. Eight hundred years of clonal forestry in China: I. traditional afforestation with Chinese fir (Cunninghamia
lanceolata (Lamb.) Hook.). N. For. 1999, 18, 131-142.

Yanming, F; Jingzhong, Y. Anatomic structure of dormant bud in Chinese fir. Sci. Silvae Sin. 1994, 30, 8-12.


http://doi.org/10.1002/j.1537-2197.1984.tb12483.x
http://doi.org/10.1007/BF01917043
http://doi.org/10.2307/2481045
http://doi.org/10.2307/2845522
http://doi.org/10.1071/BT97029
http://doi.org/10.1093/aob/mcg207
http://www.ncbi.nlm.nih.gov/pubmed/14612379
http://doi.org/10.1139/b79-088
http://doi.org/10.1093/aob/mcr031
http://doi.org/10.1093/aob/mcr233
http://doi.org/10.1086/336436
http://doi.org/10.1139/b72-304
http://doi.org/10.1002/j.1537-2197.1985.tb08303.x
http://doi.org/10.1002/j.1537-2197.1955.tb10423.x
http://doi.org/10.1139/b83-250
http://doi.org/10.1002/j.1537-2197.1973.tb05972.x
http://doi.org/10.1007/BF00344660
http://www.ncbi.nlm.nih.gov/pubmed/28310317
http://doi.org/10.3732/ajb.2007314
http://www.ncbi.nlm.nih.gov/pubmed/21632402
http://doi.org/10.1139/b92-045
http://doi.org/10.1111/j.1399-3054.1981.tb04132.x
http://doi.org/10.1139/b83-251
http://doi.org/10.1139/b84-071

Plants 2021, 10, 2551 22 of 24

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Nour, K.A; Yeung, E.C.; Thorpe, T.A. Shoot bud histogenesis from mature embryos and shoots of eastern white cedar (Thuja
occidentalis L.) cultured in vitro. Int. J. Plant Sci. 1993, 154, 378-385. [CrossRef]

Little, C.H.A. Promoting bud development in balsam fir Christmas trees with 6-benzylaminopurine. Can. J. For. Res. 1984, 14,
447-451. [CrossRef]

Gomez, M.P; Segura, ]. Axillary shoot proliferation in cultures of explants from mature Juniperus oxycedrus trees. Tree Physiol.
1995, 15, 625-628. [CrossRef] [PubMed]

Iliev, I.A. Factors affecting the axillary and adventitious shoot formation in woody plants in vitro. Acta Hortic. 2017, 1155, 15-27.
[CrossRef]

Sarmast, M.K. In vitro propagation of conifers using mature shoots. J. For. Res. 2018, 29, 565-574. [CrossRef]
Hazubska-Przybyl, T. Propagation of juniper species by plant tissue culture: A mini-review. Forests 2019, 10, 1028. [CrossRef]
Burrows, G.E.; Doley, D.D.; Haines, R.J.; Nikles, D.G. In vitro propagation of Araucaria cunninghamii and other species of the
Araucariaceae via axillary meristems. Aust. |. Bot. 1988, 36, 665-676. [CrossRef]

Chesick, E.E.; Bilderback, D.E.; Blake, G.M. In vitro multiple bud formation by 20-year-old western larch buds and stems.
HortScience 1990, 25, 114-116. [CrossRef]

Daimon, H.; Mii, M. Plantlet formation from cultured stem segments of Podocarpus macrophyllus. Sci. Hortic. 1991, 47, 323-326.
[CrossRef]

Janick, J.; Whipkey, A; Kitto, S.L.; Frett, ]. Micropropagation of Cephalotaxus harringtonia. HortScience 1994, 29, 120-122. [CrossRef]
Spanos, K.A; Pirrie, A.; Woodward, S. Micropropagation of Cupressus sempervirens L. and Chamaecyparis lawsoniana (A. Murr.) Par.
Gilvae Genet. 1997, 46, 291-295.

Kowalski, B.; van Staden, J. Micropropagation of Podocarpus henkelii and P. elongatus. S. Afr. ]. Bot. 2001, 67, 362-366. [CrossRef]
Renau-Morata, B.; Ollero, J.; Arrillaga, I.; Segura, J. Factors influencing axillary shoot proliferation and adventitious budding in
cedar. Tree Physiol. 2005, 25, 477-486. [CrossRef]

Xiong, Y.P; Chen, S.Y.; Guo, B.Y.; Niu, M.Y.; Zhang, X.H.; Li, Y.; Wu, K.L.; Zheng, F; da Silva, ].A.T,; Zeng, S.J.; et al. An efficient
micropropagation protocol for Metasequoia glyptostroboides Hu et Cheng from shoot segments of 2-year-old trees. Trees-Struct.
Funct. 2020, 34, 307-313. [CrossRef]

Sehgal, L.; Sehgal, O.P,; Khosla, PX. Micropropagation of Araucaria columnaris Hook. Ann. Des Sci. For. 1989, 46, 1585-160s.
[CrossRef]

Gough, K.; Hargreaves, C.; Steward, G.; Menzies, M.; Low, C.; Dungey, H. Micropropagation of kauri (Agathis australis (D.Don.)
LindL): In vitro stimulation of shoot and root development and the effect of rooting hormone application method. N. Z. J. For. Sci.
2012, 42, 107-116.

Sarmast, M.K.; Salehi, H.; Khosh-Khui, M. Micropropagation of Araucaria excelsa R. Br. var. glauca Carriere from orthotropic stem
explants. Physiol. Mol. Biol. Plants 2012, 18, 265-271. [CrossRef]

Niu, Y;; Du, J.; Zhang, Q.; Pei, X.; Zhan, X. Short communication. An efficient axillary shoot induction system for the living fossil
plant—Wollemi pine (Wollemia nobilis). For. Syst. 2013, 22, 564-567. [CrossRef]

Burrows, G.E. Developmental anatomy of axillary meristems of Araucaria cunninghamii released from apical dominance following
shoot apex decapitation in vitro and in vivo. Bot. Gaz. 1989, 150, 369-377. [CrossRef]

Fink, S. Anatomische untersuchungen tiber das vorkommen von sprof- und wurzelanlagen im stammbereich von laub- und
nadelbaumen. I. Proventive anlagen. Allg. Forst-Und Jagdztg. 1980, 151, 160-180.

Burrows, G.E. The role of axillary meristems in coppice and epicormic bud initiation in Araucaria cunninghamii. Bot. Gaz. 1990,
151, 293-301. [CrossRef]

Wendling, I.; Brondani, G.E. Vegetative rescue and cuttings propagation of Araucaria angustifolia (Bertol.) Kuntze. Rev. Arvore
2015, 39, 93-104. [CrossRef]

Dabral, S.N. Some observations on Araucaria cunninghamii at New Forest, Dehra Dun. Indian For. 1961, 87, 325-328.

Ladd, P.G.; Enright, N.J. Ecology of fire-tolerant podocarps in temperate Australian forests. In Ecology of the Podocarpaceae
in Tropical Forests; Turner, B.L., Cernusak, L.A., Eds.; Smithsonian Institution Scholarly Press: Washington, DC, USA, 2011;
pp- 141-155.

Chalwell, S.T.S.; Ladd, P.G. Stem demography and post fire recruitment of Podocarpus drouynianus: A resprouting non-serotinous
conifer. Bot. |. Linn. Soc. 2005, 149, 433-449. [CrossRef]

Del Tredici, P. Redwood burls: Immortality underground. Arnoldia 1999, 59, 14-22.

Del Tredici, P. Lignotubers in Sequoia sempervirens: Development and ecological significance. Madrorio 1998, 45, 255-260.

Del Tredici, P. Natural regeneration of Ginkgo biloba from downward growing cotyledonary buds (basal chichi). Am. . Bot. 1992,
79, 522-530. [CrossRef]

Del Tredici, P. Lignotuber development in Ginkgo biloba. In Ginkgo Biloba—A Global Treasure; Hori, T., Ridge, R.W., Tulecke, W., Del
Tredici, P, Trémouillaux-Guiller, J., Tobe, H., Eds.; Springer: Tokyo, Japan, 1997; pp. 119-126.

Keeley, ].E.; Zedler, PH. Evolution of life histories in Pinus. In Ecology and Biogeography of Pinus; Richardson, D.M., Ed.; Cambridge
University Press: Cambridge, UK, 1998; pp. 219-250.

Rodriguez-Trejo, D.A.; Fulé, P.Z. Fire ecology of Mexican pines and a fire management proposal. Int. . Wildland Fire 2003, 12,
23-37. [CrossRef]


http://doi.org/10.1086/297119
http://doi.org/10.1139/x84-079
http://doi.org/10.1093/treephys/15.9.625
http://www.ncbi.nlm.nih.gov/pubmed/14965921
http://doi.org/10.17660/ActaHortic.2017.1155.2
http://doi.org/10.1007/s11676-018-0608-7
http://doi.org/10.3390/f10111028
http://doi.org/10.1071/BT9880665
http://doi.org/10.21273/HORTSCI.25.1.114
http://doi.org/10.1016/0304-4238(91)90015-Q
http://doi.org/10.21273/HORTSCI.29.2.120
http://doi.org/10.1016/S0254-6299(15)31142-X
http://doi.org/10.1093/treephys/25.4.477
http://doi.org/10.1007/s00468-019-01905-7
http://doi.org/10.1051/forest:19890536
http://doi.org/10.1007/s12298-012-0115-9
http://doi.org/10.5424/fs/2013223-03997
http://doi.org/10.1086/337782
http://doi.org/10.1086/337829
http://doi.org/10.1590/0100-67622015000100009
http://doi.org/10.1111/j.1095-8339.2005.00454.x
http://doi.org/10.1002/j.1537-2197.1992.tb14588.x
http://doi.org/10.1071/WF02040

Plants 2021, 10, 2551 23 of 24

119.

120.

121.

122.
123.

124.
125.

126.
127.

128.
129.

130.
131.
132.
133.
134.
135.
136.
137.
138.
139.

140.
141.

142.

143.

144.
145.

146.
147.
148.
149.
150.
151.
152.
153.

154.

Myers, R.L.; Rodriguez-Trejo, D.A. Fire in tropical pine ecosystems. In Tropical Fire Ecology: Climate Change, Land Use and Ecosystem
Dynamics; Cochrane, M.A., Ed.; Springer-Praxis: Heidelberg, Germany, 2009; pp. 557-605.

Badik, K.J.; Jahner, J.P.,; Wilson, J.S. A biogeographic perspective on the evolution of fire syndromes in pine trees (Pinus: Pinaceae).
R. Soc. Open Sci. 2018, 5, 172412. [CrossRef] [PubMed]

Poulos, H.M.; Barton, A.M.; Slingsby, J.A.; Bowman, D.M.].S. Do mixed fire regimes shape plant flammability and post-fire
recovery strategies? Fire 2018, 1, 39. [CrossRef]

Chudy, R. The most fire-resistant pine in the world. For. Monit. 2017.

Grivet, D.; Climent, J.; Zabal-Aguirre, M.; Neale, D.B.; Vendramin, G.G.; Gonzalez-Martinez, S.C. Adaptive evolution of
Mediterranean pines. Mol. Phylogenetics Evol. 2013, 68, 555-566. [CrossRef] [PubMed]

Lutz, H.J. Layering in eastern white pine. Bot. Gaz. 1939, 101, 505-507. [CrossRef]

Kajimoto, T. Dynamics and dry matter production of belowground woody organs of Pinus pumila trees growing on the Kiso
mountain range in central Japan. Ecol. Res. 1992, 7, 333-339. [CrossRef]

Jenik, J.; Soukupova, L. On the growth form of bog pine, Pinus x pseudopumilio. Silva Gabreta 1999, 3, 25-32.

Dai, L.; Palombo, C.; van Gils, H.; Rossiter, D.G.; Tognetti, R.; Luo, G. Pinus mugo krummholz dynamics during concomitant
change in pastoralism and climate in the Central Apennines. Mt. Res. Dev. 2017, 37, 75-86. [CrossRef]

Pausas, J.G. Evolutionary fire ecology: Lessons learned from pines. Trends Plant Sci. 2015, 20, 318-324. [CrossRef]

Agee, ] K. Fire and pine ecosystems. In Ecology and Biogeography of Pinus; Richardson, D.M., Ed.; Cambridge University Press:
Cambridge, UK, 1998; pp. 193-218.

Knapp, B.O.; Pile, L.S.; Walker, J.L.; Wang, G.G. Fire effects on a fire-adapted species: Response of grass stage longleaf pine
seedlings to experimental burning. Fire Ecol. 2018, 14, 2. [CrossRef]

Koskela, J.; Kuusipalo, J.; Sirikul, W. Natural regeneration dynamics of Pinus merkusii in northern Thailand. For. Ecol. Manag.
1995, 77, 169-179. [CrossRef]

Hart, J.; O’Keefe, K.; Augustine, S.P.; McCulloh, K.A. Physiological responses of germinant Pinus palustris and P. taeda seedlings
to water stress and the significance of the grass-stage. For. Ecol. Manag. 2020, 458, 117647. [CrossRef]

Jin, S.; Moule, B.; Yu, D.; Wang, G.G. Fire survival of longleaf pine (Pinus palustris) grass stage seedlings: The role of seedling size,
root collar position, and resprouting. Forests 2019, 10, 1070. [CrossRef]

Pessin, L.]. Annual ring formation in Pinus palustris seedlings. Am. J. Bot. 1934, 21, 599—-603. [CrossRef]

Farrar, R.M. Sprouting ability of longleaf pine. For. Sci. 1975, 21, 189-190.

Zobel, D.B. Factors affecting distribution of Pinus pungens, an Appalachian endemic. Ecol. Monogr. 1969, 39, 303-333. [CrossRef]
Kolstrom, T.; Kellomiki, S. Tree survival in wildfires. Silva Fenn. 1993, 27, 277-281. [CrossRef]

Lilly, C.J.; Will, R.E; Tauer, C.G.; Guldin, ].M.; Spetich, M. A. Factors affecting the sprouting of shortleaf pine rootstock following
prescribed fire. For. Ecol. Manag. 2012, 265, 13-19. [CrossRef]

Little, S.; Mergen, F. External and internal changes associated with basal-crook formation in pitch and shortleaf pines. For. Sci.
1966, 12, 268-275.

Little, S.; Somes, H.A. Sprouting of loblolly pine. J. For. 1960, 58, 195-197.

Will, RE,; Lilly, C.J.; Stewart, J.; Huff, S.; Tauer, C.G. Recovery from topkill of shortleaf pine x loblolly pine hybrids compared to
their parent populations. Trees-Struct. Funct. 2013, 27, 1167-1174. [CrossRef]

Bradley, J.C.; Will, R.E.; Stewart, ]J.E; Nelson, C.D.; Guldin, ].M. Post-fire resprouting of shortleaf pine is facilitated by a
morphological trait but fire eliminates shortleaf x loblolly pine hybrid seedlings. For. Ecol. Manag. 2016, 379, 146-152. [CrossRef]
Goldammer, J.G.; Penafiel, S.R. Fire in the pine-grassland biomes of tropical and subtropical Asia. In Fire in the Tropical Biota.
Ecosystem Processes and Global Challenges; Goldammer, ].G., Ed.; Springer: Berlin/Heidelberg, Germany, 1990; pp. 45-62.

Stone, E.L.; Stone, M.H. Dormant buds in certain species of Pinus. Am. |. Bot. 1943, 30, 346-351. [CrossRef]

Regelbrugge, J.C.; Conard, S.G. Modeling tree mortality following wildfire in Pinus ponderosa forests in the central Sierra Nevada
of California. Int. |. Wildland Fire 1993, 3, 139-148. [CrossRef]

Fernandes, PM.; Rigolot, E. The fire ecology and management of maritime pine (Pinus pinaster Ait.). For. Ecol. Manag. 2007, 241,
1-13. [CrossRef]

Wagener, WW. Guidelines for Estimating the Survival of Fire-Damaged Trees in California; Miscellaneous Paper No. 60; Pacific
Southwest Forest and Range Experiment Station: Berkeley, CA, USA, 1961.

Hood, S.M.; Smith, S.L.; Cluck, D.R. Delayed conifer tree mortality following fire in California. In General Technical Report
PSW-GTR-203; US Forest Service Pacific Southwest Research Station: Albany, CA, USA, 2007; pp. 261-283.

Peterson, D.L.; Ryan, K.C. Modeling postfire conifer mortality for long-range planning. Environ. Manag. 1986, 10, 797-808.
[CrossRef]

McCune, B. Ecological diversity in North American pines. Am. . Bot. 1988, 75, 353-368. [CrossRef]

Tapias, R.; Climent, J.; Pardos, J.A.; Gil, L. Life histories of Mediterranean pines. Plant Ecol. 2004, 171, 53-68. [CrossRef]

Rigolot, E. Predicting postfire mortality of Pinus halepensis Mill. and Pinus pinea L. Plant Ecol. 2004, 171, 139-151. [CrossRef]
Cansler, C.A.; Hood, S.M.; van Mantgem, PJ.; Varner, ].M. A large database supports the use of simple models of post-fire tree
mortality for thick-barked conifers, with less support for other species. Fire Ecol. 2020, 16, 25. [CrossRef]

Michaletz, S.T.; Johnson, E.A. A heat transfer model of crown scorch in forest fires. Can. J. For. Res. 2006, 36, 2839-2851. [CrossRef]


http://doi.org/10.1098/rsos.172412
http://www.ncbi.nlm.nih.gov/pubmed/29657823
http://doi.org/10.3390/fire1030039
http://doi.org/10.1016/j.ympev.2013.03.032
http://www.ncbi.nlm.nih.gov/pubmed/23591087
http://doi.org/10.1086/334886
http://doi.org/10.1007/BF02347100
http://doi.org/10.1659/MRD-JOURNAL-D-14-00104.1
http://doi.org/10.1016/j.tplants.2015.03.001
http://doi.org/10.1186/s42408-018-0003-y
http://doi.org/10.1016/0378-1127(95)03571-Q
http://doi.org/10.1016/j.foreco.2019.117647
http://doi.org/10.3390/f10121070
http://doi.org/10.1002/j.1537-2197.1934.tb04987.x
http://doi.org/10.2307/1948548
http://doi.org/10.14214/sf.a15682
http://doi.org/10.1016/j.foreco.2011.10.020
http://doi.org/10.1007/s00468-013-0866-0
http://doi.org/10.1016/j.foreco.2016.08.016
http://doi.org/10.1002/j.1537-2197.1943.tb14769.x
http://doi.org/10.1071/WF9930139
http://doi.org/10.1016/j.foreco.2007.01.010
http://doi.org/10.1007/BF01867732
http://doi.org/10.1002/j.1537-2197.1988.tb13450.x
http://doi.org/10.1023/B:VEGE.0000029383.72609.f0
http://doi.org/10.1023/B:VEGE.0000029382.59284.71
http://doi.org/10.1186/s42408-020-00082-0
http://doi.org/10.1139/x06-158

Plants 2021, 10, 2551 24 of 24

155.

156.

157.

158.

159.

160.

161.
162.

Fernandes, PM.; Vega, ]J.A.; Jiménez, E.; Rigolot, E. Fire resistance of European pines. For. Ecol. Manag. 2008, 256, 246-255.
[CrossRef]

Vega, ].; Jimenez, E.; Vega, D.; Ortiz, L.; Pérez, ].R. Pinus pinaster Ait. tree mortality following wildfire in Spain. For. Ecol. Manag.
2011, 261, 2232-2242. [CrossRef]

Stephens, S.L.; Finney, M. A. Prescribed fire mortality of Sierra Nevada mixed conifer tree species: Effects of crown damage and
forest floor combustion. For. Ecol. Manag. 2002, 162, 261-271. [CrossRef]

Cousins, S.R.; Witkowski, E.T.F. African cycad ecology, ethnobotany and conservation: A synthesis. Bot. Rev. 2017, 83, 152-194.
[CrossRef]

Stevenson, D.W. Observations on root and stem contraction in cycads (Cycadales) with special reference to Zamia pumila L. Bot. ].
Linn. Soc. 1980, 81, 275-281. [CrossRef]

Gonzalez, M.E.; Veblen, T.T.; Sibold, J.S. Influence of fire severity on stand development of Araucaria araucana-Nothofagus pumilio
stands in the Andean cordillera of south-central Chile. Austral Ecol. 2010, 35, 597-615. [CrossRef]

Ewel, K.C.; Mitsch, W.J. The effects of fire on species composition in cypress dome ecosystems. Fla. Sci. 1978, 41, 25-31.

Varner, ].M.; Hood, S.M.; Aubrey, D.P; Yedinak, K.; Hiers, ] K.; Jolly, WM.; Shearman, T.M.; McDaniel, ]J.K.; O’Brien, J.J.;
Rowell, E.M. Tree crown injury from wildland fires: Causes, measurement and ecological and physiological consequences. New
Phytol. 2021, 231, 1676-1685. [CrossRef] [PubMed]


http://doi.org/10.1016/j.foreco.2008.04.032
http://doi.org/10.1016/j.foreco.2010.10.019
http://doi.org/10.1016/S0378-1127(01)00521-7
http://doi.org/10.1007/s12229-017-9183-4
http://doi.org/10.1111/j.1095-8339.1980.tb01678.x
http://doi.org/10.1111/j.1442-9993.2009.02064.x
http://doi.org/10.1111/nph.17539
http://www.ncbi.nlm.nih.gov/pubmed/34105789

	Introduction 
	Taxonomic Assessment 
	Fossil Evidence of Resprouting 
	Axillary Buds and Meristems 
	Introduction 
	Non-Coniferous Gymnosperms 
	Conifers—General 
	Araucariaceae 
	Pinus 
	Conifers—Various 
	Summary 

	Conifer Micropropagation 
	Buds/Meristems in Older Stems 
	Resprouting in Pinus 
	Grass Stage 
	Basal Crook 
	Root Collar Sprouts and Epicormic Buds 
	Protected Terminal Buds 

	Resprouting after Fire 
	Conclusions 
	References

