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* Background Below-ground bud banks have experienced much recent interest due to discoveries that they (1)
account for the majority of seasonal population renewal in many communities, (2) are crucial to regeneration fol-
lowing disturbance, and (3) have important consequences for plant population dynamics and plant and ecosystem
function across a number of habitats.

* Scope This review presents an overview of the role of bud banks in plant population renewal, examines bud bank
life history, summarizes bud bank traits and their potential ecological implications, synthesizes the response of
bud banks to disturbance, and highlights gaps to guide future research. The characteristics and life history of buds,
including their natality, dormancy, protection and longevity, provide a useful framework for advancing our under-
standing of bud banks. The fate of buds depends on their age, size, type, location, and biotic and abiotic factors that
collectively regulate bud bank dynamics. A bud bank can provide a demographic storage effect stabilizing popula-
tion dynamics, and also confer resistance to disturbance and invasion. Regeneration capacity following disturbance
is determined by interactions among the rates of bud natality, depletion and dormancy (meristem limitation), and
the resources available to support the regeneration process. The resulting response of plants and their bud banks to
disturbances such as fire, herbivory and anthropogenic sources determines the community’s regenerative capacity.
* Conclusions Vegetation responses to environmental change may be mediated through changes in bud bank dy-
namics and phenology. Environmental change that depletes the bud bank or prohibits its formation likely results
in a loss of vegetation resilience and plant species diversity. Standardization of bud sampling, examination of bud
banks in more ecosystems and their response to environmental variation and disturbance regimes, employment
of stage-structured bud bank modelling and evaluation of the cost of bud bank construction and maintenance will
benefit this expanding field of research.
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INTRODUCTION

In his classic treatise, Population biology of plants, John Harper
(1977) devoted a major portion of his discussion to seed repro-
duction and the population dynamics of seed banks. In addition
to seeds, Harper briefly noted that dormant meristems associ-
ated with a variety of plant organs, such as rhizomes, corms,
bulbs, bulbils and tubers, may also accumulate below ground.
He coined the term ‘bud bank’ for this population of vegeta-
tive propagules in the soil and he described two fundamental
differences between seed and bud banks that could have im-
portant ecological and evolutionary consequences. A seed bank
produced via sexual recombination ‘conserves as yet untested
genotypes’ and thus is characterized by higher genetic diver-
sity than buds that are produced clonally from a single genet
(Harper, 1977). Secondly, unlike seeds, which are independent
from the parent plant, buried buds are usually attached to the
parent. Thus, they may be maintained dormant by processes of
correlative inhibition within the genet so that integrated control

of bud dormancy and outgrowth are possible, and shoot out-
growth can be supported by resources from the parent. Harper
also recognized the potential importance of bud longevity, the
contrasting roles of buds in the annual renewal of shoots and in
the regeneration of plants following injury or disturbance, and
the potential stabilizing effects of a bud bank on plant popula-
tion dynamics. Although Harper championed the demographic
approach to the study of plant ecology and coined the term ‘bud
bank’, the importance of below-ground populations of buds and
their potential consequences for above-ground population and
community dynamics were not immediately recognized. At that
time, only a couple of studies had documented the longevity of
below-ground buds or bud development and morphology of a
few species (e.g. McIntyre, 1970; Hughes, 1974).

Three subsequent developments revealed the importance of
bud banks and prompted their increased study in recent years.
Detailed studies of plant demography in some communities re-
vealed that successful recruitment from seed is rare and epi-
sodic, and the contribution of buds to the annual renewal of
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above-ground shoot populations is substantial, sometimes ex-
ceeding the contribution of seeds by an order of magnitude
(Silvertown et al., 1993; Benson and Hartnett, 2006; Alfonso-
Corrado et al., 2007; Latzel et al., 2008; Vitova et al., 2017). A
second development was the increasing understanding of sto-
chastic processes and the role of natural disturbance in plant
population dynamics. Populations of dormant buds were recog-
nized for their important role in the regeneration of lost plant
tissue following disturbances such as fire, herbivory, soil dis-
turbances or extreme climatic events. For example, buds en-
able the resprouter strategy in plants of fire-prone habitats (e.g.
Clarke et al., 2013), and outgrowth of dormant buds is a key
component of the regeneration of many perennial plants fol-
lowing herbivory, drought or agricultural management. General
patterns have emerged in relationships between bud bank size
and the frequency of disturbance, and between the vertical dis-
tribution of buds (sensu Raunkiaer, 1934) and the intensity of
disturbance (Vesk et al., 2004; KlimesSova and Klimes, 2007).

Finally, increasing research on clonal plant species examined
the patterns, controls and consequences of the production of
new ramets and the lateral spread of plants via vegetative re-
production. This research showed the important role of below-
ground buds in influencing the architecture, structure and
population dynamics of clonal plants (e.g. Jackson et al., 1985;
Hutchings and Bradbury, 1986). The number, spatial arrange-
ment and activity of below-ground buds became recognized as
determinants of key aspects of clonal growth strategies, such as
resource foraging and habitat selection, phalanx versus guer-
rilla clonal expansion patterns and local neighbourhood inter-
actions (de Kroon and van Groenendael, 1997).

It has now become recognized that bud banks play an im-
portant role in terrestrial plant populations and communities
across a number of polar, temperate and tropical habitats (e.g.
Ayukawa et al., 2001; Lee, 2004; Hartnett et al., 2006; Zhang et
al., 2009) as well as in freshwater and marine habitats (Cellot et
al., 1998; Abernathy and Willby, 1999; Combroux et al., 2002).
This review builds upon our base knowledge of bud bank traits
of individual species and focuses on (1) identifying bud bank
characteristics and the below-ground demographic processes
that regulate bud bank size and dynamics, (2) the influence of
the environment and disturbance on these processes and re-
sulting bud bank structure and composition, and (3) the eco-
logical implications of maintaining a bud bank for individuals,
populations and communities.

An earlier review by KlimeSova and Klimes (2007) empha-
sized the ubiquity of buds, the high capacity for bud initiation
from a variety of plant organs, and the range and variety of bud
bank traits. We seek to build upon this previous work, describe
bud bank dynamics, synthesize our current understanding of
the dynamics, traits and ecological roles of bud banks, and sug-
gest avenues for future research. We confine our review to the
ecology of bud banks in natural habitats and do not extensively
discuss bud banks in agricultural and aquatic environments.

In our discussion, we delimit the below-ground bud bank fol-
lowing Harper (1977) and KlimeSova and Klimes§ (2007) with
some minor modifications. We consider below-ground bud banks
as inclusive of both axillary buds and adventitious buds produced
on any below-ground or basal plant organ (Fig. 1). Below-ground
space is safe for plants to store reserve meristems and storage
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FiG. 1. Below-ground bud-bearing organs. Buds can occur on roots or stems and
in some cases leaf peripheries. Axillary and apical buds only occur on below-
ground and above-ground stems and adventitious buds usually occur on roots.

compounds in specialized organs adapted to survive severe dis-
turbance or seasonal adversity. We exclude above-ground buds
as these mainly play a role in above-ground growth and architec-
ture of woody plants or in regrowth of damaged shoots after mild
disturbance. Although a below-ground bud bank can be found in
all plant growth forms, it is typical of perennial herbs and many
shrubs, which will be the main focus of this review.

THE ROLE OF BUD BANKS IN PLANT POPULATION
RENEWAL AND DYNAMICS

Plant species differ in their relative reliance on seed versus
bud banks. In many perennial herbs, the bud bank is an im-
portant source of propagules for the annual renewal of above-
ground shoot populations, and hence population maintenance
and growth. In habitats such as grasslands, forest understorey
and arctic tundra, establishment from seeds is rare due to high
mortality of seedlings, so that the vast majority of new shoots
are recruited from the bud bank. For example, in the tallgrass
prairie of North America, where shoot density is high and
competition is intense, >99 % of the above-ground stems that
emerge each spring are derived from the outgrowth of below-
ground buds (Benson and Hartnett, 2006). The low density of
seedlings relative to recruits from buds across North American
grasslands (Fair ez al., 1999; Peters, 2000; Benson and Hartnett,
2006) underscores the importance of the bud bank for popu-
lation renewal in perennial grasslands. Seedlings experience
strong selection pressures, especially from herbivores, drought
and fungal attacks, which can lead to high seedling mortality
(Moles and Westoby, 2004a, b). Recruitment from the below-
ground bud bank can enable plant individuals to persist and the
population to expand via clonal reproduction when seedling re-
cruitment is unable to sustain population maintenance.
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Annual renewal from a bud bank has some consequences
for plant population structure and dynamics that may be more
or less similar to the functioning of a seed bank (Table 1).
Similar to seed banks, a population of dormant buds provides
a demographic storage effect that can buffer population fluctu-
ations and stabilize plant population dynamics. However, there
are fundamental differences between buds and seeds in their
dispersability and maternal support. Buds are nearly always
connected to the parental plants, whereas seeds are independent
of the parent once they are dispersed. One important implica-
tion is that seeds are provisioned with a small fixed amount of
resources, whereas the buds are physiologically integrated with
and supported by their parent plant. A second implication is
that, once dispersed, the fate of the seed is not controlled by the
parent plant, but only by environmental conditions. The fate of
buds (dormancy, release, outgrowth pattern) also responds to
abiotic conditions, but these responses can be mediated through
hormonal signals from the parent plant (Table 1).

Maintenance of a bud bank may also incur a cost by redu-
cing seed reproduction or competitive ability. For example, in
fire-prone ecosystems, plant species that rely on a bud bank
and below-ground storage to regenerate after fire tend to show
lower sexual reproductive success (Bell and Ojeda, 1999).
Clonal plants that multiply by producing new shoots from a
bud bank produce fewer seeds and show lower seedling estab-
lishment than non-clonal plants (Herben et al., 2012, 2015).
Resprouters from fire-prone areas relying on a below-ground
bud bank are shorter and less competitive than seeders relying
on regeneration from seeds after fire (Midgley, 1996).

The relative recruitment from buds versus seeds may have
a great effect on the genetic structure of a plant population.
Interestingly, even when establishment of new genotypes from
seed is negligible, molecular techniques revealed rather high
genetic variability in populations of clonal plants (Ellstrand
and Roose, 1987; Widén et al., 1994). This may be caused by
the initial establishment of populations from genetically di-
verse seeds and the inability of once-established genets to out-
compete each other, and/or by continuous, albeit low, rates of
seedling establishment (Watkinson and Powell, 1993). Whether
somatic mutations within buds may contribute to the genetic
variability of clonal species has not been studied. Additionally,
recent studies of epigenetic variation in clonally reproducing
species (Latzel and KlimeSov4, 2010; Ahn et al., 2017) indicate
that genetic diversity is not the only factor determining higher
or lower flexibility of a plant population in response to environ-
mental fluctuations, but epigenetics plays a role as well.
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BUD BANK LIFE HISTORY: FROM BUD FORMATION
TO SHOOT OUTGROWTH

Similar to seed banks and populations of above-ground plants,
the bud bank has its own structure and dynamics, determined
by transition rates among various states (Fig. 2). Like seed bank
size, bud bank size is determined by the rate of inputs (bud
natality) and outputs (outgrowth, mortality), and its effect on
above-ground population dynamics is influenced by the propor-
tion of buds that are dormant or active (Fig. 2). Similar to seed
banks of heterocarpic species (Mandak and Pysek, 2001), bud
banks include individual buds having varying roles in popula-
tion renewal and dynamics (Clarke et al., 2013) (Fig. 1) due to
bud origin, size, position and preformation.

Bud natality

Bud natality may occur continuously or seasonally as directed
by climate, or be triggered by disturbance. The bud bank in-
cludes apical, accessory, axillary and adventitious buds. The
apical meristem (i.e. bud) found at the tip of stems produces
and adds new stem building modules to its body. Each module
(also called a metamer in dicotyledonous plants or a phytomer
in graminoids) consists of a stem internode and a node with its
associated leaf and bud in its axil. Therefore, these new axil-
lary buds are produced as the plant grows. After stem forma-
tion, new axillary buds cannot be borne on the stem except for
branching of already established buds (accessory buds), as oc-
curs in some herbs. In some grasses, these accessory buds can
increase their bud bank size by as much as 4.5-fold (Ott and
Hartnett, 2012b). Axillary, accessory or adventitious buds be-
come apical buds once they begin metamer production.

Natality of adventitious buds, which are formed outside of
the stem modular structure, on leaves and roots, is not yet fully
understood. Adventitious buds are formed endogenously and
may remain hidden in root tissue, or form only after plant in-
jury. Consequently, contrary to axillary buds, they can be pro-
duced on already developed roots and leaves. This ability has
been reported only for ~15 % of temperate species (Bartuskova
etal.,2017) and is more common in dicotyledonous than mono-
cotyledonous plants, and in trees than in herbs (Evert, 2006;
Bartuskova et al., 2017).

The bud bank is gradually developed during plant ontogeny.
At early developmental stages a plant would need to begin
developing its bud bank, which involves producing and placing

TABLE 1. Contrasting features of below-ground bud banks and seed banks

Bud banks

Seed banks

Numbers may not exceed adult plants

Time spent in bud bank may or may not exceed time spent as above-ground
plant

Tried and true genotypes

Direct parental control of dormancy is possible

More closely resembles above-ground plant species composition

Bud densities decline rapidly with depth (most in top 5 cm)

Clumped distribution

Buffer population dynamics

Dispersal in time (1 to a few years)

Source of new vegetation if stand is destroyed

Numbers may greatly exceed adult plants
Time spent in seed bank may greatly exceed time spent as above-ground plant

Source of genetic novelty

Parental control of dormancy is very limited

Often little similarity to above-ground species composition

Seed densities decline rapidly with depth (may be much deeper than bud banks)
Clumped distribution

Buffer population dynamics

Dispersal in time (years to decades)

Source of new vegetation if stand is destroyed
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FiG. 2. Diagrammatic flow chart for the dynamics of below-ground bud populations. (1) The below-ground bud bank is replenished primarily via axillary bud pro-
duction, although adventitious or accessory buds may contribute. (2) Higher-order branching of existing buds can greatly increase bud bank size. (3) Adventitious
bud formation often occurs independently of shoot growth as long as resources are stored or available for bud formation, which is generally a low cost to the plant.
(4) The relative proportions of buds that remain dormant or grow out have large effects on both bud bank and above-ground population dynamics. If bud bank size
is small and/or outgrowth rates are low, plant population growth may be meristem-limited. (5) Both dormant and active buds can experience mortality or predation.

buds below ground. Below-ground bud bank formation is easy
in plants with adventitious buds produced on roots but may be
more difficult for plants whose bud-bearing organs are of stem
origin (Fig. 3). The simplest way of positioning buds originating
on stems below ground is passive burial of the vertical stem
base by accumulating litter or soil. Other, more active mechan-
isms include hypogeic (below-ground) germination of seeds or
pulling the basal portion of the shoot downwards by strongly
contractile roots (Putz and Sukkau, 2002). Additionally,
specialized underground shoots (e.g. thizomes) that are capable
of producing buds may grow positive-geotropically in early
plant ontogeny in order to attain their below-ground position.

Bud dormancy

Once a bud is formed, it remains dormant for a period of time.
The length of dormancy varies depending on the individual
plant and the environmental conditions. We can recognize three
types of bud dormancy (Fig. 4): (1) endodormancy, due to cues
located inside the bud; (2) paradormancy, due to signals within
the plant but outside the bud; and (3) ecodormancy, due to ex-
ternal environmental factors acting on the whole plant (Lang et
al., 1987; Horvath et al., 2003; Waldie et al., 2010). Buds can
be under multiple dormancy controls at the same time, as the
environment and internal factors may act independently of one
another (Horvath et al., 2003) and consequently buds on one
bud-bearing organ could have different responses to the same
stimuli.

Endodormancy, whether caused by an inhibitor or by lack
of promoters, may be influenced by bud age, size and position.
Buds that have not fully developed are likely unable to grow
out because their vascular development may be insufficient
to receive the necessary nutrients and signals (Mueller and
Richards, 1986). In monocots, below-ground buds increase in
size acropetally along the stem base (e.g. Mueller and Richards,
1986; Busso et al., 1989), and distal buds near the apical meri-
stem are the most likely to grow out (Mclntyre, 1970; but see
also Mueller and Richards, 1986; Hendrickson and Briske,
1997). Therefore, the youngest, most-developed and usually the

[] stem @ Adventitious bud
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FI1G. 3. Placement of adventitious and axillary buds below ground in the early

ontogeny of a plant. There are multiple methods by which axillary buds are

placed below ground: (A) hypogeic germination; (B) pulling stem base by

root contraction; (C) positive geotropic growth of a young rhizome; (D) partial
burial; and (E) adventitious buds on roots.
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largest buds grow out. When external conditions promote bud
outgrowth, it may still be prevented by endodormancy. Similar
to the stages of innate, induced and enforced dormancy in seeds
(Harper, 1977), buds can fluctuate between being in dormant or
responsive (active) states in response to favourable outgrowth
signals and environmental conditions (Waldie et al., 2010).
Paradormancy can be maintained by mechanical or physio-
logical mechanisms. Grass buds can be physically restrained
by tightly enclosing leaf sheaths until leaf senescence begins,
as observed in wheat (Williams and Langer, 1975). Apical
dominance and correlative inhibition mediated by hormonal
signals impose paradormancy on buds (Waldie er al., 2010).
Physiological paradormancy is caused by the interaction of
three primary hormones: auxin, cytokinin and strigolactone
(Cline, 1997; Waldie et al., 2010). Auxin transported down-
wards from the apical meristem inhibits axillary bud outgrowth
by blocking cytokinin reception of the bud or cytokinin syn-
thesis in the roots. Strigolactone regulates auxin transport and
thus may control the effect of auxin on cytokinin synthesis or
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dormancy type. f= ‘function of’. Age and size of seeds and buds can be factors in their endodormancy. Paradormancy can be conferred by mechanical or chemical means.

For example, seeds and buds can be restrained by their respective seed coat and leaf sheath or they can be dormant due to hormonal signals involved in the endosperm

for seeds or the shoot apical meristem for buds. The environment can impact bud and seed dormancy directly and/or indirectly through affecting paradormancy factors
and mechanisms.

its action on axillary buds. For a bud to be released from dor-
mancy, strigolactone must inhibit auxin transport, allowing
cytokinin to be translocated to the bud to stimulate its outgrowth
(McSteen, 2009; Waldie et al., 2010). In general, axillary rhi-
zome buds are more likely to remain dormant than apical rhi-
zome buds or buds at the base of the parent plant (Zhang et al.,
2009; Ott and Hartnett, 2015a). Environmental factors such as
temperature, light wavelength and intensity, photoperiod, and
water and nutrient availability can affect bud dormancy directly
(ecodormancy) or indirectly via influencing paradormancy
mechanisms. Ecodormancy is typically caused by unfavour-
able environmental conditions such as freezing temperatures,
drought, low light or nutrient deficiencies (e.g. Tomlinson and
O’Connor, 2004).

Very little information is available on the controls of dor-
mancy in adventitious buds. Plants with spontaneous root
sprouting probably have regulated bud dormancy similar to
plants with axillary buds. Different controls are probably in-
volved in adventitious buds that are formed or released from
dormancy by injury, although we know that nutrient availability,
plant ontogeny and phenology also play a role (KlimeSova
and Martinkov4, 2004; Bartuskova and KlimeSova, 2010).
Therefore, assessing the effect of injury on bud dormancy is
necessary for understanding the control of sprouting from ad-
ventitious buds.

Buds are considered dormant when they exhibit negligible
growth despite being metabolically active (Lang et al., 1987,
Shimizu-Sato and Mori, 2001). A few studies on herbs have

assessed bud metabolic activity using the triphenyl tetrazo-
lium chloride assay for cellular respiration in conjunction with
Evans blue staining to detect necrosis. By using these tests
to differentiate between buds that are respiring and buds that
are alive but not detectably respiring, only small percentages
of perennial grass buds were classified as dormant (Busso et
al., 1989; Hendrickson and Briske, 1997; Russell et al., 2015).
Metabolically active buds could technically still be considered
dormant as long as they show no outgrowth, as is usually ob-
served in field studies (Zhang et al., 2009; Williamson et al.,
2012; Ott and Hartnett, 2012a; Liew et al., 2013). It seems that
metabolic activity is not a suitable indicator of bud dormancy
and other methods (e.g. expression of certain mRNAs) have
been proposed (Stafstrom et al., 1998).

Despite the above-mentioned studies, we know little about
what is happening inside of closed buds except that they enlarge
in size. This is typical especially for buds that will serve as re-
newal buds for new shoot initiation in the next suitable growing
season. The renewal buds are usually the highest buds located
on the shoot base from the previous season, such as those at the
top of the crown or the tip of a new rhizome branch. Renewal
buds may preform differentiated structures before outgrowth.
This preformation is either whole, including an inflorescence,
or partial, including only the vegetative parts of the next year’s
shoot, or even less advanced when a bud contains only partially
preformed basal vegetative portions of next season’s shoot
(Geber et al., 1997). Growth of preformed parts of seasonal
shoots is fast and is typical of woodland herbs and plants of
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arctic and alpine communities — habitats with short growing
seasons (Diggle, 1997; Geber et al., 1997). Plants with bud
preformation are not flexible when responding to disturbance
and loss of renewal buds may result in growth retrogression or
whole-plant dormancy (Shefferson et al., 2014).

The fraction of buds maintained in a dormant versus active stage
is a key determinant of bud and above-ground plant population
dynamics (Bonser and Aarssen, 1996, 2006) and has important
ecological implications. A low fraction, or lack of bud dormancy,
results in high rates of bud outgrowth in favourable conditions,
allowing some plant species to quickly respond to resource pulses
and increase in abundance, but this may incur a cost by limiting
the number of buds available to persist during unfavourable
periods (Shefferson ef al., 2014). Maintaining a high ratio of the
bud population in a dormant state would limit increases in shoot
populations during favourable periods (Ott and Hartnett, 20124,
2015a, b), but at the same time would enhance the storage effect,
stabilizing plant populations during unfavourable conditions and
conferring high resilience by allowing population recovery. In
some perennial grasslands and shrublands, this buffering effect
of dormant buds causes plant population densities and primary
production in a given year to be strongly correlated with past (e.g.
3-5 years) rather than current conditions (Anderson and Inouye,
2001; Wiegand et al., 2004). This is allowed by a low turnover
rate of carbohydrate and also by an accumulated bud bank that
provides a population dynamic memory enabling stabilization of
temporal variation in above-ground productivity (Hendrickson
@nd Briske, 1997; Wiegand et al., 2004; Ott and Hartnett, 2012a4;
Stastna et al., 2012; VanderWeide et al., 2014).

In extreme cases, plant individuals can maintain 100 % of
their buds in a dormant state for one or more years (Shefferson,
2009; Shefferson et al., 2014). During these periods of absence
above ground, plants may remain viable below ground through
the utilization of energy reserves provided by storage tissue or
by mycorrhizal fungi (Bidartondo ez al., 2004; Gremer et al.,
2010). This extreme case of dormancy is considered an adapta-
tion to periods of low resource availability or stress, when bud
outgrowth and above-ground sprouting may incur high physio-
logical and demographic costs, or it may represent a cost of
sexual reproduction, as it often occurs more frequently following
periods of high fecundity (Primack and Stacy, 1998; Shefferson
et al., 2014). On the other hand, there are plants that use all buds
for seasonal regrowth and therefore do not possess any buds for
part of the season and would not be able to regenerate after injury
(KlimeSova and Klimes, 2007). Although this strategy has not
yet been properly studied, it may be an adaptation for conditions
when resprouting is unwanted, such as in environments with a
short growing season (e.g. spring geophytes of temperate forests)
where vegetative regeneration would result in delayed vegetative
growth, leading to a mismatch with suitable growing conditions.

Bud longevity, mortality and turnover

Below-ground bud longevity is limited by the longevity of the
organ to which it is attached but may be much shorter than that
of its parent organ. In some species whole bud-bearing organs
undergo yearly turnover and such plants are called pseudo-
annuals (Krumbiegel, 2001). In other species bud-bearing or-
gans accumulate both stored carbohydrates and buds over years
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(Suzuki and Mutchings, 1997). Although some rhizomes can
live for decades, we have only limited knowledge about the lon-
gevity of buds attached to them. In some grass species, the bud
bank undergoes rapid turnover. In several caespitose grasses,
bud viability depends on the presence of live tillers, and buds
usually die within 6 months of their parent tiller’s death (Ott
and Hartnett, 2012a, 2015b). On the other hand, rhizomatous
and stoloniferous grasses maintain buds for a year or more after
their parent tiller dies (e.g. Hendrickson and Briske, 1997; Ott
and Hartnett, 2012a, 2015a). Bud longevity influences bud bank
age structure, and accumulation of long-lived buds from mul-
tiple recruitment events can result in mixed-age bud banks (e.g.
Busso er al., 1989; Ott and Hartnett, 2012a, 2015b; Reichmann
et al., 2013). In grasses, however, bud viability tends to decline
with age (Hendrickson and Briske, 1997) and most shoot re-
cruitment comes from younger buds.

Bud mortality can be caused by numerous factors, including
plant senescence, drought, freezing temperatures, herbivory
or other disturbances (see Bud Banks and Disturbance section
below). Harsh conditions or disturbances could cause direct
bud mortality, or may reduce the parent plant’s capability of
supporting the bud, causing indirect mortality. Above-ground
herbivory and/or fungal and bacterial disease may reduce re-
sources provided to buds below a survival threshold, while
below-ground herbivory by insect larvae can directly kill
buds. While some organs have no difficulty keeping their
below-ground position, others (e.g. those dependent on con-
tractile roots) may lose the ability to position buds below the
soil surface, resulting in bud death during the adverse season
(KlimeSova et al., 2015).

Bud outgrowth

Signals for bud outgrowth are those that break bud dormancy
(see above). These signals ensure that sprouting is properly
timed in respect to climatic seasonality, higher resource avail-
ability is used to produce more vigorous growth, and damaged
biomass is replaced by new shoots. For example, studies of sev-
eral grass species have shown that bud release from dormancy
depends on temperature (e.g. Mitchell, 1953), and suggest that
the synchronous spring recruitment from overwintering buds
could be due to warming temperatures (e.g. Ott and Hartnett,
2012a). Concerning bud outgrowth as a response to optimal
local conditions, an integrated model for grasses was devel-
oped by Tomlinson and O’Connor (2004). In their model,
soil available nitrogen and light spectral composition (red
light) are the two key environmental factors that interact to
stimulate bud outgrowth and tillering by mediating hormonal
controls and carbon dynamics within the plant. The model is
supported by empirical observations of positive effects of in-
creased nitrogen availability on bud release from dormancy in
many grass species (Derner and Briske, 1999; Tomlinson and
O’Connor, 2004; Dalgleish et al., 2008). Also, the effect of
light on bud outgrowth has been repeatedly reported for buds
situated at the soil surface (e.g. Skdlova and Krahulec, 1992)
but not for buds on below-ground bud-bearing organs (Murphy
and Briske, 1994; Williamson et al., 2012; Xie et al., 2014).
After biomass damage, bud outgrowth is initiated by their re-
lease from correlative inhibition, leading to higher proportions
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of buds sprouting than in programmed seasonal regrowth,
which may lead to meristem limitation under certain condi-
tions (KlimeSova et al., 2014).

The first buds to resprout are those located at the highest pos-
ition along the vertical axis (Raunkiaer, 1934), the youngest, lar-
gest and the most preformed buds of the bud bank. Considering
bud morphological origin, below-ground apical buds maintain
active growth of a shoot and potentially transition into above-
ground vegetative or generative structures, axillary buds often
remain dormant unless needed to replace their apical meristem,
and adventitious buds resprout only when no axillary bud is
preserved after plant damage (Bartuskovd and KlimeSova,
2010). Such gradual bud activation may serve as insurance for
a plant experiencing recurrent disturbance. Nevertheless, bud
outgrowth, either seasonal or regenerative, may result in the ex-
haustion of the bud bank, temporal bud limitation, and therefore
difficulties in resprouting.

In perennial plants, the capacity for shoot population re-
newal may be limited by bud (meristem) availability, by re-
source availability in the environment, or by stored resources
within the plant. The role of meristem limitation at the indi-
vidual level was first noted in the context of resource alloca-
tion patterns in plants (e.g. Watson and Casper, 1984; Bonser
and Aarssen, 1996, 2006), and was also recognized as a po-
tentially important factor constraining primary productivity at
the system level (e.g. Knapp and Smith, 2001; Dalgleish and
Hartnett, 2006). Systems can be meristem-limited by overall
bud bank density per area, which is driven by plant density,
whereas individuals are meristem-limited by the number of
buds per plant. There remains ongoing debate regarding the
roles of meristem limitation versus resource limitation in regu-
lating plant growth capacity (Wise and Abrahamson, 2007;
Paula and Ojeda, 2011). Some evidence for the relative im-
portance of buds versus stored carbohydrate comes from the
morphology of below-ground organs themselves. Some or-
gans, such as xylopodia, have very high bud density but low
storage capacity, suggesting greater dependence on buds than
on stored resources, whereas others, such as bulbs, have high
storage capacity but only a single bud, suggesting greater de-
pendence on stored reserves (Fidelis et al., 2014). However,
the size of perennating organs does not always provide a clear
indication. For example, lignotubers were considered to be
specialized for storage, but recent studies suggest that they
may play a more important role in enlarging the bud bank
(Bell and Ojeda, 1999; Paula et al., 2016). Meristem limitation
may be further compounded by bud dormancy as buds may be
present but internal dormancy patterns prevent them from out-
growth under favourable conditions.

In summary, the population of buds in a bud bank is not
uniform, and the fate and role of a bud depends on a number
of characteristics, including its age, size, protection, position,
developmental stage (e.g. preformation) and origin (apical,
axillary, accessory and adventitious buds), and the type and
longevity of its bud-bearing organ. The fate and role of buds
is also influenced by biotic and abiotic factors such as nutrient
availability, competition, environmental stress and disturbance.
These intrinsic and extrinsic factors collectively regulate the
dynamics, size and spatial structure of the bud bank (i.e. bud
bank traits), and hence its role in plant population renewal or
regeneration.
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BUD BANK TRAITS

As evident from the overview of bud bank life history above,
each bud has specific characteristics (age, dormancy, pos-
ition) often determined by the circumstances of its formation
(e.g. origin determines position) and its environment (e.g. dor-
mancy). Collectively, the characteristics of all the buds can be
used to evaluate bud bank dynamics and identify bud bank traits
that can be used to compare plant species (Table 2). In addition
to describing the general prerequisites of vegetative regener-
ation of species, we can study the intraspecific variability of
these traits and how these traits vary according to ecosystem,
disturbance type or experimental manipulation for individual
species as well as the overall plant community. A bud bank
trait can describe a static point at a key life history stage (e.g.
bud bank size at the time of shoot renewal) or the dynamics
occurring within the bud bank due to seasonal climate or dis-
turbance (e.g. annual fluctuation in bud bank size). Certain bud
bank traits may be more relevant to specific growth forms or
regions. For example, bud protection by bark is important for
woody plants in fire-prone areas (Clarke et al., 2013), and bud
number per unit rhizome length is unique to rhizomatous spe-
cies and especially relevant in temperate grasslands (Carter and
VanderWeide, 2014). Many bud bank traits are self-explanatory
(Table 2) but a few are given further review below.

Type and longevity of the bud-bearing organ

Below-ground bud banks can be found on organs with diverse
morphologies, including bulbs, corms, rhizomes, stem col-
lars, xylopodia, tuberous roots and rhizophores (KlimeSova
and Klimes, 2008; Pausas et al., 2018). The classification of
bud-bearing organs is not uniform as different morphological
schools in different regions use different categories and names.
For example, classifications of bud-bearing organs differ be-
tween the CLO-PLA database describing temperate herbs
(KlimeSova and Klimes, 2008) and that used by Pausas ef al.
(2018) for fire-prone tropical grasslands of Brazil. We will need
cautious morphological analyses that will result in only a few
comparable categories to be able to standardize the trait de-
scriptions of such different regions (Filartiga et al., 2017). For
example, lignotubers bear numerous buds and store carbohy-
drates, conferring high resprouting capacity after injury by fire
(Paula er al., 2016). They are typical bud-bearing organs of fire-
prone areas, having no counterpart in temperate regions. On the
other hand, roots that are able to create buds after fragmentation
and regenerate when soil is disturbed by ploughing (KlimeSova
et al., 2017b) can be found in both regions.

Although the type of below-ground organ largely defines
the resprouting and/or clonal growth capacity of a species,
resprouting, shoot population renewal and clonal growth also
depend on traits such as organ storage capacity, longevity and
branching intensity (Klimes$ et al., 1997). Thus, community re-
sponses to resource limitation or disturbance may be partially
driven by differences in the types of below-ground bud-bearing
organs that dominate (KlimeSova and Klimes, 2008; Rusch et
al., 2011). For example, in alpine communities on fertile soils,
bud-bearing organs are diverse and include bulbs, root and stem
tubers, and rhizomes, whereas plants on nutrient-poor soils
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TABLE 2. Bud bank traits. Most bud bank traits can be applied to plant individuals or the plant community as a whole. Example units of
measurement are not an exhaustive list

Bud bank traits

Example units of measurement

Morphological type of bud-bearing organ (BBO)
BBO longevity

Proportion of buds on rhizomes
Range or average longevity of BBO

Bud longevity Range or average longevity of buds
Bud bank size Number per stem, per plant or per soil volume
Bud preformation Proportion of performed buds for generative purposes

Bud protection

Age structure of buds in the bud bank
mixed-aged bud banks

Size/stage structure of buds in the bud bank

Proportion of buds protected by bark
Number of bud cohorts at a given point in time; proportion of buds according to age group; single- or

Number of size or stage classes at a given point in time; proportion of buds according to size/stage classes;

single- or multi-staged bud banks

Dormancy within the bud bank
Seasonal fluctuation of bud numbers
Vertical distribution of bud bank
Spatial distribution of bud bank
versus buds on stems
Meristem:BBO support ratio

Ratio of dormant to active buds

Maximum relative change in bud bank size; timing of major changes in bud bank size

Range of bud depths; average bud depth

Proportion of buds on horizontal rhizomes versus at the base of vertical stems; proportion of buds on roots

Bud number per amount of storage carbohydrates; bud bank size per biomass of bud-bearing organ

primarily have rhizomes (Klimes, 2008; Rusch et al., 2011).
Wetland communities with stable hydrology have mainly rhi-
zomes, whereas more disturbed or open water wetlands have
root-derived bud-bearing organs (Sosnova et al., 2010). How
these differences translate to bud bank functioning is not
known. Bud-bearing organs have numerous functions apart
from providing plants with a bud bank for seasonal renewal and
regeneration after disturbance. Bud-bearing organs play a role
in clonal growth, nutrient acquisition and competitive ability.
This multi-functionality of bud-bearing organs makes under-
standing their specific role in the maintenance of a bud bank
very difficult and will require innovative research strategies to
disentangle them.

Number of buds

The number of buds per shoot is the most often studied bud
bank trait and strongly depends on plant architecture. For ex-
ample, higher numbers of buds occur in rhizomatous plants
than in species where shoots have no horizontal below-ground
parts. As the modular structure of a plant is more or less regular,
the number of new buds born per shoot is usually constant for
a species or ecotype despite varying environmental conditions,
as was shown for several grasses (Table 3) (Hendrickson and
Briske, 1997; Dalgleish et al., 2008; Ott and Hartnett, 2012a;
Carter and VanderWeide, 2014). Flowering tillers may have a
higher and less variable number of buds per tiller than vege-
tative tillers because vegetative tillers can be in a range of
developmental stages due to variation in the timing of tiller
initiation or environmental effects on tiller development (Ott
and Hartnett, 2011). Although these data are based on direct
counts of buds, the regular modularity of plant growth would
allow general bud number estimation using indirect indices, as
done in the CLO-PLA clonal plant trait database (KlimeSova
and Klimes, 2007).

Bud bank size is also often studied at the community level as
bud density per unit soil volume (Table 4). Whole-community
assessment enables examination of climatic gradients (Qian et
al., 2017) or comparisons of disturbance regimes (Fidelis et

al., 2014) and has the advantage that it can be directly com-
pared with other ecological information obtained at the com-
munity level, such as productivity. This was demonstrated by
Dalgleish and Hartnett (2006) when they tested whether bud
bank densities decreased as water limitation increased and
productivity decreased in grasslands (Knapp and Smith, 2001).
They measured grass bud bank densities across a precipitation
gradient from mesic tallgrass prairie to desert grasslands and
found a strong decline in bud densities from the most mesic to
most arid grasslands. These results implied that productivity on
the dry end of the gradient was limited by water availability and
remained low even in exceptionally wet years due to meristem
limitations, as it lacked a large bud bank needed to increase
biomass production.

Stage and age structure of bud banks

Buds can also exhibit different size or development classes,
which are often correlated with their location on a bud-bearing
organ (e.g. Mueller and Richards, 1986). Apical buds typically
are larger than other buds and preferentially serve as the source
for renewal of above-ground shoots after a dormant season,
while other, smaller buds remain dormant under correlative
inhibition until shoot flowering or death. Buds may even be
characterized by preformation of flowering parts of the future
shoot (Diggle, 1997) or may develop as juvenile below-ground
stems (budlings; Ott and Hartnett, 2015b). The preformed buds
are prepared for quick growth (Schnédblova et al., Institute
of Botany, Czech Academy of Sciences, Pruhonice, Czech
Republic, unpubl. res.) and budlings are readily prepared to re-
spond to disturbance or changes in resources or environmental
conditions (Ott and Hartnett, 2015b).

Buds of different morphological origin (i.e. apical, axil-
lary and adventitious buds) also have slightly different func-
tions in the bud bank (see Bud Outgrowth section above).
Shoot size, architecture, flowering and demography are af-
fected by both the type of bud and the position of the bud
from which the shoot developed (Carlsson and Callaghan,
1990; Martinkova and Klimesova, 2017). For example, in the
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herb Rorippa palustris, BartuSkovd and KlimeSova (2010)
showed that shoots originating from axillary buds were more
branched and produced more seeds than those originating
from adventitious buds on roots. Considering the proportion
of the bud bank that is at each developmental stage, from
each morphological origin or belonging to each bud produc-
tion cohort enables the stage, origin or age structure of the
bud bank to be described.

Bud bank seasonality (phenology)

In addition to examining bud bank structure at key life his-
tory points (e.g. before seasonal renewal), examining the fluc-
tuations of bud bank structure or size throughout one annual
cycle will provide further insight into when the species will be
most resilient and susceptible to disturbance. The seasonal bud
bank dynamics of species coexisting in one community may
differ substantially. For example, dominant C, grasses in North
American prairies tend to show strict synchrony in bud dor-
mancy and tiller recruitment timing (Hendrickson and Briske,
1997; Ott and Hartnett, 2012a), whereas dominant C3 grasses
maintain a relatively constant bud bank size throughout the year
and asynchrony with buds in various stages of development
(Fig. 5) (Ott and Hartnett, 2012a, 2015b). Timing of bud bank
development may differ intraspecifically in relation to growing
conditions or when found in different systems. For example,
a sedge from seasonally flooded systems demonstrated that
populations experiencing long-term inundation showed more
damped changes in bud bank densities compared with popula-
tions experiencing short-term inundation (Chen et al., 2015a).

Ott et al. — Below-ground bud banks in plants

A C, grass delayed its bud natality when located in a cooler,
more arid habitat with a shorter growing season at the edge of
its range (Ott and Hartnett, 2015c¢).

The combined bud bank seasonal phenology of a community
can provide a broader picture of points in the community that are
vulnerable to disturbance or climate shifts. In herbaceous com-
munities, seasonal changes in bud bank densities are closely
tied to the timing of rhizome growth and above-ground stem
recruitment. In temperate grasslands, grass bud bank densities
are lowest in summer to winter and reach peak densities in early
spring, coinciding with a pulse in tiller recruitment, whereas
forb bud bank densities reach a peak in autumn and decrease
by June during peak shoot recruitment (Dalgleish and Hartnett,
2006). Arid grasslands exhibit different patterns, with grass bud
bank densities remaining very low over the winter while stem
densities are still high. By the time stems senesce, bud densities
reach a peak and are available for the next season of tiller re-
newal (Dalgleish and Hartnett, 2006). On the other hand, forbs
in arid grasslands exhibit low and fairly constant bud bank
densities, with variable shoot recruitment patterns throughout
the year (Dalgleish and Hartnett, 2006; Qian et al., 2015).

Bud bank spatial structure

The bud bank is a crucial part of plant architecture as vari-
ation in the spatial patterns of bud production and outgrowth
results in different plant growth forms (Briske, 1991; Perreta
et al., 2011). Outgrowth of a bud can be upward (in grasses
this is called intravaginal outgrowth, i.e. within the subtending
leaf sheath), resulting in a new shoot immediately adjacent

TABLE 4. Bud bank sizes of grassland communities (number of buds per m?)

Ambient Grazed Burned Drought Disturbed
soil
Campos grassland (Brazil)’' Total: 302-398 Total: 2408 Total: 1122 - -
Grass: 171 Grass: 1418 Grass: 9
Forb: 115 Forb: 978 Forb: 933
Woody:15.8 Woody: 12 Woody: 180

Total: 733>-13 0453
Grass: 364>-10 20034
Forb: 370>-2 9253
Total: 581-595°
Grass: 544-576°
Forb: 19-37°¢
Total: 730°
Grass:720°

Forb: 10°

Total: 146°

Grass: 137°

Forb: 9°

Total: 400°

Grass: 400%

Forb: 08

Total: 1000-3000°
Grass: 500-2500°
Forb: 0-650°

Tallgrass prairie (USA)

Southern mixed-grass prairie (USA)

Short-grass steppe (USA)

Desert grassland (USA)

Cultivated monospecific stand of Leymus chinensis

Temperate steppe (Inner Mongolia, China)

Total: 2750°-13 040°
Grass: 2500°-9990° Grass: 978-3300>>°  Grass: 89003
Forb: 250°-3050° Forb: 23-857>3¢ Forb: 10003

Total: 1830-3410>>¢  Total: 9900°  Total: 12647

Peak bud bank densities were used in this table and were estimated from graphs in the literature.
'Fidelis et al., 2014%; >Benson et al., 2004; *VanderWeide and Hartnett, 2015; “VanderWeide et al., 2014; *Dalgleish and Hartnett, 2009; °Dalgleish and Hartnett,

2006; "Rogers and Hartnett, 2001; ®Zhang et al., 2009; °Qian et al., 2017.
*Did not include buds of tussock grasses in community estimates.



Ott et al. — Below-ground bud banks in plants

to the parent (Fig. 6), or horizontal (in grasses this is called
extravaginal outgrowth, i.e. through the subtending leaf sheath).
A horizontally growing bud may produce a horizontal stem,
stolon or rhizome of varying length (Perreta et al., 2011). The
species-specific pattern of bud outgrowth results in different
growth forms, such as caespitose (bunchgrass), intermediate
or spreading rhizomatous/stoloniferous growth forms (Briske,
1991), and at the same time influences the spatial structure of
the bud bank. For example, long rhizomes typically bear larger
below-ground bud banks than short ones (Zhang et al., 2009;
Ott and Hartnett, 2012a, 2015a). Axillary buds along a rhi-
zome, however, are more likely to remain dormant than apical
rhizome buds or buds at the base of the parent plant (Zhang et
al., 2009; Ott and Hartnett, 2015a). Therefore, most bud out-
growth occurs either directly at the base of the parent plant or
at the most distal location along the rhizome. The timing of bud
outgrowth may also influence plant architecture. Monocot buds
that become rhizomes typically grow out before buds that be-
come new tillers near the base of the parent shoot (Zhang et al.,
2009; Ott and Hartnett, 2015a; Chen et al., 2015b). The initial
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FiG. 5. Proportion of individuals in different bud and tiller stages of (A)
Andropogon gerardii and (B) Dichanthelium oligosanthes. DMB, developing or
mature buds; JT, juvenile tillers (three size classes for D. OLIGOSANTHES: 1, NO EX-
TENDED LEAF; NO PHOTOSYNTHESIS; 2, NO EXTENDED LEAF, PHOTOSYNTHESIS; 3,
EXTENDED PHOTOSYNTHESIZING LEAF); VT, VEGETATIVE TILLERS; FT, FLOWERING
TILLERS; UT, UNKNOWN DUE TO CULM DAMAGE. JUVENILE TILLERS ARE DEFINED
AS HAVING THE PRIMARY SHOOT AXIS EMERGED PAST THE BUD’S PROPHYLL BUT
ARE TYPICALLY STILL BELOW GROUND. A. GERARDII SHOWED A HIGH DEGREE OF
SYNCHRONY IN BUD TRANSITIONS, WHEREAS D. OLIGOSANTHES SHOWED ASYN-
CHRONY, WITH BUDS AND TILLERS IN VARIOUS STAGES OF DEVELOPMENT PRESENT
AT ANY GIVEN TIME. (FIGURE ADAPTED FROM OTT AND HARTNETT, 20124.)
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investment in producing more distal rhizome buds could be
part of a bet-hedging strategy ensuring local persistence while
providing a means for dispersal. Rhizomes could remain short
if necessary, placing buds close to the parent shoot, or could
elongate as resources are available, placing buds further away
(Ott and Hartnett, 2015a).

In addition to this variation in horizontal growth, there are
also ecological implications of the vertical distribution of buds
within the soil. Although buds may be located within the first
15 cm of soil, most below-ground buds occur between 0 and
5 c¢m from the soil surface (Vesk et al., 2004; KlimeSova and
Klimes, 2007). More deeply positioned buds are likely favoured
in environments subject to frost, drought, fire or soil disturb-
ance (e.g. ploughing, digging by animals) but they are at a dis-
advantage with slow growth and reduced competitive ability.
For example, fire suppression results in excluding species with
deep below-ground bud banks (Fidelis et al., 2014). The posi-
tioning of below-ground buds in herbs and shrubs usually pro-
vides sufficient protection of the bud bank. Therefore, different
protective tissues and morphologies are usually found in the
above-ground bud bank (Pausas et al., 2018).

BUD BANKS AND DISTURBANCE

The bud bank is predicted to play a major role in population and
community regeneration when disturbance frequency is inter-
mediate (Bellingham and Sparrow, 2000; Clarke et al., 2015).
This can be observed on a large scale as many severely and fre-
quently disturbed communities are dominated by annuals, while
communities disturbed very rarely are dominated by trees, both
growth forms that usually lack a bud bank. Communities be-
tween those extremes, as well as communities undergoing suc-
cession, show a higher abundance of perennial herbs and shrubs
that regenerate from bud banks (Latzel et al., 2008; Herben et
al., 2018). The pattern and rate of regeneration following dis-
turbance are determined by interactions among the rate of de-
pletion of the bud bank, the rate of new bud production, and
the amount of resources available to support the regeneration
process. An increasing number of studies suggest that the cap-
acity for regeneration may be constrained more by bud bank
size than by the amount of stored reserves (Cruz et al., 2003).
For example, age-related declines in regenerative capacity are
linked to declining bud banks due to bud senescence in some
species (e.g. Bond and Midgley, 2001; Vesk, 2006). Similarly,
due to an undeveloped bud bank, very young plants may be
more vulnerable to disturbance than mature ones (Martinkova
et al., 2004; KlimeSova et al., 2009).

Generalizations about the bud bank’s role in the response of
plants to disturbance is challenging as not only bud bank param-
eters must be standardized for this purpose but also disturbance
parameters need to be comparable. The response of a species
to disturbance depends on the frequency, timing, intensity and
type of disturbance and there is so far insufficient standardiza-
tion for different disturbance regimes (Herben ez al., 2016). For
the flora of Central Europe, species optima (indicator values)
were calculated along disturbance severity and disturbance fre-
quency gradients (Herben et al., 2016). These disturbance in-
dices provided researchers with a tool for studying bud banks in
relation to disturbance in Europe. Other regions, however, await
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similar assessments. Another reason that precludes proper
comparison across broad ecological gradients is that disturb-
ance regimes interact with climate and they mutually affect the
growth form composition of vegetation and hence bud banks
of resident species. The effects of all these factors is difficult
to disentangle.

The ecosystems and disturbance regimes most often studied
are fire-prone woodlands and shrublands (Bell and Ojeda, 1999;
Lloret et al., 1999; Bellingham and Sparrow, 2000; Clarke et
al., 2013, 2015), grasslands across several continents subjected
to fire, grazing, frost or drought (Busso et al., 1989; Brando and
Durigan, 2004; Wang et al., 2004; Russell et al., 2015), forests
damaged by wind throw or by anthropogenic activities such as
slash-and-burn agriculture or logging (e.g. Bellingham ez al.,
1994; Kammesheidt, 1999; Guero-Campo et al., 2006), aquatic
and wetland habitats with water currents and fluctuations
(Barrat-Segretain et al., 1998), and arable land (Leakey, 1991).

Drought and nutrient enrichment

The bud bank response of plant populations and communi-
ties to drought as well as nutrient enrichment has been pri-
marily studied in temperate grasslands. Bud banks can offer
stability during drought conditions. For example, even though
the species composition of the bud bank shifted, the overall
bud densities of forb and grasses remained steady, enabling
shoot densities to also remain stable during a 2-year drought
(VanderWeide et al., 2014). However, bud banks of recently
established communities without sufficient species diversity
or communities experiencing severe drought can decrease in
size, which could inhibit or prolong the time it takes for the
community to recover (Carter et al., 2012; VanderWeide and
Hartnett, 2015). Drought affects the bud bank by either re-
ducing the number of shoots per plant or the number of buds
produced per shoot (e.g. Reichmann and Sala, 2014). Drought
can delay or reduce tiller growth, which affects bud produc-
tion (Busso et al., 1989), or halt bud production prematurely
(e.g. Reichmann and Sala, 2014). Therefore, a drought that oc-
curs during the peak period of bud production and outgrowth
would have the greatest effect on bud bank size (VanderWeide
et al., 2014). Although bud bank densities appear to be posi-
tively correlated with annual precipitation, previous-year
rainfall conditions can produce lag effects on current-year bud
outgrowth (Reichmann and Sala, 2014) (Fig. 7). As droughts
become more severe, increase in duration, and occur at times
of peak bud production, community resiliency may decline
as drought forces buds into long-term dormancy that exceeds
their natural longevity. Thus, extreme long-term drought may
exceed the buffering capacity of bud banks and lead to de-
clines in perennial plant abundance (Qian et al., 2017; Bolles
and Forman, 2018).

Bud bank responses to nutrients and soil types (e.g. saline
soils) have not been examined extensively. Experimentally
increasing nitrogen availability to C, grasses mitigated the re-
duction in bud numbers per tiller caused by fire, increased the
number of active buds per tiller and increased bud outgrowth
(Ye et al., 2006; Williamson et al., 2012; Russell and Vermeire,
2015). In C, grasses, nitrogen seems to have a negligible effect
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on bud outgrowth or bud and tiller population growth rates
(Dalgleish et al., 2008; Williamson et al., 2012). Therefore, nu-
trients may alter bud bank size and dormancy, thereby causing
bud bank responses to differ between plant functional groups.

Regional or global environmental change may significantly
alter both disturbance regimes and bud bank dynamics in many
plant communities. Bud bank seasonality (i.e. phenology) will
shift in response to changes in water availability and temper-
atures. In addition to altering drought and flood frequency and
intensity in many regions, climate change will affect fire re-
gimes globally and will also likely change patterns of resource
availability and bud bank structure and dynamics in ways that
significantly change woody and herbaceous plant species’ re-
sponses to fire, herbivory and other disturbances.

Herbivory

Herbivory can affect the bud bank by removing the source
of buds, reducing photosynthates needed for bud develop-
ment and/or by stimulating the outgrowth of buds. Increased
shoot production following defoliation could be due to internal
changes such as the release of apical dominance and increased
growth rates in residual or re-growth foliage leading to reduced
dormancy in existing and newly formed buds (e.g. Mueller and
Richards, 1986) and/or the production of accessory buds that
quickly grow out. Large herbivores also can influence bud out-
growth by increasing light and nutrient availability through re-
ducing canopy density, dung and urine deposition, and more

F1G. 6. A bud of the perennial grass Schizachyrium scoparium is growing out

into an intravaginal tiller (i.e. stem) within the subtending leaf sheath of the

parent plant. Here, the bud has recently separated from its protecting prophyll.

A bud growing extravaginally would have penetrated laterally through the sub-
tending leaf sheath on the right.
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rapid decomposition of higher-quality litter. Because the bud
bank is below ground, direct mortality of buds by grazing is
minimal (Briske, 1991). However, small herbivores such as
lepidopteran larvae can burrow into the centre of herbaceous
stems and selectively consume below-ground buds (Ott, 2009).

The response of bud production and bud bank size to
herbivory varies with plant species, plant ontogeny and de-
foliation frequency and intensity. Herbivores that defoliate an
above-ground stem may cause a small amount of bud mor-
tality on the defoliated stem and temporarily increase bud dor-
mancy until adequate photosynthetic tissue has been regrown
to support bud outgrowth (Ott et al., 2017). In a number of
bunchgrasses, a single defoliation event appears to have little in-
fluence on bud natality, size or activity, but repeated defoliation
may reduce the overall bud bank size (e.g. Busso et al., 1989;
Hendrickson and Briske, 1997; Pelaez er al., 2009; N’Guessan
and Hartnett, 2011). Herbivory reduces bud density by stimu-
lating the recruitment of new shoots from the bud bank and
increasing shoot mortality, which may hinder bud replenish-
ment. As a result, long-term grazing can deplete the bud bank
(Dalgleish and Hartnett, 2009). The decline in bud bank size
in heavily grazed North American grasslands suggests that bud
limitation may constrain the capacity of grasslands to recover
from grazing and may drive declines in the relative abundance
of some species and overall grassland productivity.

Defoliation or injury can also alter the spatial distribution of
buds within the plant. For example, in the grass Schyzachrium
scoparium repeated grazing causes a shift in architecture from
strong vertical growth of tillers to more prostrate, lateral growth
due to a reduction in tiller height and a change from primarily
intravaginal to extravaginal bud outgrowth (N’Guessan and
Hartnett, 2011). Similar architectural changes, including re-
duced bud number and altered branching patterns, have re-
cently been observed in other prairie grasses (M. Shaffer and
D. C. Hartnett, unpubl. res.). Long-term grazing or exclusion of
grazing can lead to changes in species composition and hence
also in bud banks. In inner Mongolian grasslands, 82-92 % of
new stem recruitment on heavily grazed sites occurred from
buds at the base of tillers rather than buds on rhizomes, bulbs

Growing season 1

Growing season 2
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or roots, which is the typical source of outgrowth at ungrazed
sites (Qian et al., 2015). These differences in bud bank architec-
ture contribute to positive plant—grazer feedbacks that maintain
grazing lawns by concentrating forage biomass and increasing
foraging efficiency (Shaffer and D. C. Hartnett, unpubl. res.).

Fire

Fire can alter bud bank dynamics via a variety of mechanisms,
including direct bud mortality, alterations in the timing or fre-
quency of bud transitions, and reductions in bud production.
Most bud bank studies involving fire have focused on grass-
lands and to a lesser degree shrublands. In grasslands, imme-
diate fire effects are primarily mediated through changes in bud
natality and/or bud-to-tiller transition rates. Due to the high
thermal resistance of soil and the very brief heat pulse asso-
ciated with grassland fires, lethal heating is limited to the soil
surface. Thus, there is negligible direct mortality of live buds,
accounting for the high resilience of grasslands to fire (Scott
et al., 2010). A wide diversity of below-ground bud-bearing or-
gans exist in fire-prone systems (Pausas et al., 2018) and their
position and bud position on them can determine survival after
fire (e.g. Gonzalez et al., 2015). Among grasses, fire causes
higher mortality in caespitose than in rhizomatous species as
their buds are typically closer to the soil surface, where fuel is
concentrated (Busso et al., 1993; Russell et al., 2015).

In fire-prone grasslands, the main effect of fire is the removal
of accumulated litter and standing dead shoots, which greatly
increases light at the soil surface. With adequate precipitation,
this often stimulates bud outgrowth, resulting in higher stem
densities and net primary production (Russell et al., 2015). Fire
affects all plants within the community, unlike grazing, which
selectively impacts only the palatable species. Therefore, fires
may synchronize bud outgrowth and stem recruitment among
species and potentially the timing of bud production (Benson
and Hartnett, 2006). However, functional groups, such as forbs
and grasses, may exhibit opposite responses to fire (e.g. Hartnett,
1991). In the long term, fire shifts the relative abundances of

Growing season 3
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Stem Stem
density density density
Bud bank Bud bank Bud bank
year 1 year 2 year 3
Bud mortality Bud mortality Bud mortality

FiG. 7. Conceptual diagram of the relationship between the bud bank, above-ground stem density and above-ground net primary production (ANPP). Modified

from Ott and Hartnett (2012a) and Reichmann and Sala (2014). Not all species have buds that transition from year to year. Species that lack long lived buds (i.e. the

horizontal arrow) are unable to buffer against inter-annual climatic variability. Long-lived bud banks serve as a mechanism by which lag effects on stem densities
and productivity are produced.
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species within a community through its effects on bud bank dy-
namics (Hartnett, 1991; Russell and Vermeire, 2015).

The impact of fire on the bud bank varies according to fire
frequency, seasonality and intensity. Total community bud bank
density increases with increasing fire frequency in both North
American prairies and South American Campos grasslands
(Benson et al., 2004; Fidelis et al., 2014). The reduction of the
bud bank experiencing low fire frequency is likely caused by
a combination of reduced bud and stem densities due to low
nutrient availability, dense litter and associated low light con-
ditions, and/or shifts in species composition. In the subtrop-
ical grasslands of Brazil, fire results in a reduction in the size
of the deep below-ground grass bud bank and an increase in
the forb bud bank, exactly opposite to the patterns found in
North American prairies (Fidelis et al., 2014). However, North
American studies included grass buds at or near the soil sur-
face. The number of successful grass stem recruits emerging
from buds varied with fire frequency, but stem survivorship did
not, further indicating that the principal effect of fire frequency
was on bud outgrowth rather than on bud or stem mortality
(Benson and Hartnett, 2006). More work is needed to look at
bud bank community responses to fire seasonality and intensity.

In shrub communities, resprouting from below-ground buds
following fire is a key life-history trait of many woody spe-
cies that has large effects on post-fire survivorship, population
dynamics, plant community composition, and productivity. For
many woody plants, resprouting from the bud bank is a key
component of the persistence niche and contributes to the high
resilience to fire in many woodland, savannah and shrubland
ecosystems (Bond and Midgley, 2001). However, traits other
than bud bank size, such as bud protection by bark and the pos-
ition of buds relative to the flame zone, may also determine
woody plant responses to fire. Finally, bud demography also in-
fluences resprouting capacity after fire. Bud longevity and mor-
tality differ among species, and resprouting ability in woody
plants often declines with age due to bud senescence (Sands
and Abrams, 2009). Keeley et al. (2012) suggest that greater
bud bank size at the juvenile stage in woody plants is adaptive
because juvenile plants cannot escape fire. A lot of literature
focuses on the above-ground resprouting of woody shrubs and
herbaceous dicots and their trade-off with seed production (e.g.
Richards and Lamont, 1996; Groom and Lamont, 2011). This
represents a field closely related to below-ground bud banks
and further investigation into the relationship between above-
ground versus below-ground resprouting capacities in relation
to seed production following fire is beyond the scope of this re-
view (but see Clarke et al., 2013; Pausas et al., 2018). The low
number of bud bank studies in woody plants may be due to the
complexity of examining and counting buds protected by bark
and embedded in woody structures (Burrows, 2007).

Anthropogenic disturbance

On arable lands, annual plants without bud banks are dominant;
however, perennial weeds relying on a bud bank also exist
(Leakey, 1991). These perennials are characterized by lateral
clonal spread and often have the capacity to sprout from ad-
ventitious buds on roots (KlimeSova et al., 2017b; Herben et
al., 2018). Fragmentation of the plant body by ploughing or by
management aimed at eradication of invasive plants supports
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species that can regenerate from roots which are often lo-
cated deeper in the soil profile and are not bud-limited (e.g.
Richards and Burningham, 2011). Sprouting from roots can
also be found and represents a tenable strategy in short-lived
monocarps, along with regeneration from seed (KlimeSova et
al., 2008, 2014). Because of the filtering effect of continued an-
thropogenic disturbance, perennial plants within arable systems
are more likely to be able to regenerate quickly in response to
these deep soil disturbances than the suite of perennial spe-
cies in a system that has received little previous anthropogenic
disturbance.

In addition to their role in responses to natural disturbances,
bud banks play a key role in the restoration of communities dis-
turbed and/or degraded by human activities. The restoration of
herbaceous communities often begins with recruitment from
sown seed, but further development of the community occurs
primarily through subsequent clonal growth and recruitment
from the bud bank (Mudrédk et al., 2018). As occurs during
natural succession, species composition in the early stages of
many restorations is largely determined by traits such as seed
dispersal, the available species pool, the local seed rain and
seed banks, while bud bank traits are more important at later
stages (Latzel et al., 2011). The restoration itself, however,
can be conducted by directly introducing a bud bank (e.g.
through transplantation or topsoil translocation), although
such a possibility is restricted to situations when the donor
community providing buds is already planned to be disturbed
(Ferreira et al., 2015).

Multiple disturbances

Many plant populations rarely experience a single disturbance
type. For example, grasslands are shaped jointly by fire, grazing
and climatic variability, which all occur in different spatial and
temporal patterns. Examination of the interacting effects of
drought and grazing on bud bank dynamics in tallgrass prairie
demonstrated that grass bud banks were quite insensitive to
drought, and remained constant across drought and grazing
treatments (VanderWeide et al., 2014). Under these conditions,
grazing did not interact with drought to reduce the bud bank
size, which indicates a rapid recovery of the above-ground plant
community after the drought regardless of grazing during the
drought. In addition to looking at multiple concurrent disturb-
ances, it should be borne in mind that bud bank traits may shift
more when experiencing multiple disturbances sequentially or
in a specific sequence.

Biological invasions

The ability conferred by bud banks to pre-empt available re-
sources may also influence the invasibility of plant communi-
ties by exotic species. Resources are often made available in a
community following disturbance. Davis et al. (2000) proposed
that, given an adequate propagule supply, exotic species peri-
odically successfully invade a plant community by pre-empting
pulses of newly available resources. This hypothesis could be
extended to argue that resident native species possessing a large
bud bank confer resistance to invasion by allowing the resident
species to rapidly pre-empt newly available resources before
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winter dormant season (March) and plant species composition was measured
during the growing season (May to August).

they can be captured by an exotic invader. Data from tallgrass
prairies supporting this hypothesis show that the frequency of
exotic species decreases significantly with increasing bud bank
densities of resident species (Fig. 8). Conversely, for exotic spe-
cies large bud banks may be a key trait that enables them to suc-
cessfully invade novel communities (KlimeSova, 2011). Woods
et al. (2009) showed that the exotic invader Lespedeza cuneata
maintained a significantly larger bud bank size than several
congeneric native species in grasslands, suggesting that this
trait contributed to its invasion success. Similarly, the invasive
perennial grass Bromus inermis produced 2-fold the number
of buds as the native perennial grass Pascopyrum smithii in a
northern mixed-grass prairie (Ott et al., 2017). Classical ex-
amples of the bud bank’s role in invasion come from aquatic
habitats where plants readily spread by detached buds or plant
fragments that can easily regenerate in water or moist condi-
tions. Rivers serve as spreading corridors for the terrestrial
plant Fallopia bohemica, as well as for aquatic invaders such
as Elodea canadensis or Eichhornia crassipes (Villamagna and
Murphy, 2010; Zehnsdorf et al., 2015). The importance of the
bud bank to invader survival becomes readily apparent during
eradication management actions. For example, Rosa rugosa,
which occurs on sand dunes in Denmark, resists mechanical
removal due to its unlimited bud bank of adventitious buds lo-
cated on deep roots (Kollmann et al., 2011).

FUTURE RESEARCH NEEDS

Our assessment of the current understanding of the structure
and dynamics of below-ground bud banks in plants indicates
that progress has been made in identifying bud bank traits of
several species; however, many questions remain unanswered.
Below we summarize several suggestions for future research.
Data about bud banks are still scarce. The largest bud bank
dataset is focused on the flora of Central Europe and is depos-
ited in the CLO-PLA database (KlimeSova and Klimes, 2008;
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Klimesova et al., 2017a). Bud bank characteristics stored in this
database are not based on exact counts of buds but represent
rough categories that were obtained from plant descriptions
in the literature or herbarium specimens, or by morphological
study in the field, and they only partly capture intraspecific vari-
ability. Exact counts of buds for several individuals belonging
to one species are available for only tens of species, have fo-
cused on grasslands in North and South America and China
(e.g. Table 3), and are scattered in the literature. To more fully
understand the roles of bud banks, additional detailed studies of
below-ground bud bank traits are needed for many more spe-
cies in a variety of plant community types. Studies that provide
detailed descriptions of bud demography, dormancy patterns
and transitions and their link to above-ground shoot population
dynamics will be valuable. Field studies of more plant species
are also needed to better understand the influence of bud type,
age, status and spatial position on plant population dynamics.
We also need more data on understudied bud bank traits such as
preformation, carbohydrate storage in bud-bearing organs and
bud protection. By using bud bank traits that can be gleaned
from both herbarium specimens and field studies, we can ob-
tain a better understanding of their dynamics and the ecological
implications of maintaining a bud bank, especially if these data
can be centrally housed in a comprehensive database, which
makes it easier for larger inferences to be made.

As research on bud bank structure and dynamics continues, it
will be necessary to standardize methodologies for bud classi-
fication and protocols in order to facilitate comparisons among
studies (Ottaviani et al., 2017). KlimeSova and Klimes (2007)
have helped clarify how the bud bank of herbaceous species is
defined by extending Harper’s definition to include (1) renewal
and regenerative buds, (2) aerial and below-ground buds, (3)
buds on plant fragments, and (4) adventitious buds. Although
clonal growth organ biomass (VanderWeide and Hartnett,
2015) and number of nodes or leaves on shoots (KlimeSova and
Klimes, 2007) can be used as indirect means of estimating bud
numbers, studies of herbaceous bud bank dynamics will still re-
quire direct counts of bud numbers until indirect means can be
calibrated across a wide variety of taxa. To facilitate compari-
sons among studies, the methodology of bud counting needs
to be exact as the literature contains a wide range of ways in
which buds are being counted. Some studies only count buds
that are deeply buried, others only count buds if they are visible
at or above a specific magnification, while other studies only
count buds on some of the bud-bearing organs of a species and
not others (e.g. buds counted on bases of vertical stems but not
along horizontal rhizomes).

Bud counting also requires a strict definition of the stage
at which a bud transitions into a shoot that can be objectively
identified across or within taxa with negligible investigator
bias. In grasses, buds are enclosed in their first leaf, called a
prophyll. Extension of a bud past its prophyll can be used as
the discrete developmental transition distinguishing buds from
tillers (e.g. Ott and Hartnett, 2015a, b). In most population
studies, bud activity is determined metabolically or develop-
mentally. Metabolic activity detects bud respiration, whereas
bud development is detected by increasing bud size within the
prophyll. Both have their limitations as metabolically active
buds could still be dormant due to external constraints and
developmentally active buds may only occur briefly before
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transition to tillers, especially if their prophyll is senesced.
There is a need to link bud outgrowth and preformation to bud
metabolic activity.

Thus far, much research on below-ground bud banks has been
descriptive, and only a few studies have examined the response of
bud banks to environmental variation and/or disturbance. To our
knowledge, no studies have explicitly assessed the population
consequences of the maintenance of a persistent bud bank. Thus,
many of the hypotheses regarding the ecological implications of
bud dormancy and the maintenance of a bud bank discussed in
this review remain untested. For example, within a community,
do plant species with larger bud banks show dynamics different
from those with little or no bud bank? How does bud bank dor-
mancy interact with bud bank size to impact meristem limita-
tion? What role does plant ontogeny have in determining bud
bank size and the capability of a plant to respond to disturb-
ance? Additional studies of bud bank structure and dynamics in
communities recovering from major disturbance and in restor-
ations will provide greater insight into the changing role of bud
banks during succession and the consequences of maintaining
a bud bank. Similarly, considering costs of bud bank formation
might bring a better understanding of various strategies of plant
response to disturbance. Although costs of individual buds are
negligible (Vesk and Westoby, 2004), building bud-bearing or-
gans and carbohydrate reserves accompanying buds may incur
costs that should be taken into account.

For many terrestrial plant species, the below-ground bud
bank is a critical feature determining the resilience of their
populations to environmental change. Patterns of dormancy
are key to the ecological functioning of a bud bank, and the
fraction of buds maintained in a dormant versus active stage
is a major determinant of bud and above-ground plant popu-
lation dynamics. We hypothesize that where a plant species
falls along the continuum from negligible dormancy and bud
accumulation to a very high dormant fraction and high bud
bank size will be a significant predictor of its sensitivity or
resilience to environmental change. Given that the renewal,
growth rate and dynamics of many perennial plant populations
are strongly influenced by their bud banks (e.g. they could
be meristem-limited due to low bud number or high bud dor-
mancy), predicting their responses to environmental change
will require a greater understanding of the environmental sen-
sitivity or resilience of different bud life history stages. At the
community level, responses to disturbance depend on the pre-
dominant bud bank traits and the differential response of the
various species’ bud banks to disturbance. Detailed study of
how bud banks mediate plant population responses to short-
term resource pulses (e.g. disturbance events of varying in-
tensity and frequency) or long-term presses (e.g. nutrient
enrichment, warming) as well as multiple simultaneous or se-
quential disturbances of different types (e.g. grazing following
fire) will be important to further our understanding not only
of the mechanisms operating below ground that shape plant
population and community dynamics, but also the differen-
tial sensitivity of different plant populations, communities and
ecosystems to environmental change.

Below-ground buds are important stages in the life his-
tories of many plants, and the various stages and transitions
that determine bud bank and above-ground growth dynamics

Ott et al. — Below-ground bud banks in plants

are suitably modelled by stage-structured matrix models or
integral projection models (e.g. Ott and Hartnett 2015c¢).
Most demographic models of clonal species do not expli-
citly incorporate the bud bank (H. J. Dalgleish, R. Salguero-
Gomez, J. P. Ott, unpubl. res.). Like seed banks, the bud
bank has dynamic properties of its own. Cohen (1966) and
others modelled the parameters affecting the size of the seed
bank to calculate the optimal strategies for different theoret-
ical environments. Using additional empirical studies aimed
at understanding optimal bud production, dormancy and out-
growth strategies under different conditions, similar models
could be developed to calculate the optimal bud bank strat-
egies (e.g. size of the bud bank and proportion of dormant
buds) for different environments. The development of such
models can provide insight into the consequences of bud
bank traits for overall population dynamics and predicting
how bud banks might mediate plant population responses
to changing environments. But building such models will
require detailed quantitative study of the numbers of buds
and their fates and transitions, and how various environ-
mental factors affect bud production, dormancy and out-
growth. Contributions of models that explicitly incorporate
the bud bank can be gathered as part of larger efforts, such as
COMPADRE (Salguero-Gomez et al., 2015), that will help
synthesize data from model studies.

CONCLUSIONS

Below-ground plant bud banks serve two primary eco-
logical functions. They can serve as vegetative propagules
for above-ground population renewal and growth and/or they
can function in regeneration following plant damage due to
disturbance. Bud bank demography (i.e. dynamics) is driven
by inputs (bud natality), bud availability for outgrowth (dor-
mancy), and outputs (bud mortality and outgrowth). By con-
sidering the characteristics of both individual buds and their
collective dynamics as a bud bank, bud bank traits can be
identified and used to compare plant species and commu-
nities. The pattern and rate of regeneration following dis-
turbance are determined by interactions among the rate of
depletion of the bud bank, the rate of new bud production and
the amount of resources available to support the regeneration
process. In general, differential bud bank responses to disturb-
ance among growth forms and among species underlie dis-
turbance effects on plant species composition and diversity
in many ecosystems. Although the ecological implications of
below-ground bud banks have not all been extensively tested,
this synthesis demonstrates that bud banks can provide a
demographic storage effect and stabilize population dynamics
under various disturbance types, affect invasion success, and
alter above-ground plant species composition and product-
ivity through meristem limitation.
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