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Abstract New Zealand restiad bogs have histories of natural fire, which is reflected in the presence of plant
species with adaptations such as serotiny and fire-stimulated flowering. The possibility of fire-cued germination
has not been investigated in restiad bogs, despite its widespread occurrence in other fire-prone environments,
globally. We performed a glasshouse experiment to assess the role of peat seed banks in post-fire regeneration at
Kopuatai Bog in northern New Zealand. Peat samples collected were either (a) heated until they reached 70 °C,
(b) exposed to wood smoke for 30 min, (c) heated and smoked consecutively, or (d) left untreated. The emer-
gence of vascular plants was then monitored for 105 days in a glasshouse. Mean seedling density was highest in
the control treatment (7228 � SE 1040 m�2); it was lowest in the heated samples, suggesting that the heat treat-
ment may have been excessive. Smoke did not significantly increase emergence. Epacris pauciflora accounted for
76.7% of total seedlings, consistent with our hypothesis based on vegetation surveys that this species relies on
synchronous post-fire seed bank germination. E. pauciflora was most abundant in the control, suggesting that
emergence is in response to some disturbance-related cue other than heat or smoke. The restiad Sporadanthus
ferrugineus was abundant in the control and smoke treatments. Its emergence following heating was reduced, but
still considerable enough to cast doubt on its classification as a fire-sensitive species. In contrast, the dominant
peat-forming restiad Empodisma robustum showed low levels of emergence. Our overall findings demonstrate that
substantial quantities of viable seed are stored in the upper peat layers of a restiad bog and are capable of germi-
nating in response to disturbance-related environmental changes. These findings contribute to our understanding
of restiad peatland plant community dynamics, particularly explaining the mechanism behind increased E. pauci-
flora dominance post-fire.
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INTRODUCTION

Peatlands have high climate change mitigation value
as efficient carbon storage ecosystems – they contain
almost one-third of the world’s soil organic carbon
despite covering only 3% of Earth’s land surface
(Dunn & Freeman 2011). In a recent IPCC report,
Jia et al. (2019) recommended their protection
against threats, such as fire and drainage, which can
lead to carbon sink reversal and the short-term
release of carbon stored over several millennia. This
view of fire as a threat is appropriate for the globally
widespread Sphagnum-dominated peatlands which do
not naturally burn frequently (Kuhry 1994; Sillasoo
et al. 2011), and for drained or otherwise degraded
peatlands which can burn underground for years.
However, it may be a less useful view of intact
Restionaceae-dominated (restiad) peatlands within
Australasia where recurring fire is an important natu-
ral driver of vegetation dynamics (Newnham et al.
1995; Whinam & Hope 2005; Hope et al. 2019),

selecting for fire-adaptive plant traits (Clarkson 1997;
Norton & De Lange 2003; Battersby et al. 2017).
Prior to human arrival in New Zealand ca. 700 years
BP, the site-specific fire return interval was approxi-
mately 100 years at our study site, Kopuatai Bog
(Newnham et al. 1995; Perry et al. 2014).
Synchronous germination from a soil seed bank is

a common strategy of re-establishment following dis-
turbance (Warr et al. 1993). To date, the majority of
seed bank studies concerned with fire have focussed
on highly flammable grasslands (Morgan 1999; Ghe-
brehiwot et al. 2012), shrublands (Keeley & Fother-
ingham 1998; Wills & Read 2002), and sclerophyll
forest ecosystems (Read et al. 2000; Penman et al.
2008). Similar responses might be expected in restiad
bogs, which burn frequently. Flammability is partly a
result of waterlogging and nutrient-poor tissues,
which lead to slow decomposition and the accumula-
tion of fine, well-aerated fuel loads >15 T ha�1

(Whinam & Hope 2005; Goodrich et al. 2015). In
addition, the high polyphenol and lignin contents of
Empodisma tissues may increase flammability (Kuder
et al. 1998; K€uc�€uk & Aktepe 2017). Furthermore,
Empodisma-dominated bogs have been described as
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‘wet deserts’ because the low dense canopy creates a
barrier to evaporation, resulting in high sensible heat
fluxes creating an above-canopy microclimate more
typical of arid environments (Campbell & Williamson
1997), which may favour the spread of fire.
However, to date there has been no research on

post-fire emergence from seed banks of Australasian
restiad-dominated peatlands, despite charcoal parti-
cles in cores indicating a long history of fire (Newn-
ham et al. 1995; Whinam & Hope 2005; Hope et al.
2019). Recently, Trezise et al. (2021) documented
the germination of 48 native species, including Empo-
disma minus, from the soil seed banks of Gleichenia-
dominated heathy peatlands of the Fleurieu Penin-
sula of South Australia. Their study site, however,
was not a true restiad bog in that restiad species were
only a small component of the vegetation and the
system was not isolated from groundwater nutrient
inputs. Thus, it remains unclear what role peat seed
banks play in the vegetation dynamics of New Zeal-
and’s restiad peatlands which are classified as endan-
gered ecosystems (Holdaway et al. 2012).
Rapid regeneration after fire offers the benefits of

growth during a period of decreased competition,
higher light availability and a potential ‘ashbed effect’
of enhanced fertility (Bond & Van Wilgen 1996;
Lamont et al. 2019). This may be especially impor-
tant in New Zealand restiad-dominated peatlands
where seedling development is usually restricted by a
dense canopy of Empodisma robustum that admits
<0.5% of light to the peat surface (Wilson 2020).
Cueing of germination to fire is therefore likely to
greatly increase seedlings’ chances of survival (Gill &
Groves 1981).
Common plants native to Aotearoa/New Zealand

restiad peatlands express a range of mechanisms for
persistence in frequently burnt environments. These
include serotiny in Leptospermum scoparium (Battersby
et al. 2017), fire-stimulated flowering in Corybas carsei
(Norton & De Lange 2003) and Machaerina teretifolia
(Wilson 2020), and rhizomatous resprouting in Gle-
ichenia dicarpa (Clarkson 1997). Post-fire increases in
abundance of Drosera and Epacris species in these
ecosystems are suspected to reflect synchronous ger-
mination from a peat seed bank (Johnson 2001; Wil-
son 2020), although this hypothesis has not been
tested.
Synchronous seedling emergence is regulated by

seed dormancy and germination cues that seeds
receive due to changes associated with fire (Keeley &
Fotheringham 2000; Finch-Savage & Leubner-
Metzger 2006). In certain species, dormancy may be
broken by fire-cues cracking the impermeable seed
coat, or germination promoted directly by chemicals
in smoke (Auld & O’connell 1991; Brown & Van
Staden 1997; Read et al. 2000; Penman et al. 2008).
Fire may also promote germination indirectly,

through the increased diurnal temperature fluctua-
tions (Probert 2000) and enhanced light availability
(Pons 2000) in the post-fire environment.
We conducted a glasshouse experiment using peat

from a large intact restiad bog in New Zealand, to
determine (a) whether there is a viable peat seed
bank and (b) whether emergence is enhanced by fire-
related cues. This will enable improved predictions
of post-fire vegetation dynamics and inform conser-
vation management of restiad bog plant ecosystems,
which have been greatly reduced in extent since
European settlement of New Zealand. Knowledge of
germination may also have a practical application for
peatland restoration by assisting in the propagation of
species that are notoriously difficult for growers to
germinate, such as those belonging to the Res-
tionaceae and Ericaceae families (Langkamp 1987;
Meney & Dixon 1988).

METHODS

Site description

Peat was collected from Kopuatai Bog, a 100 km2 restiad
bog in northern New Zealand (Figs 1, 2). Kopuatai is clas-
sified as a domed bog due to the accumulation of peat over
the past ~11 000 years (Newnham et al. 1995) creating a
convex dome raised above the local topography. The raised
surface elevation has the effect of isolating the peatland
from the influence of groundwater, making it an ombro-
trophic ecosystem entirely reliant on rainfall for nutrient
inputs. While horticultural peat harvesting occurs in the
nearby Torehape Bog (Clarkson et al. 2013), and Sphagnum
harvesting is a 5 million dollar industry for New Zealand
(Plant and Food Research 2020), there is no commercial
harvesting at Kopuatai Bog. Essentially unmodified, except
at its margins, Kopuatai Bog is the largest remaining raised
bog in New Zealand (McGlone 2009).

The main plants found at Kopuatai are listed in Table 1.
Vegetation is dominated by the jointed wire rush, Empo-
disma robustum, which forms a dense intertwined canopy of
dead and living stems, typically up to ~0.8 m high (Good-
rich et al. 2017). Spatial variations in plant community
composition are thought to be influenced by nutrient avail-
ability and fire history (Irving et al. 1984). Phenological
information available for local species is limited. However,
it is known that Leptospermum scoparium at Kopuatai is
highly serotinous, only releasing seed abundantly after fire
(Battersby et al. 2017). Similarly, the local sedge species,
Machaerina teretifolia and Schoenus brevifolius, express fire-
stimulated flowering (Wilson 2020) and can be expected to
deposit seed abundantly only for a few years post-fire.
Empodisma robustum at Kopuatai Bog produces large quan-
tities of seed in summer, specifically December and January
(Sharp 1995). Fruiting times for other common species,
such as Sporadanthus ferrugineus and Epacris pauciflora, are
undocumented. Of the species listed in Table 1, Machaer-
ina, Schoenus, and Gleichenia are documented as resprou-
ters, capable of rapid regrowth from fire-protected rhizomes
(Clarkson 1997; Wilson 2020). Empodisma is reported to
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regenerate occasionally by resprouting but predominantly
by seed (Clarkson 1997; Wagstaff & Clarkson 2012).

As determined by charcoal fragments in peat cores taken
from a location in Kopuatai Bog approximately 4 km south
of our collection site, the fire return interval (the average
interval between two successive fire occurrences at the same
place) was approximately 100 years during the pre-human

period of 1850–700 BP (Newnham et al. 1995). Kopuatai
thus appears to have naturally burned more frequently than
most other New Zealand ecosystems, especially forests
which probably had return times of one or two millennia at
that time (Ogden et al. 1998). Electrical storms, although
not frequent in NZ, ignited occasional fires on the eastern
sides of both the North and South Islands of New Zealand
during drought years in pre-human times (Ogden et al.
1998; Christian et al. 2003). Volcanism was a more local-
ized and less frequent source of ignition, initiating large-
scale burns somewhere in the central North Island every
300–600 years (Lowe 1988; Ogden et al. 1998; Ratcliffe
et al. 2020). The relatively high fire rate for northern New
Zealand peatlands is thought to be due to the flammability
of the Empodisma canopy, which is composed of fine, dry,
well aerated plant material that is slow to break down. Fur-
thermore, North Island bogs tend to burn more regularly
than South Island bogs, probably because of a summer
rainfall minimum throughout much of the north, compared
to the more uniform rainfall patterns in the south (Perry
et al. 2014). Following human arrival in the area c. 700 BP,
the estimated fire frequency at Kopuatai increased to 1 in
78 years, although it was probably higher than this during
the 20th century when fire was commonly associated with
surrounding land development practices. A 1974 report to
the then managing body, the Hauraki Catchment Board,
described how Kopuatai experienced a major fire every 3–
5 years during this time (Harris 1974). Since the 1970s,
however, Kopuatai has not had any large-scale fires, pri-
marily because of cessation of new wetland drainage activi-
ties, but also because of regulated fire management.
Recently, lightning-initiated fires occurred at Kopuatai in

Fig. 1. Satellite image of Kopuatai Bog, situated in the
Hauraki Plains of the North Island. Source: Google Earth.

Fig. 2. An aerial view of Kopuatai Bog. Except for the
margins and Sporadanthus-dominated patches such as at the
back left of this photo, the vegetation is dominated by
Empodisma robustum. Photo credit: Georgie Glover-Clark.

Table 1. Common plants at Kopuatai Bog. Species listed
here were present in at least 40% of quadrats within one or
more vegetation types, as surveyed by Irving et al. (1984)

Species Family

Seed-bearing plants
Dracophyllum lessonianum Ericaceae
Drosera binata Droseraceae
Drosera spatulata Droseraceae
Empodisma robustum Restionaceae
Epacris pauciflora Ericaceae
Leptospermum scoparium Myrtaceae
Machaerina teretifolia Cyperaceae
Schoenus brevifolius Cyperaceae
Sporadanthus ferrugineus Restionaceae
Ultricularia delicatula Lentibulariaceae

Spore-bearing plants
Campylopus acuminatus var. kirkii Dicranaceae
Goebelobryum unguiculatum Acrobolbaceae
Gleichenia dicarpa Gleicheniaceae
Lycopodiella lateralis Lycopodiaceae
Lycopodiella serpentina Lycopodiaceae
Sphagnum cristatum Sphagnaceae

More recent but less quantitative surveys have been done
by Wildlands (2016). Lichens and soil-surface algaes have
not been studied in detail, although Irving et al. (1984)
noted that Cladia and Cladonia lichen species were com-
mon in some areas.
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2005, 2017, and 2020. As per the current fire management
policy, which sees fire as a threat to the conservation values
of the site, these were promptly extinguished so had small
spatial extents.

Peat was collected from a 50 9 50 m area in the north-
east of Kopuatai (�37.3712, 175.5537). This site was prob-
ably last burnt in 1974 when an extensive fire affected a
large portion of the bog (Irving et al. 1984; De Lange et al.
1999). Reports of this fire are corroborated by patterns evi-
dent in aerial photographs from 1975 consistent with recent
burning (see Wilson 2020). The vegetation at this site is
dominated by the restiads Empodisma robustum and Spo-
radanthus ferrugineus, the fern Gleichenia dicarpa, the sedges
Machaerina teretifolia and Schoenus brevifolius, the small tree
Leptospermum scoparium and the shrub Epacris pauciflora. As
all of these species belong to different genera, they will be
referred to by their genus names henceforth.

Sample collection

Peat sampling was incorporated into concurrent vegetation
surveys which used a point intercept method to assess
vegetation structure and composition (see Wilson 2020).
A 50 m 9 50 m sampling area was established, with a
base tape running east–west. Eight 50 m transects ran
north from the base tape at random distances. At 10 ran-
dom distances along each transect, vegetation sampling
was carried out using a point intercept method. At each
point along six of these transects, a soil core (8 cm diam-
eter, 5 cm depth) was extracted, totalling 60 cores. We
only sampled from six transects to ensure collection could
be completed in a day. The total surface area of peat col-
lected was 0.302 m2 and the total volume was 0.015 m3.
While viable seeds have been found at depths of up to
50 cm in a Northern Hemisphere bog (Jauhiainen 1998),
a depth of 5 cm was chosen to conform with previous
seed bank studies (e.g. Enright & Kintrup 2001; Wills &
Read 2002; Egawa et al. 2009; Trezise et al. 2021) and
because viable seeds are typically concentrated at the sur-
face and become scarcer with increasing depth (Benoit
et al. 1989; Jauhiainen 1998; Csontos 2007). Based on
the present rate of peat accumulation in northern Kopu-
atai of 2.6 mm y�1, a 5-cm depth correlates to approxi-
mately 19 years (Newnham et al. 1995). Samples were
collected on 11 December 2019. At this time of year, sur-
face peat is likely to contain freshly deposited seeds of
Empodisma and possibly other species for which phenology
is unknown. It is unlikely to contain substantial amounts
of seed of Leptospermum, Machaerina, or Schoenus; which
have seed production or release linked to fire. Samples
were treated the following day after collection, with peat
field moisture content retained through all steps.

Experimental treatment

The regeneration pattern of many seeders, involving syn-
chronous seedling emergence following burning but mini-
mal emergence during fire-free periods, is regulated by
seed dormancy and/or germination requirements (Keeley
& Fotheringham 2000). Several fire-related changes may

relieve the factors inhibiting germination of seeds stored
in soil. The mechanisms may be directly fire-related such
as (a) fire-generated heat cracking the thick seed coat, (b)
chemicals in smoke or charred wood that promote germi-
nation (Auld & O’connell 1991; P�erez-Fern�andez et al.
2006; Nelson et al. 2012; Liyanage & Ooi 2015), or indi-
rectly such as via (c) increased diurnal temperature fluctu-
ations which can rupture the seed coat and increase
permeability to water (Probert 2000), or (d) enhanced
light availability which relieves physiological dormancy
(Pons 2000).

We homogenized the peat from our 60 cores to maxi-
mize our chances of detecting any effects of treatments by
minimizing other sources of variation between replicates.
The cores were teased apart by hand and coarse roots and
rhizomes were removed, after which the peat was mixed
thoroughly and then divided by wet weight into 20 approxi-
mately equal replicates. Of the 20 samples, five were treated
with heat, five with smoke, five with heat and smoke, and
five were left untreated as a control.

The heat treatment was applied prior to potting. Peat
samples were spread to 2–3 cm depth in aluminium trays
and heated simultaneously in an oven preheated to 100°C,
until the peat reached 70°C as measured in two randomly
selected trays by analogue thermometers. This was reduced
from Read et al.’s (2000) methods which involved heating
soil samples in a 120°C oven until they reached 80°C. The
reduction was made based on an assumption that, while
soil temperature during a moderate intensity fire has been
reported to be approximately 80°C (Auld & O’connell
1991), the high water content of peat at Kopuatai (Camp-
bell & Williamson 1997), would slow heating during natu-
ral fires there. Without any available information on surface
peat temperatures in restiad peatland fires, we considered
that 70°C was appropriate. Samples being treated with both
heat and smoke were heated first. All samples were pre-
pared for the glasshouse by spreading the peat to a depth of
approximately 2 cm over the surface of 5 cm of sterile Tui
brand all-purpose potting mix in 0.103 m2 plastic germina-
tion trays (35 9 29.5 cm).

The smoke treatment was applied by exposing trays to
smoke for 30 min, following Gilmour et al. (2000). A bee
smoker was used to generate the smoke, burning bee smo-
ker pellets composed of 100% untreated wood. Previous
research has found that smoke-stimulated germination is
independent of the type of plant material used to generate
smoke (Brown & Van Staden 1997). Smoke was pumped
directly into a 1.8 m3 sealed plastic bag containing the
trays. At all times during the treatment, the bag was filled
with thick smoke. After 30 min, trays were removed from
the tent and lightly misted with water.

Following treatment, all 20 trays were arranged in a ran-
domized order on benches in a closed section of the
University of Waikato glasshouse. Every 2 weeks, the order
of the trays was re-randomized. To prevent contamination
from air-borne seeds, all trays were covered with fine white
mesh. Trays were watered for 6 min twice daily by an auto-
matic watering system and were also regularly checked and
watered by hand when the peat was unevenly moist. Auto-
matic ventilation was set to limit the maximum air tempera-
ture to around 28°C, while minimum temperature was not
controlled. During the experiment, mean daily maximum
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air temperature in the enclosure was 27.9°C and mean
daily minima was 16.3°C. Trays were checked for seedlings
every 2 days during the first 5 weeks, and once per week
thereafter. New seedlings were tagged and labelled with the
date they were first observed and left to grow until they
could be identified. Non-vascular plants were not recorded.
The experiment commenced on 13 December 2019 and
concluded on 27 March 2020, totalling 105 days.

We used a LAI-2200C Canopy Analyser (LI-COR 2016,
Lincoln, NE, USA) to quantify light environments in the
glasshouse. Six measurements were taken beneath the mesh
covering the seedling trays, at randomly spaced points on
two transects run along the benches. The LAI-2200 calcu-
lates diffuse irradiance as the proportion of light simultane-
ously measured nearby by another sensor with an
unobstructed view of the sky. Light was found to be
26.1 � 0.6% of that outside the glasshouse, which is
roughly comparable to the average light availability of
19.5 � 3.4% measured at a site at Kopuatai that was burnt
approximately 2 years prior (Wilson 2020).

Data analysis

To determine whether seedling emergence differed between
treatments, seedling density and species richness were anal-
ysed by one-way analysis of variance (ANOVA). Post-hoc
multiple comparisons of means were performed by Tukey’s
Honestly Significant Difference (HSD) tests to determine
differences between pairs of treatments. The same tests
were performed on seedling densities of the three most
abundant emergent species, Epacris, Sporadanthus, and
Empodisma. Emergence rates across treatments were investi-
gated by plotting cumulative seedling densities over the
duration of the experiment.

Differences in composition among treatments were tested
by permutational multivariate analysis of variance (PER-
MANOVA) using the Bray–Curtis similarity index. This
was done using the vegan package within R (Oksanen et al.

2010). To see how representative the seed bank was of the
above-ground plant community, a Spearman rank-order
correlation was carried out between the total number of
emergent seedlings of each species and percentage cover of
each species in the standing vegetation. This non-
parametric correlation was used because of intractable non-
normality, including some zero values.

RESULTS

Seedling density and species richness

A total of 1236 seedlings were recorded from the 20
sample trays over the 105-day duration of the experi-
ment. The density of emergent seedlings differed sig-
nificantly among treatments (Fig. 3a, Table 2). Post-
hoc comparisons found that, compared to the con-
trol, the smoke treatment did not affect seedling den-
sity (P = 0.18; Fig. 3a, Table 2). Both of the heated
treatments, however, produced significantly fewer
seedlings than the control (p(Heat) < 0.001, p(Smoke
+ Heat) < 0.001; Figure 3a, Table 2), suggesting that
the heat treatment killed many seeds.
Species richness differed significantly among treat-

ments (P < 0.001; Fig. 3b). Richness was highest in
the control, and lowest in the two heated treatments,
once again indicating damage to seeds during the
heat treatment (Table 2).

Species composition

Seedlings of eight species emerged during the experi-
ment. Of these, Epacris, Sporadanthus and Empodisma

Fig. 3. (a) Mean seedling density and (b) mean species richness per replicate tray of emergent seedlings from peat subjected
to different treatments (� one standard error). The results of one-way ANOVAs are displayed. Shared letters indicate no sig-
nificant difference between treatments based on Tukey’s HSD test at P < 0.05.
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were present in all the treatments. Epacris was the
most abundant emergent seedling, making up 77%
of the total seedling count at 948 individuals
(Table 3). The second most abundant species was
Sporadanthus at 221 seedlings (17.9%), followed by
Empodisma at 43 (3.5%), Leptospermum at 17 (1.5%)
and Machaerina at 2 (0.2%). The forked sundew,
Drosera binata, and non-natives Cyperus eragrostis (tall
flatsedge) and Cirsium vulgare (bull thistle), were
each recorded once.
No species departed markedly from the overall

trend of emergence being highest in the control and
smoke treatments. Emergence of Epacris was signifi-
cantly reduced by heating, but unaffected by smoke
(Table 3). Sporadanthus was significantly more
abundant in the control than in any other treat-
ment, and least in both heated treatments. Empo-
disma seedling density did not differ significantly
among treatments, but this is probably a reflection
of small sample size. Leptospermum was present only

in the control and smoke treatments, suggesting
sensitivity to high temperatures. Machaerina was
recorded once in the heat treatment and once in
the smoke treatment.

Time course of emergence

While the patterns of emergence were similar
between the control and smoke treatments, the heat
treatment caused a 10- to 20-day delay in emergence
and a reduction of total seedlings (Fig. 4a). This
overall pattern was closely paralleled by Epacris,
reflecting the abundance of Epacris seedlings
(Fig. 4b). Epacris also emerged over a longer period
than the less common species (Fig. 4b–e), with Epa-
cris seedling counts plateauing after ~80 days com-
pared to Empodisma (~60 days), Sporadanthus and
Leptospermum (both ~40 days). The heat treatment
caused emergence delays in the restiad species
(Fig. 4c,d). Overall, the main effect was that heat
slightly delayed the onset of emergence and reduced
the rate and total number of seedlings.

Species composition between treatments

PERMANOVA found significant differences in spe-
cies composition between treatments (Table 4). The
only insignificant pairwise differences were between
the control and smoke treatments and between the
heat and smoke + heat treatments.

Species composition compared to collection site

No significant correlation was found between species
composition of the standing vegetation at the collec-
tion site and species composition of seedling commu-
nities in the experiment (rs = 0.40, P = 0.25). The

Table 2. Total number of emergent seedlings per treat-
ment, mean seedling density (� one standard error) per
square metre of bog surface area, total number of emergent
species per treatment and the number of unique species
which occurred in one treatment only

Treatment

Total no.
of seed-
lings

Mean density
(� SE) m�2

Total
no. of
species

Unique
species

Control 545 7228 � 1040
a

6 2

Smoke 399 5292 � 590 a 5 1
Heat 113 1499 � 234 b 3 0
Smoke +

Heat
179 2374 � 371 b 3 0

All 1236 4098 � 601 8 N/A

Density values followed by the same letter (by column)
are not significantly different (ANOVA and Tukey’s HSD
test: P > 0.05).

Table 3. Total seedling density and individual species density per treatment and significance of differences

Species Family Total % of total Control Smoke Heat Smoke + Heat p

Epacris pauciflora Ericaceae 948 76.7% 388 a 321 a 93 b 146 b <0.001
Sporadanthus ferrugineus Restionaceae 221 17.9% 120 a 66 b 14 c 21 c <0.001
Empodisma robustum Restionaceae 43 3.5% 18 8 5 12 0.287
Leptospermum scoparium Myrtaceae 19 1.5% 17 2 0 0
Machaerina teretifolia Cyperaceae 2 0.2% 0 1 1 0
Drosera binata Droseraceae 1 <0.1% 1 0 0 0
Cyperus eragrostis† Cyperaceae 1 <0.1% 0 1 0 0
Cirsium vulgare† Asteraceae 1 <0.1% 1 0 0 0
All species 1236 545 a 399 a 113 b 179 b 0.000

†Non-native species.
Where ANOVA found a significant difference (P < 0.05), shared letters along rows indicate no significant difference

(Tukey’s HSD test: P > 0.05).
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most notable difference in rank order was that of
Epacris which emerged in far greater numbers than
any other species, despite ranking only sixth in terms
of percentage cover in the field (Table 5). While
Epacris made up 11.3% cover at the collection site,
the number of seedlings across all treatments equated
to 3143 m�2 (or 5146 m�2 in the control treatment).
Empodisma, which was the most prevalent species in
the field, was only the third most abundant seedling
in the experiment. Species that were common in the
standing vegetation but failed to emerge in the exper-
iment included Gleichenia and Schoenus (Table 5),
although Gleichenia gametophytes may have been
overlooked due to their visual similarity to liverworts
growing in the trays. Sporadanthus, Leptospermum and
Machaerina emerged roughly in proportion to their
abundance in the standing vegetation (Table 5). Only

two seedlings of Machaerina were recorded, which
corresponded with its low abundance in the field
(Table 5).

Fig. 4. (a–e). Cumulative seedling density of (a) all species, (b) Epacris pauciflora, (c) Sporadanthus ferrugineus, (d) Empo-
disma robustum and (e) Leptospermum scoparium in each treatment (■, control; ▲, smoke; x, heat; ○, smoke + heat). Note the
differences in y-axis scales.

Table 4. PERMANOVA results showing differences in
species composition between all treatment pairs

Treatment 1 Treatment 2 F R2 p

Control Smoke 1.94 0.195 0.148
Control Heat 18.69 0.700 0.009
Control Smoke + Heat 9.30 0.538 0.010
Smoke Heat 17.42 0.685 0.007
Smoke Smoke + Heat 6.97 0.466 0.018
Heat Smoke + Heat 1.53 0.160 0.222

Significant differences are in bold (P < 0.05). The overall
effect of treatment on species composition was highly sig-
nificant (F = 9.15, R2 = 0.632, P = 0.001).

Table 5. Comparison table between percent cover of
standing vegetation at the collection site (ordered from
most abundant), the total number of seedlings per species
from all treatments and their equivalent seedling density
per m2 of bog surface area

Species

% cover at
collection

site

Total
number of
seedlings

Mean seedling
density (� SE)

m�2

Empodisma
robustum

96.3 43 142.6 � 32.7

Sporadanthus
ferrugineus

48.8 221 732.8 � 143.4

Leptospermum
scoparium

31.3 19 63.0 � 25.2

Gleichenia
dicarpa

28.8 - -

Schoenus
brevifolius

15.0 - -

Epacris
pauciflora

11.3 948 3143.3 � 451.7

Machaerina
teretifolia

5.0 2 6.6 � 6

Drosera binata - 1 3.3 � 3.3
Cyperus

eragrostis†
- 1 3.3 � 3.3

Cirsium
vulgare†

- 1 3.3 � 3.3

†Non-native species.
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DISCUSSION

Kopuatai peat contains a viable seed bank

A seed bank of considerable size accumulates in the
surface peat of a New Zealand restiad bog, with the
highest density of 7228 � 1040 seedlings m�2 found
in the control treatment. This is a relatively high
seedling density compared to studies using similar
methods in other fire-prone ecosystems. For
instance, Trezise et al. (2021) found 2649 native
seedlings m�2 emerged from south Australian heathy
peatland soil (5 cm depth), with no significant differ-
ence between a control and a heat + smoke treat-
ment. Heat-treated soil samples (5 cm depth) from a
south-eastern Australian heathland yielded seedling
numbers equating to 4575 seedlings m�2 in the field
(Wills & Read 2002), and heat- and smoke-treated
soil samples (2.5 cm depth) from a dry sclerophyll
forest in New South Wales bore 2887–7578 germi-
nants m�2 (Read et al. 2000). Soil seed bank densi-
ties in South African fynbos have been reported to
range from 1683 to 4518 seedlings m�2 (5 cm depth)
(Pierce & Cowling 1991). Higher densities of 6510–
12 148 seedlings m�2 germinated from naturally
burnt Scottish Calluna heathland soil (2–3 cm depth)
(Mallik et al. 1984), and 8000–25 000 seedlings m�2

from Californian chaparral soil (5 cm depth). The
Kopuatai seed bank appears to be relatively well-
stocked, although it is dominated by a single species,
Epacris pauciflora.

Is the seed bank directly fire-stimulated?

The reduced emergence of all species in the heated
treatments may mean the treatment intended to sim-
ulate the passage of fire was too intense. While this
may have obscured any potential heat effect, high
rates of emergence in the unheated samples (smoke,
control) indicate that, particularly for Epacris pauci-
flora, heat was not required to break dormancy. The
three most abundant emergents (Epacris, Sporadan-
thus and Empodisma) also showed some emergence,
albeit at lower levels, in the heated treatments
(Table 3) suggesting some intra-specific variation in
heat tolerance of these species’ seeds.
Treating the peat while wet may have contributed

to low emergence. Physical dormancy, or hard-
seededness, caused by an impermeable seed coat is a
trait seen in only 17 families (Baskin et al. 2000,
2006; Horn 2004), none of which feature in this
study. Therefore, it is likely all seeds were hydrated
during the treatment. As seeds with elevated mois-
ture contents have lower lethal temperature thresh-
olds (Tangney et al. 2019), this is likely to have led

to increased mortality. However, while wet heat is
more damaging for seed survival, moist soils have a
higher heat capacity than dry soils, and so can be
expected to remain cooler in a fire. This may have
implications for post-fire seedbank responses in the
field where surface peat moisture contents vary sea-
sonally.
Smoke did not enhance seedling emergence com-

pared to the control (Table 3). As with the heat
treatment, emergence may have been impacted by
the seeds’ moisture status (Turner et al. 2009; Long
et al. 2010). For instance, Long et al. (2010) found
that dry seeds germinated better than hydrated seeds
in response to the smoke-derived compound karriki-
nolide. However, Sporandanthus showed a signifi-
cantly lower emergence in the smoke treatment
compared to the control (Table 3), which is potential
evidence that smoke is harmful to Sporadanthus
seeds. Interaction effects between heat and smoke
require further experimentation.

Is the seed bank indirectly fire-stimulated?

The high rate of emergence in the control treatment
indicates that germination is cued by some environ-
mental difference between the glasshouse and the
undisturbed peat surface of the bog, particularly for
Epacris. The most apparent environmental change
resulting from fire at Kopuatai is light availability –
measurements under intact Empodisma-dominated
canopies found that negligible light typically reaches
the peat surface (Wilson 2020), whereas the peat in
our experimental treatments received an estimated
26% of full sunlight. The spectral quality of light at
the peat surface may also be affected by fire, due to
the removal of a canopy of vegetation containing
chlorophyll pigments which absorb red light more
effectively than far red light (Pons 2000). However,
this is unlikely to be the main germination trigger at
Kopuatai where the Empodisma canopy consists lar-
gely of dead plant matter. Globally, these
disturbance-related changes in light environments
cue germination in many species (Pons 2000) and it
is likely that light plays a role in seedling emergence
from New Zealand restiad bog seed banks. While
effects are likely to be greatest at the peat surface, a
previous study has found that, in some species, seeds
buried up to 8 cm deep can be stimulated by 5 min
of red light exposure at the soil surface (Benvenuti
et al. 2001).
Removal of canopy vegetation by fire also leads to

higher daily maximum temperatures, and lower mini-
mum temperatures during winter (Wilson 2020).
These enhanced temperature fluctuations are known
to stimulate germination in a large number of species
including several growing in fire-prone South African
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fynbos vegetation which emerge in pulses following
fire to form even-aged stands (Brits 1986; Pierce &
Moll 1994). It is unlikely to be the stimulant for ger-
mination in this study, however, due to properties of
the glasshouse reducing thermal amplitude compared
to an open field site.

Implications for plant community dynamics of
New Zealand restiad bogs

The main species growing at the collection site all
emerged as seedlings in the experiment (Table 5).
There were, however, notable differences between
the restiad-dominated vegetation site and the experi-
mental seedling communities which were dominated
by Epacris (Table 5). There are several possibilities
for such incongruencies which are common in this
type of study (e.g. McGraw 1987; Wills & Read
2002). Firstly, certain species in the peat seed bank
may not have received an appropriate stimulus (or
stimuli) to promote germination – although, as this
study did not involve any species known to undergo
physically dormancy, it is unlikely that a different
heat treatment would have yielded better results than
the control (Baskin et al. 2000, 2006; Horn 2004).
Secondly, the methods used to measure vegetation
composition differ between the field (point intercept
method) and the glasshouse (individual seedling
counts). This may have implications for species such
as Empodisma which can occupy a large area via vege-
tative growth from a single plant (Clarkson & Clark-
son 1984; Sharp 1995). Conversely, a large number
of Epacris seedlings may not necessarily lead to a
large number of mature Epacris plants if rates of
seedling mortality are high. Thirdly, contribution to
the seed bank depends on variable rates of seed pro-
duction and release. This may be related to fire-
timed reproductive efforts, such as fire-stimulated
flowering or serotiny. For instance, seed banks of
species such as Machaerina and Schoenus, which
flower profusely after fire at Kopuatai and at minimal
rates when undisturbed (Wilson 2020), may have
been depleted during the 45 years elapsed since the
last known fire at the site (cf. Noble & Slatyer 1980).
Fire-stimulated flowering is especially common in
resprouters, which allocate resources to the produc-
tion of fire-resistant underground organs at the
expense of seed production during fire intervals
(Bond & Midgley 2001); this may explain why Schoe-
nus has 15% cover in the field but did not emerge
from peat samples during our experiment. Finally,
species with patchy or uncommon distributions in
the field may not have been detected due to insuffi-
cient sampling intensity.
The overrepresentation of Epacris pauciflora seed-

lings in our experiment, relative to the species’

abundance in the standing vegetation (Table 5), indi-
cates that recovery from a seed bank is this species’
primary method of post-disturbance regeneration. As
hypothesized, seed bank recovery is the mechanism
by which Epacris pauciflora can increase its domi-
nance after fire, as detected at a historical burn site
at Kopuatai bog by Wilson (2020). While some Aus-
tralian species of Epacris are more specifically adapted
to fire, in that their germination is enhanced by expo-
sure to heat and/or smoke (Keith 1997; Gilmour
et al. 2000; Enright & Kintrup 2001; Penman et al.
2008), Epacris pauciflora evidently responds to a more
general disturbance-related cue which offers the same
benefits of early colonization.
Following fire in New Zealand bogs, Empodisma is

capable of re-establishing itself as the dominant cover
species within approximately 4.5 years (Clarkson
1997). This is despite its lack of traits that might be
expected to enable rapid recolonization: it is a poor
resprouter (Timmins 1992; Clarkson 1997) and,
according to our results, has low emergence rates
from the peat seed bank (Table 3). This species’ abil-
ity to reclaim dominance may be due to vegetative
expansion. Clarkson and Clarkson (1984) observed a
circular patch (0.2 ha) of Empodisma robustum which
they understood to have resulted from ‘colonization
and subsequent radial vegetative spread’. This asex-
ual growth strategy dominates in stable ecosystems,
enabling Empodisma to spread despite its thick
canopy restricting seedling establishment (Sharp
1995). It may also give Empodisma a competitive
advantage in the later stages of post-disturbance
recovery, meaning it does not have to rely on early
establishment to survive in an environment with a
natural fire return interval of ~100 years (Newnham
et al. 1995). Parallels can be drawn between this res-
tiad bog ecosystem and that of the Gleichenia
microphylla-dominated heathy peatlands in the Aus-
tralian Fleurieu Peninsula. There, G. microphylla is
capable of gaining dominance in the later stages of
regeneration, probably via vegetative spread, thus
overtopping and outcompeting most ground-stratum
species (Trezise et al. 2021). Fire provides a period
of reduced competition, which several species exploit
by regenerating rapidly from soil-stored seed (Trezise
et al. 2021).
The abundant emergence of Sporadanthus from the

seed bank, including from the heat-treated samples
(Table 3), seems at odds with its depiction in the lit-
erature as a particularly fire-sensitive species. Its loss
from several sites, including large areas of Kopuatai,
has been attributed to increases in fire frequency
since European settlement (Dickinson 1974; De
Lange 1989; Newnham et al. 1995; De Lange et al.
1999). While its close Chatham Islands relative, Spo-
radanthus traversii, has been reported to establish
after fire from seeds remaining in a seed bank, the
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slow recovery rate of Sporadanthus ferrugineus has led
to speculation that it has no seed bank and is only
able to recover from freshly deposited seeds (Clark-
son 1997; De Lange et al. 1999) – an idea not sup-
ported by our experimental results (Table 3). It is
possible that the loss of Sporadanthus from many
places has been caused by multiple fires occurring in
close succession, with the second occurring before
the seed bank could re-establish itself (cf. Noble &
Slatyer 1980).
Leptospermum at Kopuatai is highly serotinous,

releasing few seeds in the absence of fire (Battersby
et al. 2017), so its poor representation in the peat
seed bank was an expected result. This finding cor-
roborates other studies reporting Leptospermum’s lack
of an effective peat seed bank (Mohan et al. 1984;
Bond et al. 2004).
While abundant in the standing vegetation, the tan-

gle fern Gleichenia dicarpa did not appear in any of
our germination treatments. Similarly, an experimen-
tal study of seed/spore banks in south Australian
heathy peatlands reported no emergence of Gleichenia
microphylla, despite the dominance (44% cover) of
this species in the standing vegetation (Trezise et al.
2021). These patterns may be due to the fern’s
reproduction mode. Viable ‘spore banks’ have been
identified for at least some fern species (Penrod &
Mccormick 1996; Ram�ırez-Trejo et al. 2004; Esaete
et al. 2014), and it is possible that Gleichenia gameto-
phytes were overlooked, especially as they look super-
ficially similar to liverworts which were present.
However, seed/spore bank recovery is much more
common in angiosperms, and it is more likely that
Gleichenia relies solely on resprouting for early regen-
eration as other studies have suggested (Walker &
Boneta 1995; Clarkson 1997; Mcqueen & Forester
2000).
The single Drosera binata seedling in our study is

not enough evidence to support Johnson’s (2001)
hypothesis that it is capable of rapid recovery via seed
bank germination. However, several Drosera species
overseas accumulate dense seed banks which respond
to fire-related cues (Egawa et al. 2009, Enright &
Kintrup 2001). Further research may require a differ-
ent sampling approach, such as collecting seed rather
than peat, due to Drosera’s paucity at Kopuatai (Irv-
ing et al. 1984).
Where plant reproduction events are linked to dis-

turbance, alterations to the natural fire regime can
influence local plant community dynamics. In
managing these ecosystems, the potential impacts of
current fire-suppression policy should be considered.
However, consideration must also be given to the
effects of climate change on fire regimes. Although
rainfall at Kopuatai is predicted to change little dur-
ing the 21st century, faster evapotranspiration due to
rising temperatures will result in larger summer water

deficits, making ignition and fire propagation more
likely (Verbesselt et al. 2007). Furthermore, under-
ground peat fires can be expected to become more
common as drier conditions lead to lower water
tables. Taking weeks to years to put out, peat fires
can result in large carbon releases and the destruc-
tion of underground seed banks and the rhizomes of
resprouting species. The year 2022 has already seen
severe peat fires in two of New Zealand’s remaining
peat bogs, Awarua and Kaimaumau (De Graaf &
Jensen 2022; Jackson 2022). Although the causes of
these fires are pending investigation, hotter and drier
conditions relating to climate change may have con-
tributed to their severity. Improving our understand-
ing of phenology as it is related to fire will assist with
predicting how restiad peatland plant communities
will respond to different fire regimes.

CONCLUSION

This experiment demonstrated that some species
native to New Zealand restiad bogs can re-establish
after fire by germination from the peat seed bank.
Epacris pauciflora was by far the most common seed-
ling, supporting our hypothesis that synchronous
emergence from a well-stocked seed bank is the
mechanism by which this species can increase its
dominance after fire. The highest seedling density
was in the control, indicating that germination is
stimulated by some environmental change between
the bog and the glasshouse. These changes may
relate to increases in light availability and/or tempera-
ture fluctuations which are also associated with the
post-fire environment and are common triggers for
germination. The heat treatment we applied was
probably too intense, so the role of heat (and a heat/
smoke interaction) remains unclear. In general, fire
treatments reduced seedling emergence, suggesting
that there is a general disturbance response that cues
germination, but perhaps fire cues are not as promi-
nent in these peatland ecosystems as other distur-
bance effects.
Further research should involve different heat

treatments and sampling from several locations with
varying times since last burn. Seeds can differ sub-
stantially in the optimum intensity and duration of
heat to promote germination and treating peat with
various heat treatments may have yielded more infor-
mative results. For instance, some studies have found
short exposure to high temperature to be better at
stimulating germination than prolonged exposure at
moderate temperature (Keeley & Fotheringham
2000; Gashaw & Michelsen 2002). In-field measure-
ments of peat heat fluxes during fire would be
instructive for future studies, as would data on the
implications of peat moisture content for post-fire
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germination. Future seed bank studies would also
benefit from an improved knowledge of local species’
phenology to determine whether the persistent seed
bank or freshly deposited seed is being collected.
Overall, this study has added a new dimension to

our understanding of how fire influences regeneration
and plant community composition in New Zealand
restiad bogs. Combined with knowledge of other life
history traits, and information on how species inter-
act with one another and with the physical environ-
ment, this information can enable more accurate
predictions of plant community dynamics under dif-
ferent fire regimes.

ACKNOWLEDGEMENTS

Our research was supported by Strategic Science
Investment Fund funding for Crown Research Insti-
tutes from the Ministry of Business, Innovation and
Employment’s Science and Innovation Group via
Manaaki Whenua Landcare Research, including a
scholarship for CRW. The authors would also like to
acknowledge the Department of Conservation staff
for providing research permits, and Ng�ati Hako, who
represent the traditional kaitiaki (guardians) of Kopu-
atai Bog. Open access publishing facilitated by Uni-
versity of Waikato, as part of the Wiley - University
of Waikato agreement via the Council of Australian
University Librarians.

AUTHOR CONTRIBUTIONS

Clara Ren�ee Wilson: Conceptualization (lead); data
curation (lead); formal analysis (equal); investigation
(lead); methodology (equal); writing – original draft
(lead); writing – review and editing (equal). Christo-
pher H. Lusk: Conceptualization (equal); methodol-
ogy (equal); supervision (equal); writing – original
draft (equal); writing – review and editing (equal).
David Ian Campbell: Conceptualization (equal);
funding acquisition (equal); supervision (equal); writ-
ing – original draft (equal); writing – review and edit-
ing (equal).

CONFLICT OF INTEREST

There are no conflicts of interest to declare.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are
available from the corresponding author upon rea-
sonable request.

REFERENCES

Auld T. D. & O’connell M. A. (1991) Predicting patterns of
post-fire germination in 35 eastern Australian Fabaceae.
Aust. J. Ecol. 16, 53–70.

Baskin J. M., Baskin C. C. & Li X. (2000) Taxonomy,
anatomy and evolution of physical dormancy in seeds.
Plant Spec. Biol. 15, 139–52.

Baskin J. M., Baskin C. C. & Dixon K. W. (2006) Physical
dormancy in the endemic Australian genus Stylobasium, a
first report for the family Surianaceae (Fabales). Seed Sci.
Res. 16, 229–32.

Battersby P. F., Wilmshurst J. M., Curran T. J., Mcglone M.
S. & Perry G. L. (2017) Exploring fire adaptation in a
land with little fire: Serotiny in Leptospermum scoparium
(Myrtaceae). J. Biogeogr. 44, 1306–18.

Benoit D. L., Kenkel N. C. & Cavers P. B. (1989) Factors
influencing the precision of soil seed bank estimates. Can.
J. Bot. 67, 2833–40.

Benvenuti S., Macchia M. & Miele S. (2001) Light,
temperature and burial depth effects on Rumex obtusifolius
seed germination and emergence. Weed Res. 41, 177–86.

Bond W. J. & Midgley J. J. (2001) Ecology of sprouting in
woody plants: The persistence niche. Trends Ecol. Evol. 16,
45–51.

Bond W. J. & Van Wilgen B. W. (1996) Fire and Plants.
Chapman and Hall, London, UK.

Bond W. J., Dickinson K. J. M. & Mark A. F. (2004) What
limits the spread of fire-dependent vegetation? Evidence
from geographic variation of serotiny in a New Zealand
shrub. Glob. Ecol. Biogeogr. 13, 115–27.

Brits G. J. (1986) Influence of fluctuating temperatures and
H2O2 treatment on germination of Leucospermum
cordifolium and Serruria Florida (Proteaceae) seeds. S. Afr.
J. Bot. 123, 286–90.

Brown N. A. C. & Van Staden J. (1997) Smoke as a germination
cue: A review. Plant Growth Regul. 22, 115–24.

Campbell D. I. & Williamson J. L. (1997) Evaporation from a
raised peat bog. J. Hydrol. 193, 142–60.

Christian H. J., Blakeslee R. J., Boccippio D. J. et al. (2003)
Global frequency and distribution of lightning as observed
from space by the optical transient detector. J. Geophys.
Res. Atmos. 108, Acl 4-1-Acl 4–15.

Clarkson B. R. (1997) Vegetation recovery following fire in two
Waikato peatlands at Whangamarino and Moanatuatua,
New Zealand. N. Z. J. Bot. 35, 167–79.

Clarkson B. D. & Clarkson B. R. (1984) The Vegetation of the
Central Hauhungaroa Mires. Department of Scientific and
Industrial Research, Rotorua, New Zealand.

Clarkson B. R., Ausseil A.-G. E. & Gerbeaux P. (2013)
Wetland ecosystem services. In: Ecosystem Services in New
Zealand: Conditions and Trends (ed J. R. Dymond) pp. 192–
202. Manaaki Whenua Press, Lincoln, New Zealand.

Csontos P. (2007) Seed banks: Ecological definitions and
sampling considerations. Community Ecol. 8, 75–85.

De Graaf P. & Jensen M. (2022) Kaimaumau evacuated again as
massive fire rages out of control. N. Zeal. Herald. Available
from URL: https://www.nzherald.co.nz/northern-advocate/
news/kaimaumau-evacuated-again-as-massive-fire-rages-out-
of-control/Ktjgefjgexdjhhn6dmny7afv7M/# Accessed 17 July
2022.

De Lange P. J. (1989) Late quaternary development of the
Kopouatai Peat Bog, Hauraki lowlands and some
palaeoenvironmental inferences. University of Waikato
Unpublished Master’s.

© 2022 The Authors. Austral Ecology published by John Wiley & Sons Australia, Ltd
on behalf of Ecological Society of Australia.

doi:10.1111/aec.13237

FIRE-CUED GERMINATION FROM A RESTIAD BOG 11

https://www.nzherald.co.nz/northern-advocate/news/kaimaumau-evacuated-again-as-massive-fire-rages-out-of-control/Ktjgefjgexdjhhn6dmny7afv7M/%23
https://www.nzherald.co.nz/northern-advocate/news/kaimaumau-evacuated-again-as-massive-fire-rages-out-of-control/Ktjgefjgexdjhhn6dmny7afv7M/%23
https://www.nzherald.co.nz/northern-advocate/news/kaimaumau-evacuated-again-as-massive-fire-rages-out-of-control/Ktjgefjgexdjhhn6dmny7afv7M/%23


De Lange P. J., Heenan P. B., Clarkson B. D. & Clarkson B.
R. (1999) Taxonomy, ecology, and conservation of
Sporadanthus (Restionaceae) in New Zealand. N. Z. J. Bot.
37, 413–31.

Dickinson B. R. (1974) Vegetation analysis of moanatuatua
peat bog. (Unpublished undergraduate dissertation).
University of Waikato.

Dunn C. & Freeman C. (2011) Peatlands: Our greatest source
of carbon credits? Carbon Manag. 2, 289–301.

Egawa C., Koyama A. & Tsuyuzaki S. (2009) Relationships
between the developments of seedbank, standing
vegetation and litter in a post-mined peatland. Plant Ecol.
203, 217–28.

Enright N. J. & Kintrup A. (2001) Effects of smoke, heat and
charred wood on the germination of dormant soil-stored
seeds from a Eucalyptus baxteri heathy-woodland in
Victoria, se Australia. Austral Ecol. 26, 132–41.

Esaete J., Eycott A. E., Reinio J., Telford R. J. & Vandvik V.
(2014) The seed and fern spore bank of a recovering
African tropical forest. Biotropica 46, 677–86.

Finch-Savage W. E. & Leubner-Metzger G. (2006) Seed
dormancy and the control of germination. New Phytol.
171, 501–23.

Gashaw M. & Michelsen A. (2002) Influence of heat shock on
seed germination of plants from regularly burnt savanna
woodlands and grasslands in Ethiopia. Plant Ecol. 159, 83–
93.

Ghebrehiwot H. M., Kulkarni M. G., Kirkman K. P. & Van
Staden J. (2012) Smoke and heat: Influence on seedling
emergence from the germinable soil seed bank of Mesic
grassland in South Africa. Plant Growth Regul. 66, 119–27.

Gill A. M. & Groves R. H. (1981) Fire regimes in heathlands
and their plant – Ecological effects. In: Ecosystems of the
World 9B: Heathlands and Related Shrublands – Analytical
Studies (ed R. L. Specht) pp. 61–84. Elsevier Scientific,
Amsterdam, Netherlands.

Gilmour C. A., Crowden R. K. & Koutoulis A. (2000) Heat
shock, smoke and darkness: Partner cues in promoting
seed germination in epacris tasmanica (Epacridaceae). Aust.
J. Bot. 48, 603–9.

Goodrich J. P., Campbell D. I., Clearwater M. J., Rutledge S. &
Schipper L. A. (2015) High vapor pressure deficit constrains
GPP and the light response of NEE at a Southern
Hemisphere bog. Agric. For. Meteorol. 203, 54–63.

Goodrich J. P., Campbell D. I. & Schipper L. A. (2017)
Southern Hemisphere bog persists as a strong carbon sink
during droughts. Biogeosciences 14, 4563–76.

Harris R. W. (1974) Fire Control – Central Peat Dome.
Recommendations to the Hauraki Catchment Board,
Sourced from Waikato District Council, Hamilton, New
Zealand.

Holdaway R. J., Wiser S. K. & Williams P. A. (2012) Status
assessment of New Zealand’s naturally uncommon
ecosystems. Conserv. Biol. 26, 619–29.

Hope G., Mooney S. D., Allen K. et al. (2019) Science
through time: Understanding the archive at rennix gap
bog, a sub-alpine peatland in Kosciuszko National Park,
New South Wales, Australia. Proc. Linnean Soc. NSW 141,
25–47.

Horn J. W. (2004) The morphology and relationships of the
Sphaerosepalaceae (Malvales). Bot. J. Linn. Soc. 144, 1–40.

Irving R., Skinner M. & Thompson K. (1984) Kopuatai Peat
Dome - A Vegetation Survey. University of Waikato and
Department of Lands and Survey, Hamilton, New
Zealand.

Jackson B. (2022) Awarua wetlands fire near Invercargill being
treated as suspicious, investigation launched. Stuff.
Available from URL: https://www.stuff.co.nz/environment/
128728249/awarua-wetlands-fire-near-invercargill-being-
treated-as-suspicious-investigation-launched [Accessed 17
July 2022].

Jauhiainen S. (1998) Seed and spore banks of two boreal
mires. Ann. Bot. Fenn. 35, 197–201.

Johnson P. N. (2001) Vegetation recovery after fire on a
southern New Zealand peatland. N. Z. J. Bot. 39, 251–67.

Jia, G., Shevliakova, E., Artaxo, P., et al. (2019) Land–climate
interactions. In: Climate Change and Land: An IPCC
Special Report on Climate Change, Desertification, Land
Degradation, Sustainable Land Management, Food Security,
and Greenhouse Gas Fluxes in Terrestrial Ecosystems (eds P.R.
Shukla, J. Skea, E. Calvo Buendia et al.). In Press.

Keeley J. E. & Fotheringham C. J. (1998) Smoke-induced seed
germination in California chaparral. Ecology 79, 2320–36.

Keeley J. E. & Fotheringham C. J. (2000) Role of fire in
regeneration from seed. In: Seeds: The Ecology of
Regeneration in Plant Communities, 2nd edn, pp. 311–30.
Cabi Publishing, Wallingford, UK.

Keith D. A. (1997) Combined effects of heat shock, smoke and
darkness on germination of epacris stuartii Stapf., an
endangered fire-prone Australian shrub. Oecologia 112,
340–4.

K€uc�€uk €O. & Aktepe N. (2017) Effect of phenolic compounds
on the flammability in forest fires. Int. J. Eng. Sci. Res.
Technol. 6, 320–7.

Kuder T., Kruge M. A., Shearer J. C. & Miller S. L. (1998)
Environmental and botanical controls on peatification—A
comparative study of two New Zealand restiad bogs using
Py-Gc/Ms, petrography and fungal analysis. Int. J. Coal
Geol. 37, 3–27.

Kuhry P. (1994) The role of fire in the development of
sphagnum-dominated peatlands in western boreal Canada.
J. Ecol. 82, 899–910.

Lamont B. B., He T. & Yan Z. (2019) Evolutionary history of
fire-stimulated resprouting, flowering, seed release and
germination. Biol. Rev. 94, 903–28.

Langkamp P. J. (1987) Germination of Australian Native Plant
Seed. Inkata Press, Melbourne, Australia.

Liyanage G. S. & Ooi M. K. J. (2015) Intra-population level
variation in thresholds for physical dormancy-breaking
temperature. Ann. Bot. 116, 123–31.

Long R. L., Williams K., Griffiths E. M. et al. (2010) Prior
hydration of Brassica tournefortii seeds reduces the
stimulatory effect of karrikinolide on germination and
increases seed sensitivity to abscisic acid. Ann. Bot. 105,
1063–70.

Lowe D. J. (1988) Late quaternary volcanism in New Zealand:
Towards an integrated record using distal airfall tephras in
lakes and bogs. J. Quat. Sci. 3, 111–20.

Mallik A. U., Hobbs R. J. & Legg C. J. (1984) Seed dynamics
in Calluna-Arctostaphylos heath in North-Eastern
Scotland. J. Ecol. 72, 855–71.

McGlone M. S. (2009) Postglacial history of New Zealand
wetlands and implications for their conservation. N. Z. J.
Ecol. 33, 1–23.

McGraw J. B. (1987) Seed-bank properties of an Appalachian
sphagnum bog and a model of the depth distribution of
viable seeds. Can. J. Bot. 65, 2028–35.

McQueen J. & Forester L. (2000) Succession in the Kaimaumau
Gumland, Northland, New Zealand, Following Fire.
Department of Conservation, Wellington, New Zealand.

doi:10.1111/aec.13237 © 2022 The Authors. Austral Ecology published by John Wiley & Sons Australia, Ltd
on behalf of Ecological Society of Australia.

12 C. R. WILSON ET AL.

https://www.stuff.co.nz/environment/128728249/awarua-wetlands-fire-near-invercargill-being-treated-as-suspicious-investigation-launched
https://www.stuff.co.nz/environment/128728249/awarua-wetlands-fire-near-invercargill-being-treated-as-suspicious-investigation-launched
https://www.stuff.co.nz/environment/128728249/awarua-wetlands-fire-near-invercargill-being-treated-as-suspicious-investigation-launched


Meney K. & Dixon K. (1988) Phenology, reproductive-biology
and seed development in four rush and sedge species from
Western Australia. Aust. J. Bot. 36, 711–26.

Mohan E., Mitchell N. & Lovell P. (1984) Environmental
factors controlling germination of Leptospermum scoparium
(manuka). N. Z. J. Bot. 22, 95–101.

Morgan J. W. (1999) Defining grassland fire events and the
response of perennial plants to annual fire in temperate
grasslands of South-Eastern Australia. Plant Ecol. 144,
127–44.

Nelson D. C., Flematti G. R., Ghisalberti E. L., Dixon K. W.
& Smith S. M. (2012) Regulation of seed germination and
seedling growth by chemical signals from burning
vegetation. Annu. Rev. Plant Biol. 63, 107–30.

Newnham R. M., De Lange P. J. & Lowe D. J. (1995)
Holocene vegetation, climate and history of a raised bog
complex, northern New Zealand based on palynology,
plant macrofossils and tephrochronology. The Holocene 5,
267–82.

Noble I. R. & Slatyer R. O. (1980) The use of vital attributes
to predict successional changes in plant communities
subject to recurrent disturbances. Vegetatio 43, 5–21.

Norton D. A. & De Lange P. J. (2003) Fire and vegetation in a
temperate peat bog: Implications for the management of
threatened species. Conserv. Biol. 17, 138–48.

Ogden J., Basher L. & Mcglone M. (1998) Fire, forest
regeneration and links with early human habitation:
Evidence from New Zealand. Ann. Bot. 81, 687–96.

Oksanen J., Blanchet F. G., Kindt R. et al. (2010) Vegan:
Community ecology package. R package version 1.17-4.

Penman T. D., Binns D., Allen R., Shiels R. & Plummer S.
(2008) Germination responses of a dry sclerophyll forest
soil-stored seedbank to fire related cues. Cunninghamia 10,
547–55.

Penrod K. A. & Mccormick L. H. (1996) Abundance of viable
hay-scented fern spores germinated from hardwood forest
soils at various distances from a source. Am. Fern J. 86,
69–79.

P�erez-Fern�andez M. A., Calvo-Magro E., Montanero-
Fern�andez J. & Oyola-Elasco J. A. (2006) Seed
germination in response to chemicals: Effect of nitrogen
and pH in the media. J. Environ. Biol. 27, 13–20.

Perry G. L. W., Wilmshurst J. M. & Mcglone M. S. (2014)
Ecology and long-term history of fire in New Zealand. N.
Z. J. Ecol. 38, 157–76.

Pierce S. M. & Cowling R. M. (1991) Disturbance regimes as
determinants of seed banks in coastal dune vegetation of
the southeastern cape. J. Veg. Sci. 2, 403–12.

Pierce S. M. & Moll E. J. (1994) Germination ecology of six
shrubs in fire-prone cape fynbos. Vegetatio 110, 25–41.

Plant And Food Research (2020) Fresh Facts: New Zealand
Horticulture. New Zealand Institute for Plant and Food
Research Limited, Auckland, New Zealand.

Pons T. L. (2000) Seed responses to light. In: Seeds: The Ecology
of Regeneration in Plant Communities, 2nd edn (ed M.
Fenner) pp. 237–60. Cabi Publishing, Wallingford, UK.

Probert R. J. (2000) The role of temperature in the regulation
of seed dormancy and germination. In: Seeds: The Ecology
of Regeneration in Plant Communities, 2nd edn (ed M.
Fenner) pp. 261–292. Cabi Publishing, Wallingford, UK.

Ram�ırez-Trejo M. D. R., P�erez-Garc�ıa B. & Orozco-Segovia A.
(2004) Analysis of fern spore banks from the soil of three

vegetation types in the central region of Mexico. Am. J.
Bot. 91, 682–8.

Ratcliffe J. L., Lowe D. J., Schipper L. A., Gehrels M. J.,
French A. D. & Campbell D. I. (2020) Rapid carbon
accumulation in a peatland following late Holocene tephra
deposition, New Zealand. Quat. Sci. Rev. 246, 106505.

Read T. R., Bellairs S. M., Mulligan D. R. & Lamb D. (2000)
Smoke and heat effects on soil seed bank germination for
the re-establishment of a native forest community in New
South Wales. Austral Ecol. 25, 48–57.

Sharp L. M. (1995) Aspects of the growth of the Wire Rush
Empodisma minus (Hook. F.) Johnson and Cutler in
Restiad Bogs of Northern New Zealand, and some
Implications for Ecological Management. Msc thesis,
University of Waikato.

Sillasoo €U., V€aliranta M. & Tuittila E. S. (2011) Fire history
and vegetation recovery in two raised bogs at the Baltic
Sea. J. Veg. Sci. 22, 1084–93.

Tangney R., Merritt D. J., Fontaine J. B. & Miller B. P.
(2019) Seed moisture content as a primary trait regulating
the lethal temperature thresholds of seeds. J. Ecol. 107,
1093–105.

Timmins S. M. (1992) Wetland vegetation recovery after fire:
Eweburn bog, Te Anau, New Zealand. N. Z. J. Ecol. 30,
383–99.

Trezise J. E., Facelli J. M., Paton D. C. & Davies R. J.-P.
(2021) The effect of heat and smoke on the soil seed
banks of heathlands on permanent freshwater swamps.
Austral Ecol. 46, 39–51.

Turner S. R., Merritt D. J., Renton M. S. & Dixon K. W.
(2009) Seed moisture content affects afterripening and
smoke responsiveness in three sympatric Australian native
species from fire-prone environments. Austral Ecol. 34,
866–77.

Verbesselt J., Somers B., Lhermitte S., Jonckheere I., Van
Aardt J. & Coppin P. (2007) Monitoring herbaceous fuel
moisture content with spot vegetation time-series for fire
risk prediction in savanna ecosystems. Remote Sens.
Environ. 108, 357–68.

Wagstaff S. J. & Clarkson B. R. (2012) Systematics and
ecology of the Australasian genus Empodisma
(Restionaceae) and description of a new species from
peatlands in northern New Zealand. PhytoKeys 13, 39–79.

Walker L. R. & Boneta W. (1995) Plant and soil responses to
fire on a fern-covered landslide in Puerto Rico. J. Trop.
Ecol. 11, 473–9.

Warr S. J., Thompson K. & Kent M. (1993) Seed banks as a
neglected area of biogeographic research: A review of
literature and sampling techniques. Prog. Phys. Geogr. 17,
329–47.

Whinam J. & Hope G. (2005) The peatlands of the
Australasian region. Stapfia 85, 397–434.

Wildlands (2016) Vegetation Map of Kopuatai and Torehape
2016. Contract Report No. 2116a for the Department of
Conservation. Wildland Consultants, Rotorua, New
Zealand.

Wills T. J. & Read J. (2002) Effects of heat and smoke on
germination of soil-stored seed in a south-eastern
Australian sand heathland. Aust. J. Bot. 50, 197–206.

Wilson C. R. (2020) The influence of fire on vegetation
dynamics of a New Zealand restiad bog. Msc thesis, The
University of Waikato.

© 2022 The Authors. Austral Ecology published by John Wiley & Sons Australia, Ltd
on behalf of Ecological Society of Australia.

doi:10.1111/aec.13237

FIRE-CUED GERMINATION FROM A RESTIAD BOG 13


	 Abstract
	 INTRODUCTION
	 METHODS
	 Site descrip�tion
	aec13237-fig-0001
	aec13237-fig-0002
	 Sam�ple col�lec�tion
	 Exper�i�men�tal treat�ment
	 Data anal�y�sis

	 RESULTS
	 Seedling den�sity and species rich�ness
	 Species com�po�si�tion
	aec13237-fig-0003
	 Time course of emer�gence
	 Species com�po�si�tion between treat�ments
	 Species com�po�si�tion com�pared to col�lec�tion site
	aec13237-fig-0004

	 DISCUSSION
	 Kop�u�atai peat con�tains a viable seed bank
	 Is the seed bank directly fire-stim�u�lated?
	 Is the seed bank indi�rectly fire-stim�u�lated?
	 Impli�ca�tions for plant com�mu�nity dynam�ics of New Zealand res�tiad bogs

	 CONCLUSION
	 ACKNOWLEDGEMENTS
	 AUTHOR CONTRIBUTIONS
	 CONFLICT OF INTEREST
	 DATA AVAILABILITY STATEMENT

	 Ref�er�ences

