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Using gravel pits as novel fire refugia for the threatened
Tasmanian paleoendemic conifer
Athrotaxis cupressoides

Lynda D. Prior!? ©, Scott C. Nichols'!, Ben J. French!, Herbert Staubmann?®, David M. J. S. Bowman'

Athrotaxis cupressoides is an endemic conifer restricted to montane areas of Tasmania. It is slow-growing and vulnerable to the
increasing wildfire activity associated with climate change. We explored the novel idea that disused gravel pits could serve as
artificial fire refugia for transplanted populations. We compared survival, growth, and response to fertilizer of nursery-grown
A. cupressoides transplants in these artificial refugia, which had mineral soils, and in burnt and unburnt sites in wilderness
areas, which had organic soils. Survival over the 16-month trial increased with initial transplant height and was slightly higher
in the gravel pits (97%) than the wilderness areas (89%). Height growth of unfertilized plants was slow, especially in the
unburnt wilderness sites and gravel pits. However, fertilizer boosted growth most strongly in the gravel pits, to rates similar
to those of fertilized plants in unburnt wilderness sites. Our results show that it is feasible to reintroduce A. cupressoides into
populations eliminated by wildfire. They also demonstrate the capacity to reclaim gravel pits by creating new localized popula-
tions of this iconic species. Thus, denuded gravel pits can be re-imagined as fire refugia to help maintain populations of
A. cupressoides and other long-lived but fire-sensitive plants in the wild.
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Implications for Practice

® Athrotaxis cupressoides is a slow-growing, Tasmanian
endemic conifer of high conservation value with popula-
tions vulnerable to wildfire.

e Nursery-grown transplants, if protected against herbivores,
can reinforce wild populations of A. cupressoides. In wild
areas, planting soon after fire is preferred because growth is
faster in recently burnt than in long-unburnt areas.

e Fertilizer was found to increase growth, especially in
gravel pits. Disturbed environments such as restored
gravel pits can be used as novel fire refugia for vulnerable
species such as A. cupressoides.

e Trials, however, are critical to identify biophysical factors
other than fire (soils, herbivores, and climate) that may
limit the establishment and growth in artificial fire
refugia.

Introduction

Wildfires are expected to increase in frequency and intensity as a
result of anthropogenic climate change in many areas globally
(Jolly et al. 2015; Cunningham et al. 2024a), including in Aus-
tralia (Sharples et al. 2016; Cunningham et al. 2024b). As a
result, some areas that have been infrequently exposed to fire
will be more frequently burnt by severe wildfire. In Australia,
the Tasmanian Wilderness World Heritage Area (TWWHA) is

a prime example of an area where, until recently, severe fire
weather has been rare, but is expected to become more frequent
with climate change. The combination of less summer rainfall
and rising temperatures in this area (Grose et al. 2010) will cause
fuels to become drier and more frequently available to burn fol-
lowing lightning and anthropogenic ignitions (Fox-Hughes
et al. 2014; Di Virgilio et al. 2020). Indeed, the area burned
annually in the TWWHA by lightning-ignited fires has steadily
increased since the 1990s (Styger et al. 2018). Associated
increases in fire frequency and severity will adversely affect
the many fire-sensitive plant species in the area, which are
poorly adapted to fire. This is especially problematic for
slow-maturing, fire-sensitive species that rely on a source of via-
ble seed and suitable conditions to reestablish populations after
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severe fire (Bowman et al. 2014; Enright et al. 2015; Harris
et al. 2018).

The area protected within the TWWHA contains many fire-
sensitive, paleoendemic plant species (Jordan et al. 2016).
Paleoendemic clades are ancient clades that are geographically
restricted and were probably more widespread in the past. They
provide a unique window into biogeographic and evolutionary
history, illuminating factors associated with species persistence
and speciation. In Tasmania, paleoendemism is associated with
alpine and subalpine vegetation in areas experiencing little or no
fire and climates that have been constantly moist and without
temperature extremes (Jordan et al. 2016). Pencil pine
(Athrotaxis cupressoides) is a paleoendemic conifer from cen-
tral and western Tasmania (Worth et al. 2016). It is classed as
vulnerable in the wild (Farjon 2013), despite almost all of its
range being reserved in the TWWHA, a conservation area with
the highest level of legislative protection in Australia. This is
because it has a narrow geographical niche and is increasingly
atrisk from wildfire as the climate becomes warmer and less pre-
dictable (Jordan et al. 2016; Mariani et al. 2019). It is readily
killed by crown fire and lacks reliable mechanisms to recover
from it (Bliss et al. 2021). Because A. cupressoides is fire-
sensitive, slow-growing, and long-lived, with stems that can be
over 1000 years old, it has been assumed to be a late-
successional species unable to compete with species adapted to
post-fire environments (Bowman 2000). Genetic analyses have
shown that A. cupressoides is a clonal species and that individ-
ual genets were potentially established in the early Holocene
(Worth et al. 2016), and thus the species could feasibly have
been involved in a primary succession on glacial deposits
(Fletcher et al. 2018).

Extensive fires during the exceptionally dry summer of
1960/1961 killed A. cupressoides trees in an estimated one-third
of its range (Corbett 1995; Johnson & Marsden-Smedley 2002),
with almost no recovery evident (Holz et al. 2015). In 2016,
large lightning-ignited fires burnt approximately 85 ha of
A. cupressoides forest (0.7% of that remaining) near Lake Mac-
kenzie, on Tasmania’s Central Plateau (DPIPWE 2017). Stem
mortality in the areas burnt by the 2016 fires was estimated at
69%, with 42% of the survivors having canopy damage, and
there has been minimal natural regeneration since (Bliss
et al. 2021).

Translocations of organisms will be essential to maintain bio-
diversity in the future (Corlett 2016). Where natural regeneration
fails, interventions such as artificial seeding or transplanting
nursery-grown seedlings or cuttings can be required to maintain
populations in the fire-affected area (Guerrant 2012; Bassett
et al. 2015). A recent study (French et al. 2024) showed that
transplanting nursery-grown cuttings or seedlings can potentially
reestablish stands of A. cupressoides in Tasmanian wilderness
areas. Tube stock were transplanted into stands either killed by
recent fire (in 2016) or into areas unburnt since 1961. During
the first 20 months after transplanting, 74% of transplants sur-
vived if protected from herbivory, but only 9% of open trans-
plants survived, indicating that protection from herbivores is
essential for successful reestablishment of the species (French
et al. 2024). While survival was promising, growth was

extremely slow, consistent with findings of other studies
(Cullen & Kirkpatrick 1988; Prior et al. 2018). Transplants will
therefore be vulnerable to herbivory (primarily macropod herbiv-
ory) for a long period, and it will take many decades for them to
reach maturity and for populations to be self-sustaining
(Ogden 1978; Holz et al. 2015; French et al. 2024).

One likely factor contributing to the slow growth of
A. cupressoides is low nutrient availability in the soils where
the species is found (Crowden 2005). Applying fertilizer could
be a simple and practical way to enhance growth rates and help
them mature more quickly. Restoration plantings often include
various irrigation, herbicide, and fertilization treatments
intended to enhance seedling survival and growth (Hau &
Corlett 2003; Devine et al. 2007; Campoe et al. 2010), but stud-
ies testing their effects are relatively rare (Guerrant 2012). The
results of such treatments appear idiosyncratic; for example,
effects of fertilizer application depend on species (Hau & Corlett
2003), but there have also been positive (Campoe et al. 2010;
Ruthrof et al. 2010; Kim et al. 2014), negative (Pareliussen
et al. 2006), and inconsistent (Devine et al. 2007) results
reported within the same species. Fertilizer responses, therefore,
need to be tested for the particular species and environment of
the planting.

To date, there has been little consideration of managing
wildfire in restored vegetation (Bowman & Legge 2016). An
unexplored idea is leveraging the inherent low fire risk of
denuded land surfaces to create “fire refugia,” which are land-
scape settings that have lower flammability than surrounding
areas due to topo-edaphic factors (Meddens et al. 2018). Fire
refugia are critical for the persistence of fire-sensitive plants
such as A. cupressoides (Bowman et al. 2019). Potentially suit-
able fire refugia are the gravel pits excavated during the devel-
opment of the hydroelectric scheme at Lake Mackenzie in the
1960s. From these pits, almost the entire regolith had been
removed, leaving skeletal mineral soils and very limited plant
cover. As well as offering fire protection, these gravel pits
could be more cost-effective restoration sites than the wilder-
ness areas of the TWWHA because they are more accessible,
with infrastructure such as roads, power, and water channels
nearby, and are easier to defend from fire. Additionally, these
areas have already been severely disturbed and are not subject
to the same stringent criteria as would be areas in the TWWHA
if similar interventions were undertaken. We had the opportu-
nity to test the suitability of the gravel pits because hundreds
of A. cupressoides seedlings and cuttings surplus to the
requirements of French et al.’s (2024) establishment trial
became available to us. Using the same plant material grown
under the same nursery conditions allowed us to compare
A. cupressoides plantings in the gravel pits with those in the
wilderness areas. Plantings into the fire-affected wilderness
areas can be considered as restoration sensu stricto, in which
areas are restored to their original composition and function
(Corlett 2016). By contrast, the plantings into denuded gravel
pits near natural populations of A. cupressoides can be consid-
ered ecological reclamation (sensu Gerwing et al. 2022), which
establishes ecosystems similar to surrounding, natural ecosys-
tems in highly degraded areas.
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Here, we extended the study of growth and survival of
nursery-grown A. cupressoides transplanted into the wild to
4 years and tested whether there were benefits in adding fertil-
izer. We also explored the potential of using gravel pits at Lake
Mackenzie for restoration plantings of A. cupressoides. Specifi-
cally, we (1) extended the monitoring period of survival of trans-
plants in the wild to 4 years and also reported growth;
(2) compared the survival and growth of A. cupressoides trans-
planted into these gravel pits, from which the entire regolith
had been removed and on which there has been limited plant
cover for decades, with A. cupressoides plantings on organic
soils in wilderness areas burnt recently (2016) or burnt over
60 years ago; and (3) measured whether fertilizer could enhance
growth and survival of nursery-grown A. cupressoides juveniles
used in restoration plantings in the gravel pits and wilderness
areas. This study not only illuminates the potential for using res-
toration plantings to help conserve this relict species but also
provides important ecological insights into the role of relict spe-
cies in primary and secondary succession.

Methods

Study Area

The study area was in the far north of the Tasmanian Wilderness
World Heritage Area, near the edge of Tasmania’s Central Pla-
teau. Our eight study sites were near Lake Mackenzie (41.7°S,
146.4°E), within and adjacent to the area burnt by wildfire in
2016 (Fig. 1). The sites not burnt in 2016 had been burnt by
extensive wildfires in the summer of 1960/1961, with standing
bleached dead trees a testament to how destructive those fires
were to Athrotaxis cupressoides populations on the Central Pla-
teau (Fig. S1).

The sites were at an elevation of approximately 1100 m, and
experienced a cool to cold, wet climate (Koppen code Cfc; Kot-
tek et al. 2006). Mean annual precipitation at Lake Mackenzie is
1983 mm, with a winter maximum (data from Bureau of Mete-
orology 2024 for 1969-1992 for discontinued station
no. 96066 and Hydro Tasmania from 1992 to April 2024). Tem-
peratures at Liawenee, the nearest weather station at a similar
altitude, range from a mean monthly minimum of —1.5°C in
July to a mean monthly maximum of 19.1°C in January, with
a mean annual temperature of 6.9°C (Bureau of Meteorol-
ogy 2024). Sub-zero temperatures are possible in any month.
Most months since transplanting occurred were drier than aver-
age, with a notable exception in October 2022 (Fig. 2). Total
precipitation over the 18-month period of the fertilizer trial
was only 79% of the long-term average (Fig. 2). The summers
were particularly dry, with precipitation only 50% of the average
in the first summer and 66% in the second.

The geology of Tasmania’s Central Plateau is dominated by
the Jurassic dolerite that intruded into the pre-existing Permian
and Tertiary sediments and was exposed after these softer over-
lying rocks eroded away (Corbett 2019). Repeated glaciation
has scoured the dolerite bedrock and covered fringing areas with
moraine, producing numerous small lakes and tarns. Extremely
shallow, rocky rudisols with very low levels of K and Ca

typically occur on more elevated parts of the doleritic landscape,
while organosols predominate on lower slopes and depressions
(Kirkpatrick et al. 2014). Although the Jurassic dolerite is poten-
tially rich in nutrients, it weathers slowly, and the soils derived
from it are shallow and of only moderate fertility
(Crowden 2005). Furthermore, heavy rainfall leaches cations
from the soil, acidifying and reducing the fertility of the soils
(Crowden 2005).

Study Species

Athrotaxis cupressoides is a slow-growing, long-lived endemic
Tasmanian conifer in the Cupressaceae family. It is a mast
seeder, producing vast quantities of seed about every 5-6 years
(Cullen & Kirkpatrick 1988). However, the seed is poorly dis-
persed and is viable for only about 4 months, so it is only rarely
available (Cullen & Kirkpatrick 1988; Holz et al. 2015). Clonal
reproduction through root suckering is important for the persis-
tence of stands (Worth et al. 2016), and suckers can be present
over 50 m from a parent plant (Cullen & Kirkpatrick 1988).
However, fire does not appear to stimulate root suckering from
surviving plants, although plants can weakly resprout
from stems and branches after mild fire (Bliss et al. 2021). Her-
bivory is important in restricting regeneration of A. cupressoides
(Holz et al. 2015), but there are also other factors that could not
be identified (Bowman et al. 2019). Stem mortality in the areas
burnt in 2016 was estimated at 69%, with 42% of the survivors
having canopy damage (Bliss et al. 2021). Furthermore, the fire
scars on the stems of the survivors will render them more vulner-
able to being killed by future fires (Bowman et al. 2019).

Trial Design

The fertilizer trial was conducted at three categories of site: “wil-
derness areas” where organic soils predominated, and (1) those
that had been burnt by the 2016 fires, or (2) those that were long
unburnt (since 1961); and (3) gravel pits just outside the wilder-
ness area, which had mineral soils. A total of eight study sites
were established (Supplement S1), as described below.

Wilderness Area Plantings

This trial was originally established to determine whether it is
feasible to reestablish populations of A. cupressoides in the Cen-
tral Plateau of Tasmania, particularly in areas damaged by wild-
fire (French et al. 2024). Conditions here are harsh, so growth is
slow, and the effects of fire, such as a decrease in sphagnum and
shrub cover, can persist for years (Kirkpatrick et al. 2010; Prior
et al. 2023a). Briefly, the trial examined the survival and health
of A. cupressoides juveniles in relation to (1) whether seedlings
or cuttings perform better after being transplanted into the field;
(2) protection from herbivory (caged vs. open); (3) recently
burnt (fire in 2016) versus long unburnt areas (fire in
1960/1961); (4) topographic position; and (5) provenance
(Prior et al. 2023b; French 2024). Five study sites were used:
three that were burnt by the 2016 fires and two that were not
but contained dead A. cupressoides trees burnt by fire in the
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(Figure legend continues on next page.)
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Figure 2. Experimental timeline and monthly precipitation at Lake Mackenzie. Bars indicate actual, and the line, average monthly precipitation, with austral
seasons indicated by bar color. Data from Hydro Tasmania. Times of planting, fertilizer application, and surveys are indicated by arrows, with black for

wilderness areas and dark pink for gravel pits. The resurvey by French et al.

summer of 1960/1961. Tube stocks were propagated from seed
(six provenances, of which one was local) or cuttings (five prov-
enances, of which three were local), as listed in box 4.1 of Prior
et al. (2023b). In March and April 2020 (about 4 years after the
most recent fire), a pair of nursery-grown plants, one a cutting
and the other a seedling, was transplanted to each of 1007 plots
(190-227 plots per site; Supplement S1). Tube stock from each
provenance was spread randomly across the sites; provenance
had a minimal effect (Prior et al. 2023b) and was not considered
in our study. Seedlings averaged 123 mm in height, cuttings
132 mm, at the time of transplanting. Half the plots were caged
to protect plants from herbivores. Transplants were re-surveyed
in November/December 2021, as reported by French et al.
(2024). While survival of caged plants was high, growth of these

(2024) is also indicated by the dashed arrow.

transplants was so slow that at the end of the 20 months, they
had not regained the small amount of height they lost when
pushed firmly into the soil at planting; hence, French et al.
(2024) considered survival and health but not growth.

The fertilizer experiment described here started in December
2022. We found that 575 caged transplants (282 cuttings and
293 seedlings) and 15 open transplants were still alive at this
time, corresponding to an overall survival during the initial
32 months from planting of 57% for caged transplants and only
1.5% for open ones. Of the surviving 575 caged transplants,
189 were single plants per plot, and 386 were paired
(Supplement S1). The plants were small enough that we consid-
ered competition between pairs of plants would be minimal, so
fertilizer was applied at a plot rather than a plant level. We used

(Figure legend continued from previous page.)

Figure 1. (A) Map of Western Tasmania showing the global range of Athrotaxis cupressoides (green points are observations from the Natural Values Atlas),
footprints of fires that have burnt pencil pines since 1960 (purple is 1960/1961, red is 2016, and green is 2018), and the location of the study area (black box).
(B) Map of the study area showing the 2016 fire footprint (red) and locations of the eight study sites; sites on gravel pits are shown by yellow circles, and in
wilderness areas, recently burnt sites are indicated by white circles, and long unburnt sites by blue. (C) Tree guard in long unburnt area, (D) measuring transplants
in recently burnt area, with a stand of dead A. cupressoides in the background. Also shown are A. cupressoides transplants in a (E) wilderness site and (F) gravel
pit; and (G) partly rehabilitated gravel pit at the time of planting. Photo credits: (C-E) A. Szollosi, (F) and (G) S. Nichols.
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a slow-release fertilizer formulated for Australian native plants
(Scotts Osmocote Native Gardens: Evergreen Garden Care,
Bella Vista, NSW) specially formulated for phosphorus-
sensitive plants (23% N, 0.49% P, 6.3% K, 11% S with addi-
tional minor and trace elements). Three levels of the fertilizer
were used: 20 g per plot (whether there were two or one surviv-
ing plants), 10 g per plot, and the untreated control. The fertilizer
was broadcast in an area approximately 30 cm in diameter sur-
rounding each plant or pair of plants. The higher rate (20 g
Osmocote per location) is less than the 60 g recommended on
the label for a 30 cm diameter pot, but is equivalent to about
283 g/m”. We were very conservative in our chosen application
rates, because the trial was located in the TWWHA, and an ear-
lier experiment had suggested that even low rates of fertilizer
(80 g/m* Osmocote) could be harmful to Sphagnum (Prior
et al. 2023a). However, these low rates can be effective in pro-
moting the growth of woody plants in infertile Tasmanian eco-
systems; for example, applying 20 g of Osmocote fertilizer to
Leptospermum scoparium seedlings transplanted into infertile
sedgeland soils led to a 2.5 times faster growth rate (Prior
et al. 2024). Fertilizer was applied in December 2022. In total,
314 plants were unfertilized controls, 129 were in plots to which
10 g fertilizer was applied, and 132 received 20 g per plot
(Table 1).

For the fertilizer trial, initial plant height was measured in
December 2022, at the time of fertilizer application. Because
the plants had been growing in the field for about 32 months,
these initial heights reflect microsite conditions as well as dem-
onstrating the effect of plant size per se on subsequent growth.
Plant survival and height were remeasured in April 2024.
Despite intensive searching, we were unable to find 21 of the
575 plants. We present overall survival rates excluding these
plants, and our statistical analyses are based on the plausible
assumption these plants were all dead.

Soil depth to a maximum of 1 m was measured at three loca-
tions around each plot with a stainless steel probe and averaged.

Table 1. Numbers of plants in the wilderness areas (organic soils) and
gravel pits (mineral soils) according to site and fertilizer treatment. Sites
PB, BN, and EV were burnt in the 2016 fires, while UBN and UBS were long
unburnt.

Gravel Pits

The nursery-grown plants that were surplus to requirements
for the establishment trial were used to test whether sites for-
merly quarried for gravel could be suitable habitat for
A. cupressoides. These plants were from the same batches as
used in the wilderness sites and comprised seedlings and cut-
tings and a similar mix of provenances. We note that these indi-
viduals spent an additional 18-25 months in the nursery
environment compared to those transplants in the wilderness
sites, and there were minor differences in planting methods.

Three partly rehabilitated gravel pits were chosen for these
plantings. In 2014, the sites were “shaped” with a small excava-
tor, then spread with NPK 14:16:11 at 350 kg/ha and seeded
with local native species at approximately 6 kg/ha (A. D’An-
drea, Hydro Tasmania, 2024, personal communication). Some
brush matting was also applied. At these sites, we used large
exclosures rather than individual tree guards for protection
against herbivores. Fencing was professionally installed
and 1 m high, consisting of metal star pickets every 15-20 m,
with six galvanized straining wires with galvanized “hex
mesh chicken wire” attached. A video of this transplanting
program can be found at https://youtu.be/Dh9oK5IGOrk?si=
4Wj3H9k4eTsQtfoT.

For logistical reasons, the first 292 plants were transplanted
into all three sites in October 2021, followed by a further
300 plants added to the three sites in May 2022. Plants were
placed singly, rather than in pairs. No fertilizer was applied until
November 2022, when the three fertilizer treatments were
imposed on a total of 471 plants across the three sites: 157 plants
were untreated controls, 156 received 10 g, and 158 received
20 g of Osmocote fertilizer, applied as for plants in the wilder-
ness areas (Table 1). Plant height was measured immediately
after transplanting, again after fertilizing, and finally in April
2024. Preliminary analyses showed there were no differences
between the two transplanting dates in survival and growth dur-
ing the fertilizer experiment, although at its start, plants that had
been transplanted in October 2021 were taller than those trans-
planted in May 2022 (Supplement S2).

Soil Nutrient Analyses

To characterize the soils in the three site categories, we sampled
soils at each site. Prior to fertilizing, we took samples from 5 to
10 cm depth adjacent to 11 transplants from each of the five wild
sites and from a total of 108 transplants in the gravel pit plant-
ings (73 from HECI, 19 from HEC2, and 16 from HEC3).
Wet sample weights averaged 133 g for mineral soil from the
gravel pits and 45 g for organic soil from the wilderness sites;
water content averaged 187 g/100 g dry soil for organic soils
compared to 37 g/100 g dry soil for mineral soils. Large roots
and debris were removed, and soils were dried and then passed
through a 0.5 mm sieve, and the coarse fraction (>0.5 mm)
was discarded. Each sample was divided into two subsamples,
one for determination of the organic matter concentration and
the other for nutrient analysis. Analyses were performed on a
subset of these subsamples, as follows: (1) Organic matter con-
centration (%weight/weight) was determined by loss on ignition

Fertilizer (g/plot)

Site 0 10 20 Total
Wilderness areas

PB 103 27 28 158

BN 41 26 27 94

EV 72 28 28 128

UBN 29 23 24 76

UBS 69 25 25 119
Sub-total 314 129 132 575
Gravel pits

HECI1 98 86 96 280

HEC2 32 30 32 94

HEC3 27 40 30 97
Sub-total 157 156 158 471
Total 471 285 290 1046
60f 14
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for 66 soil subsamples drawn from all eight sites (20 gravel pit
and 46 wilderness site subsamples). First, the soil was redried
at 105°C for 24 hours to remove any reabsorbed moisture.
Approximately 5 g of soil was then weighed into a crucible
and placed in a 550°C furnace for 2 hours, cooled, and
reweighed. (2) Total nutrient concentrations were determined
on one pooled sample from each site. These pooled samples
comprised 10 subsamples from each of the five wilderness sites
and 2-3 subsamples randomly selected from each of the gravel
pits. The soil samples were sent to a commercial laboratory
(LabWest Minerals Analysis, Malaga, Western Australia) for
analysis. After pulverization and aqua regia-microwave diges-
tion, these were analyzed by ICP-MS/ICPOES (inductively
coupled plasma mass spectrometry/ inductively coupled plasma
optical emission spectroscopy) for 50 elements, including P, K,
Mg, Mn, and Fe. Total C and total N analyses were performed
by CSBP Soil and Plant Analysis Laboratory (Bibra Lake, West-
ern Australia) using the Dumas high-temperature combustion
method (Leco analyzer).

Statistical Methods

Our statistical approach was based on generalized linear model-
ing and model selection using Akaike’s Information Criterion
for small sample size (AICc) and multi-model inference
(Burnham & Anderson 2002). Analyses of initial height and
height growth and survival analyses used binomial generalized
linear models. Explanatory variables were “Fertilizer” (0, 10,
or 20 g per plot), “Site category” (burnt wilderness, unburnt wil-
derness, or gravel pit), and “Initial height” (at the start of fertil-
izer experiment, in November/ December 2022). Where
possible, site was used as a random effect to account for spatial
correlation in the data. To evaluate the statistical importance of
the explanatory variables, the function “dredge” of the R pack-
age MuMIn (Barton 2023) was used to generate a candidate
set of models containing all possible combinations of explana-
tory variables, without interactions, and calculate their AICc
weight. We used full model averaging, whereby coefficients
were set to zero in models that did not contain the term
(Galipaud et al. 2017). The continuous variable “Initial height”
was scaled in R (using the default setting, in which centered
values are divided by the standard deviation) to allow direct
comparison of the magnitude of all model variables. Weighted
model average coefficients and 95% CI were calculated from
the AICc weights. Variables were considered statistically impor-
tant if these intervals did not overlap zero (Galipaud et al. 2017).
Summed AICc weights were also calculated for each variable to
augment this approach; although these have been criticized
(Galipaud et al. 2017), they are useful in gaging support across
the full set of models (Burnham & Anderson 2002; Giam &
Olden 2016).

Preliminary modeling demonstrated that there were important
interactions between site category and fertilizer and site cate-
gory and initial height for height growth but not for survival
(Supplement S3). We therefore modeled survival for all sites
combined, using site category as a factor, but growth responses
were modeled separately for each site category. For survival, we

were able to use site as a random effect, but for the growth
models, there were insufficient sites within each category to do
this, so site was specified as a fixed effect.

Additional analyses, using the above approach, were con-
ducted (1) to determine whether initial height, survival or
growth were influenced by the additional variables measured
only at the wilderness sites, namely whether the plant was a
seedling or a cutting, a single or paired, and soil depth
(Supplement S4); and (2) whether initial height, survival and
growth in the gravel pits during the fertilizer experiment were
influenced by planting date (October 2021 vs. May 2022)
(Supplement S2).

Results

At the time of fertilizer application, the initial height of Athro-
taxis cupressoides plants differed among site categories and
averaged 113 mm for unburnt wilderness sites, 143 mm for
burnt wilderness sites, and 132 mm for gravel pits. There was
statistical support for plants at the unburnt wilderness sites being
significantly shorter than those at the other sites (Fig. 3A). Our
height growth modeling included initial height as an explanatory
variable and therefore allowed for these differences.

Survival of A. cupressoides plants between December 2022
and April 2024 was significantly higher in the gravel pits than
the wilderness sites, but there was no difference in survival
between the burnt and unburnt wilderness sites (Figs. 3B & 4).
At the gravel pits, overall survival between December 2022,
when fertilizer was applied, and April 2024 was 96.6%. For
the wilderness sites, survival was 88.9%, assuming all missing
plants were dead (92.2%, excluding the 21 missing plants).
Overall survival of caged plants in the wilderness areas in the
4 years since transplanting was 51% (Supplement S1). Survival
was strongly correlated with initial height, increasing from an
average of 55% for plants <50 mm tall to 100% for plants taller
than 200 mm (Fig. 4). The initial height model explained 15% of
the deviance in survival.

In April 2024, unfertilized plants were, on average, 240 mm
tall in the burnt wilderness sites, 147 mm in the unburnt wilder-
ness sites, and 157 mm in the gravel pits. Height growth
between December 2022 and April 2024 varied significantly
with initial height, fertilizer treatment, and site category
(Fig. 5). There was a strong, statistically supported interaction
between site category and fertilizer (Supplement S3), such that
fertilizer had a stronger effect in the gravel pits than the wilder-
ness areas (Figs. 5 & 6). In the unfertilized treatment, average
height growth in the burnt wilderness sites was 94 mm, com-
pared with 33 mm in the unburnt wilderness sites and 29 mm
in the gravel pits (Fig. 5D). For all site categories, there was little
difference between applying 10 or 20 g of fertilizer per plot
(Figs. 5 & 6). On average, fertilizer boosted growth rates by
20 mm in the burnt wilderness sites, 31 mm in the unburnt wil-
derness sites, and 83 mm in the gravel pits. Thus, while fertilizer
application had a small, positive effect on growth in the wilder-
ness sites, in the gravel pits, the effect was strong enough to
increase growth to rates similar to those in the burnt wilderness
sites (Fig. 5D). Growth of fertilized plants in unburnt wilderness
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Figure 3. Weighted model average coefficients and associated 95% Cls for (A) the linear mixed effects model describing differences in initial height among site
categories. The coefficients for the burnt wilderness sites and gravel pits are relative to the unburnt wilderness sites, and (B) the binomial mixed effects models of
survival in relation to site category, fertilizer (0, 10, or 20 g per plot) treatment, and initial height, which was scaled so that effect size could be compared with
those of the other (categorical) variables. Values are relative to unfertilized plants in unburnt wilderness sites. Site was a random effect in these analyses. Effects
were considered statistically supported where the confidence interval did not include zero.

sites was only about half as fast as for the other site categories.
There was also a statistically supported interaction between site
category and initial height (Supplement S3), such that initial
height had an important, positive effect on growth in the wilder-
ness sites, but not in the gravel pits (Figs. 5 & 6).

The additional data collected for the wilderness sites showed
that, relative to transplants in plots where only one transplant
survived, transplants in plots where both survived were initially
taller and had better survival and growth (Supplement S4).
There were no differences between seedlings and cuttings, and
we could not detect an effect of soil depth.

Soil Nutrient Levels

Soils in the wilderness areas averaged 69% organic matter
(range 59-80%), compared with 13% (11-18%) in the gravel
pits. There was an almost perfect correlation between soil
organic matter and carbon concentration (r = 0.99; Supplement

S5). Soil nutrient levels differed strongly between the wilder-
ness sites and gravel pits (Table 2). As well as being higher in
carbon, soils from wilderness sites had significantly higher con-
centrations of total N, P, Ca, and S. They had significantly lower
concentrations of total Fe, Al, and Mg. There were insufficient
samples to detect significant differences in any nutrient concen-
trations between soils from recently burnt and long unburnt wil-
derness sites. With so few soil nutrient measurements, we were
unable to detect any significant correlations between the growth
of unfertilized plants and the total concentration of any nutrient.

Discussion

In this study we explored a novel idea that degraded gravel pits
can serve as fire refugia for the ancient conifer Athrotaxis
cupressoides, which is increasingly at risk from wildfire as the
climate becomes warmer and less predictable. Artificial fire
refugia may be required for this species to persist in much of
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Figure 4. Survival of Athrotaxis transplants between December 22 and April 24 in relation to initial height for the three site categories. Bars show actual data and
lines, the model predictions. Note that the model predictions for the unburnt and burnt wilderness sites are so close as to be indistinguishable here. Data were
binned into 50 mm height classes for presentation, but individual values were used in the modeling.

its current range. We were able to compare the survival and
growth of A. cupressoides in artificial fire refugia and in recently
burnt and long unburnt sites in wilderness areas by extending an
earlier trial by French et al. (2024). More broadly, our findings
invite discussion of the broader practical and theoretical issues
around restoration programs of long-lived trees.

Our study found good survival (89-97%) of A. cupressoides
transplants during the 16-month experimental period, noting
that they were all protected from herbivores. Combined with
the data of French et al. (2024), survival of caged transplants
was calculated as 51% in the wilderness areas over the 4 years
since transplanting. This indicates restoration plantings using
nursery-grown tube stock could be valuable in helping secure
the future of A. cupressoides in the wild. It is important to note
that French et al. (2024) documented the overriding importance
of herbivore protection for the success of the A. cupressoides
plantings. This was highlighted at our study site, where there
was a temporary breach of the fences at additional plantings in
nearby gravel pits; here, survival of A. cupressoides transplants
was only about 50%, compared with the 97% in the gravel pits
with intact fences (these areas were not included in our ana-
lyses). French et al. (2024) found substantial effects of fine-scale
topography, with better survival in Sphagnum-dominated and
well-drained positions than in moderately or poorly drained
ones. Our results also suggest an important effect of microsite.
Seedlings and cuttings were transplanted into the field 32 and
14 months before the fertilizer treatments were imposed at the
wilderness and gravel pit sites, respectively. Therefore, it is
likely that plants growing in favorable microsites were already
taller when fertilizer was applied and continued to grow faster,
with better survival, than those at less favorable microsites,

especially at the wilderness sites. Future work could explore this
effect of microsite on growth.

We found a substantial response of height growth to applied
fertilizer, especially in the gravel pits. The response was non-lin-
ear; there was little additional benefit in adding 20 g rather than
10 g of fertilizer. Importantly, growth was slow, even with
fertilizer. With our top rate of fertilizer, at the end of the study
(56 years after propagation in the nursery and 16 months after
fertilizer treatments were applied), heights were 275, 187, and
244 mm for the long unburnt and recently burnt wilderness areas
and the gravel pits, respectively. One field study found even
slower growth rates, with the average age of 1-m tall
A. cupressoides plants being 55 years (Ogden 1978). Therefore,
even with fertilizer, it will require decades without severe wild-
fire to reestablish self-sustaining populations, with long-term
ongoing maintenance, such as replacing tree guards and/or pro-
tecting the integrity of fencing to provide protection from
herbivores.

The difference in fertilizer response among the three site cat-
egories can be partly explained in terms of ecological succes-
sion. Plantings in the gravel pits represent primary succession;
those in wilderness areas, secondary succession, with the long
unburnt sites further along the successional gradient than the
recently burnt sites. The soils in the gravel pits were less fertile,
and there was little vegetation present to compete with the seed-
lings for resources such as water and light. Therefore, growth
rates of unfertilized plants were low, but there was a strong, pos-
itive growth response to fertilizer. By contrast, at the long
unburnt wilderness sites, the soils were more fertile, but there
was abundant cover of shrubs and grasses to compete with the
transplanted A. cupressoides (French 2024), restricting the

May 2025 Restoration Ecology

9of 14



Fire refugia for Athrotaxis cupressoides

Growth (mm)

Growth (mm)

400

300

200

100

400

300

200

100

T T T T 400 T T T T
(A) Burnt (B) Unburnt
L] Fertiliser
o o s 0
@1 300 © o 20¢
<o
4 200 - 1
]

0 100 200 300 400 0 100 200 300 400
Initial height (mm) Initial height (mm)
T T T 140 T T T
(C) Gravel pit (D)
120 E
100 E
1 80 1
60 1
40 i
i —O— Unburnt
—@— Burnt
20 —\— Gravel pit 1
1 1 1 0 1 1 1
100 200 300 400 0 10 20

Initial height (mm)

Fertiliser (g plot'1)

Figure 5. Height growth of Athrotaxis juveniles between December 2022 and April 2024 in relation to initial height and fertilizer treatment in (A) recently burnt
and (B) long unburnt wilderness areas and (C) gravel pits (mineral soils). Lines are predicted values from linear models with terms site category, fertilizer, and
initial height. (D) Average fertilizer responses for the three site categories. There were interactions between site category and fertilizer, and site category and initial
height, so models were fitted separately for each site category.

response to applied fertilizer. The recently burnt sites had less
vegetative cover than the long-unburnt wilderness sites, enhanc-
ing the growth response to fertilizer. These faster growth rates
mean that in wilderness areas it is preferable to establish restora-
tion plantings of A. cupressoides soon after wildfire.

In general, plant species with short life spans are more likely

to establish large populations than long-lived plants (Bellis
et al. 2024), such as A. cupressoides. There is also a greater need
for interventions to maintain populations of rare species like
A. cupressoides that persist in small, fragmented ecosystems
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compared with those found in large, well-connected ones
(Corlett 2016). Planting nursery-grown material to reestablish
long-lived tree populations represents a major, long-term
investment of scarce conservation resources and should involve
careful experimentation, long-term monitoring, especially of
second-generation recruitment, ongoing maintenance, and
protection from fire (Dillon et al. 2018; Silcock et al. 2019).
However, while there have been many tree restoration programs
globally (Silcock et al. 2019; Beckmann & Soorae 2022), rela-
tively few have been properly evaluated and monitored, and

Table 2. Average total concentrations (mg/g) of elements at our eight sites,
according to whether the soil was organic or mineral. The significance of the
difference between them is indicated: *** is p less than 0.001; ** is p less
than 0.01; * is p less than 0.05 and NS is not significant.

Element Organic Mineral Significance

Higher in organic soils
C 341 27 HAE
N 15.0 1.6 HAE
Ca 4.1 04 *
Mn 3.50 1.53 NS
S 1.30 0.52 HAE
P 0.9 0.5 *

Higher in mineral soils
Fe 20.3 105.9 HA
Al 13.9 84.3 ok
Mg 1.22 227 *
K 0.7 0.9 NS
Co 0.042 0.061 NS
Zn 0.040 0.106 ok
Mo 0.0005 0.0008 NS

then usually only for a short period (typically years rather than
decades) (Godefroid et al. 2011; Silcock et al. 2019; Fenu
et al. 2023).

To illustrate how well-designed restoration programs can
conserve populations of biogeographically significant and
long-lived tree species, we use two contrasting cases involving
Cupressaceae species in the United Kingdom. Juniperus com-
munis subsp. communis (lowland juniper) is the world’s most
widespread woody plant, yet it is declining across the
United Kingdom. Some populations have dwindled to such an
extent as to be functionally extinct, and it has been lost
completely from some lowland counties (Wilkins & Duck-
worth 2011). Notably, lowland juniper habitats include old
quarries, and persistence there has been attributed to factors such
as abundant bare ground offering protection from fire and mini-
mal grazing. To save England’s lowland juniper, a project has
been implemented that includes establishing an ex situ seed
bank, seed collection, and propagation from cuttings to allow
reintroductions and reinforce isolated and edge of range popula-
tions (Wilkins & Duckworth 2011). A very different case is that
of J. communis subsp. hemisphaerica, which is native to Sicily,
but occurred in several very small populations in Cornwall,
probably from accidental introductions centuries ago
(Griffiths & McClenaghan 2010). Over the last 150 years, all
except one of these populations have disappeared, likely as a
result of fire and grazing. Seeds from the remaining population
have low viability, and there is no current natural regeneration.
A small planting established in 1982 was destroyed by acciden-
tal fire soon after. More recently, about 200 plants were grown
from cuttings and seeds and planted near the existing wild pop-
ulation to establish a new colony (Trelonk Wellbeing 2021).
These programs underscore that careful design, substantial
investment of resources, and ongoing monitoring and mainte-
nance, including protection from wildfire, are essential for
effective conservation of biogeographically significant conifers.
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An important dimension of these programs is that they are
seeking to preserve a species, not restore a specific ecosystem.
We suggest such a pragmatic ‘“conservation gardening”
(Hobbs 2007) approach is warranted for A. cupressoides given
its globally significant deep evolutionary roots, restricted
distribution, and esthetic and cultural importance of these iconic
long-lived Gondwanan trees that can be aptly described as
“living fossils” (Jordan et al. 2016; DCCEEW 2024).

Our findings demonstrate the capacity to reclaim gravel pits
by creating localized populations of a vulnerable endemic
Tasmanian conifer species. These denuded gravel pits can be
re-imagined as fire refugia. Restoring fire-damaged populations
of A. cupressoides in wilderness areas using nursery-grown
plants is a viable in situ conservation approach, particularly if
implemented soon after burning. However, the creation of new
A. cupressoides populations in artificial fire refugia has advan-
tages from a species conservation perspective, not only because
of the reduced fire risk but also because of accessibility for plant-
ing, fencing, and ongoing monitoring and management, includ-
ing firefighting. As the climate continues to warm, future
management may include irrigation to sustain the planting and
reduce fire risk.
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