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New Caledonia is a global biodiversity hotspot and an epicentre for Gondwanan conifers, many of which are
threatened by mining and by altered fire regimes. We studied the distribution, abundance and demography of
the endangered Callitris sulcata. The largest populations are restricted to one river system in the south-east of
the island, with satellite populations in adjoining rivers. The local distribution is controlled by the fire protection
afforded by terrain features such as scree slopes, creeklines and small cliffs. Adult trees, which have comparatively
thick bark, are able to tolerate and recover from infrequent surface fires, but severe fires kill trees and the seeds
they store, a pattern similar to that in many Australian Callitris species. Radiocarbon dating revealed the species
is slower growing than Australian Callitris species, possibly due to the extreme infertility of the ultramafic soils.
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1. Introduction

New Caledonia, an archipelago located 1300 km east of Australia, is a
biodiversity hotspot (Myers et al., 2000; Mittermeier et al., 2004). It
contains 3371 indigenous vascular species, of which 74.7% are endemic,
one of the highest endemism rates in the world (Morat et al., 2012).
New Caledonia is renowned for its rich endemic conifer flora, with 45
species in the families Taxaceae, Podocarpaceae, Araucariaceae and
Cupressaceae (Morat et al., 2012). The New Caledonian Cupressaceae
include two species of Callitris (Callitris sulcata & Callitris neocaledonica)
and the closely allied Neocallitropsis pancheri, the only extra-Australian
members of the otherwise endemic Australian clade. The genus includes
some remarkably drought resilient trees (Jaffré, 1995; Piggin and Bruhl,
2010; Brodribb et al., 2014). The New Caledonian Callitris species are of
special importance to understanding the radiation of Gondwanan
conifers in general and the Callitris clade in particular, as well as the
evolution of drought tolerance.
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The origin of the New Caledonian flora is hotly debated. The diversity
of the current fauna and flora has been attributed to adaptive radiation
following long distance dispersal and vicariant speciation by species
originating from Australia, Melanesia and New Zealand (Murienne
et al., 2005; Smith et al., 2007; Pascal et al., 2008; Grandcolas et al.,
2008; Morat et al., 2012). This widely accepted view is based on the
assumption that all terrestrial life on New Caledonia was eliminated
between submersion of the landmass in the Paleocene (66-56 Ma ago),
and re-emergence during the Oligocene, 35-40 Ma ago (Grandcolas
et al., 2008; Richer de Forges and Pascal, 2008). However, some
researchers posit that the species assemblage is truly relictual, evolving
from meta-populations on transient islands that persisted during the
tectonic upheavals of this micro-continental fragment of Gondwana
(Ladiges and Cantrill, 2007; Heads, 2010). Humans colonised New
Caledonia 3350 years ago, causing the loss of more than half its natural
vegetation, and extinction of many vertebrates due to overhunting,
landscape burning and shifting agriculture (Jaffré et al., 1998; Sand
et al., 2005; White et al., 2010). Anthropogenic impacts intensified
following European colonisation in the 19th century, resulting in land
clearance for agriculture and mining. New Caledonia is currently one of
the biggest nickel producers in the world, and this economic develop-
ment has been accompanied by further habitat loss and fragmentation
(Kettle et al., 2007; Pascal et al., 2008; Jaffré et al., 2010), wildfire


http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2015.06.012&domain=pdf
http://dx.doi.org/10.1016/j.biocon.2015.06.012
mailto:haverkampcedric@hotmail.fr
mailto:lynda.prior@utas.edu.au
mailto:fogliani@iac.nc
mailto:lhuillier@iac.nc
mailto:anquezmarion24@gmail.com
mailto:qhx@ansto.gov.au
mailto:david.bowman@utas.edu.au
http://dx.doi.org/10.1016/j.biocon.2015.06.012
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/bioc

C. Haverkamp et al. / Biological Conservation 191 (2015) 130-138 131

(McCoy et al, 1999; Ibanez et al,., 2013a), urbanization and human popu-
lation growth, and the introduction of invasive species (Gargominy et al.,
1996; Meyer et al., 2006; Pascal et al., 2006), which all act synergistically
to threaten the endemic flora and fauna.

C. sulcata is an exemplar of the issues that surround the conservation
of the New Caledonia endemic flora. This species is restricted to about
226 km? of the South Province of New Caledonia. Its distribution is
centred on the Mt Humboldt massif, between 15 and 300 m above sea
level (Laubenfels, 1972; Jaffré, 1995) and has been estimated to cover
a total area of 20 km? (IUCN Red List, Thomas, 2010). Like most New
Caledonian conifers, C. sulcata grows on soils derived from ultramafic
rock, which are characterised by deficiencies in nitrogen, phosphorus,
potassium and calcium, and can have excessive amounts of magnesium,
nickel and manganese (Jaffré, 1995). Growth rates and recruitment are
thought to be very slow, although there are no data on the demography
of C. sulcata, and little is known of its ecology, distribution and response
to fire. It is threatened by mining activity, increasingly frequent
wildfires and timber harvesting (Cabalion et al., 2003; Jaffré et al.,
2010; Haverkamp, 2012). C. sulcata is currently listed by the IUCN as
endangered (Thomas, 2010), but it has been suggested that its status
should be upgraded to critically endangered (Cabalion et al., 2003;
Haverkamp et al., 2013). Although C. sulcata is a protected species, and
hence it is now illegal to collect any part of the plant according to the
South Province environmental code, it is not currently represented in
New Caledonia's network of protected areas (Jaffré et al., 2010).

Known as Comboui Fir-tree or “Nié” in Xaraguré (Borendi district
vernacular language), C. sulcata is esteemed by the local population as
much for its totemic value as its exceptional qualities in traditional
and ceremonial building (Haverkamp et al., 2013). Indeed, C. sulcata is
exceptionally durable (Compton, 1922) and because of the essential
oils it contains (Hnawia et al., 2008) it is resistant to decay, termites
and fungal attack (Cabalion et al., 2003). Traditionally, the Borendi
district tribes closely regulated the harvest of C. sulcata trees, but illegal
harvesting has recently occurred (Haverkamp et al., 2013). A tripartite
partnership was established between the local Thio Council, Noé
Conservation and the New Caledonian Agronomic Institute (IAC) to
undertake an action plan to improve the management and conservation
of C. sulcata by increasing knowledge about the ecology and biology of
the species, as well as a socio-anthropologic study. Here, we present
the results of a study originating from the action plan, which focused
on the distribution and demography of C. sulcata, and aimed to quantify
the threats to its populations. Specifically, we aimed to determine the
current distribution of the species, analyse stand structures and relate
these to past logging and fire activity, and investigate the reproductive
biology of the species to understand the capacity of the species to recov-
er from fire disturbance. We contextualised the biology and ecology of
C. sulcata by comparing it with some of the better-studied Australian
Callitris species, some of which are threatened by changed fire regimes.
Finally, we discuss the findings of our study in relation to the conserva-
tion and management of this endangered conifer.

2. Material and methods
2.1. Distribution

C. sulcata is known to occur along the Comboui, Dumbéa and
Tontouta Rivers and their tributaries, so detailed mapping of C. sulcata
populations was undertaken along these rivers, and along the nearby
Ngoi and Néfacia Rivers, where indigenous testimony had indicated
that some individuals were present. Our mapping combined field
checking with binoculars from a helicopter in river valleys surrounding
the known distribution, and a foot traverse of the lower 6 km of the
Comboui River (Fig. 1; Appendix Aa and b). We used a polygon drawn
in a GIS to estimate stand area. All C. sulcata populations were mapped
(1:50 000) according to three density classes: high density, where
C. sulcata dominated forest stands; medium density for mixed stands of

C. sulcata and other species; and low density for stands with scattered
C. sulcata trees. Corresponding densities of trees with diameter at breast
height (DBH) 25 cm were: > 300, 150 to 300 and <150 trees ha™'
respectively for high, medium and low densities respectively.

2.2. Stand structure

The region where C. sulcata occurs is remote, rugged and largely
inaccessible, so we restricted demographic analyses to the lower
Comboui River. Because wildfire is known to be a threat to C. sulcata
populations, we selected stands with three fire histories: (i) Unburnt —
no evidence of fire, i.e., no visible fire scars to the lower trunk; (ii) Old
burnt — evidence of fire scars on weathered wood, with no visible new
fire scars on trunk; (iii) Recently burnt by a wildfire (in 2011). We record-
ed in 2012 stand structure data from 20 m x 20 m, plots. The plots were
representative of the target population and centred on a large tree so as to
capture as many seedlings and juveniles as possible. Five plots were
established in unburnt stands, and four plots each in old burnt and
recently burnt stands (a total of 13 plots). Aspect, elevation, slope,
presence of boulders and stand density were recorded for each plot
(Appendix B).

All C. sulcata individuals, including dead trees and cut stumps, which
persist for many years given the durable timber, were identified in each
plot. Height was measured for all plants, and DBH for those >1.5 m tall,
which were considered ‘trees’. ‘Seedlings’ had germinated in the current
year and could be distinguished by the presence of cotyledons and a
pale green main stem (Appendix Ac). ‘Juveniles’ were defined as plants
that germinated before the current year but with only juvenile foliage,
and ‘saplings’ were plants < 1.5 m tall but with some adult foliage
(Appendix Ad). ‘Small mature trees’ were >1.5 m tall and with a
DBH < 5 cm. ‘Medium mature trees’ were classed as those between 5
and 20 cm DBH, and ‘large mature trees’ were those >20 cm DBH
(Appendix Ae). Presence of male or female cones, fire scars, and % of
crown burnt were also recorded.

2.3. Bark thickness

Because bark thickness is a key determinant of a tree's resistance to
surface fires (Lawes et al., 2011), it was measured with a bark thickness
gauge at three points in each of 31 C. sulcata trees growing at one site
along the Dumbéa River (Fig. 1). The measured trees ranged from
2-51 cm diameter at 10-30 cm height for saplings and 1.3 m (breast
height) for trees.

24. Tree ages and growth rates

Stem sections were collected from seven stumps that were illegally
felled in 2011, for growth ring analysis and accelerator mass spectrom-
etry (AMS) 'C dating. Sections were sanded with sandpaper, and then
sections were scanned and growth rings counted and measured using
WinDendro (Regent Instruments Inc., Quebec City, Canada). Because
sections are not perfectly circular, rings were counted and measured
along 3-7 radii, according to size (Appendix C), and the maximum num-
ber of rings was recorded (Waring and O'Hara, 2006). The C. sulcata
growth rings were exceptionally narrow. A sample of wood from the
pith of Tree 46 and five samples of wood from along a growth radius
of Tree 66 were used for radiocarbon analysis (Appendix C). It is impor-
tant to note that these wood samples were small (<3 mm width) but
unavoidably included several growth rings. The wood samples were
pre-treated to extract alpha-cellulose using the method described in
Hua et al. (2004). Alpha-cellulose was then combusted to CO, and
reduced to graphite (Hua et al.,, 2001) for '*C analyses using the STAR
accelerator mass spectrometry (AMS) facility at the Australian Nuclear
Science and Technology Organisation (ANSTO; Fink et al., 2004).

Age calibration was performed using OxCal 4.2 (Bronk Ramsey,
2009) with bomb radiocarbon data for the Southern Hemisphere Zone
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Fig. 1. Maps showing distribution of C. sulcata populations along the Tontouta, Domboui and Dumbéa Rivers. Rivers are shown in blue and dashed lines are minor roads. The location of

sampling for bark thickness is also shown.

1-2 (Hua et al., 2013) extended back in time using SHCal13 data (Hogg
et al,, 2013). We employed the “Simple Sequence” deposition model of
the OxCal calibration programme (Bronk Ramsey, 2008) for chronolog-
ical reconstruction of Tree 66 using the chronological ordering
constraint (outer samples are younger than inner samples). The same

calibration data, used for unmodelled calendar ages, were also used
for modelled calendar ages.

Growth rates of Trees 46 and 66 were calculated from section radii
(under bark) using (1) the mean AMS '*C dates, and (2) assuming
annual growth rings (see discussion in Section 3.5). Growth rates,
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assuming annual growth rings, were also calculated for each of the
seven trees subjected to ring counts.

2.5. Seed germination

We collected more than 1000 seeds during several periods (from
July 2012 to May 2013) from natural populations to test whether seed
viability and/or germination is a major constraint on regeneration. To
assess seed viability, seeds were germinated under favourable laborato-
ry conditions, using two light and temperature regimes: (i) continuous
light and 25 °C (7 petri dishes of 25 seeds each) and (ii) cycles of 12 h
dark at 20 °C/12 h light at 30 °C (4 petri dishes of 25 seeds each). Germi-
nation was monitored every 2-6 days for a total of 100 days.

2.6. Statistical analyses

All analyses were performed using the software package R (R Core
team, 2014). Model selection was based on AlCc, a form of Akaike's
information criterion modified for small sample size (Burnham and
Anderson, 2002). Counts of seedlings, juveniles, saplings, medium ma-
ture trees, large mature trees, dead trees, cut stumps and the percentage
of dead trees in each plot were all over-dispersed, so we used negative
binomial models in the package MASS (Venables and Ripley, 2002).
For each response variable, the model containing fire history was
compared to the one without.

There were too few trees to meaningfully analyse stand structures at
an individual plot level, so stand structures on a regional scale were
compared among the fire histories by binning counts of live trees into
10-cm diameter bins, up to the largest diameter class for that fire
history. The data were over-dispersed so we used negative binomial
modelling in the package glmmADMB (Skaug et al., 2014). Plot was
used as a random effect to account for the spatial correlation in the
data. Preliminary modelling showed that the slopes of the log(count)
vs diameter relationship varied among fire histories, so we fitted a
separate log(count) vs diameter model for each fire history to
test conformity to the negative exponential distribution (Prior et al.,
2011).

The proportion of dead trees was modelled as a function of fire his-
tory and tree size, with plot as a random effect. The binomial generalised
linear model including the interaction was compared to the one without
the interaction, using the package Ime4 (Bates et al., 2014). Similarly,
the proportion of trees with male cones was modelled as a function of
tree size using a binomial model. This model was compared to the
corresponding null model.

3. Results
3.1. Distribution

Our study confirmed the occurrence of C. sulcata in the Comboui,
Dumbéa and Tontouta Valleys, but failed to detect additional populations
along the Ngoi and Néfacia Rivers. All populations are below 300 m eleva-
tion, The main population, totaling 509 ha, is along the Comboui River.
There are many high density stands along non-permanent tributaries,
as well as along the Comboui River itself. Some stands are isolated, with
one small stand located 3.5 km upstream of its nearest neighbour at
between 220 m and 300 m elevation.

We found that C. sulcata currently occupies a total area of 992 ha,
much less than the previous IUCN estimate (Thomas, 2010). High,
medium and low density stands occupy 154, 380 and 458 ha respective-
ly. In the Comboui Valley, there are 134 ha of high density stands, 94 ha
of medium density stands, and low density stands occupy 281 ha,
mainly lower down the valley.

3.2. Demography and the effects of fire

Stand structures of the unburnt and old burnt fire histories approx-
imately conformed to negative exponential distributions (Fig. 2), which
explained 39% and 45% respectively of the deviance in the data. The
recently burnt site clearly did not conform to this distribution (2%
deviance explained) due to a paucity of small live trees (Fig. 2), which
were presumably killed by the recent fire.

Fire history affected the numbers of seedlings, juveniles and saplings
(Table 1), demonstrated by w; for the fire history model of 0.94, 1.00
and 1.00 respectively. There were many more seedlings in the recently
burnt plots than in the old burnt or unburnt plots (1925 ha™ ! compared
with 125 and 50 ha~! respectively) (Table 1). The pattern was very
different for juveniles, where numbers were highest in old burnt plots,
intermediate in unburnt and lowest in recently burnt plots
(13,025 ha™ ! compared with 1575 and 12.5 ha™ ! respectively). Simi-
larly, sapling numbers were higher in old burnt and lower in unburnt
plots (800 compared with 275 ha™!), and none were found in recently
burnt plots. Collectively, these results indicate C. sulcata shows weak
pulse recruitment following fire disturbance.

400 T T T - .
\b \b Unburnt

800 |- 143y 561y .

200 — B

100 - b

400 H,Iﬂ,lﬂ,l"', —

Old burnt
300 -

200 —

Density (ha™)

100 -
400 : IH = il
Recently burnt

300 — B

200 b

100 |- B

OJ ‘IH‘I.—.‘-H‘- -

0 10 20 30 40 50 60 70 80

Diameter (cm)

Fig. 2. Density of live trees (black bars) and dead trees (grey bars) as a function of diame-
ter. Trees were binned into 10-cm diameter classes. The numbers of live trees in the un-
burnt and old burnt fire histories conformed approximately to a negative exponential
distribution, shown by the solid lines. AMS dates corresponding to the diameters of the
two analysed (unburnt) trees are shown by the arrows.
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Table 1
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Counts per plot of live seedlings, juveniles, saplings, and small, medium and large mature trees, and dead mature trees, by fire history and plot. ‘Trees’ were considered to be individuals
>1.5 m tall. Percent dead trees are the percent (dead/live mature trees), and did not include cut stumps. Plots were 400 m?. The Akaike weight (w;) of the model containing fire history,
which indicates the statistical support for this model relative to the null model, is also listed; values > 0.73 show strong support. Thus there was strong statistical support for an effect of fire

history on densities of seedlings, juveniles and saplings and the percentage of dead trees.

Plot Seedlings Juveniles Saplings Small mature trees Medium mature trees Large mature trees Live mature trees — total Dead trees Cut stumps % dead trees
Unburnt

Plot 1 0 65 3 3 2 1 6 0 1 0
Plot 3 1 24 4 0 3 3 6 1 0 14
Plot 4 1 9 3 8 7 6 21 1 5 5
Plot 11 4 136 32 16 16 8 40 4 0 9
Plot 12 3 82 11 9 16 3 28 5 4 15
Mean 1.8 63 10.6 7.2 8.8 4.2 20.2 2.2 2.0 9
SE 0.7 22 5.6 2.7 3.1 12 6.5 1.0 1.0 3
Old burnt

Plot 8 4 479 38 3 10 1 14 2 0 13
Plot 9 14 307 39 13 18 1 32 9 1 22
Plot 10 0 633 26 6 7 4 17 14 1 45
Plot 13 1 665 23 6 6 0 12 8 0 40
Mean 4.8 521 315 7 10.2 15 18.8 8.2 0.5 30
SE 3.2 82 4.1 2.1 2.7 0.9 45 2.5 0.3 8
Recently burnt

Plot 2 26 1 0 0 0 2 2 6 0 75
Plot 5 1 0 0 0 1 0 1 5 0 83
Plot6 106 1 0 0 0 4 4 9 7 69
Plot7 176 0 0 3 11 0 14 51 3 78
Mean 77.2 0.5 0 0.8 3 1.5 52 17.8 2.5 77
SE 39.8 03 0.0 0.8 2.7 1.0 3.0 111 1.7 3
Wi 0.94 1.00 1.00 0.47 0.10 0.14 0.35 0.38 0.06 0.99

Recently burnt plots had fewer live mature trees, and more dead
mature trees, than the other fire histories (Table 1). These differences
in counts of live and dead trees were not statistically important, but
there was a statistically supported effect of fire history on the percent-
age of dead trees in each plot (Table 1). The percentage of dead trees
(>1.5 m tall) was highest in the recently burnt plots: 77%, compared
with 30% in the old burnt plots and 9% in the unburnt plots (Table 1).
This was even more pronounced for small trees: 90% of trees <10 cm
DBH were dead in the recently burnt plots, compared with 26% in the
old burnt plots and 2% in the unburnt plots (Table 1; Appendix D).
Indeed, the binomial models analysing the proportion of individual
trees that were dead showed strong support for both a fire history effect
and a tree size by fire history interaction (Appendix D).

Assuming the difference in the percentage of dead trees in recently
burnt plots compared with unburnt plots was due to fire, this equates
to an overall mortality due to fire of 67%, or 48 trees in the recently
burnt plots, and 21% or 7 trees in the old burnt plots. By comparison
with these estimated 55 trees killed by fire, there was a total of 22 cut
stumps in these burnt and unburnt sample plots as a consequence of
illegal logging in 2011 (Table 1). Thus in our plots, which were relatively
accessible by road, there was evidence of more trees killed by fires than
by logging.

3.3. Bark thickness

Bark thickness increased with tree diameter to a maximum at DBH
of about 15 cm (Fig. 3). Average bark thickness for trees > 15 cm DBH
was 10 mm.

3.4. Reproductive biology

C. sulcata is monoecious, and female cones require more than one
year to mature. Female cones were present on all except 3 of the 168
mature trees (Fig. 4); thus analyses were not performed on these data.
By contrast, 51 trees lacked male cones. There was a strong relationship
between tree size and presence of male cones (w; for this model =
1.00), with trees less than 5 cm DBH having <50% chance of bearing
male cones (Fig. 4).

Germination tests confirm that the populations produce viable
seeds, but with high variability among batches. Overall germination of
all seed collected was 11% (120 of 1095 seeds germinated). The highest
germination was recorded for the batch collected in February (23% in
the continuous light/25 °C treatment, and 17% in the dark/light,
20-30 °Ctreatment: the difference between the two germination condi-
tions was not significant (Appendix E)).

3.5. Growth rates and tree ages

The '“C results indicate that the large cut tree (Tree 46; 51 cm
diameter) started growing in AD 1450 + 14 (10), and was therefore
561 + 14 years old when cut. This "*C-based age is slightly higher
than the maximum ring count of this tree (500 rings), giving an estimated
average of 0.89 rings produced per year. The smaller Tree 66 (21 cm
diameter) started growing in AD 1868 4= 40 (10) and its growth spans
143 + 40 (10) years (Appendix C). This '“C-based age overlaps with
the ring count of this tree (172 rings) within 10 uncertainty associated
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Fig. 3. Relationship between bark thickness and tree diameter at sampling height.
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Fig. 4. Percentages of trees with female cones (black bars) and male cones (grey bars) by
tree diameter. Trees are binned into 10-cm diameter classes for presentation.

with the '“C measurement, giving an estimated average of 1.20 rings pro-
duced per year (range 0.94-1.67 rings per year within 10 uncertainty).
Combining results from both trees suggests that on average, ring
production is close to annual.

Based on the *C dates, the diameter growth rates of Tree 46 and
Tree 66 averaged 0.90 and 1.49 mm y~', respectively. Alternatively,
assuming annual growth rings yields values of 1.01 and 1.24 mmy ™!,
respectively. Ring counts of the seven illegally cut stumps (including
Trees 46 and 66) ranged from 90 to 500 years, and diameters ranged
from 11 to 51 cm. Based on these ring counts, and assuming annual
growth rings, mean diameter growth was 0.97 + 0.15 mm y '
(£S.E.). The largest tree we recorded was in an unburnt plot and had
a DBH of 79.5 cm. This would correspond to an age for this largest tree
of 821 years, assuming the overall average growth rate of 0.97 mmy

4. Discussion

C. sulcata is a highly restricted, slow growing conifer that shares
many similarities with Australian Callitris species. It is currently under-
going range contraction and population declines. The primary threaten-
ing process is canopy-defoliating fire, although the species has the
capacity to tolerate surface fires and regenerate following infrequent
fire events. Other endemic conifers in New Caledonia face the same
threats, as outlined below.

4.1. Distribution

We found that C. sulcata occupied 9.92 km?, which is about half the
20 km? cited by the IUCN Red List (Thomas, 2010). Thus the species
could be more vulnerable than previously thought, warranting a
re-assessment of its conservation status. While we cannot rule out the
possibility that relictual populations exist in a few inaccessible valleys
(Grignon et al., 2006), these are very likely to be small. The largest
population of C. sulcata was found on the Comboui River, but within
this area its presence and density are apparently highly variable and
topographically related. It is most abundant, and is the dominant tree
species, on steep slopes, where there are many fallen rocks and long
periods of shade during the day, and along non-permanent creeks,
where rocks provide some protection from insolation and fire. These
patterns are similar to the landscape positions of many Australian
Callitris species, which are strongly correlated with topographic protec-
tion from wildfire (Stocker, 1966; Bowman and Wightman, 1985;
Bowman et al., 1988; Harris and Kirkpatrick, 1991; Bowman and Latz,
1993; Hahs et al, 1999; Prior et al, 2010, 2011). Extensive mining and
associated roads have rendered some of these redoubts, particularly

—1

on the western side of the island, vulnerable to fire. It is possible that
the species was more widespread prior to human colonisation, but
was subsequently eliminated from all but the remote valleys in the
infertile south of the island. This biogeographic hypothesis could be
tested by undertaking genetic analyses of the populations, as has been
done for the Callitris glaucophylla complex across Australia (Sakaguchi
etal, 2013).

4.2. Stand structure and fire impact

At the regional scale, stand structures of both the unburnt and old
burnt areas conformed to a negative exponential distribution, consis-
tent with frequent recruitment and reasonably constant mortality and
growth rates (Rubin et al., 2006; Prior et al., 2011). This is consistent
with C. sulcata being a light demanding species that can tolerate moder-
ate shade in the juvenile stage (Jaffré, 1995). Frequent recruitment has
also been demonstrated for several Australian Callitris species growing
in the absence of major disturbance (Clayton-Greene and Ashton,
1990; Harris and Kirkpatrick, 1991; Bowman et al, 1988; Prior et al.,
2011). By contrast, there was a clear deficit of live small trees in the
recently burnt plots. The high proportion of dead trees, especially in
the small size classes, recorded in the recently burnt plots is strong
evidence for fire being a major cause of mortality for C. sulcata. This is
also the case for many Australian Callitris species (Bowman and
Panton, 1993; Bradstock and Cohn, 2002; O'Donnell et al., 2010; Prior
etal, 2010; Cohn et al,, 2011).

The radiocarbon dating showed that C. sulcata trees can live for
many hundreds of years, and suggests that the largest trees could be
over 800 years old. It also demonstrated that these trees grow very
slowly, in the order 0.9 to 1.5 mm y~ !, which is about half the rate
found in an Australian Callitris species growing at the most arid extreme
of its range (Bowman et al., 2011). Such slow growth is presumably a
result of the ultramafic soils on which it grows (Jaffré, 1995). Diameter
growth rates of 0.5 to 2.5 (mean 1.6) mmy ™~ ! have been reported for 15
rainforest species growing on ultramafic soils in New Caledonia (Read
et al., 2011) and growth rates of 0.2to 0.4 mm y~ !, among the slowest
for any tree species, have been recorded for Araucaria muelleri and
Araucaria laubenfelsii, two other New Caledonian conifers that grow
on ultramafic soils (Rigg et al., 2010; Enright et al., 2014). The presence
of large, fire-sensitive and slow-growing trees suggests that past fire
events must have been very infrequent, as indicated by the palynologi-
cal evidence (Stevenson and Hope, 2005). Fire free intervals of at least
200 years would be required to allow C. sulcata trees to grow to 30 cm
diameter. Clearly, contemporary disturbances such as logging or fire
will have long lasting effects on population structures, given that
recovery will be very slow.

The presence of female cones on almost all trees, and reasonably
high seed viability, suggest that availability of fertile seed is not a
major constraint on C. sulcata wild populations. This contrasts to the
very low proportion (~5%) of fertile seed for C. sulcata reported by
Ladd et al. (2013), who suggested this may have been because it was
collected from an isolated, and hence self pollinating, tree in an arbore-
tum. However, we cannot rule out seed supply as a constraint on
C. sulcata populations given that even viable seed can be inbred,
compromising survival of seedlings under field conditions that are far
harsher than those in laboratory assessments of seed viability (Kettle
et al., 2008).

4.3. Fire recovery and regeneration strategies

C. sulcata does not have aerial (serotiny) nor soil seedbanks but can
tolerate surface fires that do not completely defoliate the canopy and
destroy mature cones. For instance, we observed that trees that were
completely scorched died, and no seedlings germinated beneath them
(Table 1). We know from previous studies in the genus that the buds
are killed by fire and that the damage is permanent, and if the trees
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are entirely defoliated they are killed (Bowman et al., 2014). In the other
recently burnt plots, some trees that escaped complete canopy scorch
survived, and many more seedlings established. Even a juvenile 15 cm
high survived after its foliage was only partially scorched. Our measure-
ments suggest that while the recent fire killed most juveniles and
saplings, it stimulated the germination of new seedlings. This is consis-
tent with earlier fires stimulating a pulse of regeneration in the old
burnt plots, evident in relatively high numbers of juveniles and saplings
in these plots. In the unburnt plots, current year seedling densities were
very low, but there were moderate densities of juveniles and saplings,
demonstrating that fire is not necessary for seed germination. However,
any new seedlings stimulated by fire are extremely vulnerable to
subsequent fires.

No Australian Callitris species have soil seedbanks, and they range
from serotinous obligate seeders dependent on fire for seedling estab-
lishment (Callitris verrucosa (Bradstock and Cohn, 2002) and Callitris
preissii (O'Donnell et al., 2010)) to non-serotinous species with estab-
lishment controlled by periods of good rainfall coinciding with release
of viable seed, often produced in mast cycles (C. glaucophylla and
Callitris intratropica; Stocker, 1966; Read, 1995; Lawes et al., 2013). Se-
lection pressure by crown fire regimes may have given rise to serotiny
in the Callitris clade (Ladd et al., 2013) because they are extremely vul-
nerable to canopy defoliation by fire, given a very limited epicormic re-
sponse. Many Australian species, however, have highly insulating bark
that protects the cambium from high temperatures (Lawes et al.,
2011; Bowman et al.,, 2014), consistent with adaptation to surface fire
regime (Keeley, 2012). Although a previous study reported that
C. sulcata has thin bark, which renders it vulnerable to fire (Ladd et al.,
2013), we found that bark thickness of C. sulcata trees reached a plateau
of 10 mm at a diameter of around 15 cm. Although this is substantially
thinner than bark of C. intratropica trees (15 mm for trees with mean
DBH of 21 ¢cm), which grow in north Australian savannas subject to
frequent surface fires (Bowman et al., 2014), it is thicker than that of
Callitris macleayana (4.4 mm for trees with mean DBH of 20 cm),
which grows in infrequently burnt Queensland rainforest (Lawes
et al,, 2011). It is therefore possible C. sulcata has evolved to tolerate
infrequent surface fires.

In summary, C. sulcata's fire regeneration strategies most resemble
those of the Australian species Callitris rhomboidea because: (a) its
establishment appears to be promoted by fire, but is not reliant on it
(Harris and Kirkpatrick, 1991), (b) both species have sufficiently thick
bark for many adults to survive ground fires, and yet (c) they both are
vulnerable to population collapse following crown fires because of the
lack of aerial seedbanks (serotiny) (Ladd et al., 2013).

4.4. Management implications

The Callitris clade presents an interesting counterpoint to northern
hemisphere conifers, and particularly Pinus species, which have better
developed fire tolerating mechanisms (branch shedding, thick bark,
basal sprouting and serotiny) (Kershaw and McGlone, 1995; Gauthier
et al., 1996; Schwilk and Ackerley, 2001; Ne'eman et al., 2004; He
et al., 2012). Despite tolerating seasonal dryness and soil infertility
(Brodribb et al., 2014), environmental factors which are often associat-
ed with flammable foliage (Bowman et al., 2014), the limited develop-
ment of fire recovery traits may reflect the low frequency of ignitions
prior to prehistoric and historic human colonisation. There was very
little landscape fire in New Caledonia in the 47,000 years prior to the
arrival of humans 3000 years ago (Stevenson and Hope, 2005). This
has rendered the New Caledonian vegetation, including C. sulcata,
particularly vulnerable to frequent and extensive burning by human
colonists (McCoy et al., 1999; Perry and Enright, 2002; Ibanez et al.,
2013a). The increased incidence and severity of fire following
European colonisation poses a major threat to many of New Caledonia's
endangered species (Bouchet et al., 1995; Pascal et al., 2008; Jaffré et al.,
2010; Wulff et al., 2013). Indeed, Jaffré et al. (1998) consider fire to be

the most important threat to the survival of the biota of New Caledonia.
Species on ultramafic substrates are particularly vulnerable because
numerous tracks and activity associated with mining and forestry
have led to repeated wildfires, and forest cover has been reduced to
less than 20% of its original extent (Jaffré et al., 2010). Forty-one endem-
ic conifer species occur on ultramafic substrates, and 17 species (includ-
ing C. sulcata) occur in the maquis (Jaffré et al., 2010), which is
especially fire-prone (Perry and Enright, 2002). However, the dense
forests that host many iconic Araucaria and Podocarp species are also
susceptible to fire during drought (Ibanez et al., 2013b), which could
become increasingly frequent and severe with climate change (IPCC,
2001).

Fire regimes prior to European colonisation allowed C. sulcata to
persist in its current range, although it is unclear whether the first
wave of human colonisation caused ranged contractions to the remote
valleys and fire-protected landscape settings that form the current
domain of the species. The apparent loss of C. sulcata trees from the
Néfacia and Ngoi rivers suggests that since European colonisation, fire
regimes have become more hostile for the species. The continuing
decline of C. sulcata demonstrates that legal protection on its own is
not sufficient to maintain populations of threatened plants in New
Caledonia. Our findings support the contention that fire is the most
important threat to C sulcata, given we estimated there were 2.5
times as many trees killed by fire than were logged in our sample
plots, which were relatively close to roads and therefore especially
vulnerable to harvest. Importantly, both fire and logging are facilitated
by road access, so effective protection of C. sulcata can be best achieved
by ensuring some populations remain in remote and inaccessible loca-
tions rarely visited by people. In more accessible locations, construction
of fire-breaks, suppression of wildfire and reseeding or replanting burnt
areas could also help maintain populations (Jaffré et al., 1998). Finally,
while our findings suggest that the current extent of illegal logging is
less threatening than fires to C. sulcata populations, it is important to
minimise any additional pressures, such as logging, on the species,
given its extremely slow growth rates.
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