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INTRODUCTION

Catastrophic wildfire events, such as the 2019-2020 megafires that af-
fected most of eastern Australia, are predicted to become more frequent
and severe due to climate change (Dowdy et al., 2019). Wildfire is a com-
mon disturbance in Australian ecosystems, yet the responses and recov-
ery potential of Australian vegetation after frequent intense wildfires is still

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Austral Ecology published by John Wiley & Sons Australia, Ltd on behalf of Ecological Society of Australia.

Austral Ecology. 2024;49:e13514. wileyonlinelibrary.com/journal/aec | 10f 18
https://doi.org/10.1111/aec.13514


https://doi.org/10.1111/aec.13514
www.wileyonlinelibrary.com/journal/aec
mailto:
https://orcid.org/0000-0003-0645-8277
https://www.twitter.com/ManuSaunders
https://orcid.org/0000-0001-8140-539X
http://creativecommons.org/licenses/by-nc/4.0/
mailto:manu.saunders@une.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1111%2Faec.13514&domain=pdf&date_stamp=2024-04-01

20f 18 | =)

SAUNDERS ET AL.

poorly understood (Gallagher et al., 2021; Godfree et al., 2021). Estimates
of recovery potential are often based on trait-based assumptions from
closely related species or historical data, but are not always accurate
across the range of a species (Vivian et al., 2010). The extent of the 2019—
2020 megafires was unprecedented in contemporary Australian fire history
and affected numerous ecosystems of fire-sensitive vegetation that may
not fully recover (Collins et al., 2021; Gallagher et al., 2021). Studies that
quantified the effects of the catastrophic wildfire event on vegetation and
plant taxa, including threatened species, used large-scale spatial map-
ping of known distributions correlated with burned areas (Auld et al., 2020;
Gallagher et al., 2021; Godfree et al., 2021). This approach is important as
a priority method to guide policy responses, but can be more effective for
conservation strategies when combined with on-ground surveys to deter-
mine post-wildfire local conditions, distributions and species interactions
for populations of target plant species.

Rapid post-fire surveys to ascertain survival and demographic metrics
of rare plant species become increasingly important when delivering re-
covery strategies in response to extreme disturbance events. Lack of bi-
ological knowledge, particularly understanding of distribution, life history,
ecology and habitat requirements, is a major challenge for threatened
plant conservation in Australia (Broadhurst & Coates, 2017). This defi-
ciency of basic knowledge hampers our ability to focus attention on the
best avenues for monitoring and recovery. In addition, it can mean that
more well-studied species, for which immediate threats are known and
for which recovery plans are published, are more likely to be prioritized
for monitoring over less well-studied species (Lavery et al., 2021). Rare
and restricted species are often overlooked in conservation prioritisa-
tion, because they are assumed to face fewer immediate threats com-
pared to more widespread threatened species (Silcock, 2017). Overall,
there is little guidance on how to design and implement surveys for rare
plant populations to gain the basic knowledge needed to address key
knowledge gaps, such as range, population size and habitat parameters
(Keith, 2000; Wiser et al., 1998).

Rare species often occur in patchy microsites with eruptive popula-
tion behaviour, clumped distributions and separated by large distances
(Edwards et al., 2005; Gaston & Lawton, 1990). Strict random stratified de-
signs are commonly proposed for surveys of rare plants in many Australian
guidelines, as they are thought to provide the least biased estimates of oc-
cupancy (e.g., Cropper, 1993; Department of Environment, 1998). However,
this strategy has low resolution power and is inefficient for capturing rare
species with clumped distribution (Edwards et al., 2005; Lavery et al., 2021;
Philippi, 2005). For rare species, it can be more effective to target searches
to locations where they are more likely to be found, based on known or
assumed habitat requirements of the species (Kalton & Anderson, 1986;
Philippi, 2005), combined with random searching in other nearby habitats
(Edwards et al., 2005; Poon & Margules, 2004).

Our project focuses on 21 rare and threatened plant species endemic
to an area of northeastern New South Wales which was severely im-
pacted by the 2019-2020 megafires. These plant species were included
on a priority list of species identified as in urgent need of assessment and
management intervention after the megafires by Department of Climate
Change, Energy, the Environment and Water (2021). Our overall aim was
to answer the question: How many of the 21 priority listed plant species
survived and/or recruited after the 2019-2020 wildfires and was survival
linked to estimated local fire severity? We developed and tested the ef-
fectiveness of a rapid method of documenting post-wildfire survival and
distribution. We use this method to score basic biological and ecological
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information and conduct rapid monitoring of short-term survival and
growth rates for suitable populations (100+ individuals). Additionally, we
collected baseline observational records of insects and other inverte-
brates found on the target species to inform future research on ecological
interactions that potentially influence the persistence of species popula-
tions. Published research on all these 21 species is extremely limited,
including knowledge of wildfire impacts, population sizes and ecologi-
cal interactions such as pollination and herbivory that potentially affect
population persistence and survival. We combine our data with previous
knowledge and assumptions about the ecology and wildfire responses of
each species (see Appendix S1) and classify a rarity score for each using
the Rabinowitz (1981) framework. Our results contribute new information
on understudied rare and threatened species that will be valuable for
management and monitoring guidelines.

METHODS
Study region

The New England Batholith of eastern Australia has multiple regions of
high floristic endemism and species rarity often associated with old climati-
cally buffered infertile landscapes (OCBILs) (Hopper et al., 2021; Hunter &
Clarke, 1998). The Torrington State Conservation Area (SCA) (30052ha)
and adjacent Bolivia Hill Nature Reserve (NR) (1782ha) protect two proxi-
mate areas of woodland, heath and granite outcrops that include many rare
species (Figure 1). This region is characterized by highly heterogeneous
landscape mosaics, where habitat suitability for a species can change at
very small spatial scales (i.e., centimetres to metres) (Clarke, 2002). For
most species endemic to the batholith, there is little knowledge of their
ecology, demography and population status and most existing information
requires verification (Clarke et al., 1998; Hunter, 2002). The entire area
of Torrington SCA was impacted by the 2019-2020 megafire event, with
local burn impacts varying from unburned, moderately burned or severely
burned at small spatial scales (Figure 1). Bolivia Hill NR was not affected
in the 2019-2020 megafires (last recorded major wildfire event in 2002) at
time of writing.

(b)

O Unbumt
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O Moderate
B High
B Extreme

Bolivia Hill NR

FIGURE 1 Map of Torrington State Conservation Area and Bolivia Hill Nature Reserve showing (a) fire extent and severity of the 2019
wildfires and (b) vegetation classes. Inset shows the geographical location within New South Wales. Data sources: State Government
of NSW and Department of Planning, Industry and Environment (2020) and State Government of NSW and Department of Planning and

Environment (2022).
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Survey method

In October 2020, 11 months after the Torrington wildfire in November 2019,
we commenced a rapid assessment of 21 priority listed plant (Department
of Climate Change, Energy, the Environment and Water, 2021), along with
additional rare taxa known to occur in similar environments. The following
21 species were targeted: Acacia pubifolia Pedley, Acacia pycnostachya
F.Muell. ex Benth., Acacia torringtonensis Tindale, Acacia williamsiana
J.T.Hunter, Aimaleea cambagei (Maiden & Betche) Crisp & P.H.Weston,
Boronia boliviensis J.B.Williams & J.T.Hunter, Boronia granitica Maiden &
Betche, Boronia inflexa ssp. torringtonensis Duretto, Brachyloma saxicola
J.T.Hunter, Callistemon pungens Lumley & R.D.Spencer, Cassinia heleniae
Orchard, Eucalyptus boliviana J.B.Williams & K.D.Hill, Hakea macrorrhyncha
W.R.Barker, Homoranthus binghiensis J.T.Hunter, Homoranthus croftianus
J.T.Hunter, Homoranthus lunatus Craven & S.R.Jones, Kardomia odontoca-
lyx (A.R.Bean) Peter G.Wilson, Monotaxis macrophylla Benth., Persoonia
terminalis ssp. terminalis L.A.S.Johnson & P.H.Weston, Prostanthera tereti-
folia Maiden & Betche and Thesium australe R.Br. A total of 13 of the spe-
cies are listed as either endangered or vulnerable on the NSW Biodiversity
Conservation Act 2016 (BCA Act) and/or the federal Environmental Protection
and Biodiversity Act (EPBC Act). Boronia boliviensis, B. granitica and B. infl-
exa ssp. torringtonensis may now be recognized in the genus Cyanothamnus
(Duretto et al., 2020), but we will use Boronia in this paper to align with the
priority list the project was funded under.

To locate populations of target threatened species, we used adaptive
meanders (similar to adaptive line transects, or ‘Pollard walks’, of Pollard
et al. (2002) used for butterfly sampling). Walks follow a non-linear path in
response to topography and habitat conditions, with an expert observer
maintaining a steady pace and looking within a buffer of approximately
15m (or line of sight) on each side of the navigated path for target spe-
cies and suitable habitat. When a species or likely habitat is sighted, the
observer leaves the path to search the likely habitat, confirm the species'
location and relevant information and then continues along the navigated
path direction. The method is designed to cover as many locations and
populations as possible with limited time and resources. Many of the target
taxa were known to be restricted to granite outcrops and rock pavements
(Bean, 1997; Clarke et al., 1998; Hunter, 1997a, 1997b; Hunter, 1998a,1998b;
Hunter & Clarke, 1998; Hunter & Copeland, 2001; Hunter & Williams, 1994;
Williams & Hunter, 2006) while others were associated with intermediate or
other landscape features. Similarly, A. cambagei is known largely from wet-
land areas (Clarke et al., 1998). Given the known preference of some target
taxa for these habitats, the adaptive meanders prioritized rock pavements,
outcrops and wetlands within the vicinity of the search paths; however,
all habitats between target habitats were included in searches. In total,
20 adaptive meanders were undertaken across the range of environments
found within the reserves between October 2020 and July 2021. All walks
were led by JTH, an expert botanist with decades of experience working
closely with the target species, who is highly skilled in being able to identify
the target species in situ.

Once a population was found, a maximum of 5-10min was spent re-
cording rapid visual estimates of population size, population age, health
and phenology. We used the free mobile and web application Epicollect5
(Aanensen et al., 2014) to enable mobile phone-based data collection and
collected data from each location with the following main fields: date; loca-
tion (latitude-longitude and easting-northing, with location error in meters
recorded); taxa; estimated population size (<10, 10-50, 50-100, 100-500,
500-1000, 1000 plus); population age (mainly adults, mixed stand, mainly
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juveniles); phenology of the entire population (non-reproductive, largely not
reproductive, few flowers, mostly flowering, flowers and fruit, mainly fruit);
health (healthy, mixed, unhealthy, many dead); visual estimates of wildfire
severity at the precise location (unburnt, scorch to 1m, scorch 1-5m, scorch
5—-10m, scorch >10m, crown fire). Population size and age were estimated
with a rapid visual count. Phenology and health were rapidly assessed using
visual estimates of proportion of individuals and individual branches with flow-
ers or fruits and/or obvious signs of herbivory or other factors affecting health
(e.g., dieback). Populations were considered different if there was a clear
and distinct discontinuity between patches; however, this was different for
different species. For example, the highly restricted rock outcrop species had
clear disjunctions, whereas other species such as P.terminalis ssp. terminalis
were largely scattered individuals. As a general rule, if several hundred me-
ters were passed without seeing any more individuals of the species it was
considered the population had a defined boundary.

Monitoring

To gather additional ecological information on some target species, we es-
tablished 11 monitoring sites covering 16 species across Torrington SCA
(nine sites) and Bolivia Hill NR (two sites) (Appendix S3). These sites were
a combination of known locations and new sites identified through adap-
tive meanders and were limited to sites where at least 100 individuals were
counted. Baseline monitoring was established in October—early December
2020 for 10 species and additional sites for the remaining six species were
established from late January to early April 2021 as populations of other
species were found during adaptive meanders. Most species (n=14) were
monitored at least twice: the first monitoring was conducted October 2020—
February 2021 (austral late spring—summer) and the second monitoring in
May 2021 (austral late autumn-winter). Populations of two species (E. bo-
liviana and B.inflexa ssp. torringtonensis) were only monitored once due
to being discovered later in the study period and logistical issues that pre-
vented a second monitoring, including COVID-19 restrictions, a short fund-
ing period and adverse weather events that prevented access to Torrington
SCA during austral summer 2020—2021. At each site, at least 100 indi-
viduals of the target species were tagged for monitoring. Most populations
occurred within very small patches of suitable habitat and often with high
densities. For small populations (100—200 individuals), all or most of the
individuals were tagged. For larger populations, individuals were tagged
haphazardly (taking into account safety and minimizing plant damage) until
the target number was reached. Each individual was given a unique ID. On
each monitoring visit (except for 5 populations that only have data for one
monitoring visit; see Appendix S3) we measured the height (cm) of each
tagged plant and gave it a health score. Health was scored from 0 to 5,
where 0 is dead and 5 is a thriving individual and scores of 2—4 were based
on proportion of leaves lost from the plant due to herbivory or dieback.
During monitoring, any insects observed interacting with the target species
were photographed and the nature of the interaction or behaviour (e.g., pol-
lination, herbivory, nesting or sheltering) was documented.

Data analysis
All analyses and figures were produced in R 4.2.3 (R Core Team, 2023).

Since we were focused on rapid documentation of previously unrecorded
populations and biological and ecological information of understudied
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species, replication across categories is highly variable (Appendix S2).
Our data analysis is hence focused on potential associations to identify
avenues for future research, rather than identifying causal relationships.

To assess the influence of wildfire on our target species, we first col-
lated data on fire history (covering the period 1920-2020) from the NPWS
Fire History—Wildfires and Prescribed Burns dataset (State Government
of NSW and Department of Planning and Environment, 2010). To deter-
mine fire history for each recorded population, we used the terra package
(Hijmans et al., 2023) to intersect fire frequency (number of fires between
1920 and 2020) with every point coordinate for each population found
during the rapid meander surveys. All Bolivia Hill populations experienced
only one recorded fire during the data period (which occurred in 2002)
and the location was not affected by the 2019-2020 wildfires. All Bolivia
Hill species are endemic to that reserve and populations of those species
skewed analyses when we analysed all data together, so the fire history
and severity analyses focused on Torrington populations only (all data for
all species is available in Appendix S2).

To explore associations between population variables (population
size and population age) and fire variables (estimated fire severity and
fire frequency) for each population detected during the meander surveys
(Appendix S2), we created facet plots using ggplot2 (Wickham, 2016).

To classify each species' rarity (all species from Torrington and Bolivia
Hill), based on existing knowledge and the new information collected in
surveys, we used the protocol developed by Rabinowitz (1981) for defin-
ing eight types of rarity based on three classes of variables: geographic
range, habitat specificity and local population size (information provided in
Appendix S1).

To assess the short-term growth rate and survival for all monitored
species, we calculated the percent survival and change in individual
height between the first and last monitoring event (information provided in
Appendix S3).

RESULTS
General patterns

The total length of adaptive meanders was approximately 409km with
an estimated search area of 1226ha (based on the visible search path
of 30m). These surveys located 1308 populations (Appendix S2). All of
the target species, except T. australe, were found during the survey period
(October 2020—July 2021). Estimates of population sizes varied across the
target species (Figure 2, Appendix S2). For example, only two individuals
of C.pungens were found, while populations of less than 5000 individu-
als each, across their entire distribution within the reserves, were found
for B.inflexa ssp. torringtonensis, E.boliviana, B. boliviensis, C.heleniae
and H. croftianus (Figure 2). Other taxa, such as K. odontocalyx and A. tor-
ringtonensis, were estimated to have extremely abundant populations of
more than 200000 individuals within the reserves (Figure 2, Appendix S2).

Species with populations that occurred within the general matrix of
woodland and forest vegetation (Appendix S1) were largely burnt during
the 2019-2020 megafires and were represented by non-reproductive ju-
venile populations (e.g., A.torringtonensis, A.cambagei, B.granitica,
B.inflexa ssp. torringtonensis, H. macrorrhyncha). Those with populations
largely restricted to rock pavements often escaped being burnt, with most
populations remaining as mature age stands (e.g., H. binghiensis, K. odon-
tocalyx) (Appendix S1).

85UB017 SUOWIWIOD BA11E81D) 8|qeotidde ay) Aq pauenob ae Sspile O '8sn J0 S9N 10} Aiq18Ul|UO A1 UO (SUORIPUOD-PUR-SWLBY W00 AB | 1M ARIq 1 pUIIUO//:SHNY) SUONIPUOD PUe SWIS | 8U1 89S " [1202/70/ST] U0 AkeidiTauliuO AB]1M ‘|10UN0D YoIesssy [BOIPSIN PUY UiEeH [euolieN Ad vTSET 98e/TTTT OT/I0p/W00 A8 |1m ARIq 1 puljuO//SdNY WOy pepeolumod v ‘%202 ‘€666217T



POST-FIRE ASSESSMENT OF RARE AND THREATENED PLANTS

) | 7 of 18

Population age

Prostanthera teretifolia [ ]
Persoonia terminalis ssp. terminalis [ |
Monotaxis macrophylla [
Kardomia odontocalyx I e

Homoranthus lunatus

Homoranthus croftianus |l
Homoranthus binghiensis I 0
Hakea macrorrhyncha [ 1

Eucalyptus boliviana [l

Cassinia heleniae

Callistemon pungens

Brachyloma saxicola [

Boronia inflexa ssp. torringtonensis

Boronia granitica [l 1

Boronia boliviensis I

Almaleea cambagei
Acacia williamsiana

Acacia torringtonensis

I
-

Acacia pycnostachya [l
|

Acacia pubifolia

Prostanthera teretifolia

Persoonia terminalis ssp. terminalis
Monotaxis macrophylla

Kardomia odontocalyx
Homoranthus lunatus
Homoranthus croftianus
Homoranthus binghiensis

Hakea macrorrhyncha

Eucalyptus boliviana

Cassinia heleniae

Callistemon pungens

Brachyloma saxicola

Boronia inflexa ssp. torringtonensis
Boronia granitica

Boronia boliviensis

Almaleea cambagei

Acacia williamsiana

Acacia torringtonensis

Acacia pycnostachya

Acacia pubifolia

0 50 100 150 200 250 300

W Mainly adults Mainly juveniles  ® Mixed stand m<10

10-50 m50-100

Exdogeal
Sty
o

Ausiala

Population size

I
H N
i |
I

0 50 100 150 200 250 300

100-500 ™ 500-1000 m>1000

FIGURE 2 Population age and size distribution for all target species. Thesium australe is not included as it was not found. Full data is

available in Appendix S2.

Brachyloma saxicola was the only species found in both Torrington
SCA and Bolivia Hill NR (4 out of 26 populations were located at Bolivia
Hill). Target species within Torrington SCA often showed a distinct east
or west distributional preference (Appendix S1). Acacia pubifolia, H. bin-
ghiensis, K. odontocalyx, M. macrophylla and P.terminalis ssp. terminalis
are largely or solely restricted to the western half of the Torrington SCA,
while A. cambagei, B. inflexa ssp. torringtonensis, B. saxicola, Cassinia he-
laniae, H. macrorrhyncha, H.lunatus and P.teretifolia are solely or largely
restricted to the eastern half of the reserve. Boronia granitica and A. tor-
ringtonensis were common throughout, though with larger and more popu-
lations towards the west.

Fire history and megafire effects

All species' populations located within Torrington SCA experienced the
2019 wildfire and only 50 (out of 1308) populations had not experienced a
recorded fire prior to this (Figure 3, Appendix S2). More than half of popula-
tions (54%) experienced two fires, that is, only one other fire prior to 2019
and 40% experienced three fires. Few populations (7.5%) had experienced
a prescribed burn as well as wildfires. Populations that only experienced
prescribed burns prior to the 2019 wildfire (n=53) were predominantly of
P.teretifolia and K. odontocalyx (Appendix S2).

Acacia species, Boronia species and P.teretifolia were generally
more abundant as juveniles in severely burned areas and a high number
of extant adult populations of K. odontocalyx, H. binghiensis and P. ter-
minalis ssp. terminalis were largely found in unburnt areas (Figure 3,
Appendix S2).

We classified 10 of the 21 total species as having the highest rarity
classification (small distribution, scarce population size) and most of the

85UB017 SUOWIWOD) BAIRR1D 3|qed!(dde aup Aq pausench e sapiLe O ‘8N J0 ain Joj Ariq1 8ul|UO AB]1M UO (SUOIPUOD-pUB-SWLRYW0D" AB| 1M Aseiq1fBuljuo;/:SdNY) SUORIPUOD PUe SW L 8U3 885 *[202/70/ST] U0 AriqIauluO A8 *|10UN0D YoIeesdy JIPBIA PUY U3BH [BUOIEN AQ $TSET 98/TTTT 0T/I0p/wo0"A3|1mAreiqifeutjuo//sdny woiy papeojumod ‘v ‘vZ0e ‘e6662+T



SAUNDERS ET AL.

Mixed stand
Mainly juveniles
Mainly adults

Mixed stand
fainly juveniles
Mainly adults

pulation age

Mixed stand

Po

Mainly juveniles
Mainly adults

Mixed stand
Mainly juveniles
Mainly adults

Mixed stand

Mainly juveniles

Mainly adults
Mixed stand
Mainly juveniles
o y j
&  Mainly adults
c
kel
ks
E
S  Mixed stand
o
Mainly juveniles
Mainly adults
Mixed stand

Mainly juveniles

Mainly adults

A. cambagei A. pubifolia A A. williamsi A. cambagei A. pubifolia A. torri i Awi
. f.>1000 v e o 0 e o[ .
e.500-1000 . . .. . .
. .. o e e s o s e ofle .. a-100:5001 . P I R N e .
2 . . . . ol e .
elle o o e . b.10:50 . St e s .
B. granitica B. inflexa ssp. torringtonensis B. saxicola C. heleniae B. granitica B. inflexa ssp. torringtonensis B. saxicola C. heleniae
f.>1000 {® . e
M A €.500-10007 ® . 0 0
. POy e o o .
c oo 0 0 sl .. .. g d005001 8 3 . 38 s .
. . ol B bios0]e e e o olle Y . . .
e a<i0 1e e o o ofle . . PR
o
C. pungens H. binghiensis H. lunatus H. macrorrhyncha T C. pungens H. binghiensis H. lunatus H. macrorrhyncha
3 £.>1000
. M . Se. 500-1000 H .
o d.100-500 . . .
. . . . . e« o o s e 080380 . : : : R
h hd hd i il | i il a <10 . . . . . olle o « o e
K. odontocalyx M. macrophylia P. teretifolia P. terminalis ssp. terminalis K M. P. teretifolia P. terminalis ssp. terminalis
f.>1000 . .
: : : oL : s IS SO 3 | I I T | O T .
¢ e . LI LI 9193300 - RS - N o e e
- . . . . o« o ol|le o .« o . o o o
. o o sile o . o e . « o e . « o . b. 10:50 H R I H H H I
g E 13 E g E E E £ E
eEEGe, gEEoe, gEEGo: EEEGS ¢ gEESS . gEEGS . gEEGe . pEEG S .
:v‘x;h%:i‘xzhécixzé c VvV T T w3 c VR IT®3 ¢gVyiT®w 5 cVyiTw® 5 Vg Tow 5
865868 3658828 85585 855858 § 658685 855888 2658628 2658¢6°8
S 8§38 S 8588 S 8588 S 85238 S 85 38 S 8§38 8 S 8§59 8 S 8§53 8
n g P a 2] [ ] a8 P n a3 P9 -] s 3P0 a3 P a
Fire severity Fire severity
A. cambagei A. pubifolia A. A. wil i A. cambagei A. pubifolia A A.
. >1000 e e e o .
M €. 500-1000 e« o .
d.100-500 . . « o o ol »
« e . e s e o ole e o o000 . . . .
b. 10-50 . 3 . o .
° * . ° a. <10 . . e e .
B. granitica B. inflexa ssp. B. saxicola C. heleniae B. granitica B. inflexa ssp. B. saxicola C. heleniae
£>1000 {o e e
M M e.500-10001® & e
d.100-500fe e e .
¢ e M M g cs01007e e e .
N "y 1050 e o o . . .
LI ¢ s e e . o o le e e N e e e s .
8
C. pungens H. H. lunatus H.macrorrhyncha  © C. pungens H. H. lunatus H. macr
3 f.>1000
A M Qe. 500-1000 L .
d.100-500 e . . .
. « o o . « . 00 o e .
b.10-50 L . o .
° L . . ° a. <10 . e . . . . . . .
K. odontocalyx M. macrophylla P. teretifolia P. terminalis ssp. terminalis K. M P. teretifolia P. terminalis ssp. terminalis
£>1000 o & e .
« o o . . o e o . 6 500100048 & s P .
410050018 & e o o e e o o o .
¢ & o * LA . e . . c. 50-1001® . Y . . . . . . . . .
b10501e ® ® P e e o o o « e
« e o e o o flo e e e « o o At M o o o s . . . e .
- &N ® ¥ v+~ o ® w ~ ® ¥ v+~ & ©® ¥ © - N ™y LN @ ® 0y L - N © ¥ w»

<+ ~
Fire frequency

+ o~ o
Fire frequency

FIGURE 3 Relationships between population age (left panels) and population size (right panels) and the estimated fire severity at each
site (top row) and historical fire frequency (bottom row). Dots represent populations of each target species detected during the meander
surveys; dots may be overlapped where multiple populations fit the same combination of attributes, so the number of visible dots in each
species panel does not necessarily indicate the number of detected populations (see Appendix S2 for full data).

remaining species as having small distributions and high population size
(Table 1, Appendix S1). Two species, T. australe and M. macrophylla, were
given the least rare classification, having large distributions and high pop-
ulation sizes (Table 1).

Monitoring of short-term survival and growth rates

A total of 2299 individuals across 14 species were monitored at least twice
and 200 individuals across two species were tagged and measured for
monitoring once (Table 2, Appendix S3). Monotaxis macrophylla, a short-
lived fire ephemeral, had the lowest calculated survival rate, with only 3
of the tagged 100 individuals surviving at the second monitoring period
(Table 2). All other species had survival rates between 59% and 100% of
tagged individuals and a median change in height across the monitoring
period between 3.6% and 100%, with some species showing high variation
in growth rates (Table 2).

Ecological interactions

Plant—insect interactions were observed for nine of the target species,
with most interactions previously undocumented in published literature
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(Appendix S4). Around a third of interactions involved Coleoptera (31%),
which could be potential herbivores of the plants and multiple Hymenoptera,
Coleoptera and Diptera species exhibited flower-visiting behaviour
(Appendix S4). Four observations documented likely pollination of open
flowers by an insect species: M. macrophylla—two separate native bee
species (Halictidae) and a beefly (Bombyliidae: Villiini); P. terminalis—a na-
tive bee (Megachilidae).

DISCUSSION

Extreme wildfires are increasingly common globally in response to rapid
environmental change and are largely driven by climate change, fire man-
agement and suppression and land use change. More frequent extreme
fires are a severe threat to vulnerable plants and vegetation communities
(DellaSala et al., 2022; Le Breton et al., 2022) and effects can be even
more severe in combination with other climate-related stressors such as
drought (Walden et al., 2023). Limited knowledge of the basic ecology of
most species and lack of data on occurrences and population sizes of vul-
nerable species, are key obstacles to species recovery and conservation
actions in response to wildfire events (Gallagher et al., 2021).

Our combination of targeted site-based monitoring and adaptive mean-
der survey techniques, while collecting a range of demographic, distribu-
tional and phenological information, has greatly enhanced basic knowledge
of our target species. The field observations contribute new knowledge of
life history, population size, distribution and response to wildfire for target
taxa (Appendix S1), reveal a previously undocumented pattern in species
distribution within the Torrington SCA and identify new plant—insect inter-
actions, especially pollination, that warrant further investigation. These
results highlight how rapid on-ground surveys after major wildfire events
are extremely valuable for identifying new records of threatened species
and revealing ecological knowledge to inform conservation planning. We
strongly recommend that appropriate funding and resources be available
to deploy on-ground surveys immediately after major disturbance events to
collect valuable time-sensitive data.

Increased knowledge of priority species

Species growing on rock pavements and associated with outcrops were
more likely to escape the extensive wildfires, which were classed as
catastrophic (total crown consumption and subsequent overstory death;
Figure 1; State Government of NSW and Department of Planning, Industry
and Environment, 2020) in many areas of the Torrington SCA. All of these
species were found to be obligate seeders when burnt populations were
found (Appendix S1). Populations of rock pavement endemics were domi-
nated by mature reproductive individuals with similar population sizes pre-
and post-fire (Appendix S1). This finding aligns with previous investigations
which highlight rock pavements as fire refugia allowing for the evolution
of fire-avoidant narrow endemics within a pyric landscape (Fitzsimons
& Michael, 2017; Hunter, 2017; Watson & Wardell-Johnson, 2004). Taxa
growing within close proximity to rock pavements and within dense boulder
fields were also found to be obligate seeders (e.g., A. torringtonensis and
B. granitica) and also were often found to experience a lower wildfire sever-
ity than in the adjacent open forest and woodlands. Increased heterogene-
ity in forest structure, including from rocky pavements and boulder fields,
can reduce fire severity (Koontz et al., 2020) and provide more refugia
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for some plant species compared to more open wet habitats (Hylander
& Johnson, 2010). Further research on how the heterogeneous habitats
across Torrington and Bolivia Hill influence fire paths and severity would
provide valuable insight for management plans.

Species found within the surrounding matrix of forests, woodlands
and wetlands (e.g., C. heleniae and A.cambagei) responded to fire by
resprouting or showed a mixed response of resprouting under lower se-
verity wildfire and seeding under a higher severity (Appendices S1 and
S2). Some taxa responded with mass germinations post-wildfire but
have almost no current reproductive mature individuals based on on-
ground estimations (e.g., A. torringtonensis, B. granitica and H. lunatus),
suggesting that most mature individuals were destroyed in the wildfire.
These populations, where individuals are almost entirely juveniles, will
be vulnerable for some time to extreme drought or recurrent wildfires
until adulthood and subsequent replenishment of seed banks (Croft
et al., 2010). Cassinia heleniae and H. macrorrhyncha are two species
that appear to have not recruited sufficiently post-wildfire (at the time
of survey) and may have current populations that are lower than pre-
wildfire estimates, based on the number of standing dead compared to
seedling recruitment (Table 2, Appendices S1 and S2). Historical records
and publications along with a lack of recruitment found during this survey
(Table 2, Appendix S1) suggest Brachyloma saxicola and C.pungens
ssp. pungens may have reduced in population size within Torrington SCA
(Clarke et al., 1998; Hunter & Clarke, 1998).

The number of recorded fires (including the 2019 wildfire) that most de-
tected populations experienced in the previous 100years was generally
low (three or less) and very few populations had experienced prescribed
burns. Populations that only experienced the 2019 megafires were more
likely to be mixed stands of adults and juveniles. In the absence of data, fire
responses have historically been assumed for many of the target species
based on general ecological principles or responses of other species, so
our data provide a valuable foundation for further analyses of how fire se-
verity, frequency and management impact these species. All of Torrington
SCA is now classified as either ‘vulnerable to frequent fire’ or ‘too frequently
burnt’ (Department of Planning Industry and Environment, 2021), meaning
all populations of target species are under significant threat from any ad-
ditional fire events and the ecological impact of future wildfire risks in this
region requires urgent attention.

Bolivia Hill NR and Torrington SCA are known as areas of high local en-
demism (Hunter & Clarke, 1998; Quinn et al., 1995). Our survey revealed
an important observation that has not been recognized previously, that
is, the Torrington batholith has eastern and western sub-regions of ende-
mism (see Appendix S1). Some local endemic taxa are largely or wholly
restricted to the western parts of the batholith, such as H. binghiensis,
K. odontocalyx and P.terminalis subsp. terminalis. Other taxa, while not
restricted to the batholith, only occur in western areas (e.g., A. pubifolia).
A number of endemics only occur in the eastern section of the batholith
such as B. inflexa ssp. torringtonensis, C. heleniae and P. teretifolia along
with non-endemics such as B.saxicola. It is possible that this variation
is influenced by subtle changes in climate, geologies or land use histo-
ries (Clarke et al., 1998) or different fire histories (State Government of
NSW and Department of Planning and Environment, 2010) and further re-
search is needed to identify the processes that drive this spatial pattern.
This important observation will have implications for conservation within
Torrington SCA, as the east and western parts of the batholith will likely
require different management actions and planning for translocations or
changing climates.
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Conservation listings

Our observations also highlight that a species' conservation listing (or
lack thereof) may not match its actual population ecology or threat sta-
tus. Based on our observations and Rabinowitz's (1981) rarity classes, it
is likely that 10 of our target taxa are of the rarest type, being limited in
geographic distribution, restricted habitat specificity and scarce population
sizes. Of these, only seven have been listed under state or Commonwealth
legislation (Table 1). The remaining two (C. heleniae and H.macrorrhyn-
cha) are not listed on either Act, but are currently known from only a few
hundred individuals and their threat status should be urgently assessed.
While P.terminalis ssp. terminalis has broader habitat tolerances than the
previous taxa it does not occur in large numbers, does not generally occur
on fire refugial rock platforms and has a very diffuse population. It is an
obligate seeder with a comparatively low estimated total population size
due to these features. Hence, we suggest that all taxa classified as hav-
ing small geographic distribution (i.e., the right-hand column of Table 1)
should be listed on both Acts to increase support for prioritized research
and conservation actions. The two most widespread taxa with potential
high population sizes in known locations outside of the study area are both
currently listed, with T. australe as vulnerable on both the BCA and EPBC
Acts and M. macrophylla as endangered on the BCA Act and their potential
for delisting could be assessed. Monotaxis macrophylla is a short-lived fire
ephemeral occurring in protected areas, which increases its potential for
delisting (Bell, 2021).

Ecological interactions

In addition to highlighting the variability in growth rates among and within
species, our on-ground local monitoring also revealed valuable new infor-
mation on plant—insect interactions for some of our target species, which
would not have been documented through large-scale remote mapping
or spatial analyses. There is very little published knowledge of the ecol-
ogy of most of Australia's threatened plant species, including those on
our target list. Basic ecological knowledge, for example, about pollination
vectors, plant—soil interactions, common herbivores and other community
interactions, is not available for our target species, yet this information is
often critical to the success of conservation and management strategies.
Our observations document new information (Appendix S4) that provide
a valuable foundation for further observational and experimental studies
to confirm the effects of documented and potential interactions. For ex-
ample, we observed likely pollination by native bees and flies on two spe-
cies (M. macrophylla and P.terminalis ssp. terminalis) for which there is no
published information on pollination vectors. We also observed two beetle
species, a beefly, a native bee and ants visiting flowers (and potentially act-
ing as pollinators) on K. odontocalyx and a beetle species visiting flowers
of B. granitica. Other observations included beetles that may potentially
impact plant health through feeding behaviour (e.g., Chrysomelinae sp.
and Acacia longhorn beetle, Penthea solida, on A. torringtonensis plants)
(Appendix S4).

Knowledge of ecological interactions is unknown for most plant species
of conservation concern and we particularly highlight pollination and plant—
soil interactions as key interactions that require urgent attention to improve
conservation success for rare and threatened species in the study region,
as these have direct impact on reproductive success, seed banks and wild-
fire responses of plant species.
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Value and limitations of methods

Our combination of broadscale on-ground searches and site-based
monitoring was effective in achieving our project goals, which were to
locate surviving populations of our target species after the catastrophic
2019-2020 megafires and to increase basic ecological and biological
knowledge of those species. Expert-led adaptive meanders were effec-
tive in covering large areas of the study sites in short periods of time,
ensuring detection of all but one of our target species. The only species
that was not located (T. australe) is an obligate root parasite for which
species/host associations are unclear (Doyle & Pellow, 2018) and further
research is needed to identify environmental parameters that support
T. australe population detection. The combined meander and monitor-
ing techniques significantly increased the basic ecological and biologi-
cal knowledge of all detected target species. Historically, research has
not been undertaken for most of these species. Published knowledge is
largely limited to the initial descriptions of the species and some basic
knowledge of habitat associations. Therefore, the data we publish here,
based on adaptive meanders surveys and subsequent monitoring at se-
lected sites, provides valuable new information to support further re-
search on the biology and ecology of these rare species surviving in a
unique hotspot of endemism.

Our method is logistically simple and rapid and easily adapted to other
systems and taxa, providing a valuable opportunity to address major knowl-
edge gaps in understudied systems as extreme wildfires and megafires
increase globally. The main limitations to the future deployment of this ap-
proach will be funding and available expertise. The success of our method
could have been influenced by the botanical expertise of the lead surveyor
(JTH), who has decades of experience working explicitly on the flora of the
study region, including most of the target species and is highly experienced
in identifying the species in the field at all life stages. Plants sometimes
lack key taxonomic features needed for confident in situ identification, mak-
ing field experience valuable, particularly for recognizing non-reproductive
individuals, such as seedlings or adults outside their flowering seasons.
However, the ‘botanist effect’, where experts are assumed to detect more
species than non-experts (Ahrends et al., 2011), may be context-dependent
and could be more influenced by observation time or a surveyor's familiar-
ity with the ecosystem (Morrison, 2016; Perret et al., 2023). To enhance
detection rates and efficiency, future post-disturbance surveys would ide-
ally require participation by expert botanists, either as survey leaders or as
trainers for other observers and there is scope for further work on exploring
how expertise influences detection rates in these unique systems (e.g.,
McCarthy et al., 2013).

CONCLUSION

We have been able to significantly increase our knowledge of the ecol-
ogy, wildfire responses and population sizes of 21 rare and threatened
plant species affected by the 2019-2020 megafires in northern New
South Wales. In addition, we have revealed previously undocumented
distribution patterns and ecological interactions for these species that
warrant further investigation and will inform future management strat-
egies for rare and restricted species associated with rocky outcrop
landscapes. Our results highlight the value of post-disturbance rapid
on-ground surveys for informing long-term conservation outcomes for
rare and threatened taxa.
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Additional supporting information can be found online in the Supporting
Information section at the end of this article.
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