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1 | INTRODUCTION
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Abstract

Facilitating species persistence under climate change is a pressing issue.
Refugia, places where the impacts of climate change may be less severe, can
constitute the only option for in situ persistence for many taxa. However,
refugia will still experience some impacts of climate change. Management
approaches that utilize the buffering provided by climate-change refugia,
while recognizing their vulnerability, are needed. This increasingly applies
to forests impacted by drought-induced dieback, threatening forest ecosys-
tems globally. We established a gradient from good (putative microrefugia)
to poor canopy health for a unique population of Eucalyptus macrorhyncha
in South Australia. Microrefugia were identified in locations that received
less solar radiation and were cooler and moister than other habitats. Physi-
ological measurements (percent loss of conductivity) of trees indicate that
microrefugia are already impacted by water stress during droughts, but less
than more exposed habitats. Strong regeneration was observed in habitats
with canopy dieback between 25% and 70%. Therefore, in situ persistence
and recovery of populations should be feasible but may require interven-
tions during periods of acute stress. Watering of targeted microrefugia and
selected adjacent areas of high regeneration during extreme heatwaves and
droughts could prevent hydraulic damage that triggers canopy defoliation
and maintain a buffer around selected microrefugia.
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et al., 2005; Carnicer et al., 2011). In trees, climate change
type droughts can lead to hydraulic failure in the vascular

Warmer temperatures and extreme weather events
worldwide are producing droughts that are more fre-
quent, prolonged, and hotter (Intergovernmental Panel
on Climate Change [IPCC], 2021). Such droughts have
been termed climate change type droughts (Breshears

system (Choat et al., 2018; Nolan et al., 2021), causing
dieback over large areas. Such large-scale dieback of trees
is increasingly reported and likely to further intensify as
climate change progresses (Choat et al., 2018; Hammond
et al., 2022; Hartmann et al., 2022).
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Current approaches to conservation, such as creating
static protected areas, may not afford protection against
such long-term changes (Hylander et al., 2022;
Maclean & Early, 2023). As a result, novel approaches to
protect biodiversity in the face of climate change are
being developed (Hylander et al., 2022; Schuurman
et al., 2021; Stralberg et al. 2026). One option is to resist
the impacts of climate change in locations that provide
the best chances for success (Hylander et al., 2022;
Keppel et al., 2024). Refugia are such locations, as they
are more buffered against the impacts of climate change,
promoting survival and thereby forming “bastions” in
which biodiversity can persist under anthropogenic cli-
mate change (Keppel et al., 2012; Keppel et al., 2024). In
the context of drought-related forest dieback, for
instance, microrefugia can be created by topographic
features, such slopes less exposed to solar radiation, and
soils with higher water-holding capacity. Such locations
provide greater water availability and lower evaporative
demand (Dobrowski, 2011), thus locally reducing the
hydraulic stress experienced by vegetation.

Climate change refugia are being increasingly consid-
ered to better protect biodiversity (Dreiss & Rice, 2026;
Keppel et al., 2024; Morelli et al., 2020). Nevertheless,
there is growing recognition that refugia differ in their
capacity to buffer the impacts of climate change
(Downing et al., 2021; Keppel et al., 2015) and that they
are impacted by diverse anthropogenic activities (John
et al., 2026; Keppel et al., 2024; Rojas et al., 2022). In
some instances, networks of refugia may be required
(Morelli et al., 2020) or suitable locations for refugia may
need to be actively managed, restored, or newly designed
(Backus et al., 2024; Keppel et al., 2024; Morelli et al.,
2016). Management frameworks that navigate these and
other complexities are currently being developed
(Balantic et al., 2021; Keppel et al., 2024; Morelli et al.,
2016) but remain in their infancy (Morelli &
Mozelewski, 2026).

Trees in the genus Eucalyptus L'Hér. dominate many
of Australia’s forests and woodlands. Many species occur
in semi-arid environments and feature drought tolerance
traits, such as dense wood with narrow xylem vessel
diameters (Bourne et al., 2017). However, some wide-
spread eucalypts tend toward isohydry, that is, regulating
water loss predominantly through stomatal conductance
to maintain a more stable water potential through
drought conditions (Nolan et al., 2018), which renders
them wvulnerable to hydraulic failure under prolonged
drought (Fensham & Fairfax, 2007). Indeed, several spe-
cies have experienced large-scale, drought-related die-
back (Losso et al., 2022; Matusick et al., 2016). Managing
dieback in Eucalyptus populations will therefore be
important to maintain the functioning of many

Australian ecosystems under climate change (Fitzgerald
et al., 2025).

Determining the locations and quality of refugia for
Australian eucalypts will increase our ability to manage
the many eucalypt-dominated forest ecosystems and
landscapes in Australia under climate change. It will also
be key to identifying management solutions that utilize
refugia to help prevent irreversible and biodiversity forest
loss. In this context, we investigate the potential of refu-
gia to facilitate the in situ persistence of a population of
Red Stringybark, Eucalyptus macrorhyncha ssp. macro-
rhyncha F.Muell. ex Benth., in the Clare Valley, South
Australia, vulnerable to climate change type droughts.

This population is a disjunct edge population, being
genetically distinct and geographically isolated from
other populations of the species to the east (Keppel
et al., 2023). Such populations can be highly vulnerable
to climate change (Sanchez-Salguero et al., 2017; Vila-
Cabrera et al., 2019). The Red Stringybark investigated
here has experienced considerable dieback (ca. 40% mor-
tality and biomass loss) due to climate-change type
droughts (Fitzgerald et al.,, 2023; Keppel et al., 2023).
Identifying the refugial capacity and management
options for this population of E. macrorhyncha may
hence be essential for its persistence and may also benefit
conservation in the remainder of its distribution in
the East.

Remote sensing and field studies have found that
topography is a key mediator for dieback, with northern
areas and north-facing slopes, exposed to high solar radi-
ation and hot north-westerly winds in summer,
experiencing high defoliation and mortality following
droughts. Conversely, south-facing slopes were associated
with healthier vegetation and relatively intact canopies
(Fitzgerald et al., 2023; Keppel et al., 2023). Nevertheless,
direct measurements linking hydraulic damage to canopy
loss and mortality in this population of E. macrorhyncha
are lacking. The first aim of this study was to determine
the extent to which these topographic microrefugia
reduced drought stress (i.e., measure the purported refu-
gial capacity) by quantifying hydraulic damage in trees.
We expected trees in microrefugia to display less damage
to their hydraulic tissues.

Secondly, we aimed to verify that such potential
microrefugia, where healthier canopies are maintained,
provide cooler and moister environments during the aus-
tral summer period, using ground sensor-based microcli-
mate measurements.

Lastly, we investigated whether regeneration could
compensate for mortality by recording the number of
seedlings and saplings at study sites. Following Schrieke
and Livesley (2017), we hypothesized that seedling germi-
nation and success would be optimal at the intermediate
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of a gradient between healthy stands of mature trees
(where competition for resources is high) and unhealthy
stands (where microclimatic conditions would be unfa-
vorable). Finally, we derived potential management
approaches based on our findings.

2 | METHODS

2.1 | Study population

E. macrorhyncha is widespread in south-east Australia
and dieback has been reported throughout its distribu-
tion (Keppel et al., 2023; Losso et al., 2022). The species
has medium to high susceptibility to hydraulic failure (Li
et al., 2019; Losso et al., 2022). In South Australia, a sin-
gle, isolated population occurs in the Clare Valley, South
Australia, >500 km from the closest con-specific popula-
tion (Keppel et al., 2023). Currently, nearly half of Spring
Gully Conservation Park, where the bulk of the popula-
tion is protected from land clearing, is dead or dying
(Fitzgerald et al., 2023; Keppel et al., 2023). While some
regeneration has been noted inside the park, there is con-
cern for the species’ persistence in the face of upcoming
climate change type droughts (Keppel et al., 2023).

The Clare Valley is formed by two parallel, north-
south ranges, located on traditional Kaurna and Ngadjuri
indigenous land. It has a semi-arid to sub-humid Mediter-
ranean climate with hot, dry summers and cool, moist
winters. Mean annual rainfall at the town of Clare in the
northern part of the valley ranges is around 550 mm yr*,
with 533 mm yr ' recorded for the Clare High School sta-
tion (station ID: 021131, 1994-2024) and 632 mm yr ' for
the former Clare Post Office station (ID: 021014, 1862-
1994), with >55% of that rainfall occurring around the
Southern Hemisphere winter from May-September
(source: http://www.bom.gov.au; accessed December
6, 2024). The mean maximum temperatures are around
30°C in January and 13°C in July. Higher elevation areas
on the western hills intercept weather systems from the
east and receive higher rainfall (Bestland et al., 2017).

The area has experienced extensive land clearing for
agriculture and most of the remaining native vegetation is
restricted to Spring Gully Conservation Park
(33°54'40.32" S, 138°35'43.44" E). The park has been left
relatively untouched since its establishment in 1961,
though logging occurred in the area prior (Department for
Environment and Natural Resources [DENR], 2010). Evi-
dence of past logging is still visible in flatter, more accessi-
ble areas of the park, where clear-cut stumps remain. Red
Stringybark is the mono-dominant canopy species in much
of this 400-ha reserve located on non-calcareous, mostly
shallow soils (Boomsma, 1949). In this location, it often is
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multi-stemmed (Keppel et al., 2023), and can reach 17 m
in height (Barker et al., 2016), unlike the predominantly
single-stemmed and taller populations of the species to the
East. In relatively restricted areas, the canopy is dominated
by the South Australian blue gum Eucalyptus leucoxylon
subsp. pruinosa (F.Muell. ex Miq.) Boland where soils are
deeper, and by the drooping she-oak, Allocasuarina verticil-
lata (Lam.) L. A. S. Johnson, in some of the most exposed
locations. The understorey is varied, and subject to the
intrusion of deer and rabbits in the park, alongside native
grazers like kangaroos. Generally, it is more sparse and
open, with Xanthorrea quadrangulata F.Muell., and Bur-
saria spinosa Cav. subsp. spinosa in the upper layer, and
Hibbertia exutiacies N. A. Wakef. and Lissanthe strigosa
subsp. subulata (R.Br.) J. M. Powell commonly found in
the ground layer (Guerin et al., 2016).

2.2 | Study site selection

Fourteen sites were selected to capture a gradient of
health of Red Stringybark stands (from little to no die-
back, to almost entirely dead) in the study area. Where
possible, sites were selected to include two to three repli-
cates of the various stages of stand dieback (identified by
a quick visual estimation of canopy loss at the site). In
addition, sites were selected to cover as much of the study
area as possible and to allow hydraulic stress measure-
ments (see below).

Potentially suitable stands were initially scoped using
previous remote sensing work (Fitzgerald et al., 2023)
and field work (Keppel et al., 2023) identifying vegetation
health of stands. Maps of the terrain (slope and aspect)
and fire tracks were overlaid to ensure accessibility
(Figure 1). Potential sites were selected within 200 m of
fire tracks and visited to verify suitability. However, sites
with little or no dieback were rare among the
sites deemed “accessible.” Sites were set up at least 20 m
from the tracks to avoid local effects on the hydrology
(benefits from increased water runoff, downhill of tracks
in particular). At each site, data relating to tree health
and size, regeneration, hydraulic stress, and microclimate
were collected (see sections below). At least one tree with
sufficient live material accessible for branch extraction
needed to be present, and was designated the center of
the survey plot (hereafter referred to as the “PLC tree”).

2.3 | Hydraulic stress measurements—
percentage loss of conductivity

To assess hydraulic damage accumulated in the xylem
vessels, native percentage loss of conductivity (PLC) was
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FIGURE 1 Map of the study area within Australia (Source: Google Earth; data: Scripps Institution of Oceanography, National Oceanic
and Atmospheric Association, US Navy, National Geospatial-Intelligence Agency, General Bathymetry Chart of the Oceans; image: Landsat/

Copernicus). Conservation park boundary, fire tracks, and sampling sites are annotated.

measured from samples collected pre-dawn at each site
(Sperry et al., 1988). PLC is an effective method for asses-
sing the proportion of xylem vessels compromised due to
episodes of hydraulic stress (Hietz et al., 2008). Specifi-
cally, it measures the amount of residual gas bubbles
(emboli) caused by the vaporization of sap when trees are
under high vapor-pressure deficits in dry soils (Choat
et al.,, 2018).

Samples were prepared following Barigah and
Cochard's protocol (2012) developed for the Xyl'EM
meter, and implemented following recommendations
from Wheeler et al.'s study (2013). One branch was col-
lected from a single tree (the PLC tree, n = 14 trees in
total) per plot pre-dawn, when water potentials are as
close to 0 as possible. This avoids unwanted introduc-
tion of air into the sample at the moment of collection.
Branches 1.7-2.0 m in length, and 4-5 m aboveground
were sawn using a pole-saw. The cut-end was immedi-
ately re-cut inside a bucket of water, and left soaking
for 20 min to relax tension in xylem vessels. Relaxation
steps help prevent artificial embolization and passive
refilling of the xylem during and after the cutting pro-
cess (see Wheeler et al., 2013). To maintain branches in

a saturated and dark environment during the trip to
the laboratory (ca. 2 h drive), the sample's cut-end was
covered with a water-filled balloon, and the canopy
wrapped in large black plastic bags with wet paper
towels. The branch was further relaxed (i.e., re-cut and
placed cut-end in a bucket of water) for 3 h, before
being progressively cut back under water at 1-min
intervals at least, into 4 to 5 terminal twig sections car-
rying live foliage, of approximately 1cm in diameter
and 10 cm in length. The twig samples were then pre-
pared for analysis as per Barigah and Cochard (2012)'s
protocol.

Twig conductivity measurements were performed by
measuring the flow rate of a 100 mM L' Kc,
10 mM L ! CaCl,, and MilliQ® water solution, degassed
and filtered at 0.2 pm, passed through the twig at 2 kPa,
and recorded using a digital liquid flow meter (Liqui-
Flow; Bronkhorst High-Tech BV, Ruurlo, Gelderland, the
Netherlands). Measurements were performed using the
FlowDDE and FlowPlot software (Bronkhorst, Flow-
Ware). Initial measurements provide the initial flow rate
(kinit) of the solution through the twigs, before flushing
emboli out of twig vessels for at least 15 min at 200 kPa,
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and re-measuring the flow rate (kgpna). The PLC was then
calculated as:

(kfinal — Kinitial )

PLC =100 x
kﬁnal

Due to time and resource constraints, some samples
were kept overnight in a cooler and processed the follow-
ing morning. Delays in sample measurements, twig and
pith diameters and twig length, were noted and analyzed
for quality control of the data collected.

2.4 | Health and regeneration surveys
Centered around the PLC tree, surveys of mature trees
(stems with a circumference >10 cm) and regeneration
were undertaken in a circle of 16 m in diameter (a total
area of approximately 201 m?). For all standing stems,
girth at breast height (GBH) was measured, the maximum
height of stems was visually estimated using a 3.5 m tall
object as a reference point, and canopy health value was
estimated as the percentage of the canopy being defoliated
(hereafter referred to as “canopy dieback™). Stand density
was calculated as the number of trees with stems >10 cm
GBH (alive or dead) within the circular plots. For regener-
ation surveys, visibly established seedlings (>20 cm in
height) and saplings were counted. Saplings were differen-
tiated from seedlings as being >1 m tall and having thicker
stems with distinctively corkier bark, and mostly mature
leaves (juvenile leaves differ in shape).

2.5 | Microclimate measurements

At each site, a microclimate sensor (EasyLogUSB) was
placed 2 m north from the centerpoint tree (“PLC tree”),
with the location being slightly adjusted to be at least
2 m from any other stem or bushes, if necessary. The sen-
sor was placed 20 cm aboveground under a two-funnel
radiation shield (constructed following Hubbart, 2011) on
a pole, which records temperatures comparable to com-
mercially available radiation shields. Any large stones
were removed if present below the sensor to ensure simi-
lar surface albedos and heat retention. Sensors were
deployed from 5:00 p.m., October 23, to 4:00 p.m., April
19, 2025, to measure temperature (°C) and relative
humidity (%) hourly.

2.6 | Analysis

All data were plotted and analyzed in R v. 4.3 (R Core
Team, 2023). Pearson correlations between canopy
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dieback, mean PLC, regeneration, mean maximum tem-
peratures, and solar radiation, calculated over a summer
period from a 50 cm resolution Digital Terrain Model
(cf. Fitzgerald et al., 2023 for methodology), were calcu-
lated using the function cor() (Figure S1). Correlations
between variables were then tested with the models spec-
ified below.

To investigate the relationship between health at the
tree/site level and exposure to hydraulic stress, the mean
PLC was first modeled against mean canopy dieback at
the site (sigmoidal regression) and canopy dieback of the
sampled tree (logarithmic regression). This also allowed
identification of the extent of hydraulic damage in
healthy sites. Secondly, to understand regeneration
dynamics in relation to canopy dieback patterns, total
recruit counts were modeled according to mean canopy
dieback using a generalized additive model (GAM) with
the quasipoisson family and log link function.

Microclimates were then characterized according to
sites. Mean daytime maximum, night-time minimum
temperatures, and temperature fluctuation (standard
deviation [SD]) were calculated per day and averaged
across the sampling period. The same was calculated for
mean maximum, minimum, and SD of relative humidity.
Two sites (D2 and B4) were excluded from the analyses
because their sensors fell out of the radiation shield. Lin-
ear regressions were performed on each microclimate
variable independently against mean canopy dieback.

Model performance was assessed using adjusted R*
values, relative standard error values (RSE), and AICc
(Akaike Information Criterion for small sample sizes),
using the package MuMin (Barton & Barton, 2015).

3 | RESULTS

A total of 240 trees were sampled for site-level health sur-
veys (canopy health, height, and GBH). At sites with high
dieback, often only a single tree retained branches
suitable for PLC sampling, and therefore the PLC tree
canopy dieback was not necessarily reflective of the site
more broadly (Table 1, Figure S2). The majority of sites
had a mean canopy dieback between 25% and 70% and
only one site had a mean canopy dieback below 20% (C6,
Table 1). There was important variation in individual
canopy dieback, leading to large SDs (43% at most for a
mean canopy dieback value of 51.9% at site C5, Table 1).
Tree density was variable, ranging from 5 to 35 trees per
site, that is 248.7 to 1740.8 trees per hectare. Signs of log-
ging were observed in multiple sites (A4, A3, Al, B2, C5,
and D2). The number of recruits also varied from 0 to
74 in one site (E3, Table 1). PLC measurements varied
between branches with means ranging 12%-46%
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(Table 1), and notably, within branches with SDs ranging
from 4% to nearly 20% (Table 1). Larger mean PLC values
also tended to have larger SDs (see Data).

Out of all experimental confounding factors measured
during PLC sampling (time between branch collection
and measurement, twig size, and twig and pith diameter),
only twig size seemed to be associated with higher PLCs.
However, the effect was slight, evenly spread between
branch samples, and explained a very small fraction of
the variation in PLCs (p val =.027, adj. R® = 0.061,
Figure S3).

3.1 |
stress

Canopy dieback and hydraulic

Our data suggest a sigmoidal relationship between can-
opy health at site and hydraulic damage (p val <.05).
Sites with lower canopy dieback generally have lower
mean PLC for the tree sampled (Figure 2a). The first
inflection point of the sigmoidal model suggests that
PLC increases from a baseline value of ca. 20% when
mean canopy dieback is about 40%. PLC then plateaus
at about 31% with little additional canopy dieback
(Figure 2a), suggesting mean canopy dieback of about
40% as a potential threshold for retaining stand health.
We note that only a single site with mean canopy die-
back <35% could be sampled due to the unavailability
of suitable (low canopy dieback and accessible for PLC
measurements) sites. Additionally, the PLCs measured
for sites with extensive mortality (>80% mean canopy
dieback) were relatively low (some around 20% loss of
conductivity, Figure 2a), and likely not representative of
the mean PLC in the surrounding trees which were
almost entirely defoliated and therefore could not be
sampled. The mean PLC was likely to be severely
underestimated at those sites, and we discuss the impli-
cations of this in Section 4.

A logarithmic relationship between the mean PLC
value and canopy dieback of the PLC tree was observed
(p val <.05, adj. R* = 63.7%). From ca. 24% PLC (23.5%
+4.3% at 95% confidence interval [CI]), the canopy
health of the tree deteriorated more rapidly as cavitation
progressed (Figure 2b). Additionally, the logarithmic
model predicts complete defoliation from ca. 50% PLC
(47.2% + 8.9% at 95% CI). This threshold is often defined
as the point past which trees' hydraulic tissue becomes at
risk of critical impairment in woody plants (Choat
et al., 2012). Substantial variation among twigs from the
same branch (maximum SD of 19.6% in the branch sam-
pled in site D3) was noted, though this variation appears
relatively consistent throughout the samples (Figure S3
and Table 1).

Ajournal of the Society for Conservation Biology
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FIGURE 2 (a) Plot of mean percentage loss of conductivity

(PLC) of twigs from a single branch sampled against the mean
canopy dieback at each site. x, is the (PLC) inflection point of the
sigmoidal regression (green curve) fitted to the data.

(b) Logarithmic regression model (green curve) and 95% confidence
interval (green shading) fitted to mean PLC values of twigs in a
single branch, against the degree of canopy dieback of the tree the
branch was collected from. Dashed red lines indicate thresholds for
complete defoliation (predicted at 47.5% loss of conductivity), and
where defoliation accelerates drastically as PLC progresses (slope of
the derivative dips below 1, predicted at 23.5% loss of conductivity)
as predicted by the logarithmic model based on our data. Asterisks
refer to statistically significant p values at a = 0.05.

3.2 | Regeneration

Sites with intermediate levels of canopy dieback (30%-
70%) had the highest recruitment (2-74 seedlings or sap-
lings), and sites at the extremes had a single or no seed-
lings or saplings (Figure 3a, Table 1). This pattern was
supported by the GAM model (p val <.05, adj.
R* = 54.3%, Figure 3a). Site E3 had a large amount of
seedlings (52 and 22 saplings, for a total of 74 recruits),
which was likely driven by one prolific mature tree
located at the edge of a small clearing (Bentze, personal
observation; Table 1). There was no obvious pattern in
seedling versus sapling counts at sites with intermediate
levels of canopy dieback; four sites had an even ratio,
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Mean canopy dieback at site

(a) Plot of regeneration counts (log + 1) according to canopy dieback, with fitted generalized additive model (green curve)
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the prevalence of saplings over seedlings at the site. Asterisks refer to statistically significant p values at « = 0.05.

four sites had more saplings, and six sites had more seed-
lings (Figure 3b, Table 1).

3.3 | Microclimate

Sites with greater canopy dieback were generally hotter
and drier during the day, although the highest mean
maximum temperature recorded (52.5°C) was at site D3
where the mean canopy dieback was 53.4%. There was
almost a 10°C difference between this site and site A3,
which had the lowest mean maximum temperature
recorded (43°C) and a mean canopy dieback of 39.2%.
There was also a near 6°C difference in mean maximum
temperature between the site with the lowest mean can-
opy dieback (15%, mean maximum temperature of
44.5°C) and the site with the highest mean canopy die-
back (81%; mean maximum temperature of 50.2°C,
Figure 4, Table 1). Overall, mean canopy dieback was
positively correlated with the mean maximum tempera-
ture (p val <.05 adj. R*=309%) and the mean
temperature variation (SD, p val <.05, adj. R* = 61.4%),
and negatively correlated with mean minimum relative
humidity (p val <.05, adj. R* = 69.4%, Figure 4).

4 | DISCUSSION

41 | Overview

The results of this study confirm putative topographic
microrefugia for the Red Stringybark in Spring Gully
Conservation Park. In these sites, canopies were in better
condition and trees experienced less damage to their

hydraulic tissue. These habitats also proved to be cooler
and more humid, particularly during the hottest part of
the day. These refugial locations therefore provide sub-
stantial buffering from warmer, drier conditions expected
as global warming intensifies. Healthier sites also proved
to have little to no regeneration, as expected, likely due
to competition for resources and light. Nevertheless,
damage to hydraulic tissue (ca. 20%) in branches of trees
growing in microrefugia suggests vulnerability to drought
stress. Regeneration was low or absent in the healthiest
and unhealthiest sites investigated, and highest at sites
displaying intermediate canopy dieback. Collectively,
these findings suggest both vulnerability and resilience to
dieback in this population.

4.2 | Uncertainty on the vulnerability of
microrefugia

Though healthier sites displayed lower hydraulic damage,
all trees investigated seemed to have experienced some
drought stress, suggesting vulnerability to future warm-
ing. The strong relationship between PLC and canopy
health implicates drought stress as the key driver of die-
back observed in the Red Stringybark population of
Spring Gully Conservation Park. This strong relationship
was also noted for previous drought-related forest die-
back of Eucalypts in Australia (Losso et al., 2022; Nolan
et al., 2021). Our model also suggests that trees can toler-
ate some hydraulic damage, until around 25% PLC,
where defoliation starts to progress more and more rap-
idly. Considering that trees with seemingly healthy cano-
pies still had a minimum of around 20% PLC, the buffer
before widespread defoliation, that is, dieback, sets in



BENTZE ET AL. Conservation Science and Practice 9 of 14
‘A Jounal of the Society for Conservation Biology CEELED _Wl LEY
7.0 P |
A1
° (a) ceé (b)
D3 B1 L
° c5
— o -.A1 R 6.5 A3. )
O 50 -7 O A4 c2
e c5® E3 - B2 c2 e L4 L
s 8 IVRPE g ¢ £9 D4
g 6® - - € £6.01 °
c = Y - c 2 D3
c© P [l °
o] 6 _- [6] (T)
=a - = Q
£ 45 e-" € 551
) cé D4 ]
L] Adj R? = 30.9% ) B1oo
A3® Est. = 0.097 E3 B2
SE =0.039 5.01
Pval = 0.035 *
40 E6®
25% 50% 75% 25% 50% 75%
98 ]
B1 °
10 . (c) A3 (d)
°
ety cs E3
- **p3
—~ < QA1 S 961 ° A1
— g ° D3 = 5 Ead o & D4 °
8 a o _ L = < *? Ad
0w - T C )
32 8 E6 _ms” EE o
N5 o s c5 ST
% © - ° Qo0 ®
o P - D4. =2 E6 B1
Q - A3 = °
=g 7 - ° Adj R = 61.4% <
S P J 4 O 924 B2
- o5 Est. = 0.044 o (]
SE =0.01
6 Pval = 0.0016 * o
90+ °
25% 50% 75% 25% 50% 75%
20- E3
°
o f
15 (e) ol (f)
S . iyl e
o [ I S [ ] st. = -0. o
< 149 C6 ~_ B0 a3 SE =0.01 <
= S Pval = 0.00047 * 20 °
c5 ~ =0 om B2
€ € RS -lc 2 181
cs 13 D4® I s D3 A1
o I D3 N8 N o
2e a® o5~ c§ 0, c2®
= “E3. _B2 oT E6
= 171 °
% 12 ® \0\ N = < D4”
¥ =~ ( 1] o °
2 | °
11 164 A3
B1
°
e

50% 75%

Mean canopy dieback

25%

50% 75%

Mean canopy dieback

25%

FIGURE 4 Plots of microclimate variables according to mean canopy dieback at site: (a) mean maximum temperature, (b) mean
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minimum relative humidity, and (f) mean 24-h relative humidity variation (mean SD). Dashed lines are statistically significant linear
regressions with shaded 95% confidence intervals. SE, standard error. Asterisks refer to statistically significant p values at a = 0.05.

appears to be low. This minimum value may be due to
very steep south-facing slopes in the southern parts of the
park being too inaccessible to be sampled, as this
excluded trees that could have experienced less drought
stress and therefore have had lower PLCs. Nevertheless,
PLCs around 20% were also observed in trees with low
canopy dieback in drought-affected forests dominated by
Eucalyptus  pauciflora, Eucalyptus laevopinea, and

Eucalyptus dalrympleana in New South Wales during the
2019-2020 austral summer drought (Nolan et al., 2021).
Similarly, E. macrorhyncha trees assessed post-drought at
these sites recorded a minimum of 25% PLC, even after
recovery (Losso et al., 2022).

Although this suggests trees with healthy canopies
are still vulnerable to further drought stress, the high var-
iation of PLC values within sampled branches point
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toward uncertainty in these thresholds. Resprouting is a
common coping strategy for eucalypts in response to fire
(Pausas & Keeley, 2017) and drought-induced canopy loss
(Pausas et al., 2016) and may have contributed to this
pattern. Red stringybarks are long-lived and resprout
both basally and epicormically, with lignotuber develop-
ment commencing at the seedling stage (Ashton &
Sandiford, 1988). Branchlets sampled from a single
branch may hence be of different ages and exhibit differ-
ing levels of vascular damage and/or recovery, due to
periodic resprouting after stressful periods. Further study
of epicormic resprouting patterns and their link with
hydraulic damage versus recovery will be particularly
useful to better estimate vulnerability to drought-induced
mortality.

Adaptations providing resilience to drought stress add
further uncertainties to predicting thresholds that lead to
population decline. Red Stringybarks have adaptations
that allow persistence on shallow soils in regions with
limited rainfall (mean annual precipitation throughout
its range = 736.3 mm yr~'; Blackman et al., 2019). Our
study population has been isolated since before the Last
Glacial Maximum (Keppel et al., 2023), and such
long-term isolation may have led to additional unique
adaptations (Steane et al.,, 2017). Resprouting as a
key adaptation to stem damage in this population, which
grows on the more arid edge of the species’ climatic
niche, is further supported by the more frequent occur-
rence of multi-stemmed trees compared to con-specific
populations in other locations (Keppel et al., 2023). The
occasional dieback of canopies and stems during drought,
and subsequent resprouting, may therefore be a local
adaptation and explain why “death of mature trees” at
the edges of stringybark forests were also reported when
the population was first “discovered” by western scien-
tists (Boomsma 1949).

Furthermore, our results suggest that environmental
conditions at finer scales than those investigated here are
likely contributing to the amount of drought stress expe-
rienced by individual trees. Some of the trees sampled in
sites with severe dieback appeared to be coping well, as
they retained healthy canopies and displayed relatively
low PLCs. A range of factors could contribute to this phe-
nomenon. Firstly, healthier trees could be occurring in
more favorable environmental conditions, such as loca-
tions with deeper soils and greater water run-on. Fine-
scale differences in soil depth have been shown to affect
the performance of plant species (e.g., Keppel, Robinson,
et al., 2017). Alternatively, trees could be transiently
benefitting from the release of competition for resources
by neighboring, now extirpated trees. Finally, healthier
trees may have physiological traits or strategies allowing
them to cope better with drought stress. If the latter is a

contributing factor, remnant healthy trees could be better
adapted to drought stress, meaning that their propagules
would likely perform better in restoration efforts. Further
monitoring and investigation would allow determining
which processes contribute to the observed phenomenon.

4.3 | Regeneration patterns and
population resilience

While responses to future extreme climate-change type
droughts are uncertain, recruitment observed in response
to some dieback suggests resilience. Our results support
the hypothesis that sites of intermediate canopy dieback
have the highest regeneration, due to reduced recruit-
ment caused by resource competition in healthy sites and
unsuitable environmental conditions in sites of high can-
opy dieback (see Schrieke & Livesley, 2017). Similarly,
reduced competition after dieback was suggested to
enhance recruitment in the David aspen (Populus tre-
mula L.) in Mongolia (Zhao et al., 2018). Such recruit-
ment can potentially compensate for adult mortality
(Lloret et al., 2012; Zhao et al., 2018).

The effects of dieback on microclimate may play a
key role in determining the overall resilience of the stud-
ied population. Previous research has shown that topog-
raphy affects both the severity of and recovery from
dieback in the study population, with stands on south-
facing slopes that receive less solar radiation remaining
healthier and being more likely to recover canopy
(Fitzgerald et al., 2023; Keppel et al., 2023). However, in
this study, microclimate measurements are more strongly
correlated with the canopy health of stands than with
stands directly (Figures S1 and S4), even if topography
contributes to canopy health conditions.

Such microclimate effects may be important for con-
tinuing recruitment and population persistence. Canopies
can buffer against high temperatures and moisture loss at
the critical period in the day (i.e., hottest period with the
most insolation), creating cooler and more humid condi-
tions (De Frenne et al., 2019; Keppel, Anderson,
et al., 2017; McGinn et al., 2023). A severe reduction in
canopy density caused by dieback may therefore signifi-
cantly alter the regulation of temperature and moisture
availability in the understorey and in the litter (Keppel,
Anderson, et al., 2017). As both suitable microclimates
and leaf litter can promote seed germination and seedling
persistence (Facelli & Ladd, 1996; Stoneman, 1994), these
changes may create environments that are unsuitable for
successful seedling establishment. Microclimate may be
particularly important for the establishment of Red
Stringybark seedlings, which were found to survive for
only about a week without water before critical hydraulic
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dysfunction in a pot experiment (Blackman et al., 2019).
Indeed, sites in Spring Gully Conservation Park with
nearly absent canopy cover had little to no regeneration.
Therefore, surrounding vegetation and canopies could be
essential to modulate the severity of drought stress below
a critical threshold, thus allowing Red Stringybark seed-
lings to survive during summer heatwaves.

44 | Management implications

Our study confirms the presence of microrefugia for the
genetically unique population of Red Stringybark in
the Clare Valley, as locations that retain cooler and
moister microclimates than the majority of the landscape.
Topographically, these microclimates are located on
south-facing slopes and in the upper reaches of valleys,
and coincide with the healthiest stands of this popula-
tion. This study highlights that fine-scale heterogeneity
in the landscape may provide refugia to woodlands, par-
ticularly eucalypts in Australia, threatened by hot
drought. Investigating thresholds of resilience and
recruitment patterns will also prove useful to determine
which, or if, management interventions are needed to
maintain this refugial capacity. Results hence confirm
the usefulness of refugia for the conservation of species
threatened by the impacts of climate change (Keppel
et al., 2024; Morelli et al., 2020). However, they also
highlight that refugia can be limited in the amount of
change they can buffer and that maintaining their capac-
ity to support particular taxa may be dependent on
management as climate change intensifies (Keppel
et al., 2015, 2024).

Thresholds can be important predictors for the persis-
tence of ecological communities and refugia (Berdugo
et al., 2020; Keppel et al., 2024). For the Red Stringybark
communities in Clare Valley, mean canopy losses of 40%
and 50% appear to be critical thresholds. Canopy losses
beyond 40% translate to rapid increases in trees' hydrau-
lic tissue damage, leading to higher chances of tree mor-
tality. Beyond 50% canopy loss, the microclimate seems
to become less suitable for seedling establishment,
decreasing the potential for sites to recover after moder-
ate canopy dieback. While the details of these thresholds
require further investigation, they can provide a rule-
of-thumb for management efforts.

The importance of maintaining live canopy to prevent
the continuing retraction of the population, and possible
future collapse, is further supported by the strong rela-
tionships between canopy cover and regeneration and
microclimate. Similarly, regeneration, sufficient canopy
cover, sufficient seeds, and cooler and wetter microcli-
mates were associated with greater resilience to drought

Ajournal of the Society for Conservation Biclogy

in the pifion-juniper woodlands in the southwestern
United States (Redmond et al., 2018). Avoiding excessive
dieback is therefore important for successful regeneration
to continue, as well as maintaining refugial capacity for
wildlife during summer conditions. Regeneration occur-
ring at the margins of potential refugia, where macrocli-
matic conditions become suboptimal and drive dieback,
may be more at risk during severe droughts. Therefore, to
prevent severe defoliation and downstream effects on
recruitment, active management interventions are rec-
ommendable during extreme weather events.

All in all, the Red Stringybark population in Clare
Valley seems to be resilient to climate change type
droughts. Nevertheless, there is clear evidence that envi-
ronmental conditions have become unsuitable (high die-
back and no regeneration) in areas with the hottest and
driest conditions. As a consequence of future climate
change, vapor-pressure deficits during hot droughts will
likely increase and heighten hydraulic stress in mature
trees. Active management interventions to mitigate this
stress are required to retain at least parts of the popula-
tion. Night-time watering within, and at the margins of
refugia may help sustain mature trees and avoid loss
of recruits during summer heatwaves, where high vapor-
pressure deficit may cross a threshold leading to runaway
embolism and severe damage for recruits and mature
trees alike. Monitoring of water potentials under such
conditions will also help tailor the timing and amount of
watering which would be sufficient for relieving tension
in the xylem and avoiding extensive cavitation. In paral-
lel, temperature in the foliage could also be monitored to
identify whether disruption of photosynthesis due to high
temperature may also be contributing to canopy dieback
during hot droughts (O'Sullivan et al., 2017). Lastly,
maintaining or increasing control of grazers in the park
will encourage natural regeneration to be successful
overall.

5 | CONCLUSION

Our findings show that measurements of tree health,
regeneration, physiological (drought) stress, and microcli-
mate can provide important insights about the drivers
and progression of dieback. Importantly, these measure-
ments identified resilience to drought-related physiologi-
cal stress and thresholds beyond which resilience begins
to erode for the studied population, providing key infor-
mation on refugial capacity and its management implica-
tions. Observed regeneration patterns in conjunction
with microclimate suggest that maintaining some canopy
cover is an important aspect of seedling establishment.
Severe defoliation events may render microclimatic
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conditions deleterious for seedling development as well
as coping with hot droughts in mature trees. Thus, active
interventions such as watering during critical hot-
drought conditions in microrefugia and at their periphery
may help ensure these microrefugia can persist in a
changing climate. In parallel, continued or intensified
controls on invasive grazer populations will also increase
regeneration'’s chances of success.

This study shows the potential for harnessing topo-
graphic refugia to conserve a population threatened by
climate change type droughts. With some management
support during critical periods (extreme heat and
drought), these refugia should be able to facilitate the
persistence of the population. Further investigations to
gain a deeper understanding of how microclimates in
refugia will change as climate change progresses and of
the capacity of E. macrorhyncha to cope with and recover
from hydraulic stress over time could help further refine
critical thresholds and management actions.
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