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Canopy damage during a natural drought depends on species
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Summary

¢ Vulnerability to xylem cavitation is a strong predictor of drought-induced damage in forest
communities. However, biotic features of the community itself can influence water availability
at the individual tree-level, thereby modifying patterns of drought damage.

e Using an experimental forest in Tasmania, Australia, we determined the vulnerability to cav-
itation (leaf Pso) of four tree species and assessed the drought-induced canopy damage of
2944 6-yr-old trees after an extreme natural drought episode. We examined how individual
damage was related to their size and the density and species identity of neighbouring trees.

e The two co-occurring dominant tree species, Eucalyptus delegatensis and Eucalyptus reg-
nans, were the most vulnerable to drought-induced xylem cavitation and both species suf-
fered significantly greater damage than neighbouring, subdominant species Pomaderris
apetala and Acacia dealbata. While the two eucalypts had similar leaf Psq values, E. dele-
gatensis suffered significantly greater damage, which was strongly related to the density of
neighbouring P. apetala. Damage in E. regnans was less impacted by neighbouring plants and
smaller trees of both eucalypts sustained significantly more damage than larger trees.

e Our findings demonstrate that natural drought damage is influenced by individual plant

physiology as well as the composition, physiology and density of the surrounding stand.

Introduction

Increased drought frequency and severity as a result of anthro-
pogenic climate change (Trenberth eral, 2014) can alter tree
growth and in extreme cases, cause widespread mortality (Choat
etal., 2012; Brodribb ez al., 2020). Drought-induced mortality is
already well documented in forests globally (Phillips ez 4/, 2009;
Millar & Stephenson, 2015; Young ez al., 2017; Meakem ez al.,
2018; Fettig eral, 2019; Powers eral, 2020) and is widely
thought to be driven by hydraulic failure of the water transport
system (Adams eral., 2017). Physiological characteristics of the
plant hydraulic system have been incorporated into models to
predict which species, forest types or regions are the most vulner-
able to future drought (Anderegg eral, 2015; Martin-StPaul
etal., 2017). However, this approach has focussed on individual
trees in isolation of the communities in which they persist (Clark
etal., 2016). Interactions between neighbouring trees are a criti-
cal component of community dynamics and may modify the
direct effects of drought (Fichtner eral, 2020). Understanding
how neighbours modulate drought-induced mortality is needed
to accurately predict how forest systems will be affected by future
climate conditions.

The point at which water stress causes tree death is controlled
by physiological characteristics of the plant, namely the water
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transport system and its vulnerability to drought-induced damage
(Choat ez al, 2018). Tension in the water column increases with
water stress causing cavitation, in which gas bubbles (emboli)
form in xylem conduits that progressively block water flow and
restrict water supply to leaves (Tyree & Sperry, 1989). Func-
tional impairment increases with embolism, ultimately killing the
tree if water transport is sufficiently inhibited. Xylem vulnerabil-
ity to embolism varies widely among species and is a key indica-
tor of their ability to survive sustained drought (Brodribb &
Cochard, 2009; Kursar ez al., 2009). Hydraulic traits describing
xylem vulnerability, such as the water potential causing a 50%
loss in conductivity (Psg) and hydraulic safety margins, have pre-
viously explained mortality patterns during natural drought
(Anderegg eral, 2016; Powers etal, 2020). Anderegg etal.
(2016) and Powers eral. (2020) highlighted the importance of
physiology in determining species mortality risk to drought, but
their studies indicated that substantial variation in mortality rates
remains unexplained (c. 40-70%) when considering physiology
alone. This suggests that other factors are also important in deter-
mining which trees suffer during drought, such as the effect of
co-occurring neighbours on soil water availability. Differences in
xylem vulnerability, stomatal behaviour and root characteristics
are likely to produce local variation in soil drying within a forest
community (Tardieu & Simonneau, 1998; Klein, 2014). Plants
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with cavitation resistant xylem are typically anisohydric, meaning
that they will continue to lose water for longer into a drought
period than those with less resistant xylem. Assuming a degree of
root overlap between neighbours (Manoli ez al., 2014), vulnera-
ble plants that limit water use to preserve hydraulic function may
still experience a strong reduction in soil moisture content by
neighbours with more resistant xylem. Increased water stress
within the rooting zone can potentially lead to embolism-
inducing soil water potentials for more vulnerable plants. There-
fore, in forest communities, the severity of the water deficit and
the rate at which it will occur should not be dependent on the
abiotic environment alone, but also on the composition, physiol-
ogy and density of the surrounding stand.

Forest stands vary widely in the identity and density of trees
they contain. During drought, greater competition for water in
high density stands can increase the probability of mortality
(Dwyer etal., 2010; Young etal, 2017). The composition of
those stands — the identity of neighbours — also influences the
strength of competition. Plants have historically been assumed to
compete more intensely with conspecific than with heterospecific
neighbours due to greater niche overlap (MacArthur & Levins,
1967). Conspecific density effects have decreased survival in
many forest systems (Dwyer et al., 2010; Piao et al, 2013; John-
son etal., 2017). Heterospecific density effects on survival have
also been documented, albeit less commonly (Zhu ez al., 2018).
When heterospecific densities are included, they are rarely parti-
tioned into species-specific densities meaning that the strength of
their impact, due to differing physiology and ecology, cannot be
explored.

Drought susceptibility can be influenced by individual tree
size. Numerous studies have linked tree size with drought suscep-
tibility with mixed findings of whether small or large trees are
most at risk during drought (Nepstad ez /., 2007; Phillips ez al.,
2010; Peng ez al., 2011; Bennett e al., 2015; Fajardo et al., 2018;
Brun etal, 2020; Nolan ezal, 2021). Size-dependent drought
susceptibility can be a result of variation among different size
trees in embolism vulnerability (Ambrose ez al., 2018), rooting
depth (i.e. soil water access; Giardina ez al., 2018) or severity of
biotic agent attack (Stephenson ez al., 2019). However, much of
the evidence linking tree size with drought susceptibility in the
field is observed in mature forests with little attention paid to
small, young trees such as seedlings and saplings (McDowell
eral., 2013). While differences in drought tolerance have previ-
ously been assessed between juvenile and mature trees (Domec &
Gartner, 2001; Rice ez al., 2004), studies assessing size-dependent
differences among single-age saplings in the field are rare. Single-
age forests are common following both natural and managed dis-
turbance and it is therefore necessary to determine which size
classes are the most susceptible to drought in these systems and
whether such relationships are consistent with that of mature,
multi-age forests.

Here, we explore canopy foliage damage in four co-occurring
species following a significant drought in the 2018/2019 austral
summer. The summer was the hottest on record for south-eastern
Tasmania (Bureau of Meteorology, 2020) and included the driest
January on record at the closest weather station (Bushy Park,
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Tasmania; ¢. 10km from the study site). The study was con-
ducted in the Australian Forest Evenness Experiment (AFEX;
Gerwin et al., 2020); an experimental forest in south-east Tasma-
nia, Australia, 6 yr old at the time of the study. The AFEX con-
sists of four species, Eucalyptus regnans, Eucalyptus delegatensis,
Pomaderris apetala and Acacia dealbata, sown experimentally to
create a range of community compositions over a small geograph-
ical area where, unlike in natural systems, abiotic factors such as
rainfall do not vary substantially. Therefore, the AFEX provides a
rare opportunity to explore how the effects of a natural drought
event are simultaneously influenced by both physiological (vul-
nerability to cavitation) and ecological (stand composition) pro-
cesses. We first explored how drought-induced canopy damage
correlated with species’ vulnerability to cavitation and, secondly,
if neighbour species and density, and tree size influenced the
severity of damage within species. Specifically, we posed the fol-
lowing questions:

(1) Does natural drought damage correlate with species’ vulnera-
bility to cavitation?

(2) How does the density and identity of neighbours impact
drought damage?

(3) Is drought damage size-dependent in the early stages of stand
regeneration?

We hypothesised that (1) species that are most vulnerable to
cavitation will experience the highest levels of damage; (2) the
degree of damage will be exacerbated in trees co-occurring with a
high density of neighbours with more resistant xylem; and (3)
smaller trees will suffer the most damage.

Materials and Methods

Study site and species

The AFEX (Gerwin et al., 2020) occupies a 5 ha site in the Styx
Valley, southern Tasmania (42°46'49"S, 146°49'01"E; Fig. 1) at
an altitude of 530—590 m above sea-level on a north-west facing
slope. The site receives 984 mm average rainfall annually with
mean minimum and maximum temperatures of 3.28°C and
13.18°C, respectively. The AFEX is surrounded by production
eucalypt forest and Pinus radiata plantations and, before estab-
lishment, was a native forest dominated by E. delegatensis and E.
regnans. In April 2013, the site was burnt in a high intensity
regeneration fire following clear-felling, resulting in complete
removal of all pre-existing vegetation.

At 2 d after the regeneration burn, locally sourced seeds of four
native tree species (E. delegatensis R T.Baker, E. regnans F.Muell.,
Acacia dealbata Link and Pomaderris apetala Labill.) were hand
sown to create an orthogonal evenness X species design of five
evenness levels for each species, creating 20 treatments replicated
four times across eighty 25 x 25 m plots (Supporting Informa-
tion Table S1). The four species are common in wet sclerophyll
forest and locally abundant. Eucalyptus regnans and E. delegatensis
are fast-growing, light-dependent dominant tree species reaching
mature heights up to 100 m (Hickey ez 4/, 2000). The two euca-
lypts are closely related, belong to the Monocalyptus subgenus
(Williams & Potts, 1996) and occur as co-dominants in
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Fig. 1 Size—frequency distributions in
diameter at breast height (DBH; cm) of the
four species in the Australian Forest Evenness
Experiment (AFEX): (a) Eucalyptus
delegatensis, (b) Eucalyptus regnans,

(c) Pomaderris apetala and (d) Acacia
dealbata. The red, vertical dashed line shows
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surrounding native forest. Acacia dealbata and P. apetala are
nitrogen fixing, moderately shade-tolerant, subcanopy tree
species reaching mature heights of 30 and 15 m, respectively
(Walsh & Entwisle, 1999; Maslin, 2001).

To initiate germination before sowing, P. apetala seeds were
heated to 120°C for 10 min and A. dealbata seeds were steeped
in boiling water for 15 min and then rinsed. Eucalypt seeds were
not pretreated before sowing due to already high germination
rates. Seeds were sown at a target community density of 20
potential germinants m™~ > but some variation exists between the
realised and sown composition of each treatment (Table S1; Ger-
win eral., 2020). Acacia dealbata is under-represented due to
lower-than-expected germination success and severe browsing of
seedlings in the first year. Pomaderris apetala is over-represented,
probably due to successful germination from a persistent soil
seedbank in addition to sown seed.

In this study, E. regnans was the largest species with a mean
diameter at breast height (DBH) of 2.3 cm and height of 3.45 m
(Fig. 1). Eucalyptus delegatensis plants were slightly smaller with a
mean DBH of 2.1 cm and height of 3.07 m (Fig. 1). The maxi-
mum tree size recorded for each eucalypt was 9.2 cm DBH in E.
regnans and 10 cm in E. delegatensis. Acacia dealbata were sub-
stantially smaller than the eucalypts at 0.8 cm DBH and 1.66 m
height (Fig. 1). Pomaderris apetala trees were the smallest: 0.4 cm

DBH and 1.31 m height (Fig. 1).

Drought event

In 2018/2019, an exceptionally hot and dry austral summer
resulted in a severe drought episode at the AFEX. January 2019
received a total rainfall of 2.6 mm; just 6.5% of the 40.5 mm
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the mean size for each species. Treatment-
specific size distributions are provided in
Supporting Information Figs S1, S2.

monthly average for the region, making it the driest January on
record (since 1874). Concurrently, the mean maximum tempera-
ture was 4.3°C warmer than average and the mean daily evapora-
tion was 7.7 mm, 51% higher than average. The 4 months
preceding the January 2019 drought event were 1.47°C warmer
than average and recorded 24.5% less rainfall than the long-term
average. We determined the standardised precipitation evapo-
transpiration index (SPEL Vicente-Serrano eral, 2010) using
temperature and rainfall data from the Bushy Park weather sta-
tion. The SPEI is a commonly used drought index ranging from
—3 to +3, in which negative and positive values indicate dry and
wet weather conditions, respectively. The SPEI was calculated
over a 3-month analysis period to capture seasonal patterns
(Fig. 2a) and, therefore, represents the accrual of deficit/surplus
of a given month, as well as the preceding 2 months. January and
February 2019 SPEI values were —2.13 and —2.58, respectively,
making February 2019 the lowest SPEI value recorded at the
Bushy Park weather station since temperature data were recorded
(1963; Fig. 2a). Therefore, the 2018/2019 austral summer was
the most extreme seasonal drought episode since at least 1963
(Fig. 2a) and well past the dieback threshold (SPEI value of —2)
common across a range of Australian vegetation types (Mitchell
etal., 2014). The drought ended in February following a signifi-
cant rainfall event (13 mm), however, both February and March
2019 still experienced below average rainfall and above average
temperatures.

Species vulnerability to cavitation
To determine the hydraulic vulnerability of the four study

species, we investigated the relationship between leaf cavitation
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Fig. 2 (a) Time series of seasonal, 3-month standardised precipitation
evapotranspiration index (SPEI) at Bushy Park Estates weather station

¢. 10 km from the Australian Forest Evenness Experiment (AFEX) field site
(data obtained from the Australian Bureau of Meteorology; http://www.
bom.gov.au/climate/data/). The line depicts the SPEI value of the last
month of each season, indicating the accrual of deficit/surplus over the
entire season. The red point indicates the 2018/2019 austral summer
drought episode. (b) Image of canopy drought damage in the AFEX forest
community. Shown in the foreground are light green Pomaderris apetala
trees, surrounded by canopy damage in Eucalyptus delegatensis and Euca-
lyptus regnans trees, and a glaucous Acacia dealbata tree on the mid-right
of the image.

and stem water potential (W) on cut branches. We measured
cavitation in leaves rather than stems, which is more common,
because canopy foliage damage was evident throughout the site,
but complete tree death was rare, suggesting that leaves had cavi-
tated during the drought but the main stem had not. During
water stress, leaves generally embolise before stems because the
distal xylem is typically more vulnerable to embolism than the
basal region of the plant (i.e. the hydraulic vulnerability segmen-
tation hypothesis; Johnson ezal., 2016; Losso ez al., 2019; Bour-
bia et al., 2020). Therefore, we considered hydraulic vulnerability
of the leaf the most relevant measure for explaining canopy
drought damage patterns in the field.

Branches were collected early in the morning (before ¢. 08:00 h)
during winter and spring 2020, both of which experienced typi-
cally wet weather of 167.8 and 154.8 mm of rainfall, respectively.
SPEI values for each season were 0.75 and 0.33, respectively
(Fig. 2a), meaning plants were well hydrated and native embolism
should be minimal. Branches ¢. 1 m long were collected from the
upper canopy of 3—5 similarly sized plants per species. Branches
were sealed separately in two plastic bags with damp paper towels
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to avoid water loss and transported to the laboratory (< 1.5h).
Before beginning measurements, branches were placed in the dark
for at least 30 min to allow the water potential of the whole branch
to equilibrate.

The optical vulnerability technique (OVT; Brodribb ez al.,
2016) was used to visualise cavitation in leaves of the dehydrating
branches. The OVT is a noninvasive method using cameras to
detect changes in light transmission when xylem vessels embolise
and transition from water filled to air filled. We conducted mea-
surements on a new, fully expanded, undamaged leaf attached to
the branch, using purpose-built, high-resolution micro-cameras
(www.cavicam.co) positioned on the midrib of E. delegatensis, E.
regnans and P. apetala leaves and the rachis of A. dealbata. We
used changes in transmitted light to capture cavitation events for
all species other than A. dealbara for which we used reflected light
(Brodribb ez 4l., 2017) due to woody tissue blocking transmitted
light. This technique quantifies embolism formation in 2D, but
produces results that agree very strongly with 3D imagery and
flow-based methods (Gauthey ez al., 2020). For the entire dehy-
dration process (c. 24 h), images were captured at 5-min intervals
and W.n recorded at 10-min intervals using a psychrometer
(ICT PSY, Armidale, NSW, Australia) attached to each branch,
until no new cavitation events were recorded for ¢. 4 h. We mea-
sured leaf water potential (W)..¢) periodically using a Scholander
pressure chamber (PMS Instrument Co., Albany, OR, USA;
Scholander eral, 1965) to verify psychrometer readings. The
entire process was conducted under ambient laboratory air and
lighting conditions (¢. 20°C and 40% relative humidity).

Embolism was quantified using image analysis in Fyj1 process-
ing software (Schindelin ezal, 2012) following the methods
described in detail at www.opensourceov.org. In brief, we calcu-
lated pixel differences between all neighbouring images, indicat-
ing changes in light transmission/reflection due to cavitation
events (embolism) evident as darker lines. Changes in pixel inten-
sity that were not associated with cavitation events (e.g. leaf
shrinkage during dehydration) were removed using outlier
removal in Fii or manually when required. Once the image
sequence contained only pixels of cavitation events, the
embolised pixel area in each image was divided by the total
embolised area calculated from all images and expressed as a per-
centage of total embolism. This was plotted against Wer, and we
extracted the point at which the water potential caused 50% of
the xylem area to be embolised (leaf Psg) as a critical threshold
for loss of xylem function.

Canopy damage assessments

Following the austral summer drought, we assessed canopy
drought damage in April 2019 (Fig. 1b). To capture the range of
canopy damage across the site in varying community composi-
tions, we focused on a subset (z=14) of 25 x25m plots
(Table S1), selected as a combination of different treatments and
levels of obvious canopy dieback severity. Within these plots, we
randomly established 20 m transects 2.5 m from the plot edge to
avoid edge effects with a 1 m boundary on either side of the tran-
sect. The transect was then divided into 10 2 X 2 m quadrats.
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We visually assessed canopy damage for each plant > 1.5m in
height as the percentage of canopy with leaf discoloration/brown-
ing in 10% increments from 0 to 100%. Damage assessments
were conducted before leaf shedding occurred to ensure that
canopy foliar damage could be confidently attributed to the
recent drought. Only E. delegatensis and E. regnans suffered sub-
stantial damage, so the effect of neighbour density and size were
determined for these two species only.

Neighbour density

To assess how neighbour density influences canopy damage, we
counted the number of plants of each species in each quadrat and
summed quadrat counts to obtain a transect-level count (Fig. 3).
Because transects were inside treatments plots that were sown to
create a specific community composition, the transect scale is
highly indicative of the overall plot community. Each count was
converted to a plant density per square metre (mean 5.7 plants
m %). We focused on species densities rather than estimates of
tree biomass as the two were highly correlated in this single-age
system (Figs S3, S4), in which the range of sizes was relatively
small (Fig. 1). Therefore, we opted to use the simpler measure-
ment to determine neighbour influences on drought damage.

Relative tree size

To test how tree size influences drought damage, we calculated
DBH (measured at 1.35 m) individually for all E. regnans and E.
delegatensis trees taller than a 1.5 m height pole. Trees shorter than
1.5 m were awarded a constant diameter value of 0.25 cm. Diameter
measurements were used to determine individual stem basal area.

Predawn water potential

We measured predawn water potential (W edawn)> as a proxy for
rooting depth, to determine whether species differed in their abil-
ity to access soil water resources. W redawn is @ robust estimate of
soil water availability around a tree’s root system because,
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assuming no night-time transpiration (but see Kavanagh eral,
2007), the absence of leaf water loss creating xylem tension allows
the plant and soil water potential to reach equilibrium by dawn
(Waring & Cleary, 1967). W predawn has been previously corre-
lated with rooting depth (Bucci ezal., 2009; Scholz ezal., 2012)
and used extensively to examine soil water access in which higher
(less negative) values indicate greater water availability (Simonin
etal, 2006; Ward etal, 2006; Ambrose etal, 2018). To
minimise variation in ¥p,cdawn values due to tree size and below-
ground heterogeneity, we sclected trees of the three most
abundant species (E. delegatensis, E. regnans and P. apetala) that
were as similar in size and proximity to one another as possible.
Acacia dealbata was not sampled because this species was relatively
rare in comparison, and because it was also relatively rare in den-
sity surveys. Trees were sampled following an extended period of
dry weather in March 2021 when the closest weather station had
received < 5 mm of rain in the preceding 33-d period and the 3-
month SPEI value was —1.52. Tree height was measured using a
height pole and leaves were collected before dawn (05:30 h) from
10 plants of each of the three species. Leaves were sealed in two
zip-lock bags, wrapped in moist paper towels, returned to the lab-
oratory and W) ¢ measured using a Scholander pressure chamber.

Stomatal behaviour

We investigated stomatal sensitivity to water potential in the
same three species (E. delegatensis, E. regnans and P. apetala) to
assess whether differing stomatal behaviour (i.e. anisohydric vs
isohydric) explained differences in drought damage patterns.
Using cut branches, we measured the relationship between stom-
atal conductance (g;) and W), as branches dried and compared
the slope of the function g, = f(W..) among species to determine
whether species were more or less capable of maintaining static
W\eat as the source (soil) water potential decreased (Brodribb &
Holbrook, 2004). A metre-long branch was collected from two
or three trees per species at the AFEX before 07:00 h during
spring and after a period of wet weather to ensure plants were
well hydrated. Branches were collected from similarly sized,

Transect density (plants m_2)
(4]

Species
:l E. delegatensis

:l P. apetala
:I E. regnans
| ]

A. dealbata

Fig. 3 Species densities (plants m—2) in each

of the 14 transects in this study. Other
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T2 T13 T14 species made up just 2.3% of all plants

surveyed and are not presented here.
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healthy individuals, sealed separately in two plastic bags with
damp paper towels to minimise water loss and immediately trans-
ported to the glasshouse. Branches were kept in the dark for
30 min before measurement and g was measured on a single fully
expanded leaf using a LI6400 Portable Photosynthesis System
(Li-Cor, Lincoln, OR, USA) at a photosynthetically active radia-
tion (PAR) of 1000 umol quanta m %s ' and a CO, concentra-
tion of 400 pmol mol™'. Temperature and vapour pressure
deficit (VPD) were monitored to ensure values remained constant
and within the ranges 21-25°C and 0.8-2 kPa, respectively. Gas
exchange was recorded at 30 s intervals on the same leaf for the
duration of the dry-down period between 09:00 h and 14:00 h.
Additional leaves were removed from the branch to estimate W ,¢
(using a Scholander pressure chamber as above) every 15 min to
begin with, but more frequently when g decreased rapidly.

Statistical analysis

All data analysis was performed using the R programming lan-
guage (v.4.0.4; R Development Core Team, 2021). Four sets of
statistical analyses were performed to identify how canopy
drought damage was related to neighbours and tree size in the
field, species vulnerability to cavitation, Wy edawn (rooting depth)
and stomatal behaviour. First, species’ differences in vulnerability
to cavitation were determined by fitting a one-way analysis of
variance (ANOVA) using the calculated leaf Psq values as the
response variable and included species as a fixed effect.

Second, we determined how canopy drought damage differed
between and within species in the field using generalised linear
mixed-effects models (GLMMs) with the glmer function from the
LME4 R package (Bates eral, 2014). The proportion of canopy
damaged was the response variable, and quadrat, nested within
transect, was included as random factors to capture unmeasured
environmental differences among quadrats and transects. Canopy
damage was binned into 10% intervals and our GLMMs assumed
a binomial distribution with a logit link function. All models
included a plant-level random effect to account for the overdisper-
sion observed with respect to the binomial distribution.

We first determined if the degree of canopy drought damage
differed between the four study species using a likelihood-ratio test
(LRT; ‘dropl” function). This test compared the null GLMM,
which included only random effects, with an identical model that
also included species as a fixed factor. Having identified species dif-
ferences, we assessed the effect of tree size and the four species tran-
sect densities on eucalypt canopy damage only. We explored
species-specific density rather than total density to address our core
research questions of whether neighbouring plants had differential
impacts on drought damage based on their identity and associated
physiology. The random effects structure and all other model
parameters followed the same form as the null model. Tree basal
area was log transformed and all predictors were standardised by a
ztransformation. We estimated maximum likelihood estimates
and 95% confidence intervals for each predictor.

Third, species’ differences in ¥, cdawn Were investigated using a
fourth root transformation on water potential values to improve
normality. We performed an ANOVA using the transformed
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water potential as the response variable and included species as a
fixed factor, tree height as a covariate and an interaction between
the two predictors.

Fourth, to investigate differences in stomatal regulation among
species we used the technique described in Skelton ezal (2015).
We converted g relative to its maximum value (g max) and fitted
a Weibull function response curve to the relationship between rela-
tive g, and declining W|..r for each branch. We determined the
slope of the line tangential to the response curve at 50% of g max
and obtained Py, values at the Wi, where the tangent line inter-
sects the x-axis. The Py, metric represents the Wic,s where g is c.
12% of gnay and reflects the point of stomatal closure (Skelton
etal., 2015). We therefore used P,y values to test whether species
differed in the W),r causing stomatal closure using an ANOVA, in
which Py, was the response variable and species was a fixed factor.
In all ANOVAs, we conducted pairwise comparisons between
species using Tukey’s honest significant difference (HSD) post hoc
test when required (multcomp R package; Hothorn ez al, 2008).

Results

Vulnerability to cavitation

The four species differed significantly in leaf vulnerability to cavi-
tation (£5,,=286.7, P<0.001), as seen by the water potential
causing 50% embolism (leaf Psq; Fig. 4). Eucalyptus regnans and
E. delegatensis were the most vulnerable to cavitation with mean
Pso values of —3.21 +0.16 and —3.42 +0.16 MPa (mean +
1SE), respectively, although these were not significantly different
(P=0.886). Pomaderris apetala was significantly more resistant to
cavitation than both eucalypts (E. regnans: P=0.009; E. dele-
gatensis: P=0.014) with a mean Psq of —4.52 £ 0.08 MPa. Aca-
cia dealbata was the most resistant to cavitation, with a
significantly more negative mean Psq value (—7.06 £ 0.26 MPa)
than all other species (Fig. 4).

Canopy foliar damage

The degree of canopy damage differed significantly between the
four species (LRT; G = 92.86, P<0.001; Fig. 5). Both eucalypts
experienced substantial levels of canopy damage, while the degree
of damage was very minor for both P. apetala and A. dealbata
(Fig. 5). Eucalyptus delegatensis suffered the greatest mean damage
(34.7%), as well as the greatest proportion of trees with some
degree of damage (0.53) and half or more of their canopy dam-
aged (0.36). Eucalyptus regnans suffered a lower mean damage
(25.3%) than E. delegatensis, as well as a lower proportion of trees
displaying some damage (0.36), or more than half of their canopy
damaged (0.23; Fig. 5).

Neighbour and size effects

The degree of canopy damage in the two eucalypts was influ-
enced by neighbour plant density and associated with tree size
(Fig. 6). Both E. delegatensis and E. regnans damage was nega-

tively related to tree size, whereby damage was on average higher
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for smaller plants (Figs 6, S5). The impact of neighbouring plants
on drought damage, however, differed in strength between the
two species (Fig. 6).

Damage in E. delegatensis was strongly related to the density of
P. apetala and was largely unaffected by the density of conspecific,
E. regnans or A. dealbata neighbours (Figs 6, S6). Eucalyptus dele-
gatensis plants growing with more P. apetala neighbours had a
higher degree of damage compared with those in low density tran-
sects (Fig. 7a). Damage in E. regnans was positively related to the
density of all neighbouring species, but similar to E. delegatensis,
the only species that had a significant effect was P. apetala (Figs 6,
S7). The effect of P. apetala was weaker for E. regnans (Figs 6, 7b)
but both eucalypts showed the same relationship of greater damage
in plants growing in transects with high P. apetala density.

Predawn water potential
Predawn water potential (Wpeqawn) Values varied widely within all

three species sampled, ranging from ¢. —0.2 to —0.75 MPa (Fig. 8).
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Proportion of trees

percentage of canopy damage of plants of
the four species in 14 20-m transects.

Wpredawn did not significantly differ between species (£ ,4=1.47,
P=0.249), nor was it influenced by tree height (£ ,4=1.987,
P=0.171). Water potential values tended to be higher (less nega-
tive) in E. regnans trees (mean —0.35 & 0.04 MPa) than either E.
delegatensis (—0.47 £ 0.06 MPa) and P. apetala (0.43 &= 0.05 MPa)
(Fig. 8). Therefore, E. delegatensisand P. apetala had a greater degree

of overlap in ¥ edawn than with E. regnans.

Stomatal behaviour

The three species (E. delegatensis, E. regnans and P. apetala) did
not differ significantly in their Pgj, values (£ 4=0.79,
P=0.515) and, therefore, showed relatively similar stomatal
behaviour in response to declining W (Fig.9). However,
E. regnans stomatal regulation was somewhat less sensitive
to declining W,s than the other two species, having the
lowest Pg;, (—2.34£0.05), followed by slightly higher Pg;,
values in P. apetala (—2.16+£0.22) and E. delegatensis
(—2.01 £0.195).
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Fig. 6 Standardised coefficient estimates of canopy drought damage in
Eucalyptus delegatensis and Eucalyptus regnans in relation to individual
tree size (basal area; cm?) and density of neighbouring species in the AFEX,
Tasmania, Australia. Points are the fixed effects model coefficients from
the binomial regression and solid lines are 95% confidence intervals (Cls)
in which Cls that exclude zero (dashed vertical line) indicate a significant
effect of the predictor on the damage in that species. Statistically
significant effects at: ***, P< 0.001, *, P< 0.05.

Discussion

In this study, we demonstrate that drought-induced canopy dam-
age in the AFEX was the combined result of both physiological
and ecological processes. In line with our first hypothesis and pre-
vious studies linking natural drought damage with hydraulic
traits (Breshears ez al., 2009; Anderegg et al., 2016; Powers ez al.,
2020), we found that the two species most vulnerable to cavita-
tion (E. delegatensis and E. regnans) also suffered the most

drought damage. Unlike any previous studies, however, and in
support of our second hypothesis, we found that damage in the
two eucalypts was greater when co-occurring with a higher den-
sity of neighbours with more resistant xylem. The impact of
neighbouring plants on the two co-occurring eucalypts differed
in strength, explaining differences in the degree of damage
between the two species. Finally, we found smaller trees to be
more susceptible to damage than larger trees, supporting our
third hypothesis. Taken together, these results showed that char-
acteristics of the plant hydraulic system describe both the suscep-
tibility of a plant to hydraulic failure during water stress, as well
as the strength of its competitive effect on co-occurring plants.
This finding highlights the importance of plant—plant interac-
tions in determining the extent of natural drought damage in
forest communities.

Species physiology

Our study contributes to growing evidence that drought-induced
damage is governed by the plant hydraulic system (Anderegg
etral., 2015; Rowland ezal, 2015; Adams ezal., 2017; Powers
etal., 2020). A common hydraulic trait — the xylem water poten-
tial causing 50% loss of leaf hydraulic conductivity (leaf Psp) —
correctly predicted the susceptibility of the two eucalypts and the
tolerance of A. dealbata and P. apetala to natural drought damage
in this study. However, damage patterns were not fully explained
by this trait alone, as damage in E. delegatensis was significantly
greater than in E. regnans, despite similar leaf Pso values. While
Pso is the most common metric used to explain vulnerability
(Brodribb & Cochard, 2009; Choat et al., 2012; Fichtner et al,
2020), other possible reference points (e.g. Pgg) have been pro-
posed to better represent the point of hydraulic failure in
angiosperms (Utli eral, 2013). In our study, however, using
either Psy or Pgg led to the same conclusions in the order of
species” vulnerability to cavitation and was therefore accurately

described by leaf Psg values.

;\3 1004 (a) E. delegatensis 1(b) E. regnans P. apetala
o} e ] O High
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Fig. 7 Observed relationship between mean individual canopy damage and four approximately equal groupings of tree size for (a) Eucalyptus delegatensis
and (b) Eucalyptus regnans in the Australian Forest Evenness Experiment, Tasmania, Australia. Means are provided for each of the four groupings and
mean damage is also presented at above and below the median Pomaderris apetala transect density experienced by both species (E. delegatensis: 2 plants
m~2; E. regnans: 2.4 plants m~2). Error bars depict 95% confidence intervals of the mean and were calculated using 10 000 bootstrapped samples. Note
the log scale on the x-axis. Raw data are presented in Supporting Information Figs S6, S7.
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Fig. 8 Predawn water potential (MPa; n= 10 per species) of the three most
common species at the Australian Forest Evenness Experiment, Tasmania,
Australia: Eucalyptus regnans, Eucalyptus delegatensis and Pomaderris
apetala. Black points and error bars indicate the mean and standard error for
each species, grey points show the raw water potential values.
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Fig. 9 The relationship between relative stomatal conductance (g, % of
maximum g) and leaf water potential (¥\eof) in three species in the
Australian Forest Evenness Experiment (AFEX): Eucalyptus delegatensis
(n=3), Eucalyptus regnans (n = 2) and Pomaderris apetala (n = 2). Points
show the raw data and curves depict a Weibull function fitted to the
relative g; and leaf water potential relationship. Shading of each curve
indicates 95% confidence intervals. Unnormalized g, data are shown in
Supporting Information Fig. S8.

Differences in canopy damage between the two eucalypts
might be due to variation in heat tolerance as the 2018/2019
austral summer was also unusually warm. This was supported
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by the fact that E. delegatensis occurs at higher altitudes than
E. regnans and the AFEX site is close to the minimum eleva-
tion limit of E. delegatensis (Williams & Potts, 1996). How-
ever, the period in question was an extended warm period,
rather than a heatwave, as air temperatures never exceeded
34.8°C. As this temperature was below the threshold causing
heat damage in other Australian temperate species (Cunning-
ham & Read, 2000), it is unlikely that the damage observed
here was solely due to heat injury. Furthermore, higher air
temperatures were recorded at the site several times in preced-
ing summers with no apparent consequent canopy damage.
Therefore, it is more likely that the warmer and drier condi-
tions simultaneously increased xylem tension within the plant
and created embolisms in leaf veins, leading directly to tissue
damage through dehydration (Brodribb eral, 2021). This
proposal is supported by a recent study that found foliar dam-
age in other eucalypts to be strongly associated with hydraulic
failure during drought (Nolan ezal, 2021).

Differences among species in the degree of damage were not
related to stomatal behaviour. Stomatal sensitivity to declining
water potential is a key response to drought stress, determining
the rate of plant dehydration (Tardieu & Simonneau, 1998;
Wyse et al., 2013; Klein, 2014). Plants typically close their stom-
ata before cavitation (Brodribb & Holbrook, 2004), but those
with more sensitive stomata are better able to slow dehydration
(Buckley, 2019) and prolong the onset of damaging cavitation
(Martin-StPaul ezal, 2017; Li etal, 2018). We found only
minor evidence that our species differed in the sensitivity of
stomata to declining water potential and no statistical differences
among species in a key indicator of stomatal sensitivity (Pg;5). In
contrast with expectations if the observed damage patterns were
linked to differing stomatal regulation, we found that E. regnans
had the least sensitive stomatal regulation and a lower degree of
damage when compared with E. delegatensis, which had the most
sensitive regulation and a higher degree of damage. Furthermore,
E. regnans also had the highest Psq value and, therefore, had a
narrower hydraulic safety margin (Skelton ezal, 2015). There-
fore, the minor differences in stomatal regulation strategy of the
species examined here do not explain the degree of drought dam-
age in each species. Our results instead provide compelling evi-
dence that differences in damage between the two co-occurring
eucalypts result from differential impacts of neighbouring
plants.

Neighbour density

Neighbour plant density strongly impacted the degree of damage
in E. delegatensis but less so in E. regnans. Although previous stud-
ies have found general community predictors, such as conspecific
and heterospecific densities or total basal area, to influence
drought-induced mortalicy (Dwyer ezal, 2010; Young etal.,
2017; Pillet eral., 2018), our study showed that species-specific
densities had distinct effects on drought damage in the two euca-
lypts. Specifically, damage in both E. delegatensis and E. regnans
was more strongly impacted by the density of a heterospecific
neighbour, Pomaderris apetala, than it was by the density of
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conspecific neighbours. This is in contrast with theoretical expec-
tations that intraspecific competition should always be stronger
than interspecific competition, because greater niche overlap
infers greater similarity in resource capture and requirements
(Gause, 1934). Support for this theory in the literature is mixed
(Goldberg & Barton, 1992; Gurevitch eral, 1992; Adler eral.,
2018), emphasising the need for a more mechanistic approach to
examining how plants interact (Trinder ezal., 2013; Aschehoug
etal., 2016).

The mechanisms of plant competition for water — the use of
this common resource by neighbouring individuals — is relatively
understudied compared with nutrient and light competition
(Craine & Dybzinski, 2013; Aschehoug ez al., 2016). Although
our study did not directly estimate plant water use in the field,
the physiological characteristics of P. apetala provide a mechanis-
tic, albeit indirect, explanation for the stronger influence of this
species on E. delegatensis and E. regnans damage than conspecific
neighbours. In the early stages of drought, all plants compete for
soil water but, as the soil dries, species with more vulnerable
xylem (higher Psg) are the first to experience damaging
embolisms. Embolised leaves reduce the functional leaf area of a
plant and, therefore, its water use (Hochberg etal, 2017),
increasing the availability of water to more resistant neighbours.
In our system, as the soil water potential approached ¢. —3 MPa,
both eucalypts began to suffer substantial embolism and reduced
ability to transport water, while P. apetala was relatively unaf-
fected. As soil drying continued, eucalypt water use and their
effect on soil water availability became progressively less as leaves
became damaged or were shed. Eucalypts are well known to shed
leaves during drought, reducing transpiration and soil drying
(Blackman eral, 2019), but this strategy is futile when co-
occurring with more drought-resistant species such as P. apetala.
Because P. apetala plants are not inhibited by embolisms until
more negative soil water potentials (< —4 MPa), they should have
a stronger, prolonged effect on soil drying. Therefore, sites with
higher densities of P. apetala should also have a higher degree of
damage in the two eucalypts. Similarly, we would expect A. deal-
bata to have the same, but even stronger effect, due to the very
high xylem resistance in this species. However, due to the rela-
tively low density of A. dealbata plants (mean 0.4 plants m~?) in
our field surveys compared with the other three species, particu-
larly P. apetala, we did not detect an effect of this species.

The effect of neighbour density on E. regnans differed slightly
to that of E. delegatensis. Eucalyptus regnans damage also increased
with P. apetala density, but evidence of this effect was weaker.
This suggests that, despite similar differences in Psg, competition
for water between E. regnans and P. apetala was less intense than
that between P. apetala and E. delegatensis. We propose that this
weaker interaction is a result of differences in rooting depth
between E. regnans and the other two species. We used predawn
water potential as a proxy for rooting depth, in which higher (less
negative) values indicate greater water access through deeper roots
(Bucci ez al., 2009; Scholz ezal., 2012). Large intraspecific varia-
tion in water potential indicates that access to soil water within
the site is highly variable, despite strong similarity in tree size,
location and age. Largely due to this variation, we did not find
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significant differences between the three species in predawn water
potentials. However, we did observe greater overlap in predawn
water potential values and, presumably, rooting depth between E.
delegatensis and P. apetala compared with either species with E.
regnans. Because overlapping root systems increase competition
for water (Manoli et al., 2014), E. delegatensis plants co-occurring
with high densities of more water-acquisitive P. apetala should
experience the greatest level of localised water stress. As E. regnans
appears to be able to access deeper water sources than the other
two species, this suggests that this is a possible explanation for the
weaker impact of P. apetala on damage in E. regnans compared
with that in E. delegatensis. Similarly, hydraulically vulnerable
species in a tropical forest were found to have lower drought mor-
tality rates because deeper rooting depths reduced water-stress
exposure (Chitra-Tarak ez al., 2021).

Tree size

In line with some previous studies (Peng eral, 2011; Keith
etal., 2012; Brun et al., 2020) but in contrast with others (Nep-
stad ez al., 2007; Phillips ez al., 2010; Bennett ez al., 2015), our
results indicated that smaller saplings of both eucalypts were
more susceptible to drought damage than larger individuals. All
trees in this experiment were the same age during the drought
with a consequently narrow size range. Nevertheless, within the
small size range, resilience to drought in larger trees may be due
to greater access to deep soil water reserves reducing the water
deficit severity (Giardina ezal, 2018). Access to soil water can
also depend on drought duration and severity differentially
impacting trees of different sizes. Here, the drought was rela-
tively short (Keith ezal., 2012; Nolan ez al., 2021) but severe as,
over a 40-d relatively warm period, the site received a total of
2.6 mm of rain in four widely separated events. Therefore,
unusually warm temperatures exacerbating shallow soil evapora-
tion and the absence of any substantial precipitation probably
amplified soil drying in the rooting zone of smaller trees, leading
to substantial canopy damage. Alternatively, smaller, shaded
and suppressed saplings could have had smaller carbon stores
than their larger neighbours. While we did not explore this as a
potential mechanism for size-dependent differences in drought
damage in this study, it has previously been shown in Populus
nigra saplings that shading depleted nonstructural carbohydrate
stores and increased xylem vulnerability to embolism
(Tomasella ez al., 2021).

Conclusions

This study found that natural drought damage is collectively
the density of
heterospecific neighbours and individual sapling size. These find-

explained by wvulnerability to cavitation,

ings support the emerging view that characteristics of the plant
hydraulic system are key to developing predictive models that
identify which plants are most at risk to future drought. How-
ever, focusing on individual plants in isolation from the commu-
nities in which they persist does not fully capture the ecological
and hydrological complexity of natural forest systems. This
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approach ignores fine-scale variation in soil moisture due to
neighbouring plants and other factors such as microtopography.
Our findings demonstrate that neighbouring plants with more
resistant xylem can exacerbate damage compared with physiologi-
cally weaker neighbours. We highlight the importance of adopt-
ing a whole community view to accurately predict natural
drought damage and propose that future research should explore
whether naturally occurring plant densities influence drought
damage across a range of species and forest types.
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