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Predicting how plants respond to drought requires an understanding of how physiological mechanisms and drought response strategies occur, as 
these strategies underlie rates of gas exchange and productivity. We assessed the response of 11 plant traits to repeated experimental droughts 
in four co-occurring species of central Australia. The main goals of this study were to: (i) compare the response to drought between species; (ii) 
evaluate whether plants acclimated to repeated drought; and (iii) examine the degree of recovery in leaf gas exchange after cessation of drought. 
Our four species of study were two tree species and two shrub species, which field studies have shown to occupy different ecohydrological 
niches. The two tree species (Eucalyptus camaldulensis Dehnh. and Corymbia opaca (D.J.Carr & S.G.M.Carr ) K.D.Hill & L.A.S.Johnson) had  
large reductions in stomatal conductance (gs) values, declining by 90% in the second drought. By contrast, the shrub species (Acacia aptaneura 
Maslin & J.E.Reid and Hakea macrocarpa A.Cunn. ex R.Br.) had smaller reductions gs in the second drought of 52 and 65%, respectively. Only A. 
aptaneura showed a physiological acclimatation to drought due to small declines in gs versus ψpd (0.08 slope) during repeated droughts, meaning 
they maintained higher rates of gs compared with plants that only experienced one final drought (0.19 slope). All species in all treatments rapidly 
recovered leaf gas exchange and leaf mass per area following drought, displaying physiological plasticity to drought exposure. This research 
refines our understanding of plant physiological responses to recurrent water stress, which has implications for modelling of vegetation, carbon 
assimilation and water use in semi-arid environments under drought. 
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Introduction 
Drought is globally the most widespread climate extreme, 
with a large influence on the plant carbon cycle (Reichstein 
et al. 2014, Frank et al. 2015). The Southern Hemisphere 
experienced a reduction in net primary production (NPP, the 
difference between photosynthesis and plant respiration), with 
reduced NPP across 70% of the vegetated land areas due 
to drought over 2000–2009 (Chapin et al. 2006, Zhao and 
Running 2010). Globally, a large loss in NPP is projected by 
the end of the 21st century as a consequence of drought (Cao 
et al. 2022). However, our understanding of how photosyn-
thesis and respiration respond to drought, notably repeated 
drought, remains limited. This knowledge gap is especially 
pronounced for species inhabiting arid and semi-arid ecosys-

tems, which are presumed to be adapted to dry conditions, 
and therefore drought. 

Plants exhibit varied strategies to respond to drought, 
including differing responses in gas exchange (Peñuelas et al. 
2001, Adams et al. 2009, Allen et al. 2010). However, 
drought studies seldom explore how plants respond to 
repeated droughts, and whether acclimatation to drought 
may alter gas exchange during and following release from 
drought (Vandegeer et al. 2020). There are several ways 
to assess acclimatation responses by plants to drought: 
(i) to compare the response from an initial drought to a 
second drought of the same plants or (ii) comparing plants 
exposed to a single drought versus species with well-watered 
conditions (Lemoine et al. 2018). Testing various ways plants
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respond to droughts is laborious and limited to experimental 
studies. 

In theory, stomata close in response to both declining soil 
water availability and increasing atmospheric vapour pressure 
deficits (VPD; Duursma et al. 2014, Sperry and Love 2015). 
Stomatal closure regulates leaf water potential (ψ), preventing 
rapid declines in ψ and subsequent cavitation, which can lead 
to plant death (McDowell et al. 2022). There is a continuum 
of water-use strategies with two extreme states: isohydric and 
anisohydric (Martinez-Vilalta et al. 2014). Isohydric species 
use rapid and early declines in stomatal conductance (gs) to  
tightly regulate ψ in the early stages of drought. Anisohydric 
species tolerate a larger decline of ψ , thereby allowing the 
maintenance of gs further into drought (Martinez-Vilalta et al. 
2014). In reality, applying the iso/anisohydric paradigm is 
challenging because most plants fall somewhere between the 
two behaviours. Furthermore, plant water-use strategies can 
be dynamic and defined by multiple traits (i.e., hydroscapes; 
Kannenberg et al. 2022). 

An important trait that characterizes plant water-use strate-
gies is water-use efficiency (WUE). WUE describes the trade-
off between carbon gain and water loss that occurs when 
plants photosynthesize. Intrinsic WUE (WUEi) can be defined 
as the ratio of net photosynthetic assimilation (An) to  gs. 
WUEi responds to (i) stomatal closure and (ii) photosynthesis 
through changes in photosynthetic parameters such as the 
maximum rate of carboxylation (Vcmax; maximum rate of the 
Rubisco activity) and the maximum rate of electron transport 
(Jmax) (Flexas et al. 2006, Galmes et al. 2007, Sperry and Love 
2015). Rates of Vcmax and Jmax provide important insights 
into plant functioning, in which the Rubisco enzyme and 
chlorophyll are responsible for An in C3 plants (Cernusak 
et al. 2011). Typically, values of Vcmax are higher when 
water is more readily available than under drought (Zhou 
et al. 2016); by contrast, values are reduced during short-
term water stress. Vcmax can maintain the same values during 
drought if species can acclimate to drought by modifying 
the Rubisco activity, thus leading to a higher protein content 
allocated to the  Rubisco (Zhou et al. 2016). 

Reductions in An due to drought affect the whole leaf car-
bon balance, changing the respiratory loss of CO2 by plants 
that account for up to 30–80% of the daily carbon uptake, 
realized as dark respiration (Rd) (Gimeno et al. 2010, Gauthier 
et al. 2014). Reductions in Rd usually occur to a lesser extent 
than reductions in An. In addition to physiological responses 
to drought, plants can also exhibit morphological responses 
to drought. Leaf mass per area (LMA) is one such trait. High 
LMA relates to leaf toughness, less air space, high density 
and packed cells, hence leaf and plant survival (Poorter et al. 
2009), and nitrogen content is generally higher in leaves with 
high LMA (Dong et al. 2022). Therefore, LMA can be an 
adaptive response to prolonged water stress in plants. 

The aim of this study was to compare the responses of key 
leaf physiological and morphological traits during repeated 
droughts in diverse co-occurring semi-arid species. We chose 
four species that represent the main tree genera within central 
Australia: Eucalyptus, Corymbia, Acacia and Hakea. These 
genera exhibit evergreen sclerophyllous foliage and a set of 
different hydraulic traits (O’Grady et al. 2009, Santini et al. 
2015, Nolan et al. 2017a). Eucalyptus and Corymbia are 
members of the Myrtaceae family which are tall, deep-rooted 
trees and are known to access deep soil water content (SWC) 
and groundwater in drylands (O’Grady et al. 2006, Rumman 

et al. 2018). This means they may rarely experience extremes 
of low soil moisture content. In contrast, Acacia spp., espe-
cially those from the Mulga complex, which dominate ∼20 to 
25% of the semi-arid Australian continent, are highly tolerant 
to very low soil moisture content (Page et al. 2011, Eamus 
et al. 2013, Cleverly et al. 2016). Acacia spp. and Hakea spp. 
are shrubs that have shallow root systems, possessing specific 
hydraulic traits, including narrow xylem vessels and small 
diameter roots, to withstand low water availability (Lamont 
1993, Groom et al. 1994, Page et al. 2011, Nolan et al. 
2017b). In particular, Hakea have been widely observed to 
generate root clusters. Root clusters play a beneficial role as 
they effectively increase the surface area available for water 
uptake (Lamont 2003). 

We hypothesized the following: (i) species with a faster 
growth rate (i.e., Myrtaceae) will have larger declines in An 
and gs during the development of drought, than species with 
lower growth rates (i.e., Acacia and Hakea spp.). (ii) Within 
species, plants that have experienced drought previously will 
be less sensitive to subsequent droughts. The sensitivity or 
acclimatation to drought will be observed as smaller reduc-
tions of An and gs as leaf water potential declines during 
repeated droughts. (iii) The degree of recovery in leaf-scale 
gas exchange variables (especially An and gs) after repeated 
droughts will be larger in the Mulga and Hakea species than 
in Eucalyptus and Corymbia species because of the range of 
drought-resistant traits exhibited in the former species but not 
the latter two species. 

Materials and methods 
Plant taxa and plant growth conditions 
Seedlings of Acacia aptaneura Maslin & J.E.Reid (also 
known as Mulga), Corymbia opaca (D.J.Carr & S.G.M.Carr) 
K.D.Hill & L.A.S.Johnson, Eucalyptus camaldulensis Dehnh. 
var. obtusa and Hakea macrocarpa A.Cunn. ex R.Br. 
were germinated from seeds in the winter of 2015 in a 
glasshouse at the University of Technology Sydney, Sydney, 
Australia. Seeds were obtained from Nindethana Seed Service 
(Albany, Western Australia), which had been collected from 
wild populations. These species were selected due to their 
dominance in semi-arid central Australia (Maslin and Reid 
2012, Eamus et al. 2013, Cleverly et al. 2016), due to their 
representativeness within two important biomes, the Mulga 
woodland and Corymbia savanna (Tarin et al. 2019, 2020), 
and because of their contrasting functional traits (Table 1). A 
pre-treatment with boiling water was applied to A. aptaneura 
seeds to break seed dormancy. Around 20 seeds per species 
were placed in Petri dishes with 4–8% agar and located 
in a glasshouse at ∼25 ◦C until germination occurred (ca 
3–30 days). Petri dishes were placed within a glass cabinet 
with a sunlit polythene-covered lid that transmitted 70% of 
sunlight. Seedlings were transplanted from the agar plates 
to trays (20 × 30 cm) with the same reduced sunlight until 
they were >5 cm tall. These trays were filled with sterilized 
soil to prevent contamination from microbes/fungi. Once 
seedlings were >10 cm tall, they were planted in 18 L pots 
(one plant per pot) with a soil mix consisting of 50% native 
mix with low-phosphorus (Greenlife Native Mix) and 50% 
river sand. We selected pots of this size to maximum the 
potential area available for root exploration. Nevertheless, we 
acknowledge that potted plant studies may limit the potential 
size of roots. High SWC was maintained until initiation of
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Table 1. Plant species description from the literature. Note A. aptaneura was previously named A. aneura (Maslin and Reid 2012). 

Family/ 
species 

Plant functional 
type 

Life form Leaf 
morphology 

Xylem 
attributes 

Rooting 
attributes 

References 

Myrtaceae/ 
Eucalyptus 
camaldulensis 

Riparian 
evergreen, 
sclerophyll 
angiosperm tree 

Tree >15 m Broad leaves Low wood 
density 

Deep-rooted Santini et al. 
(2015) 

Myrtaceae/ 
Corymbia 
opaca 

Savanna, 
evergreen 
angiosperm tree 

Tree >15 m Broad leaves Large hydraulic 
conductivity, 
relatively low 
wood density 

Deep-rooted Santini et al. 
(2015) 
O’Grady et al. 
(2006, 2009) 

Proteaceae/ 
Hakea 
macrocarpa 

Evergreen, 
angiosperm tree 

Shrub 1–3 m Broad and 
terete leaves 

Low wood 
density 

Strongly 
dimorphic 

Groom et al. 
(1994) 

Fabaceae/ 
Acacia 
aptaneura 

Evergreen, 
angiosperm tree 

As shrub <2 m  
As tree 
from 2 to 15 m  

Evergreen 
phyllodes with 
high leaf density 
and thickness 

Complex xylem 
vessel network 
with small 
vessels size 
Large wood 
density with 
low hydraulic 
conductivity 

Shallow root 
system with 
taproot and 
feeder roots 
N2-fixing 
species 

Page et al. 
(2011) 
Santini et al. 
(2015) 
O’Grady et al. 
(2009) 

Figure 1. Drought experiment design for well-watered (WW) and 
water-stressed (WS) treatments. Stomatal conductance (gs) and SWC  
were repeatedly monitored during the experiment after the first year of 
plant growth. Percentages indicate the decline in gs of the maximum. 
Experimental droughts are indicated by D1, D2 and D3. 

the drought treatments when seedlings were >12 months old. 
Pots were irrigated with an automated drip water system every 
2 days. Environmental conditions were natural, where daily 
air temperature ranged from 13 to 38 ◦C, and daytime VPD 
(D) was on average ca 1.9 kPa ( Nolan et al. 2017c). 

Experimental design 
This study consisted of three repeated droughts to test the 
effect of pre-exposure to drought (Nolan et al. 2017c). The 
drought-imposed experiment had eight replicates per treat-
ment (well-watered: WW and water-stressed: WS) per species. 
Plants were assigned randomly to either WS or WW treat-
ments to avoid differences in plant height across treatments. 
Prior to the imposition of the three experimental droughts, 
a pre-treatment mild water stress was imposed to all species 
and all individuals during July–August 2016 (Figure 1), as 
described in Nolan et al. (2017c). Application of mild water 
stress is frequently applied to seedlings in nurseries to ‘drought 
harden’ species, i.e., make them more resistant to drought, 
and subsequently decrease seedling mortality rates (Landis 
1999). This mild water stress was imposed by completely 
ceasing irrigation until gs dropped by ∼30% of maximal gs 
and there were concomitant declines in SWC with respect to 
field capacity (FC). 

Following the drought pre-treatment, three sequential 
experimental droughts (D1, D2 and D3) were applied to 
all individuals (including WW individuals but only for D3) 
between September 2016 and February 2017 (the Austral 
spring/summer season, Figure 1). SWC, measured gravimet-
rically, and gs were monitored for all plants. Droughts D1 
and D2 were stopped when gs was ∼20 to 30% of gs control 
values (Figure 1). The length of each drought varied among 
species, due to differences in the rate of decline in gs. The  
shortest drought events were imposed for E. camaldulensis 
(21–22 days), and the longest drought was imposed for C. 
opaca (37–38 days). Drought length for A. aptaneura and H. 
macrocarpa was 26–31 days. During the entire ∼5 month 
experiment, pots were repeatedly moved every ∼3 weeks to 
reduce the impact of any variation in micro-climate across 
benches within the glasshouse. 

Leaf gas exchange 
Leaf gas exchange measurements were made with an infrared 
gas analyser (IRGA) system (Li-6400XT, Li-Cor Inc., Lincoln, 
NE, USA) coupled to a 2 × 3 cm broadleaf chamber (6400-
02B LED Light Source; Li-Cor Inc.). Two leaves per individual 
were measured on five replicate plants per treatment per 
species during the second and third experimental droughts 
every 2 days. Leaf dark respiration (Rd) was measured during 
drought D3 on a different leaf each time; this was one leaf per 
plant (n = 4) per treatment. Leaves for Rd were wrapped in 
aluminium foil prior to sunrise. Gas exchange measurements, 
including Rd, were made between 09:00 and 11:00 h; each 
measurement took between 5 and 10 min, until stomatal con-
ductance approached steady-state conditions. Temperature 
was maintained on average at 33 ± 2.5 ◦C during measure-
ments. CO2 concentration was set at 400 p.p.m. inside of the 
leaf chamber, and photosynthetic photon flux density (PPFD) 
was 1500 μmol m−2 s−1 and 0 μmol m−2 s−1 when measuring 
Rd. Projected leaf area was measured using an image analysis 
system (WinDIAS 3, Delta-T Devices, Cambridge, UK), and 
leaf gas exchange values were area-corrected. 

Photosynthetic responses to sub-stomatal CO2 concentra-
tion (A–Ci curves) measurements were made before the start
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of drought D3, once plants had recovered from the previous 
drought, usually within 1 day (D2) after FC was applied 
to the soil. This was additionally confirmed when gs was 
measured and compared with previous gs measurements at 
FC (Figure 1). CO2 concentrations in the leaf cuvette were set 
at 400, 200, 100, 50, 40, 400, 400, 500, 600, 800, 1000, 1200, 
1400 and 1700 p.p.m. (n = 4 per species, per treatment) 
using a 3-min time step between measurements. The plante-
cophys R package (Duursma 2015) was used in R 3.2.1 (R 
Development and Core Team, 2016) to estimate Jmax and 
Vcmax from the fitted A–Ci curves using the Farquhar et al. 
(1980) model. Leaf temperature was corrected to 25 ◦C, and 
D was held as constant as possible during the measurements at 
2.3 ± 0.8 kPa. 

Plant water status 
Pre-dawn leaf water potential (ψpd; in negative values) was 
measured on the same days as leaf gas exchange measure-
ments. Leaves/phyllodes were selected randomly before sun-
rise between 05:00 and 06:00 h (n = 4 per species per treat-
ment). Excised leaves were immediately placed in Ziploc bags 
and sealed and transported to the laboratory in an insulated 
cooler, and their water potential was measured within the 
following hour in a Scholander-type pressure chamber (PMS 
Instruments, Albany, OR, USA). 

Gas exchange sensitivity to water stress 
To estimate the sensitivity of An and gs rates to drought, the 
value of SWC at 50% loss of leaf gas exchange was calculated 
following the method of Domec and Gartner (2001). An and 
gs were normalized to 100% using maximum values. To fit 
the leaf gas exchange curves as SWC declined, the following 
Weibull function was used: 

y
(
% of max  gs or An

) = 100−(
100/

(
1+e(a∗(SWC−b))

)
(1) 

where y is either An or gs (normalized values), a describes the 
slope of the curve and b is the SWC at 50% of An or gs (An50 
and gs50, respectively). 

LMA and plant growth 
Leaf mass per area (LMA: g m−2) was calculated by assessing 
four individuals (∼10 leaves each) per species of the same indi-
viduals for all previous measurements (leaf gas exchange and 
leaf water potentials). Leaf areas of fresh leaves were measured 
in a leaf area scanner (WinDIAS 3, Delta-T Devices, Cam-
bridge, UK). The same leaves were then oven-dried at 65 ◦C 
and dry weights were obtained after 72 h. Additionally, plant 
growth was monitored at the start of each experimental 
drought (from D1 to D3) by measuring the number of leaves, 
stem diameter and plant height. 

Statistical analyses 
All statistical analyses were undertaken using the R 3.1.1 
Project software (R Development Core Team 2016). We used 
simple averages for leaf gas exchange measurements that were 
taken in two leaves per individual. To test plant recovery 
and differences between species in leaf gas exchange variables 
and plant growth, the interaction term species × treatment 
was tested using two-way analysis of variance (ANOVA). 
Tukey’s HSD post-hoc tests were applied to test for significant 
differences between species. Linear regressions were applied 
per species to determine the relationship of: ψpd between An 
and gs. Differences in slopes were tested with two approaches 

separately: (i) for every treatment between species and (ii) 
within species between treatments. The first approach allowed 
us to differentiate rates in declining leaf gas exchange vari-
ables as drought progressed between species within the same 
treatment, either WW or WS across droughts. The second 
approach allowed us to differentiate changes in rates with 
repeated droughts, for example, to compare plants from D2 
versus plants from D3 within species. Slope differences were 
tested using a standardized major axis method in the SMATR 
package in R and multiple comparison pair-wise test compar-
isons among species (Warton et al. 2012). A nonlinear least 
squares ‘nls’ function in R was used to evaluate the response 
of gs and An to SWC. 

Results 
Plant growth 
Plant height ranged between 30 and >100 cm (Figure 2). 
Throughout the experiment, E. camaldulensis was the tallest 
species, followed by A. aptaneura (Figure 2a; P < 0.05; see 
Table S1 available as Supplementary data at Tree Physiology 
Online), while C. opaca was the smallest (30–60 cm) species 
after 1 year of growth. Within species, there were significant 
differences between treatments in height and diameter values 
(P < 0.05, see Table S1 available as Supplementary data at 
Tree Physiology Online). 

There was a considerable reduction in the numbers of leaves 
for the WS and WW in E. camaldulensis during D3 (P < 0.05). 
Stem diameter was considerably large in E. camaldulensis 
during the entire experiment (4–8 mm) but was similar within 
the remaining three species (2–5 mm) for both treatments WS 
and WW. 

Temporal trends in leaf gas exchange 
In all species, gs and An decreased as drought progressed 
(Figure 3). Among species there was a large range of 
values of gs (0.02–1.3 mol m−2 s−1; Figure 3a–d), An 
(0.84–35.32 μmol m−2 s−1; Figure 3e–h) and  WUEi (8– 
380 μmol mol−1) during the drought experiments of D2-
WS, D3-WS and D3-WW. During drought, the largest 
rates of gs were observed in E. camaldulensis with 1.07 
and 0.80 mol  m−2 s−1 and C. opaca with 1.26 and 
0.86 mol m−2 s−1 in droughts D2 and D3, respectively. In 
contrast, the largest An, hence the largest maximum assimila-
tion rate was observed in A. aptaneura (32.32 μmol m−2 s−1) 
with minimal differences across the remaining three species 
(An = 28.2, 26.6 and 22.5 μmol m−2 s−1 for H. macrocarpa, 
C. opaca and E. camaldulensis, respectively). 

Generally, across all four species, WUEi showed varied 
responses as drought progressed (Figure 3i and l). WUEi 
increased in some, but not all, treatments, and this was 
most pronounced in A. aptaneura and E. camaldulensis 
(Figure 3i and l). In C. opaca and E. camaldulensis, moderate 
reductions in SWC, from 0.2 to 0.1 m3 m−3, resulted  in  
increased WUEi but further reductions in SWC decreased 
WUEi (Figure S1k and l available as Supplementary data at 
Tree Physiology Online). 

SWC values associated with a 50% loss in gas 
exchange 
With the normalized values of gs and An (normalized to 
100% using maximum values of gs and An at high SWC), 
SWC values associated with a 50% loss in gs and An were

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
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Figure 2. Plant growth during drought. Plant height (bars), number of leaves (triangles) and stem diameter (circles) changes for well-watered (WW) and 
water-stressed (WS) treatments during September–December 2016 after 1 year of growth. X -axes also indicate estimated starts of each experimental 
drought (D1, D2, D3; dates vary for each species). (a and b) A. aptaneura, (c and d) Corymbia opaca, (e and f)  Eucalyptus camaldulensis and (g and h) 
Hakea macrocarpa. Error bars represent ±1 SE (n = 4).  

calculated ( Figures S1 and S2 available as Supplementary 
data at Tree Physiology Online). During D2, values of SWC 
associated with a 50% of loss in gs (gs50) and  An (An50) 
were larger in H. macrocarpa (0.15 m3 m−3) and  C. opaca 
(0.13 m3 m−3) than  E. camaldulensis (0.08 m3 m−3) and  A. 
aptaneura (0.07 m3 m−3). In H. macrocarpa gs50 and An50 
were twice as large for the D2-WS (0.15 m3 m−3) as for  the  
D3-WS (0.07 m3 m−3). For E. camaldulensis plants subject to 
repeated water stress, there was a 10% decline in the value of 
SWC associated with a 50% decline in gs50 and An50 between 
the second and third droughts (from 0.08 to 0.07 m3 m−3). In 
contrast, for C. opaca plants subject to repeated water stress, 
there was an increase in the value of SWC associated with a 
50% decline in gs50 and An50, from 0.13 to 0.18 m3 m−3. 
Acacia aptaneura did not show changes in either gs50 or An50 
(ca 0.07 m3 m−3). 

Across all species in the final drought, the value of SWC 
associated with a 50% decline in gas exchange values was 
either similar or lower for the plants subject to repeated water 
stress (Figures S1 and S2 available as Supplementary data 

at Tree Physiology Online). The largest difference of gs50 
between D3-WW (0.12 m3 m−3) and D3-WS (0.07 m3 m−3) 
was observed in E. camaldulensis, followed for H. macrocarpa 
and A. aptaneura, with no changes  in  C. opaca (0.18 m3 m−3). 

Gas exchange following release from drought 
To compare leaf gas exchange among species following recov-
ery and under moist conditions (during the last recovery 
period after D2; see Figure 1), averages of gs, An and WUEi 
were calculated separately for the four species per treatment 
(Table 2). Contrasting gas exchange values were observed 
among species, yet the interaction species × treatment was not 
significantly different (P > 0.05) for gs, An, Rd/An and WUEi 
(Table S1 available as Supplementary data at Tree Physiology 
Online). 

The most water-use efficient plants were H. macrocarpa 
(88.8 ± 9.0 μmol mol−1), A. aptaneura (82.9 ± 4.6 μmol 
mol−1) and  C. opaca (80.7 ± 7.8 μmol mol−1), all in the 
WS treatment. However, A. aptaneura had low WUEi in 
the WW treatment (64.1 ± 4.6 μmol mol−1) and was not

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
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Figure 3. Effect of drought on leaf gas exchange: Stomatal conductance (gs; a–d), net assimilation (An; e–h) and intrinsic water-use-efficiency (WUEi; i–l). 
Treatments are well-watered (WW) and water-stress (WS) for 2nd and 3rd droughts (D2 and D3; see Figure 1). Error bars represent ±1 SE. Data points 
are the means of measurements within each treatment (n = 5).  

Table 2. Summary of plant species comparisons of mean values of leaf mass per area (LMA; g m−2), net assimilation (An; μmol m−2 s−1), stomatal 
conductance (gs; mol m−2 s−1), intrinsic water-use efficiency (WUEi; μmol mol−1), the ratio of night-time respiration to daytime net assimilation (Rd/An), 
velocities of carboxylase (V cmax; maximum rate of the rubisco activity; μmol m−2 s−1) and the maximum rate of electron transport (Jmax; μmol m−2 s−1) 
for each treatment: Well-watered (WW) and water-stressed (WS). Parameters such as An, gs, WUEi, LMA,  V cmax and Jmax correspond to the last recovery 
period of the experiment. Rd/An ratio values were averaged from different point measurements during the third drought per treatment (WS and WS). 
Errors represent ±1 SE (n = 5 and 4 for  V cmax and Jmax). Within columns, different letters indicate that means were significantly different at P < 0.05 
among species with two-way ANOVAs and the iteration species × treatment (Table S1 available as Supplementary data at Tree Physiology Online); the 
Tukey’s HSD post-hoc tests for significant differences was applied for differences between species. 

Species Treatment LMA An Rd/An gs WUEi Vcmax Jmax 

A. aptaneura WS 543 ± 38.6a 25.0 ± 2.1a 0.10 ± 0.04b 0.30 ± 0.03b 82.9 ± 4.6b 85 ± 14.7b 287 ± 53.4c 
WW 385 ± 93.3a 31.0 ± 1.2a 0.10 ± 0.3b 0.49 ± 0.03b 64.1 ± 4.6b 95 ± 7.8b 283.4 ± 31.7c 

C. opaca WS 286 ± 34.1bc 14.5 ± 1.0b 0.18 ± 0.07b 0.18 ± 0.01b 80.7 ± 7.8b 110 ± 3.4b – 
WW 220 ± 53.2bc 16.5 ± 2.4b 0.21 ± 0.07b 0.28 ± 0.06b 63.5 ± 6.3b 91 ± 6.5b 294 ± 14bc 

E. camaldulensis WS 135 ± 16.7b 18.3 ± 0.4b 0.07 ± 0.01b 0.73 ± 0.06a 27.9 ± 3.9a 68 ± 2.4a 137 ± 13.7bc 
WW 130 ± 10.6b 18.1 ± 1.2b 0.12 ± 0.03b 0.57 ± 0.10a 34.7 ± 5.0a 60 ± 7.5a 119 ± 8.5b 

H. macrocarpa WS 498 ± 54.2ac 16.7 ± 4.3b 0.83 ± 0.22a 0.18 ± 0.03b 88.0 ± 8.5b 76 ± 5.7ab 180 ± 29.5bc 
WW 285 ± 52.5ac 19.8 ± 2.8b 0.52 ± 0.14a 0.23 ± 0.03b 88.9 ± 9.0b 86 ± 5.7ab 254 ± 23.2bc 

significantly different from the WUEi of C. opaca WW 
(63.5 ± 6.3 μmol mol−1). The lowest WUEi was for E. camal-
dulensis (27.9 ± 3.9 μmol mol−1 and 34.7 ± 5.0 μmol mol−1) 
in both WS and WW, respectively. 

After the second drought, Rd/An was largest in H. 
macrocarpa (WS = 0.83 ± 0.22 and WW = 0.52 ± 0.14) 
and significantly different from the remaining three species 
(Table 2). The smallest ratio was observed in A. aptaneura 
(WS = 0.10 ± 0.04 and WW = 0.10 ± 0.3) and E. 
camaldulensis (WS = 0.07 ± 0.01 and WW = 0.12 ± 0.03). 

For WW treatment, H. macrocarpa also had the largest Rd/An 
value and was statically different from E. camaldulensis, C. 
opaca and A. aptaneura. 

Plant sensitivity to leaf pre-dawn water potentials 
Variations in gs and An (log10 transformed) were linearly 
correlated with ψpd in all four species (Figures 4 and 5 for 
gs and An, respectively). In D2 imposed on the WS treat-
ment plants (D2-WS), E. camaldulensis showed the largest 
slope (m) in  gs (m = 0.50, Figure 4c and Table 3) and  An

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
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Figure 4. Stomatal conductance (log10(gs) scale; Mol m−2 s−1) versus leaf pre-dawn water potentials (ψpd) for all four species (a–d). Symbols indicate 
treatments as: squares for 2nd drought (D2-WS; water-stressed treatment), triangles for 3rd drought (D3-WS) and circles for D3-WW (well-watered 
treatment). Regression line colour corresponds to treatment symbol colour. Regression coefficients are shown in Table 3. 

(m = 0.40, Figure 5c), followed by C. opaca for gs (m = 0.39, 
Figure 4b) and  H. macrocarpa for An (m = 0.26, Figure 5b). 
Hakea macrocarpa had the smallest slopes for gs (m = 0.16; 
Figure 4d) in D2-WS and  A. aptaneura for An (m = 0.15; 
Figure 5a) in D2-WS.  

First, we tested plant response to drought by comparing 
D2-WS (second drought to same plants; see Figure 1) with  
D3-WS (third drought to same plants). Results showed a 
decrease in the slopes of the response of gs to ψpd of 18, 64 
and 68% for E. camaldulensis, A. aptaneura and C. opaca, 
respectively, from D2-WS to D3-WS (Table 3). In contrast, an 
increase was observed in the slope (of gs to ψpd) of 31% in  
H. macrocarpa (Figure 4d). The slope of the regression of An 
versus ψpd plotted on a semi-log plot significantly decreased 
between D2-WS and D3-WS treatment for all species except 
H. macrocarpa (m = 0.26 and  m = 0.25, D2-WS and D3-WS, 
respectively; Table 3). 

Second, we tested plant response to drought by comparing 
D3-WS (three droughts, same plants; see Figure 1) with D3-
WW (plant that only experienced one drought at the end 
of the experiment). Differences between the treatments (D3-
WS and D3-WW) during the final drought were observed in 
A. aptaneura and E. camaldulensis. There were significant 

differences in slopes only in A. aptaneura for the plants that 
experienced three droughts (D3-WS) and plants that experi-
enced only the final drought (D3-WW; Table 3). In A. apta-
neura, the slope of D3-WS (m = 0.08) was 58% smaller than 
that of D3-WW (m = 0.19). The slope (An versus ψpd) in  A. 
aptaneura of D3-WS (m = 0.09; repeated drought) was 36% 
smaller than D3-WW (m = 0.14), whereas in E. camaldulensis 
the difference was 31% smaller in D3-WS (m = 0.22) com-
pared with the D3-WW (0.32) treatment (Table 3). Corymbia 
opaca did not show significant differences between slopes 
(D3-WS and D3-WW). 

Responses of V cmax, Jmax and LMA to drought 
Mean values for rates of carboxylation (Vcmax; μmol 
m−2 s−1) and the maximum rate of electron transport (Jmax; 
μmol m−2 s−1) estimated  from  A–Ci curves are presented in 
Table 2 (see also for A–Ci curves Figure 6). The interaction 
species × treatments were not significantly different for Vcmax 
(P > 0.05), but they were for Jmax (Table S1 available as 
Supplementary data at Tree Physiology Online). 

Acacia aptaneura and E. camaldulensis had the smallest 
differences in Jmax between treatments. The largest difference 
between treatments was in H. macrocarpa (180 ± 29.5

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
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Figure 5. Net assimilation (log10(An) scale; μmol m−2 s−1), versus leaf pre-dawn water potentials (ψpd). Symbols indicate treatments as: squares for 
2nd drought (D2-WS; water-stressed treatment), triangles for 3rd drought (D3-WS) and circles for D3-WW (well-watered treatment). Regression line 
colour corresponds to treatment symbol colour. Regression coefficients are shown in Table 3. 

Table 3. Coefficients (±1 SE) of the linear regressions between pre-dawn water potentials (ψpd; MPa) and stomatal conductance (Figure 4, log10(gs) 
scale; Mol m−2 s−1) and  ψp versus net assimilation (Figure 5, log10(An) scale; μmol m−2 s−1), for each species and treatment. Within columns, asterisk 
indicate that slopes were significantly different (P-value < 0.05) between treatments within same species and lower-case letters among species and the 
same treatment (either WS or WW) as tested separately using a standardized major axis method. 

gs versus �pd; Figure 4 An versus �pd; Figure 5 

Species Treatment Slope r 2 P-value Slope r 2 P-value 

A. aptaneura D2-WS 0.22 ± 0.04 a 0.55 <0.001 0.15 ± 0.02 a 0.63 <0.001 
D3-WS 0.08 ± 0.02 a∗ 0.27 <0.001 0.09 ± 0.02 a∗ 0.51 <0.001 
D3-WW 0.19 ± 0.04 a 0.51 <0.001 0.14 ± 0.02 a 0.68 <0.001 

C. opaca D2-WS 0.39 ± 0.09 b 0.45 <0.001 0.24 ± 0.07 b 0.35 0.003 
D3-WS 0.12 ± 0.04 ac 0.31 0.01 0.08 ± 0.02 a 0.49 <0.001 
D3-WW 0.17 ± 0.02 ac 0.67 <0.001 0.11 ± 0.01 b 0.76 <0.001 

E. camaldulensis D2-WS 0.50 ± 0.08 b 0.63 <0.001 0.40 ± 0.06 b 0.65 <0.001 
D3-WS 0.41 ± 0.03 b 0.81 <0.001 0.22 ± 0.03 b 0.61 <0.001 
D3-WW 0.33 ± 0.06 b 0.51 <0.001 0.32 ± 0.04 c 0.68 <0.001 

H. macrocarpa D2-WS 0.16 ± 0.03 a 0.43 <0.001 0.26 ± 0.07 b 0.32 <0.001 
D3-WS 0.21 ± 0.03 c 0.62 <0.001 0.25 ± 0.03 b 0.7 <0.001 
D3-WW 0.19 ± 0.03 c 0.53 <0.001 0.23 ± 0.05 a 0.41 <0.001 
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Figure 6. The response of net assimilation (An) to intercellular CO2 (C i). Open white circles correspond to WW treatment and closed black symbols to 
WS treatment. Error bars represent ±1SE (n = 4).  

and 254 ± 23.2 μmol m−2 s−1; WS and WW, respectively; 
Table 2). Corymbia opaca had the highest Vcmax values 
(110 ± 3.4 μmol m−2 s−1) in WS treatment, while A. apta-
neura had the highest Vcmax value (95 ± 7.8 μmol m−2 s−1) 
in WW treatment (Table 2). Minimum Vcmax values for 
both WS and WW were observed in E. camaldulensis, but 
these were not statistically different from H. macrocarpa in 
both treatments, WW for C. opaca and both treatments for 
A. aptaneura. Additionally, C. opaca and E. camaldulensis 
had the smallest LMA compared with the remaining two 
species. Acacia aptaneura and H. macrocarpa had the largest 
differences (in LMA), but differences were not statistically 
significant between treatments (Table 2, Table S1 available as 
Supplementary data at Tree Physiology Online). 

Discussion 
In this study, we examined the effects of repeated droughts on 
four co-occurring semi-arid species that exhibited contrasting 
physiological strategies observed in their natural habitat 
(O’Grady et al. 2009, Santini et al. 2015, Nolan et al. 2017a, 

Rumman et al. 2018). We examined leaf gas exchange, photo-
synthetic capacity, LMA and plant growth to track the effects 
of repeated droughts and recovery after releases of drought. 
Consistent with our hypotheses, we observed differing 
responses to repeated drought among our four study species; 
these results are discussed in detail in the following sections. 

Coordination in leaf gas exchange and leaf water 
potential 
In semi-arid field conditions, E. camaldulensis and C. opaca 
are tall, deep-rooted trees, that access groundwater (O’Grady 
et al. 2009, Cleverly et al. 2016); hence, we hypothesized that 
these species with relatively fast growth rates would have 
larger declines in leaf gas exchange than A. aptaneura and 
H. macrocarpa. In agreement with our hypothesis, results 
showed that E. camaldulensis and C. opaca had the largest 
slope values in the regression of gs and An versus ψpd, for  
plants that experienced the second drought (during D2-WS; 
Table 2). Indeed, E. camaldulensis and C. opaca had greater 
declines in gs versus ψpd (more than 100%) compared with 
H. macrocarpa, and 77% greater for C. opaca and 130% for

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
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E. camaldulensis compared with A. aptaneura in drought D2-
WS (Table 3). Likewise, large declines were observed in the 
regression An versus ψpd, yet to a lesser degree compared with 
gs. Declines of gs for a given decline in ψpd can provide an 
insight into plant water-use strategies, indicating a more iso-
hydric or anisohydric behaviour (Tardieu and Thierry 1998, 
Klein 2014). We found that E. camaldulensis and C. opaca had 
large declines in gs and An as drought progressed, meaning 
they had a tight regulation of leaf gas exchange. This stomatal 
control decreases plant water use and thus prevents ψpd from 
declining as soil water availability declines, which makes 
these plants more isohydric. Although we did not measure 
midday ψ , a related glasshouse study on E. camaldulensis 
and A. aptaneura (Nolan et al. 2017c) found that pre-dawn 
and midday ψ were tightly correlated in both drought and 
control plants (r2 > 0.93). Furthermore, Nolan et al. (2017c) 
found that E. camaldulensis had a higher turgor loss point 
(expressed in negative values as for leaf water potentials), and 
a shallower slope in the relationship between pre-dawn and 
midday ψ compared with A. aptaneura, and concluded that 
E. camaludelensis was relatively more isohydric than A. apta-
neura. The existence of isohydric behaviour is still debatable 
(Martínez-Vilalta and Garcia-Forner 2017, Feng et al. 2019), 
although most isohydric species use rapid and early declines in 
gs to tightly regulate leaf water potentials in the early stages 
of drought, resulting in decreasing An (Meinzer et al. 2009, 
Limousin et al. 2013, Nolan et al. 2017b). 

Consistent with our results, Santini et al. (2015, 2017) 
found that the Myrtaceae species (C. opaca and E. camaldu-
lensis) exhibit larger xylem vessel diameters, lower wood den-
sity and larger hydraulic conductivity than Acacia species (A. 
aneura and A. aptaneura). Wide vessel size makes the xylem 
more vulnerable to embolism; however, stomatal closure can 
prevent hydraulic failure when water availability declines and 
therefore delay drought-induced mortality (Eamus et al. 2000, 
McDowell et al. 2008). Plant water use is also a function 
of the dynamics of the below-ground environment, which is 
crucial to the above-ground process, such as leaf gas exchange 
Kannenberg et al. 2022). In terms of plant growth, we 
observed that E. camaldulensis had the widest stem diameter 
(and hence sapwood area) and was the tallest of all 
four species examined (Figure 2c). Given all species were 
germinated from seed at the same time and grown for the 
same period prior to this study (12 months), these data reflects 
the faster growth rate of E. camaldulensis compared with 
the other species. A larger sapwood area and plant size are 
indicative of larger rates of water flow and overall plant 
water-use, all of which are related and coordinate to some 
extent the leaf gas exchange in plants (Katul et al. 2003, 
Sperry and Love 2015). Corymbia opaca did not grow as tall 
as E. camaldulensis in this study (Figure 2b), which may be 
explained by the difference in a number of traits between 
these species. Corymbia opaca has higher wood density, 
lower root hydraulic conductance and smaller vessel diameter 
than those observed in E. camaldulensis (Santini et al. 2015, 
2017). Investing in high wood density often occurs at the 
expense of plant height and diameter growth (Enquist et al. 
1999, O’Grady et al. 2009). Investing carbohydrates in plant 
maintenance and hydraulic architecture, such as deep roots 
and high venation density (to enhance water transport), is 
often made at the expense of leaf traits (Brodribb and Jordan 
2011, Poorter et al. 2012, Yin et al. 2018). We observed in 
the final drought that E. camaldulensis reduced its numbers 

of leaves in the water-stressed (WS) treatment, but this was 
not observed in C. opaca (Figure 2c). One possible reason is 
the higher LMA in C. opaca compared with E. camaldulensis, 
with higher LMA associated with longer leaf life-spans (Wang 
et al. 2022). This suggests that allocation of assimilated 
carbohydrates was preferably given to anchorage and a tall 
structure for E. camaldulensis, rather than maintaining leaves 
while droughts were imposed (data was not collected for 
below-ground traits). Although, we did not study the below-
ground plant behaviour, above-ground growth can provide 
insights into plant water-use strategies in variation to root-
deep, rood hydraulics and root structure, which ultimately 
determine water flow, transport and loss in plants. 

Our results support our first hypothesis: A. aptaneura 
showed the smallest slope-values in the regression of gs and 
An versus ψpd during the last drought (DS-WS; Table 3). 
Hakea macrocarpa only exhibited moderate declines (slopes) 
for a wider range of water potential values (Figures 4 
and 5). Smaller declines in the relationship of gs versus ψpd 
compared with C. opaca and E. camaldulensis implies that 
A. aptaneura had more risky stomatal regulation for a wider 
range of leaf water stress (and more negative water potential 
values). Previous studies have identified A. aptaneura as an 
anisohydric species (Page et al. 2016, Nolan et al. 2017c). 
Anisohydric species tolerate a larger decline of leaf water 
potentials, thereby allowing the maintenance of gs and An 
further into drought (Martinez-Vilalta et al. 2014). Acacia 
aptaneura continued to photosynthesize at much lower ψpd 
(Figure 5a). Both A. aptaneura and H. macrocarpa are known 
for being highly tolerant to drought and high temperatures 
(Table 1). For example, higher wood density was observed 
within the two species (A. aptaneura and H. macrocarpa) 
than species from the Myrtaceae family (Santini et al. 
2015). High wood density protects against xylem cavitation, 
leading to a superior resistance to cell wall collapse, thereby 
allowing species with high wood density to tolerate low water 
potentials (Santiago et al. 2004) and to maintain to some 
extent leaf gas exchange. The response to progressive water 
stress observed in the four studied species was in agreement 
with studies that have sought to understand the response of 
leaf gas exchange to drought in C3 plants (Flexas et al. 2004, 
Galmes et al. 2007, Cano et al. 2014). 

Changes in WUE during drought 
In our study, WUEi was maintained at more or less con-
stant low values in the early stages of droughts for all four 
species (Figure 3i–l). However, as drought progressed, WUEi 
increased for A. aptaneura and E. camaldulensis but only for 
a short period, followed by declines in WUEi towards the end 
of the droughts. Although not all species had a significant 
increase in WUEi, all species showed a significant decline 
in WUEi at the end of the droughts, excepting drought D2-
WS. This biphasic pattern, an increase in WUEi as soil water 
stress increases, but consistent decline in WUEi under extreme 
water stress has been observed across multiple arid and semi-
arid plant species (Manzoni et al. 2011, Limousin et al. 
2013, 2015). There are different plausible explanations for 
declining WUEi under extreme drought. One explanation is 
that stomatal closure results in assimilation rates that are zero 
or close to them; however, residual conductance via cuticular 
transpiration and/or leaky stomata results in continued water 
loss (Petrík et al. 2023). Another explanation is that stomata 
remain open to provide evaporative cooling, but assimilation
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does not occur. However, this decoupling of gs from An is 
likely to only occur under heat wave conditions (Marchin et al. 
2023), which were not present in our study. Species that show 
high WUEi, such  as  A. aptaneura demonstrate a competitive 
advantage over the other three species to extreme soil water 
deficits or droughts. 

The increase in WUEi was driven mainly by decreasing gs 
rather than An as drought progressed, except for H. macro-
carpa. For example, reductions of gs were up to 31%, 38% 
and 46% (for A. aptaneura, C. opaca and E. camaldulensis, 
respectively) more than the reductions for An in all drought 
and periods as the soils dried down (Table 3 and Figure S2 
available as Supplementary data at Tree Physiology Online). 
For H. macrocarpa WUEi was pretty much constant during 
all droughts and only decreased at the end of the droughts 
due to a decrease in An. Hakea macrocarpa showed greater 
reductions in An than in gs (for a given reduction in ψpd) 
but only up to 20%, specifically in drought D3-WS. The 
decoupling of gs from An showed in H. macrocarpa suggests 
transpiration cooling during soil drying as a strategy to resists 
drought, or perhaps is related to leaky stomata (Duursma et al. 
2019). Plants that experienced drought and have reductions in 
An tend to consume non-structural carbohydrates to maintain 
cellular survival, respiratory mechanism and osmotic adjust-
ment (McDowell et al. 2008). 

Remarkably, it was observed that H. macrocarpa signif-
icantly increased Rd,  which led to an increase in the  ratio  
of Rd/An that experienced drought (Table 2). Large values 
of Rd have been previously observed in field conditions in 
other Australian species such as Acacia lasiocarpa (Atkin et al. 
2015, Falster et al. 2021). Both stomatal closure and the 20% 
decrease in An as drought progressed were important drivers 
for the increase in Rd for H. macrocarpa and hence the ratio 
of Rd/An. This change in the plant carbon balance is a well-
understood mechanism in plant mortality (Vandegeer et al. 
2020, McDowell et al. 2022). Assessing the response and 
adaptation of plants to drought is crucial, and understanding 
the mechanisms inducing a decrease or increase in WUEi will 
ultimately provide information on which species would be 
more resistant to drought. 

The effect of repeated droughts and plant recovery 
We observed an acclimatation response to drought in A. 
aptaneura (Table 3), i.e., less declines in gas exchange with 
repeated drought. Acacia aptaneura significantly reduced the 
rate at which gs and An were declining for a given decline 
in ψpd in plants from D3-WS by 57% for gs and 35% 
for An compared with individuals of D3-WW. Changes in 
exogenous hormones (i.e., ABA) may explain this behaviour, 
since the accumulation of ABA that is expected to occur 
during droughts enhances stomatal sensitivity to a low water 
potential levels in repeated droughts (Eamus and Narayan 
1989, Thomas et al. 2000, Nolan et al. 2017c). Our previous 
study (Nolan et al. 2017c) showed a ‘peaking-type’ response, 
where ABA increased in the early-mid stages of the drought, 
followed by an abrupt decline once a threshold leaf water 
potential of −3.9 MPa was reached. Another explanation is 
the possible accumulation of osmotically active solutes as the 
soil dries, which allows species to adjust the turgor loss point 
at which leaf cells lose turgor and close stomatal (Bartlett et al. 
2014, Nolan et al. 2017c). A lower turgor loss point (i.e., 
more negative values) was observed in A. aptaneura following 
repeated drought in our previous study (Nolan et al. 2017c). 

These physiological mechanisms allow A. aptaneura to main-
tain relatively higher rates of gas exchange during repeated 
droughts. Consequentially, A. aptaneura showed the largest 
values of WUEi (Figure 3i) by declining gs more than An, 
which is supported by observations done in field conditions, 
where Acacia species tend to maintain large rates of primary 
productivity even outside of the rainy season, while maintain-
ing high WUE values as soil water declines (Tarin et al. 2019, 
2020). All this may explain the high dominance of Mulga 
in the Australian continent, with these species occupying 20– 
25% of the continent, particularly A. aptaneura and A. aneura 
(Eamus et al. 2013). Mulga dominates in central Australia, 
where there is high rainfall variability (Cleverly et al. 2016). 

Interestingly, we also observed that the rate of declines in 
leaf gas exchange for C. opaca were in the same range as A. 
aptaneura in the third drought and both treatments (D3-WS 
and D3-WW, Table 2). This suggests that C. opaca has the 
plasticity to exhibit different plant water-use strategies when 
exposed to repeated droughts and highlights the importance 
of examining physiological responses to soil dryness under 
repeated exposure to drought. Plasticity has been observed 
in plant water-use strategies, showing other species like 
Larrea tridentata to have a partial isohydric behaviour during 
drought conditions but was extremely anisohydric in wet 
conditions (Guo et al. 2020). Another interesting result was 
observed in H. macrocarpa, which did not show significant 
differences between treatments during the final drought 
(Table 3); however, the point at which both gs and An were 
reduced by >50% differed from ∼0.15 m3 m−3 (during the 
second drought, Figure S3) to  ∼ 0.07 m3 m−3 (Figure S2d 
available as Supplementary data at Tree Physiology Online; 
during the final drought). It may be possible that root clusters, 
which are common across Hakea spp. (Lamont 2003), bene-
fited plant–water relations. Root clusters (which in fact were 
observed at the end of the experiment) can increase the soil 
volume explored by a factor of up to 300, and release deeply 
sourced water at night for subsequent uptake the following 
day through the process of hydraulic lift (Lamont 2003). 
This may explain why there were no changes in rate declines 
of gs and An when regressed with ψpd between treatments. 
Similarly, for E. camaldulensis, plants from the final drought 
did not show differences between treatments, with plants from 
both treatments exhibiting large photosynthetic rates and 
stomatal conductance values (Figure 3). In field conditions 
across different rainfall gradients, eucalypts have shown little 
or no variation in leaf water potentials among wet and dry 
seasons due to their ability to access groundwater (Eamus 
et al. 2000, Mitchell et al. 2014, Nolan et al. 2017a). Thus, 
hydraulic traits discussed above explain why E. camaldulensis 
was not sensitive to repeated droughts compared to the Acacia 
species examined in the present study. In conclusion, although 
we observed differences between treatments with these three 
species (C. opaca, E. camaldulensis and H. macrocarpa), there 
was a lack of memory for repeated droughts, and none of them 
showed an acclimatation for individuals that experienced 
three consecutive droughts. 

Plant responses to drought have been extensively examined 
in relation to limitations in leaf gas exchange, the response 
of mesophyll conductance and biogeochemical limitations 
occurring at different time-scales during periods of drought 
(Flexas et al. 2004, 2006, Limousin et al. 2013, Zhou et al. 
2016). Thus, plant recovery from droughts depends on species 
ability to diminish these limitations when water subsequently

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae121#supplementary-data
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becomes available (Galmes et al. 2007). We showed full recov-
ery in An and gs during the last re-watering cycle (between 
the second and final droughts) within the first 3 days after 
SWC was increased to FC for all species (Table 2). There 
were no significant differences in leaf gas exchange between 
WW and WS treatments after cessation of drought, indicating 
a complete recovery in all four species. Full plant recovery 
following alleviation of drought has been observed in other 
C3 plants, in which the period of recovery varied from 1 to 
3 days (Flexas et al. 2006, Resco et al. 2009, Cano et al. 2014). 
As observed in Flexas et al. (2006), usually photosynthesis 
recovers in 1 day at mild water stress, but photosynthesis 
can have a slower recovery if the biochemical or hydraulic 
pathway is damaged (Resco et al. 2009). 

The photosynthetic response to drought that occurs inde-
pendent of stomatal responses can be assessed by evaluat-
ing changes in the capacities of carboxylation (Vcmax) and  
electron transport (Jmax) (Vogan and Maherali 2014). We 
observed small increases in Vcmax and Jmax in A. aptaneura 
and H. macrocarpa, but they were not statistically significant. 
Maintenance of Vcmax and Jmax may indicate that plant 
species have large resistance to drought in support to our third 
hypothesis (Table 2). Our results showed that A. aptaneura 
(which is a N2-fixing species) had the largest LMA values for 
both treatments (Table 2; Cook and Dawes-Gromadzki 2005, 
Page et al. 2011). N2-fixing species usually have large foliar 
nitrogen contents, and foliar nitrogen is positively correlated 
with LMA (Poorter et al. 2009). Interestingly, A. aptaneura 
showed an increase of 41% and H. macrocarpa of 75% in 
LMA from the WW to the WS treatment (Table 2). This 
reflects the high plasticity of LMA of these two species when 
exposed to drought. High LMA values >400 g m−2 have been 
previously reported in other species, such as Hakea acuminata, 
A. aptaneura, Eucalyptus cyanophylla and E. haemastoma, 
according to the AusTrait database (Lamont et al. 2002; Dong 
et al. 2022; Falster et al. 2021). LMA increases when rainfall 
or water availability is limited to reduce cell expansion rates 
under drought, and high LMA is also a result of expensive leaf 
construction and low nutrient content, as semi-arid Australia 
is well known for having low nitrogen content in its soils. 

Conclusions 
Our work evaluated the response to repeated experimental 
droughts using eleven physiological and morphological traits 
related to leaf gas exchange and plant growth and evaluated 
plant recovery of four co-occurring species of central Aus-
tralia. Results showed contrasting physiological behaviours 
among the four species, but also within species depending on 
whether plants had been previously exposed to drought. Our 
results highlight the potential for acclimatation and plasticity 
in drought responses. By understanding functional attributes 
of dominant species in the face of climate change through 
refining metrics of plants physiology, this work has the poten-
tial to contribute to reducing uncertainties and improve veg-
etation and ecosystem modelling approaches for the central 
Australian region and potentially other similar arid regions 
across the globe. 
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