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Summary

� Photosynthetic sensitivity to drought is a fundamental constraint on land-plant evolution

and ecosystem function. However, little is known about how the sensitivity of photosynthesis

to nonstomatal limitations varies among species in the context of phylogenetic relationships.
� Using saplings of 10 Eucalyptus species, we measured maximum CO2-saturated photosyn-

thesis using A–ci curves at several different leaf water potentials (ψleaf) to quantify mesophyll

photosynthetic sensitivity to ψleaf (MPS), a measure of how rapidly nonstomatal limitations to

carbon uptake increase with declining ψleaf. MPS was compared to the macroclimatic moisture

availability of the species’ native habitats, while accounting for phylogenetic relationships.
� We found that species native to mesic habitats have greater MPS but higher maximum

photosynthetic rates during non-water-stressed conditions, revealing a trade-off between

maximum photosynthesis and drought sensitivity. Species with lower turgor loss points have

lower MPS, indicating coordination among photosynthetic and water-relations traits.
� By accounting for phylogenetic relationships among closely related species, we provide the

first compelling evidence that MPS in Eucalyptus evolved in an adaptive fashion with climati-

cally determined moisture availability, opening the way for further study of this poorly

explored dimension of plant adaptation to drought.

Introduction

Throughout evolutionary history, terrestrial vascular plants
have faced a fundamental trade-off between the photosyn-
thetic assimilation of atmospheric carbon and transpirational
loss of water through stomata (Givnish & Vermeij, 1976;
Cowan & Farquhar, 1977; Givnish, 1986). When faced with
water deficits on a daily, seasonal, or annual basis, plants
exhibit declines in photosynthetic rates. Such reduced rates
have been viewed as solely reflecting a drop in stomatal con-
ductance (Cowan & Farquhar, 1977; Medlyn et al., 2011).
However, there is increasing evidence that water stress –
specifically, declines in leaf water potential ψleaf – also reduces
photosynthesis independent of stomatal limitations (Tezara
et al., 1999, 2002, 2003; Tang et al., 2002; Lawlor &
Tezara, 2009; Zhou et al., 2013, 2014; Dewar et al., 2018;
Salmon et al., 2020). The sensitivity of photosynthesis to
these nonstomatal limitations, which hereafter we refer to as
mesophyll photosynthetic sensitivity (MPS), may have been a
fundamental constraint on land plant evolution, selecting for
the rise and optimization of traits that conserve, transport, or
access water, including stomata, vascular systems, and roots

(Givnish, 1986). Recent advances in understanding of these
photosynthetic limitations across the entire land plant phy-
logeny show that angiosperms display a more balanced colim-
itation of diffusional and biochemical limitations than early
diverging plant groups. While this is an intriguing example of
the importance of photosynthetic capacity in plant evolution
(Gago et al., 2019), we know little about variation in MPS
and especially how MPS varies among closely related plants
native to different ecological conditions while accounting for
phylogenetic similarity.

Evidence of nonstomatal limitations of photosynthetic per-
formance is largely derived from measured responses of CO2

assimilation rates (A) to internal concentrations of CO2 (ci). A
change in ci at a given atmospheric [CO2] is caused by stom-
atal limitation, while a change in the shape of the A-ci
response is due to nonstomatal limitations. Thus, the effects of
stomatal conductance can be accounted for (and removed) by
comparing A-ci ‘response curves’ (Tezara et al., 1999, 2002,
2003; Zhou et al., 2013; Salmon et al., 2020). Declines in
maximum apparent rates of CO2 assimilation (the asymptote
of an A-ci curve) as ψleaf declines have been interpreted as
impaired photosynthetic metabolism and/or mesophyll
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conductance of CO2 to sites of photosynthesis. This inter-
preted limitation has been the subject of considerable scrutiny.
One concern is of possible artifacts when measurements of A
and ci are made at extremely low values of stomatal conduc-
tance. Precautions are therefore needed when measuring very
small changes in CO2 concentrations. For example, the diffu-
sional leakage of CO2 through clamp-on leaf chambers can be
taken into account by quantifying the coefficient of CO2 diffu-
sional leakage of the chamber using thermally killed leaves
(Flexas et al., 2007). Additional evidence for non-stomatal lim-
itation is provided by the decline in photosynthesis with leaf
water potential in Helianthus even after the epidermis has been
peeled away, obviating the need for A-ci curves and a calcula-
tion of ci (Tang et al., 2002). Kelp, which lack stomata and
internal air spaces, display similar relationships of photosynthe-
sis and water potential (Kawamitsu et al., 2000). The present
state of knowledge is that properties of the mesophyll con-
tribute to overall reductions in photosynthesis at reduced ψleaf.

Substantial research has been conducted to identify the differ-
ent types of nonstomatal limitations to photosynthesis and how
and to what extent these processes restrict photosynthetic capac-
ity. Water stress, whether caused by short- or long-term drought,
salt inundation, or diurnal changes in leaf water potential or
vapor pressure deficit, has clear effects on carboxylation capacity,
electron transport, mesophyll conductance, chloroplast ATP pro-
duction, and/or RuBisCO concentration and activity. In each
case, apparent photosynthetic capacity within leaves is consider-
ably reduced (Ball & Farquhar, 1984; Tezara et al., 1999; Galmés
et al., 2013; Zhou et al., 2013, 2014; Dewar et al., 2018; Flexas
et al., 2018; Nadal & Flexas, 2018; Wang et al., 2018). Neverthe-
less, how these limitations affect apparent mesophyll photosyn-
thetic capacity remains poorly studied, and these limitations may
vary considerably among plants of different ecological and phylo-
genetic histories. Two studies of mesophyll photosynthetic capac-
ity in response to drought suggest that species native to moister
environments had greater vulnerability to water stress (Zhou
et al., 2013, 2014). However, these studies involve confounding
variation in leaf phenology, growth form, and/or N-fixing ability,
and lack the statistical analyses required to account for phyloge-
netic relationships, or draw justified conclusions regarding trait–-
trait and trait–environment relationships. More comprehensive
studies are thus needed to determine the adaptive importance of
mesophyll photosynthetic sensitivity and how it varies in differ-
ent ecological and phylogenetic contexts, in order to better
understand plant adaptations to drought, both historically and in
the context of current anthropogenic climate change. Attempts
have also been made to quantify the fractional limitations of pho-
tosynthesis due to stomata vs apparent variation in mesophyll
conductance (gm) and leaf biochemistry (Grassi & Magnani,
2005; Carriquı́ et al., 2015; Xiong et al., 2018; Gago et al.,
2019). However, separating the effects of supposed variation in
mesophyll conductance is problematic and often depends on sev-
eral parameters measured in species other than those under study
and untested assumptions.

We sought to quantify the holistic effects of nonstomatal
limitations on mesophyll photosynthetic capacity (that is,

photosynthetic rates obtained after removing the effect of
stomatal limitations via use of A–ci curves at different values
of ψleaf, following the approach pioneered by Tezara et al.,
1999, but see also Salmon et al., 2020). We measured the
sensitivity of A–ci curves to leaf water potential, in order to
understand MPS – the sensitivity of nonstomatal photosyn-
thetic limitations to drought. We quantified mesophyll photo-
synthetic sensitivity in two ways: ψ50, the leaf water potential
at a 50% decline from maximum photosynthetic rates, and β,
the maximum slope of decline in photosynthetic rates with
declining ψleaf. Our aim was to understand differential adap-
tation of MPS to environmental conditions within a set of
species that are closely related but differ strikingly in their
ecological distributions. Closely related species share a com-
mon evolutionary heritage, so that studying physiological dif-
ferences among them may be less clouded by the greater
genetic differences that have accumulated, for a variety of
idiosyncratic reasons, among species in distantly related lin-
eages. Studying ecophysiological differences among close rela-
tives in a phylogenetic framework can provide important
insights into how individual species diverged and became able
to dominate different portions of environmental gradients.
Such an approach – including phylogenetic relationships
explicitly in all statistical analyses – permits rigorous tests of
the roles of ecology vs phylogeny in determining plant traits
and their adaptation to environmental conditions (e.g. see
Givnish & Montgomery, 2014).

Here we predict that species native to drier climates should
exhibit lower mesophyll photosynthetic sensitivity – defined by
more negative ψ50 and larger β – and that MPS should be corre-
lated with other adaptations to drought (e.g. more negative tur-
gor loss points, Bartlett, Scoffoni & Sack, 2012; Fu & Meinzer,
2018). Furthermore, we expect that lower MPS, as an adaptation
to drought, should be accompanied by reduced rates of maxi-
mum leaf-level photosynthesis at full hydration, in accordance
with the theoretically expected and empirically observed trade-off
of maximum photosynthetic rate and drought sensitivity
(Givnish & Vermeij, 1976; Orians & Solbrig, 1977; Temme
et al., 2019).

We used glasshouse and common-garden experiments to
provide the first phylogenetically comparative data on meso-
phyll photosynthetic sensitivity across a large set of ecologically
divergent but closely related species in the genus Eucalyptus.
Eucalyptus is a powerful model system given the differential
distribution of its species along extensive moisture gradients
(Schulze et al., 1998, 2006; Miller et al., 2001; Nicolle, 2006;
Atlas of Living Australia: http://www.ala.org.au), their radiation
during times of aridification (Crisp et al., 2004; Bui et al.,
2017; Thornhill et al., 2019), diversity in physiological traits
(Schulze et al., 1998, 2006; Warren & Adams, 2005; Warren
et al., 2006; Turner et al., 2008; Cernusak et al., 2011;
Givnish et al., 2014), and the existence of a DNA phylogeny
required for the rigorous comparative analyses needed to inter-
pret the roles of ecology vs phylogeny in shaping the character-
istics and distributions of extant species (Li et al., 2018;
Thornhill et al., 2019).
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Materials and Methods

Study system

We investigated differences in mesophyll photosynthetic sensi-
tivity (MPS) across ten species of Eucalyptus. The species –
Eucalyptus dumosa A. Cunn. ex J. Oxley,
Eucalyptus microcarpa (Maiden) Maiden, Eucalyptus sideroxylon
A. Cunn. ex Woolls, Eucalyptus viminalis Labill, and
Eucalyptus nitens (H. Deane & Maiden) Maiden of subgenus
Symphyomyrtus, and Eucalyptus arenacea Marginson & P. Ladi-
ges, Eucalyptus macrorhyncha F. Muell. ex Benth, Eucalyptus
dives Schauer, Eucalyptus obliqua L’Hér, and Eucalyptus
regnansF. Muell of subgenus Eucalyptus (see Supporting Infor-
mation Fig. S1 for phylogenetic tree) – were stratified by phy-
logeny and by dominance of different portions of a
macroclimatic gradient, as measured by P/Ep (the ratio of
annual precipitation to pan evaporation) in south eastern Aus-
tralia. Our ten study species have a mean annual rainfall (P)
ranging from 350 mm to 1043 mm, with mean P/Ep varying
fivefold, from 0.19 to 0.98 (Fig. 1; Table S1); these species
range from cool temperate rain forest and tall wet sclerophyll
forest, to open forest, woodland, and mallee (an Australian
arid to semi-arid habitat named for the multi-stemmed euca-
lypt growth forms that are common there; mallet eucalypts
have single small stems emerging from a lignotuber).

Species occurrences and climate data

Species occurrences were obtained from the Atlas of Living Aus-
tralia (ALA) database on 19 May 2018. To avoid effects of over-
sampling, latitude and longitude were rounded to the nearest
0.25 degree and duplicate species–location combinations were
removed. We inspected spatial distributions and removed clear
visual outliers (n = 3 points; likely from a botanic garden or
incorrectly identified). For each location, we extracted climate
variables (mean annual precipitation (P) and temperature) from
WorldClim (Fick & Hijmans, 2017) using QGIS 3.0 (QGIS
Development Team, 2018). Pan evaporation (Ep) was extracted
for each location from the Bureau of Meterology’s (BOM) 0.25-
degree resolution dataset (http://www.bom.gov.au/jsp/ncc/clima
te_averages/evaporation/index.jsp?period=anu#maps) using R
v.3.6.2 (R Core Team, 2019). We calculated P/Ep of each occur-
rence and then took the mean for each species.

Plant material and glasshouse growing conditions

Seeds were obtained from Forest Seeds Australia (Bacchus Marsh,
Victoria), Goulburn Broken Indigenous Seedbank (Dookie, Vic-
toria), and Commonwealth Scientific and Industrial Research
Organisation (CSIRO) Australian Tree Seed Centre (Black
Mountain, Australian Capital Territory). Precise provenances for
those seeds are not known for most species. A key assumption of
multi-species studies like the one presented here is that the signal
of trait or performance differences across a wide set of species that
occupy different parts of an extensive ecological gradient will

overwhelm the effects of exactly where along that gradient mate-
rial of a given species was chosen for study.

In early 2018, plants were germinated in flat beds of field soil
and transplanted to 10-cm tall pots filled with Pro-mix BX pot-
ting medium (Premier Tech Horticulture, Riviere-du-Loup,
Québec, Canada) at a glasshouse at the University of Wiscon-
sin–Madison. Once a substantial rooting system had developed
and saplings were about 5 cm tall, saplings were moved to 35-cm
tall plastic pots filled with equal parts sand : field soil : Promix®

BX, and fertilized once to twice per week. Plants were hand-
watered to maintain a nonlimiting water supply during this ini-
tial growth. Espoma Organic Soil Acidifier was added periodi-
cally to maintain neutral pH, as irrigation water was somewhat
calcareous. Experiments were conducted from May to October
2018. While heteroblasty is common across the genus Eucalyptus,
most of our species show relatively little heteroblasty, with
E. nitens, E. arenacea and E. dives being exceptions. Juvenile
foliage was still present in E. nitens, E. dives, E. viminalis and
E. arenacea during measurements. All measurements were con-
ducted at the same age post germination. Air temperature was
regulated, ranging from 25–30°C during the day to 14–20°C at
night. Artificial overhead lighting was added if environmental
PPFD fell below 600 μmol m−2 s−1. Locations of plants in the
glasshouse were randomized biweekly to minimize effects of dif-
ferences in conditions across the glasshouse.

Gas exchange and leaf water potential measurements

We withheld water from eight to 11 plants per species over 1–-
2 wk and measured their mesophyll photosynthetic capacity
across several days during this slow dry-down. Net CO2 exchange
(A) and stomatal conductance (gs) was measured on the youngest
fully expanded leaves at light saturation (1500 µmol m−2 s−1;
10% blue light) and 28°C block temperature with a portable
photosynthetic gas exchange system (LI-6400XT; Li-Cor Inc.,
Lincoln, NE, USA). Leaf vapor pressure deficit (VPD) was main-
tained as close as possible to 2 kPa during all measurements using
desiccant within the LI6400 system, with a standard deviation of
0.4. Cuvette reference CO2 concentration (atmospheric CO2

concentration, ca) during measurements was varied as follows:
400, 200, 100, 50, 800, 1600 and 2000 µmol CO2 mol−1 air.
Effects of stomatal control were largely accounted for by compar-
ing A to leaf internal CO2 concentration (ci), which is a calcula-
tion accounting for the ability of CO2 to diffuse into the leaf.
Thus, we interpret stomatal limitation as a change in ci and non-
stomatal limitation as a change in the A–ci curve. Before starting
these measurements, we acclimated the leaf in the cuvette for
10–20 min at 400 µmol CO2 mol−1 air to achieve stable gas
exchange, and then allowed gas exchange to equilibrate for 3–
5 min at each CO2 step before logging data. We corrected for
diffusion leakage of CO2 through the infrared gas analyzer’s leaf
gaskets (IRGA)’s by additionally conducting A–ci curves on
boiled (i.e. photosynthetically inactive) leaves (see Flexas et al.,
2007). Actual A values from experimental A–ci curves were cor-
rected by subtracting the relationship between ca and the ‘appar-
ent’ photosynthesis of an inactivated leaf. The resulting A–ci

New Phytologist (2021) 230: 1844–1855
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist1846

http://www.bom.gov.au/jsp/ncc/climate_averages/evaporation/index.jsp?period=anu#maps
http://www.bom.gov.au/jsp/ncc/climate_averages/evaporation/index.jsp?period=anu#maps


curves provide measures of mesophyll photosynthetic capacity,
also known as apparent photosynthetic capacity (Zhou et al.,
2013), with the effect of stomatal conductance accounted for and
technical artifacts largely subtracted. However, mesophyll con-
ductance was not quantified, and our measured mesophyll photo-
synthetic capacity is still limited by a combination of CO2

diffusivity through cells and biochemical effects. After comple-
tion of each A–ci curve, the leaf was excised and leaf water poten-
tial (ψleaf) was measured using a Scholander-type pressure
chamber (PMS Instruments, Albany, OR, USA) after allowing
for equilibration (about 5–10 min). To minimize temporal bias
during data collection, we droughted plants in batches, using one
plant per species until the last individual died of drought stress,
before beginning a new drought experiment for all species. After
several dry downs, some large gaps in leaf water potential
remained, particularly at lower ψleaf. To fill gaps during later iter-
ations of dry downs, we often measured individuals only when
they were at ψleaf values that fell within gaps. In this way, some

individuals have several repeated measurements (33% with four
or more repeated measurements), some have few (44% with two
to three), and others have no repeated measurements (22% with
one measurement).

Quantifying mesophyll photosynthetic sensitivity

Each A–ci curve was analyzed using the Farquhar–Berry–von
Caemmerer model of photosynthesis (Farquhar et al., 1980)
using R package PLANTECOPHYS (Duursma, 2015) with the
assumption that mesophyll conductance was infinite. In this way,
any change in A–ci curves with water potential could be due to
changes in gm and/or biochemical limitations. While A–ci curves
are conventionally parameterized with maximum carboxylation
and electron transport rates (Vcmax and Jmax, respectively), we
instead quantified the maximum rate of gross photosynthesis
(Amax) for each A–ci curve. This approach implicitly includes the
effects of gm in a way that compensates to a great extent for its
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Fig. 1 Native distributions and climate data for the 10 Eucalyptus species. (a) Geographic distributions (latitude × longitude) across Australia, ranked by
subgenus (rows) and moisture supply (least on the left). (b) Map of Victoria, reproduced from Givnish et al. (2014), showing contours of the moisture
gradient – the ratio of annual precipitation to annual pan evaporation (P/Ep). (c) Mean annual precipitation (P). (d) Native mean P/Ep. Error bars represent
one SD. Crossed circles indicate subgenus Symphyomyrtus.
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explicit exclusion (Knauer et al., 2020). In this paper, we present
results based on the parameterization of Amax, which was calcu-
lated as Rd (estimated from the A–ci photosynthetic model) plus
the A predicted from the A–ci model at maximum
ci = 6000 µmol mol−1. Values of Amax per unit area were con-
verted to a mass basis using the species’ mean specific leaf area
(SLA); mass-based rates can be more important determinants of
whole-plant rates of growth than area-based rates, given that they
measure energetic returns per unit investment (see Givnish,
1988; Kruger & Volin, 2006). Specific leaf area data were
obtained from one young, fully expanded leaf (excluding peti-
oles) from six plants per species. Leaves were scanned with a leaf
area scanning conveyer belt (LI-3100C; Li-Cor Inc.), and then
dried at 70°C for 1 d and weighed. Raw data for Amax and sensi-
tivity to ψleaf are presented in Fig. S2. For reference, apparent
values of Vcmax and Jmax are presented and analyzed for sensitivity
to ψleaf in Figs S5–S7.

Analytical model for mesophyll photosynthetic sensitivity

A sigmoidal response curve of Amax to ψleaf was fit for the data of
each species using R function ‘SSlogis’ (R Core Team, 2019):

Amax ¼M =ð1þ exp½βðy50� y leaf Þ�Þ Eqn 1

where M is the value of Amax under moist conditions (ψleaf = 0;
effectively the maximum theoretical Amax), β is a slope coefficient
indicating the steepness of the decline, and ψ50 is the ψleaf at
which Amax decreases to half M. See the Results section and Figs.
S2,S3 for information on how and why this equation was fit to
data. Random effects by individual plants were not incorporated
due to the sizeable number of individuals that were not repeat-
edly measured.

Measuring turgor loss point

Turgor loss points (TLP, units MPa), the ψleaf at turgor loss,
were calculated for five leaves or small leafy shoots of each species
from pressure–volume curves generated using the bench dry
method (Tyree & Hammel, 1972). Briefly, leaves were cut from
the branch at the petiole in the early morning before transpira-
tion had reached a maximum, and placed in water and out of
direct sunlight to hydrate for 20–30 min. We measured ψleaf

using a Scholander-type pressure chamber (PMS Instruments)
and then leaf mass; this was repeated 8–19 times until a plot of
−1/ψleaf vs leaf mass lost formed a linear region, where it is
assumed that turgor pressure equals zero. The equation of this
linear region can be used to calculate pressure (ψP) and osmotic
potentials (ψπ) at any given ψleaf. Turgor loss point is ψleaf when
ψP = 0. Photosynthetic safety margin was calculated as the dif-
ference (in MPa) between TLP and ψ50 Amax.

Photosynthetic rates in common gardens

Using the methods described earlier, we conducted A–ci curves
for the same 10 Eucalyptus species at four common gardens across

Victoria, Australia (see Table S2 for geographic coordinates and
climatic and soil information) between October 2018 and Febru-
ary 2019. As we were interested in estimating the maximum Amax

per species per site, we generally used the largest five Amax values
per species per site taken when ψleaf > −1.5 MPa, which should
precede any declines in Amax across species based on our
glasshouse experiments. For a few species × site combinations,
n = 2–4, due to low survival rates or plants drying down very
quickly out of the > −1.5 MPa range. Study species were
planted at the sites in June 2018 on a 30-cm square grid. Amax

was converted from a per area basis to a per mass basis, using the
species’ mean SLA at the site. Most SLA data were obtained in
March and April 2019 from one young, fully expanded leaf from
generally eight plants per species × site. From each leaf, 16 mm
punches were taken, avoiding the mid-vein when possible. When
leaf disks were incomplete circles, they were immediately pho-
tographed for area determination. Photographs were corrected
for lens distortion using PTLENS (ePaperPress, Portland, OR,
USA) and analyzed in IMAGEJ (NIH, Bethesda, MD, USA). Four
species (E. dives, E. nitens, E. obliqua and E. regnans) at the driest
site, Hattah, did not survive for these SLA measurements. For all
except E. dives, we measured SLA using entire lamina from simi-
lar-aged plants grown at the site 1 yr prior. For E. dives, we col-
lected leaf disks in December 2019 at the second driest site,
Bealiba, and used these for both Bealiba and Hattah. All SLA
samples were later dried at 70°C and weighed.

Leaf nitrogen content

We tested whether observed reductions in photosynthesis with
water stress could be complicated by reductions in leaf nitrogen,
which largely reflects leaf RuBisCO content. At the beginning
and end of the glasshouse water-deprivation experiments, we
excised leaves excluding petioles of five plants (except for
E. obliqua and E. macrorhyncha, which had n = 4 and 6, respec-
tively, for post-drought), then oven-dried, ground, and sent them
to the Central Appalachians Stable Isotope Facility to measure
percent leaf N. Pre-drought samples were collected on the first
day of A–ci measurements, when ψleaf was at its maximum. Post-
drought samples were collected on the individual’s last day of
A–ci measurements, when ψleaf was at its minimum and leaves on
the plant were visibly wilted, but the plant was not dead (judged
by gas exchange, shedding crisp dried leaves, and twigs breaking
off at touch).

Recovery of mesophyll photosynthetic capacity after
rehydration

To investigate whether mesophyll photosynthetic capacity can
recover after a drought event, we compared Amax in plants before
drought to those after plants were rehydrated post-drought.
Using three selected species that fall at the driest, middle, and
wettest parts of the natural macroclimatic moisture gradient
within our study system (E. dumosa, Eucalyptus tricarpa (L.A.S.
Johnson) L.A.S. Johnson & K.D. Hill, and E. regnans, respec-
tively; E. tricarpa is a sister species of E. sideroxylon) and five
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individuals per species, we measured A–ci curves and ψleaf using
previously described methods on the first day of drought treat-
ment. Plants were allowed to slowly dry down until most leaves
on the plant were visibly wilting, where plants were then watered
and maintained at soil field capacity for 2 d, allowing the plants
to rehydrate. On this second day of rehydration conditions, when
ψleaf had returned to near pre-drought values, we measured A–ci
curves and ψleaf values.

Statistical analyses

In addition to ordinary simple linear regressions, we used phyloge-
netically structured linear regressions (Ho & Ané, 2014) to test for
significant relationships of mesophyll photosynthetic sensitivity
parameters (β and ψ50) to the position of species along the mois-
ture gradient (mean P/Ep) and species’ TLP using Pagel’s λ (based
on a Brownian motion model) and the R package PHYLOLM (Ho &
Ané, 2014). We used the R package PHYTOOLS (Revell, 2012) to
obtain relationships and times of divergence among our study
species from the time-calibrated molecular phylogeny of Thornhill
et al., (2019) (see Fig. S1). Based on Bayesian analysis, 59.2 Ma is
the estimated crown age for all eucalypts (Angophora, Corymbia
and Eucalyptus), with estimates of 33.4 Ma for subgenus
Eucalyptus, and 32.5 Ma for Symphyomyrtus (Thornhill et al.,
2019). To test for significant differences in slope and intercept
between the two subgenera, we conducted ordinary and phyloge-
netically structured ANCOVAs (Ho & Ané, 2014). We used an
analysis of deviance test of linear mixed-effects models to investi-
gate whether drought conditions had an effect on leaf nitrogen
content (%N), and to compare mesophyll photosynthetic capacity
before drought and after rehydration post-drought. In common
garden experiments, we used an ANOVA F-test for model selec-
tion (testing for slope and/or intercept differences). Using this
selected model, we then used a linear regression to test for a rela-
tionship between maximum Amax and native P/Ep. We could not
investigate phylogenetic effects here, as the R package PHYLOLM is
limited for use with data that has only one value per species (Ho
& Ané, 2014). See the Discussion section for more on this limita-
tion. All analyses were done using R v.3.6.2 (R Core Team, 2019).
Package GGPLOT2 was used for figure making (Wickham, 2016).

Results

In the glasshouse, Amax declined nonlinearly with ψleaf in all
species (Figs 2a, S2). A sigmoidal equation provided a better fit
of these drought responses than linear or exponential functions,
as determined using the Akaike information criterion (AIC values
for sigmoidal/exponential/linear responses to ψleaf: Amax are
−253/−219/−231. See Fig. S3 for additional details regarding
model selection). We found that leaf %N content in pre-drought
plants was c. 0.17% greater than in the same plants post-drought
– a small but significant effect (Pdf=9 = 0.0001, mixed model;
Fig. S4). There was large variation among species in their quanti-
tative response: ψ50 Amax ranged from −4.08 to 2.08, and β of
the Amax sigmoidal response model ranged from 1.2 to 6.69
(Table S2; referred to hereafter as β Amax). As we predicted,

drought response was related in a systematic fashion to species’
distributions along the macroclimatic moisture gradient. As
native P/Ep declined, ψ50 of the Amax sigmoidal response model
(hereafter, ψ50 Amax) became more negative. The decline in ψ50

Amax with native P/Ep was significant in both ordinary (Pord =
0.01) and phylogenetically structured (Pphy = 0.012) linear
regressions (Fig. 2b). Table 1 provides a summary of linear
regression models, and Table S3 provides all statistical results.
Phylogenetically structured ANCOVAs of ψ50 Amax vs native P/
Ep revealed that neither slopes nor intercepts differed significantly
between subgenera. We also found that the slope coefficients (β)
of the sigmoidal function describing Amax increased significantly
with native P/Ep (Pord = Pphy < 0.02; Fig. 2c; Table 1),
although standard deviations were large. Ordinary and phyloge-
netically structured linear regressions were identical in these cases,
indicating no phylogenetic signal. However, ANCOVAs revealed
some evidence within relationships of β Amax vs P/Ep that slopes
were significantly greater in subgenus Eucalyptus (P = 0.07 and
0.03, respectively; Table S3) than in subgenus Symphyomyrtus.
While we do not present this data here, analysis of A–ci curves
also led to Jmax and Vcmax declining as ψleaf declines, and at lower
rates in drier habitats, in a pattern complementary to Amax.

Maximum mesophyll photosynthetic capacity at full hydration
– as measured by Amax at ψleaf = 0 MPa – increased as predicted
with native P/Ep within the glasshouse study, but not significantly
so (Pord/phy > 0.10; Table 1). There was also no significant rela-
tionship between maximum mesophyll photosynthetic capacity
and ψleaf. However, we found that Amax did increase with native
P/Ep, as predicted, in plants grown across four common gardens
in the field in Victoria (Fig. 3; P < 0.001). The best model
allowed for intercept but not slope differences across sites
(ANOVA F test: intercept differences P < 0.001, slope differ-
ences P = 0.13).

To determine how MPS may relate to other measures of water
stress tolerance, we compared ψ50 values to turgor loss point
(TLP), the ψleaf at leaf wilting. Turgor loss point is a well-recog-
nized measure of drought tolerance, where more negative TLP is
associated with greater tolerance (Bartlett et al., 2012; Fu &
Meinzer, 2018). Across our ten species, TLP ranged from an
average (n = 5) of −2.3 MPa (E. dumosa) to −1.0 MPa (E. obli-
qua), and increased significantly with both native P/Ep (Pord =
0.03; Pphy = 0.002; Fig. 4a) and ψ50 Amax (Pord =
Pphy = 0.002; Fig. 4b). ψ50 Amax was more negative than TLP
across species, and the difference between TLP and ψ50 Amax

(photosynthetic safety margin) became smaller as P/Ep increased
(Pord = Pphy = 0.04; Fig. 4c).

We found that ψleaf at maximum drought was signifi-
cantly more negative than pre-drought and rehydrated groups
(Pdf=4 < 0.001, mixed model), indicating that plants experi-
enced drought and were then successfully rehydrated to close
to initial conditions (Fig. 5b). Amax did not differ signifi-
cantly between pre-drought and rehydrated treatments in any
of the three species (Pdf=2 > 0.1, mixed model; Fig. 5a).
Thus, within the limits of our study, the declines in meso-
phyll photosynthetic capacity with decreasing leaf water
potential were completely reversible. There were no
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differences in ψleaf between pre-drought and rehydrated treat-
ments for species E. regnans and E. tricarpa (Pdf=36 > 0.1,
paired tests within mixed model). However, within
E. dumosa, ψleaf of rehydrated plants was about 0.4 MPa
more negative than pre-drought plants (Pdf=36 = 0.04).

Discussion

Collectively, our results show that sensitivity of photosynthesis to
limitations within mesophyll cells varies across closely related
species in an adaptive fashion, with species from drier habitats
experiencing less steep declines in mesophyll photosynthetic
capacity as ψleaf decreases (that is, they exhibit smaller β at more
negative values of ψ50; Fig 2). While changes in Amax with ψleaf

were noisy, and we acknowledge that excluding repeated mea-
surements from the model results in a violation of assumptions
for the few plants that were repeatably measured, the observed
relations between ψ50 and β with P/Ep were very highly signifi-
cant and considerably explanatory. Thus, we find that plants
from drier climates have less mesophyll photosynthetic sensitivity
to declines in ψleaf.

Ordinary and phylogenetically structured linear regressions
were identical or nearly identical in these cases, suggesting almost
no phylogenetic signal affecting these relationships. This lack of
phylogenetic signal is somewhat surprising, and may point to an
adaptive importance of MPS. However, ordinary and phyloge-
netically structured ANCOVAs revealed a significant difference
in the intercept of the slope of β Amax vs P/Ep between the two
subgenera (Table S3), suggesting their divergence in the rate of
change in MPS across our macroclimatic gradient – and an
impact of phylogeny on the results. In these cases, subgenus
Eucalyptus had a significantly greater sensitivity for a given P/Ep

(a)

(b) (c)

Fig. 2 Mesophyll photosynthetic sensitivity to leaf water potential. (a) Response of gross photosynthesis (Amax) to leaf water potential (ψleaf) in 10
Eucalyptus species native to different portions of a steep moisture gradient (measured by the ratio of annual precipitation to annual pan evaporation, P/Ep)
in Victoria, Australia. (b) ψ50Amax vs native P/Ep. Inset in (b) visualizes ψ50Amax (the ψleaf at a 50% decline from maximum gross photosynthetic rates), on a
sigmoidal curve. The solid black line is the phylogenetically structured linear regression, and the dashed black line is ordinary linear regression. (c) β Amax vs
native P/Ep. Inset in (c) visualizes β (the maximum slope of decline in photosynthetic rates with declining ψleaf) on a sigmoidal curve. The black and gray
dashed line indicates that both phylogenetic and ordinary linear regressions yield the same results. See Supporting Information Table S2 for values and
standard errors, and Table S3 for complete summary statistics.

Table 1 Ordinary and phylogenetically structured linear regression models
relating measures of mesophyll photosynthetic sensitivity (MPS), turgor
loss point (TLP), and photosynthetic safety margin to native moisture avail-
ability (P/Ep) for 10 Eucalyptus species, and TLP as a function ψ50 Amax.

Ordinary linear
regression

Phylogenetically
structured regression

Relationship to P/Ep
ψ50 Amax y = 2.05x – 4.03** y = 1.93x – 3.95**
β Amax y = 5.78x – 0.46*** y = 5.78x – 0.46***
Amax at ψleaf = 0
MPa

y = 0.07x + 0.42ns y = 0.07x + 0.42ns

TLP y = 0.99x – 2.21** y = 1.00x – 2.24**
Photosynthetic
safety margin

y = −1.05x + 1.82** y = −1.05x + 1.82**

Relationship to ψ50 Amax

TLP y = 0.47x – 0.31*** y = 0.47x – 0.31***

Dependent variables are P/Ep and ψ50 Amax as indicated by left-justified
row labels; independent variables predicted from each indicated by
indented row labels. Superscripts denote the statistical significance of
regressions (P < 0.1; **, P < 0.01; ***, P < 0.001; nsP > 0.1, not signifi-
cant).
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than subgenus Symphyomyrtus, albeit based on a small sample
size. In this regard, it is interesting that the mallee and mallet
habits – adapted to arid and semi-arid conditions – are far more
common in subgenus Symphyomyrtus than subgenus Eucalyptus
(see Thornhill et al., 2019). Observed relationships of both β and
ψ50 metrics to native moisture availability (P/Ep) suggest that less
steep declines in mesophyll photosynthetic capacity that occur at
more severe water stress are, as we predicted, advantageous in
more arid environments. The magnitude of MPS (based on ψ50

and β) can be best explained by macroclimatic habitat of origin,
and not by similarities in phylogenetic history, as shown by the
likeness between simple linear regressions and phylogenetically
structured regressions (Tables 1, S1). However, the large stan-
dard deviations of β (see Table S2) suggest that ψ50 may be a
more reliable quantification of MPS, especially when photosyn-
thetic drought responses are noisy.

Set against the clear advantage of reduced sensitivity as shown
by species from drier climates, it is our expectation that species
from wetter areas (with greater MPS) would show higher Amax

at full hydration. In our glasshouse study, Max Amax was not sig-
nificantly related to native P/Ep or ψ50 Amax. This is surprising,
given that increased annual rainfall generally favors thinner
leaves with faster rates of photosynthesis per unit leaf mass, due
to less self-shading and internal competition for CO2 (Givnish,
1978; Gimeno et al., 2019). Victorian Eucalyptus spp. in general
exhibit the expected increases in mass-based Amax with mean
annual rainfall (Givnish et al., 2014). We further investigated
this potential trade-off in four common gardens in Victoria,
Australia, and found that mass-based maximum photosynthetic
rates at full hydration do increase with relative moisture supply
(Fig. 3), as predicted. These studies support the expected trade-
off: maximum mesophyll photosynthetic capacity at full hydra-
tion comes at the price of increased sensitivity to drops in leaf
water potential.

As previously predicted (Dewar et al., 2018) and observed
(Tezara et al., 1999; Zhou et al., 2013, 2014), reductions in pho-
tosynthetic carbon fixation after accounting for stomatal limita-
tions are due to varying combinations of slower rates of
carboxylation and electron transport. Reduced CO2 conductance
across the mesophyll and direct biochemical limitations can
explain these declines (Tezara et al., 1999; Flexas et al., 2012;
Dewar et al., 2018). Nitrogen retranslocation and declines in

P < 0.001
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the same results.
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RuBisCO content might also explain these photosynthetic reduc-
tions during drought, but this effect is small (Fig. S4). While we
do not tease apart the respective influences of biochemical limita-
tion and mesophyll conductance on apparent mesophyll photo-
synthetic capacity in this paper, both types of nonstomatal
limitations certainly contribute to observed MPS and have shown
tight relationships with native soil water availability in recent
studies (Zhou et al., 2013, 2014).

Some assumptions within our analyses of mesophyll photosyn-
thetic capacity and climatic distribution may have led to some
error. For example, ci values calculated during A–ci curves, which
were used to estimate maximum mesophyll photosynthetic
capacity, are affected by cuticular conductance and stomatal
patchiness (Boyer, 2015), affecting A–ci parameterization. How-
ever, estimates of Amax come from what is essentially an asymp-
totic portion of the A–ci curve, so these small errors in ci likely
had only a small impact. In addition, while we compared ψ50

and β to the mean P/Ep averaged from across the distribution of
each species, the seed sources did not reflect the entire range of
these species. A key assumption of this study is that the between-
species variation in traits or performance among taxa that occupy
different, partially overlapping portions of an extensive ecological
gradient will override the impact of exactly where along that gra-
dient seeds of each taxon were chosen for propagation and study.

The tight correlation of MPS to TLP and native moisture
availability reinforces the importance of MPS as a quantifiable
measure of drought tolerance. Interestingly, some capacity for
photosynthesis was maintained beyond wilting point; more so for
species from more arid macroclimates (Fig. 4c). We interpret this
as indicating that species from drier habitats have a greater safety
margin between turgor loss and photosynthetic decline. Main-
taining at least some capacity for photosynthesis of respired CO2

could contribute to preventing photodamage even when leaves
have wilted and stomata are closed (Bartlett et al., 2016). We

acknowledge that TLPs for some species are surprisingly less neg-
ative than expected, especially considering the assimilation
responses. However, the individuals measured were grown in
glasshouses and were well-watered for their entire life when P–V
curves were conducted. Turgor loss points have been shown to be
very plastic (Bartlett et al., 2014), and we suspect that the TLP
values for these species may be more negative if quantified on
individuals grown in their native environment and exposed to
greater fluctuations in water supply. However, preliminary mea-
surements of TLP in the common gardens taken during winter
months are not very different from glasshouse results (D. D.
Smith, pers. comm.).

For plants to survive beyond the end of a drought, they must
be able to recover mesophyll photosynthetic capacity. We found
that species from across a macroclimatic moisture gradient, and
with different MPS, are all able to recover mesophyll photosyn-
thetic rates to pre-drought capacities after substantial rehydration
(Fig. 5). It must be noted that, while all three species recovered
their full photosynthetic capacity, the species from the most arid
habitat – with the lowest MPS – did not recover ψleaf to pre-
drought conditions. We speculate that this may be caused by
increases in osmolyte content during drought, allowing greater
plasticity in TLP and persist after rehydration (Bartlett et al.,
2014). More experiments are needed to tease apart differences in
recovery abilities among species, and their relationship to the
duration and intensity of drought, in order to determine the
extent to which MPS can be characterized as a reversible process
that can be fully described by the logistic declines in Amax vs ψleaf,
or instead as a process which involves irreversible changes.

Many studies have investigated plant gas exchange responses to
drought, but few have compared mesophyll photosynthetic sensi-
tivity among species from habitats of differing moisture supply,
and to our knowledge none have accounted for phylogeny. This
paper is the first phylogenetically structured, comparative analysis
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of MPS across a large set of closely related species. Our findings
provide important insights into a previously unexplored dimen-
sion of plant adaptive evolution to drought. We showed that
species from moister habitats had greater MPS, based on ψ50 and
β for Amax. A previous study qualitatively compared MPS among
species from different habitats and found similar results (Zhou
et al., 2014), but without incorporating phylogenetically struc-
tured analyses. That study also included species with evergreen,
summergreen deciduous, and wintergreen foliage, as well as
species with and without N-fixing symbioses, and two species
that have natural distributions set by water-table depth rather
than rainfall – all of which can confound relationships between
MPS and P/Ep. By showing similar quantitative relationships of
various measures of MPS to native P/Ep in upland Eucalyptus
species and incorporating phylogenetic relationships, as well as
finding that MPS is tightly correlated with turgor loss point, we
add significantly to our understanding of how photochemical
limitations are coupled to aspects of leaf hydraulics, including
stomatal and leaf hydraulic conductances (Brodribb et al., 2007;
Meinzer et al., 2017), and our findings highlight the importance
of MPS in predicting large-scale consequences of drought (see
also Zhou et al., 2019).

Drought limitation of photosynthesis may be greatly underes-
timated if its effects on nonstomatal limitations are not taken into
account (Givnish, 1986; Tezara et al., 1999, 2003; Lawlor &
Tezara, 2009; Dewar et al., 2018; Zhou et al., 2019), which has
important implications for plant evolution. Given that the highly
diverse genus Eucalyptus (> 700 spp.) radiated during periods of
rapid aridification from the Oligocene to the Middle Miocene
(Thornhill et al., 2019), selection for reduced MPS in drier habi-
tats may have been intense at that time. According to this testable
hypothesis, we would expect to see high MPS in early divergent
eucalypt lines that today are restricted to especially mesic habitats
(e.g. Stockwellia in Queensland rain forests).

Our findings on MPS provide a key missing component for
our understanding of the optimization of stomatal conductance
which the widely cited Cowan & Farquhar (1977) model does
not take into account. When subsequent models included MPS,
they reproduced the principal conclusions of the Cowan & Far-
quhar model (e.g. the linear relationship between photosynthetic
rate and stomatal conductance across time and space) in a more
quantitative fashion (Givnish, 1986; Dewar et al., 2018). Our
findings have important implications for the evolution of stom-
atal conductance, which in turn has cascading potential impacts
on large-scale patterns in transpiration, productivity, and climate
(Webb et al., 1983; Boyce et al., 2009; Medlyn et al., 2011; Zhou
et al., 2019). More broadly, MPS likely played a central role in
plants’ transition to life on land. Studies of MPS on kelp (which,
like the first terrestrial plants, lack stomata) confirm that photo-
synthesis slows dramatically as leaf water potential becomes more
negative (Kawamitsu et al., 2000; Berry et al., 2010; Chater et al.,
2017). The first land plants would have greatly benefited from
adaptations including not only root allocation, vascular systems,
and stomata as previously hypothesized (Givnish, 1986; Berry
et al., 2010), but also reduced sensitivity of mesophyll photosyn-
thetic capacity to leaf water potential.
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