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“If you can see me weep”

A 'hunger stone' on the bank of the Elbe River in the Decin, 
Czech Republic. (Michal Cizek/AFP/Getty Images)



The consequences…

More than 12,000 trees planted 
across a city have died because they 
were not watered enough during the 
summer heatwave.

Gloucester City Council announced in 
February that it would plant 12,800 
saplings across the city as part of its 
aim to become carbon neutral.

Councillors have since been told that 
95% of them - about 12,100 - have died.

The council blamed the trees' demise on 
the "unprecedented" hot and dry 
weather.

Lack of aftercare kills 12,000 

trees planted in Gloucester



Strategic challenges for the urban forest

Tree Mortality Threshold

Poor Performance

Performing well

Species selection 
is critical to 
these challenges 



About 73,000 tree species globally

Cazzolla Gatti et al., (2022) PNAS Vol. 119 No. 6



How do we improve selection decisions? 

• Ecological theory

• Ecophysiological strategies

• Trait based assessment

• Biogeographical data analysis



How do trees cope with 
limited water availability?



Structural

Life cycle

Physiological

Adaptations to limited water availability

Avoidance of tree water deficit Tolerance of water deficit

Osmotic adjustment
Low turgor loss point

Deep rooting 
Root proliferation

Increased hydraulic conductivity

Maximizing water acquisition Reduce water use

Leaf phenology
Leaf abscission

Stomatal closure

Reduced leaf and stem growth
Increased resistance to leaf water loss

Resistance to drought-
induced cavitation

Hirons and Thomas 2018



Avoid ‘avoiders’ for the challenging sites

Tilia x euchlora Betula utilis



Drought tolerant trees have 
an inherent resilience to 
water deficits 

• Able to extract water from the soil 
for longer during a drying cycle

• Maintain physiological activity for 
longer
• Carbon gain

• Transpiration > Evaporative cooling

• Will perform better as landscape 
trees on challenging sites



How can we select for drought tolerance?





Advice from literature…
Acer negundo
 Useful for sandy, dry to sterile soil (Krüssmann 1982)
 Drought tolerant (Stoecklein 2001)
 Its native habitat is along streams and ponds (Grimm 2002)
 Native in moist habitats but performs well also in poor, wet, or dry habitats (Dirr 2009)
 Very heat and drought tolerant (Hightshoe 1988)
 Grows along shores of permanent bodies of water (Krüssmann, 1986)
 Likes humid areas (Beaulieu 2003)
 Grows along stream banks, flood plains, swamps (Nelson et al. 2014)

Male flower of Acer negundo (Duncan Slater)



Drought Tolerance Index

Scale ranking Annual 
precipitation 

(mm)

Distribution of 
precipitation 
(coefficient of 

variation)

P:PET ratio Soil water 
potential (MPa)

Duration of dry 
period

1 >600 Minimal >3.0 > -0.3 A few days

2 500-600 <10% 1.5:3 -0.3 to -0.8 A few weeks

3 400-500 10-15% 0.8-1.5 -0.8 to -1.5 Up to a month

4 300-400 20-25% 0.5:0.8 -1.5 to -3 Two to three 
months 

5 <300 >25% <0.5 < -3 More than three 
months

Adapted from: Niinemets and Valladares 2006

But, does survival 
equal performance 

in our urban 
landscapes?



Using plant traits – leaf turgor loss
• Leaf turgor loss point can be used as a 

universal measure of physiological 
drought tolerance that is quantifiable and 
measurable
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Abstract

Increasing drought is one of the most critical challenges facing species and ecosystems worldwide, and

improved theory and practicesareneeded for quantification of species tolerances. Leaf water potential at turgor

loss, or wilting (ptlp), is classically recognised as a major physiological determinant of plant water stress

response. However, thecellular basisof ptlp and its importance for predicting ecological drought tolerancehave

been controversial. A meta-analysis of 317 species from 72 studiesshowed that ptlp wasstrongly correlated with

water availability within and across biomes, indicating power for anticipating drought responses. We derived

new equations giving both ptlp and relative water content at turgor loss point (RWCtlp) as explicit functions of

osmotic potential at full turgor (po) and bulk modulus of elasticity (e). Sensitivity analyses and meta-analyses

showed that po is themajor driver of ptlp. In contrast, eplaysno direct role in driving drought tolerance within

or across species, but sclerophylly and elastic adjustments act to maintain RWCtlp, preventing cell dehydration,

and additionally protect against nutrient, mechanical and herbivory stresses independent of drought tolerance.

These findings clarify biogeographic trends and the underlying basis of drought tolerance parameters with

applications in comparative assessments of species and ecosystems worldwide.
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Ecology Letters (2012) 15: 393–405

INTRODUCTION

Climate change is predicted to increase the incidence and severity of

droughts in ecosystems worldwide (Sheffield & Wood 2008). Species

differences in drought tolerance are integral determinants not only of

present distributions but also of future scenarios, including the

probability of extinctions (Engelbrecht et al. 2007; Bonan 2008; Feeley

et al. 2011). Predicting the impact of climate change on plant

performance and survival isamajor challenge facing plant science and

ecology(Grierson et al.2011).However, thereremain fundamental gaps

inour knowledgeof which traitscanbeusedtoassessecological drought

tolerance. Cell turgor loss is arguably the best recognised classical

indicator of plant water stress, having impacts on cellular structural

integrity, metabolism and whole-plant performance (Kramer & Boyer

1995; McDowell 2011). Consequently, theleaf water potential at turgor

loss, or bulk turgor losspoint (ptlp, units MPa) hasbeen used to assess

physiological drought tolerancefor decades.Despiteitspotential usefor

quantifying ecological drought tolerance (Niinemets 2001; Brodribb &

Holbrook 2003; Lenz et al. 2006; Blackman et al. 2010), no study to our

knowledge has tested the relationship between ptlp and water supply

within or across biomes, or itsperformance asan indicator of drought

tolerance relative to other plant traits. In addition, significant ambigu-

ities concerning the underlying physiological and anatomical determi-

nantsof ptlp arefeatured prominently in textbooksof physiological and

whole plant ecology (e.g. Jones 1992; Larcher 2003; Nobel 2009). We

undertook newanalysestoclarify thistopicanditsimportance,given the

critical need for physiological measures that can be used to assess

speciesÕdrought tolerances and thus their likely sensitivity to ongoing

climate change.

Theptlp is classically measured in assessments of drought tolerance,

as one of six key bulk leaf parameters relating to cellular composition

and structural properties typically calculated from a plot of leaf water

potential (Wleaf) against water volume in drying leaves, known as the

pressure-volume (p-v) curve (see primer in Fig. 1 and Table 1). The

ptlp is often recognised as the Ôhigher-levelÕtrait that quantifies leaf

and plant drought tolerance most directly, because a more negative

ptlp extends the range of Wleaf at which the leaf remains turgid and

maintains function (Sack et al. 2003; Lenz et al. 2006). Plants with low

ptlp tend to maintain stomatal conductance, hydraulic conductance,

photosynthetic gas exchange and growth at lower soil water potential

(Wsoil), which is especially important when droughts occur during the

growing season (Abrams & Kubiske 1990; Sack et al. 2003; Baltzer

et al. 2008; Mitchell et al. 2008; Blackman et al. 2010). Theptlp is thusa

trait quantifying the ability to ÔtolerateÕdrought, rather than to ÔavoidÕ

drought by ceasing gas exchange and surviving on stored water,

shedding leaves or dying back to below-ground parts or to seeds (e.g.

as done by annuals, deep-rooted perennials, or phreatophytes, CAM

succulents or drought-dormant species; Chaves et al. 2002; Brodribb

& Holbrook 2005; Ogburn & Edwards2010). Theptlp also definesthe

Wsoil below which theplant cannot takeup sufficient water to recover

from wilting. Known as the Ôpermanent wilting pointÕ, this was

previously thought to correspond to aWsoil of ) 1.5 MPa(Veihmeyer

& Hendrickson 1928), but the ptlp is now known to vary across

species, and thusmay influenceecological distributions with respect to

water availability. Somehavefocused on asecond p-v curveparameter

as a possible determinant of drought tolerance, the relative water

content at ptlp (RWCtlp). Theother four parameters, i.e. theapoplastic

water fraction (af), modulus of elasticity (e), osmotic potential at full

Ecology Letters, (2012) 15: 393–405 doi: 10.1111/j.1461-0248.2012.01751.x

Ó 2012 Blackwell Publishing Ltd/ CNRS



Drought tolerance in Acer

Sjöman, Hirons and Bassuk (2015) 

Drought tolerance



Acer spicatum, NY, USA

ΨP0 -1.6 MPa



Acer truncatum, Qingling Mt., China (Photo: Henrik Sjöman)

ΨP0 -2.4 MPa



Acer tataricum & Quercus pubescens, Steppe Forest in Eastern Romania. (Photo: Henrik Sjöman)

ΨP0 -3.6 MPa



Acer grandidentatum, Utah, USA (Photo: Henrik Sjöman)

ΨP0 -3.8 MPa



Acer cultivars

Sjöman, Hirons and Bassuk (2015) 



Urban planting beds in Ithaca

✓✗



Conclusions of study

• Wide variation in physiological 
drought tolerance across closely 
related species and cultivars.

• May be a useful trait for the screening 
and selection of urban trees.

• Should provide evidence for nurseries 
to reduce the risk of taking on new 
plant material.



Water Potential at 
Leaf Turgor Loss



Based on your experience, categorise the 
following species according to their tolerance to 
drought.

• Highly significant relationship 
between practitioners experience of 
a tree’s drought tolerance and 
summer turgor loss.Drought Tolerance





Aesculus flava



Magnolia kobus



Magnolia x soulangeana

Magnolia x loebneri ’Messel’



Magnolia obovata



Cladastris kentukea



Betula utilis



Betula albosinensis



Liriodendron tulipifera



Cercidiphyllum japonicum



Corylus colurna



Parottia persica ’Venessa’



Tilia tomentosa



Cotinus obovatus



Phellodendron amurense



Zelkova serrata



Prunus sargentii



Cornus mas



Acer x zoeschense



Eucommia ulmoides



Quercus cerris



Pinus nigra



Ginkgo biloba



Syringa reticulata



Koelreuteria paniculata



Robust species selection 
advice is essential

www.tdag.org.uk

https://www.tdag.org.uk/tree-species-selection-for-green-
infrastructure.html

http://www.tdag.org.uk/
https://www.tdag.org.uk/tree-species-selection-for-green-infrastructure.html


The profiles (280+)


