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Question 1:

Does the magnitude of hydraulic trait 
differences in trees and lianas vary with 
precipitation?



Lianas appear to lose their advantage as 
annual precipitation increases

Cai, Schnitzer & Bongers (2009)
1550 mm yr-1 precipitation

Santiago & Wright (2007)
3100 mm yr-1 precipitation



Vulnerability to drought-induced xylem cavitation 
“vulnerability curve”

P50

Water potential (MPa)



Differences in Ks are greater in drier forests

De Guzman, Santiago, Schnitzer, Álvarez-Cansino
(2016) Tree Physiology  

Parque Metropolitano Crane
1800 mm yr-1

San Lorenzo Crane
3100 mm yr-1

De Guzman, Acosta-Rangel, Winter, 
Bonal, Santiago (unpublished)
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Question 2:

Does the hydraulic safety versus efficiency 
trade-off apply to lianas?



The hydraulic safety versus efficiency trade-off

Gleason et al. (2016) New Phytologist

(Domec et al., 2006, 2008; Delzon et al., 2010; Pittermann et al.,
2010; Bouche et al., 2014), although the relationship between
thesetraitsand efficiency isnot clear.

Many traits could contribute to the safety–efficiency tradeoff,
and therefore there isopportunity for these traits to interact, and
importantly, thismay occur at multiple scales. It isapparent that
if the pit membrane-pores through which sap must passbecome
smaller then the meniscus of an embolized conduit will be
trapped at higher tension and prevent its spread into adjacent
sap-filled conduits (Dixon & Joly, 1895). It isalso apparent that
this reduction in membrane-pore size would result in reduced
efficiency. Moving up to thescaleof aconduit, reduced efficiency
at the level of the pit membrane-pore could be compensated for
via changes in conduit features (e.g. more interconduit pits per
conduit, greater conduit length, greater conduit diameter) or at
the level of xylem cross-section (e.g. more conduits), and cer-
tainly at the level of thewholeplant (Meinzer et al., 2010). Thus,
the hypothesized negative correlation between safety and effi-
ciency may be unavoidable at the level of individual membrane-
pores, but this correlation could weaken as the level of analysis
broadens to include whole membranes, whole conduits and
wholexylem tissue.

Within theconstraints arising from the structure of xylem, we
might expect natural selection to maximize efficiency at a given
level of safety. Different levels of safety are expected in different
habitats because xylem operates at widely different water poten-
tials (Pockman & Sperry, 2000; Choat et al., 2012). At a given
level of safety, it should nearly always benefit a species to maxi-
mize xylem efficiency because this would result in either greater
rates of photosynthesis or reduced xylem costs (as discussed ear-
lier). It is possible that other xylem-specific tradeoffs could con-
found this relationship (Wagner et al., 1998; Speck & Bergert,
2011; Lachenbruch & McCulloh, 2014). For example, if there
were a tradeoff between efficiency and mechanical stability, and
some habitats favoured higher mechanical stability than others,
then wemight expect speciesfrom different habitatsor possessing
different morphologies (e.g. wood density, Huber values) to
occur in different zonesof thesafety–efficiency tradeoff space.

Does the current literature support a safety–efficiency
tradeoff?

The largest test of this hypothesis to date reported insignificant
correlation acrossextant woody angiosperms(r2 = 0.03; P> 0.05)
and gymnosperms (r2 = 0.00; P> 0.05) but weak significant cor-
relation when pooling both groups(r2 = 0.10; P< 0.05) (Maher-
ali et al., 2004). Interestingly in thisanalysis, and in other studies
(Tyree et al., 1994; Maherali et al., 2004; Westoby & Wright,
2006), many species representing a wide range in habitat and
physiology exhibited both low efficiency and low safety. The low
efficiency and low safety speciesin thesestudiesappeared to con-
tradict the proposition of a tradeoff between these two xylem
traits. Studies examining fewer species are divided, with c. 25%
of studies providing support for the safety–efficiency hypothesis
and c. 75% not providingsupport, measured by linear correlation
between reported valuesof safety and efficiency. Wenotethat the

authors’ interpretations of their own data may differ from ours,
mainly due to differencesin correlation coefficientsbetween data
subsets (e.g. differences in site and phylogeny). For this reason,
we do not attempt here to categorize these individual reports as
supporting or refuting the tradeoff. However, it is likely that
reporting atradeoff hasbeen encouraged by the idea that atrade-
off between safety and efficiency should exist, at least at the level
of the interconduit pit membrane-pore (Sperry et al., 2003). It is
interesting therefore that over half the studies quantifying this
tradeoff in xylem have not found it. Thus, examining whether
efficiency and safety covary across a large subset of the world’s
plant species would provide a more complete analysis of this
tradeoff than isfeasiblewithin any singlestudy.

We compiled branch xylem data across 335 angiosperms and
89 gymnosperm species, making thisstudy five times larger than
any previouswork. Weasked first whether therewasevidencefor
abroad tradeoff between stem hydraulic efficiency (KS ) and safety
(PX ) across angiosperm or gymnosperm species. Plotting effi-
ciency against safety could result in several possible patterns
(Fig. 1). If natural selection maximizesboth traitswithin the lim-
itsof atradeoff between them, wemight expect anegativemono-
tonic relationship (Fig. 1, Feature 3), and also unoccupied niche
space outside this optimum zone (Fig. 1, Features 1 and 2).
Second, weinvestigated why so many speciesappeared to lieout-
side of the optimum zone, having both low efficiency and low
safety, as reported in previous analyses (Maherali et al., 2004;
Westoby & Wright, 2006) and as found again here. We asked
whether plant structure, phenology, water availability, phylogeny
or climatemight becorrelated with thedistancethat specieswere
found away from the optimum zone. If the strength of other

Fig. 1 Schematic diagram explaining three hypothetical features that
might be expected in a tradeoff between hydraulic safety and hydraulic
efficiency in xylem. Feature 1, upper right quadrant not occupied because
both high safety and high efficiency cannot be achieved in the same
species. Feature 2, Natural selection isexpected to drive species upwards
and rightwardsbecause efficiency and safety are advantageous (taken in
isolation). Thisshould result in negative cross-speciescorrelation between
safety and efficiency (Feature 3).
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Lianas show stronger safety-efficiency trade-off than trees

De Guzman, Santiago, Schnitzer, Álvarez-Cansino, Acosta-Rangel, Winter, Bonal, Baraloto, et al.
 (Tree Physiology (2016) and unpublished data)

Trees Lianas



Question 3:

Coordination with drought avoidance traits?



Stem pressure-volume curve:  Drought avoidance traits



Expected linkages among hydraulic traits



Evidence of safety-avoidance coordination in lianas – trees no
No evidence of efficiency-avoidance trade-off

De Guzman, Santiago, Acosta-Rangel, Winter, Bonal, (unpublished data)
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No evidence of efficiency-avoidance trade-off



De Guzman, Santiago, Acosta-Rangel, Winter, Bonal, (unpublished data)

Evidence of safety-avoidance coordination in lianas – trees no
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