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ARTICLE INFO ABSTRACT

Drought tolerance shapes the distribution of plant species, and it is mainly determined by the osmotic potential
at full turgor (ip) and the water potential at turgor loss point (Wy;,). We provide a simplified framework for 1o
and Wy, measurements based on osmometer determination of g (7o _osm). Specifically, we ran regression models
to i) improve the predictive power of the estimation of 5y from 7 osm and morpho-anatomical traits; ii) obtain
the most accurate model to predict Wy, on the basis of the global relationship between 5ty and Wy, The inclusion
of the leaf dry matter content (LDMC), an easy-to-measure trait, in the regression model improved the predictive
power of the estimation of my from g oem. When mg osm Was used as a simple predictor of Wy, discrepancies arose
in comparison with global relationship between 7y and Wy, Wy, values calculated as a function of the o derived
from g osm and LDMC (5 ) were consistent with the global relationship between my and Wyy,. The simplified
framework provided here could encourage the inclusion of mechanistically sound drought tolerance traits in
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ecological studies.

1. Introduction

Plant functional traits are defined as morphological, physiological,
or phenological features measurable at the individual level, from the
cell to the whole-organism (Violle et al., 2007). Recently, Brodribb
(2017) suggested to distinguish “mechanistic” traits, which compre-
hends plant's features clearly associated to a physiological process, from
general functional traits (such as leaf mass per unit area), which rather
represent “syndromes” that could be driven by several different phy-
siological functions and associated trade-offs. Mechanistic traits have
been increasingly included in trait-based studies and provided novel
insights into several ecological processes, ranging from species as-
sembly rules (Blackman et al., 2012; Brodribb et al., 2014), invasion of
alien plant species (Petruzzellis et al., 2018), and vegetation dynamics
under ongoing climate changes (Anderegg, 2015). As an example, hy-
draulic traits (e.g. Wso, the water potential inducing 50% loss of hy-
draulic conductivity, or K, the stem specific hydraulic conductivity)
have been used to model plant species distribution (Costa-Saura et al.,
2016; Larter et al., 2017), and they were shown to correlate with
growth rate and risk of mortality under drought (Anderegg et al., 2015;
Choat et al., 2012; Fan et al., 2012).

Leaf water relation parameters have been recently proposed as
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predictors of the position of a species along the “fast-slow” whole plant
economic spectrum (Blackman, 2018; Zhu et al., 2018), as they corre-
late to both leaf hydraulic and economic traits (Nardini and Luglio,
2014; Trifilé et al., 2016). Specifically, leaf osmotic potential at full
turgor (mp) and leaf water potential at turgor loss point (W) are
strongly linked to species-specific ability to tolerate leaf dehydration
(Bartlett et al., 2012b) and consequently to sustain stomatal con-
ductance, photosynthesis and growth even under water shortage con-
ditions (Bartlett et al., 2016; Tognetti et al., 2000). In particular, Wy,
indicates the water potential inducing loss of cell turgor pressure
(Bartlett et al., 2012b), which is critical to maintain gas exchange and
growth (Brodribb et al., 2003). In their recent analysis, Zhu et al.
(2018) have reported that Wy, is correlated with leaf carbon invest-
ment, as species with lower Wy, tend to have higher leaf density (dicar)
and leaf mass per unit area (LMA). Turgor loss point also correlates with
habitat moisture, as species living in arid environments usually have
lower values of Wy, than species living under higher water availability
(Bartlett et al., 2012b; Lenz et al., 2006; Zhu et al., 2018). Given the
correlation between Wy, hydraulic and economic traits and environ-
mental features, the inclusion of the turgor loss point in ecological
studies holds promises to provide important insights on ecological and
evolutionary patterns in plants.
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Wy, has been traditionally estimated from water potential isotherms
(or pv-curves, Tyree and Hammel, 1972), i.e. by measuring the pro-
gressive decrease of the water potential and of the water content during
leaf dehydration. This procedure is time-consuming, and this probably
limited the inclusion of Wy, in studies involving large numbers of
species/individuals and/or study sites. Recently, Bartlett et al. (2012b)
have reported that the variation of Wy, both between and within spe-
cies is mainly driven by changes in my, which reflects solutes con-
centration in cells at full turgor. These two traits resulted highly cor-
related to each other, as species with lower Wy, also have lower values
of my (Bartlett et al., 2012b). Consequently, both traits could be con-
sidered as useful parameters to predict species drought tolerance, and
1o could be used as a proxy of turgor loss point. Alternative methods
have been proposed to obtain my, e.g by directly measuring the osmotic
potential of sap extracted from leaf tissues using a thermocouple psy-
chrometer. In particular, rapid freeze and thaw of leaf samples, that
induces cell disruption and the release of symplastic contents, is con-
sidered the most accurate procedure to measure 7, with an osmometer
(70 osm)- Recently, Bartlett et al. (2012a) proposed a framework to
predict both g ,, (osmotic potential at full turgor derived from pv-
curves) and Wy, from mg o measurements. In their analysis, the au-
thors tested various models including different morpho-anatomical leaf
traits, and they reported that models including bulk modulus of elas-
ticity (¢) and diear significantly improved the ability to predict mg py
from 7o osm Measurements. However, ¢ is generally derived from pv-
curves, so that including this parameter in the derivation of g ,, does
not represent a major advantage. Also, dj.,f measurements can be la-
borious and prone to errors as far as volume estimates are concerned.
Hence, a simplified framework for estimation of 5, would be useful for
ecological studies.

In this study, we measured several functional traits as well as water
relation parameters derived from pv-curves in 27 species, with the aim
to provide a simple framework to estimate g ,, and Wy, from mea-
surements of g osm Obtained with a dewpoint hygrometer. The specific
aims were to i) obtain a model to predict g, on the basis of mg_osm and
easy-to-measure functional traits (like LMA or leaf dry matter content);
ii) obtain the most accurate model to predict Wy, on the basis of the
global relationship between 7y and Wyp,.

2. Materials and methods
2.1. Leaf traits measurements

To model the estimation of the osmotic potential at full turgor (o)
and of the water potential at turgor loss point (W) from m, values
obtained with a dewpoint hygrometer (5t osm; See below), we selected
27 temperate and Mediterranean woody species (Table S1) with dif-
ferent levels of drought resistance. Species were sampled in natural
habitats in the Karst region (NE Italy), or in the Botanical Garden of
University of Trieste. Additional data were obtained from previous
studies performed in our laboratory (see Table S1 , Nardini et al., 2012;
Savi et al., 2016a; Savi et al., 2016b; Savi et al., 2016c; Savi et al.,
2017).

Three leaves were sampled from different individuals of each spe-
cies to measure g osm. TWigs were detached from branches and were
rehydrated overnight. One leaf per twig was roughly crumpled up and
sealed in cling film. Then, it was immersed in liquid nitrogen (LN>) for
2 min. The leaf (still sealed in cling film) was then carefully ground and
stored in sealed plastic bottles at —20 °C. Before measurements, sam-
ples were thawed at room temperature for 5min while still sealed in
cling film and in plastic bottles, to avoid evaporation effect on mea-
surements (Bartlett et al., 2012a). Finally, mg osm Was measured with a
dewpoint hygrometer (Model WP4, Decagon Devices Inc., Pullman,
Washington, USA).

Water potential isotherms (pv-curves) were measured to obtain re-
ference values for Wy, and g ,v. Fresh leaves were rehydrated for 12h
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with their petioles immersed in pure water and pv-curves were mea-
sured using the bench dehydration technique, by repeatedly measuring
water loss and water potential with a balance and a pressure chamber
(model 1505D, PMS Instruments, Albany, OR, USA), respectively,
during progressive sample dehydration. Water potential (W) and
cumulative weight loss (Wl) of leaves were measured until the re-
lationship between 1/¥ and WI became strictly linear, indicating the
loss of cell turgor. Pv-curves were then elaborated according to Salleo
(1983) to calculate the osmotic potential at full turgor (7 p,\), the water
potential at turgor loss point (Wy;, ,v) and the modulus of elasticity (e).

For each species, leaf morpho-anatomical parameters were mea-
sured on 6 leaves from the same individuals sampled for the measure-
ments of g osm and pv-curves. Specifically, we measured leaf thickness
(Th, um), leaf dry matter content (LDMC, mg g’l), leaf mass per unit
area (LMA, mg cm ™~ ?) and leaf density (dicar, cm™3).

Th was measured after rehydrating leaves for 3h using a digital
calliper on three portions of the leaf (top, middle, bottom). Values were
then averaged for each leaf.

LDMC and LMA were calculated as:

LDMC = Leaf dry weight / Leaf turgid weight (€D

LMA = Leaf dry weight / Leaf area )

Fresh leaves were first rehydrated for 3 h and leaf turgid weight was
measured with an analytical balance. Leaves were scanned and leaf area
was measured using the software Image J (Schneider et al., 2012).
Leaves were finally oven-dried for 48 h at 72 °C and leaf dry weight was
measured.

diear Was calculated as:

djear = Leaf dry weight / Leaf fresh volume 3)

Leaf fresh volume was measured using a water displacement
method (Hughes, 2005), while leaf dry weight was measured as de-
scribed above.

2.2. Statistical analysis

The first aim of this study was to find an easy and fast method to
measure the leaf osmotic potential at full turgor, based on the work of
Bartlett et al. (2012a). To improve the predictive power of the esti-
mation of mg p, from 7y oem Measurements, we ran a multiple linear
regression model to predict g ,, (response variable) as a function of
o osm and the leaf traits described above. A Minimum Adequate Model
(MAM) was obtained using package “glmulti” (Calcagno, 2013) via
minimization of the corrected Akaike informative criterion (AICc) plus
a backward procedure to avoid multicollinearity among selected ex-
planatory variables. To compare results obtained by Bartlett et al.
(2012a), we evaluated two other linear regression models, setting g v
as the response variable. In a first model, only 1 osm Was set as the
predictive variable, while in the second we considered both 1t osm and €
as predictive variables. Models were then compared on the basis of their
predictive power (adjusted R?, Rﬁdj) and, in order to take in account the
number of predictors included in the model, the AICc and their mean
absolute error (MAE).

The second aim of this study was to test the ability to predict Wy, v
both from g osm measurements and the fitted values of the MAM (5o ¢)
and compare models’ output with the global relationship between Wy,
and 1y described in Bartlett et al. (2012b). We first fitted two separated
simple linear regression models on the data measured in the present
study, considering Wy, ,v (response variable) as a function of o em OF
7o fit, Tespectively. For each model, we calculated coefficient estimates
and associated 95% confidence intervals (95% C.I.), Rﬁdj, AICc and
MAE.

Because the number of species analysed in Bartlett et al. (2012b)
differed from the present study (248 and 27 respectively), we set up a
bootstrap procedure (999 replicates) to obtain comparable values of
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Table 1
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Summary of the models predicting the osmotic potential at full turgor measured through pv-curves (s ,,) from osmotic potential at full turgor obtained with a
dewpoint hygrometer (1 osm) alone, including leaf dry matter content (LDMC) or the modulus of elasticity of cell walls (e). Rgdj = adjusted % AICc = Akaike
informative criterion corrected for low number of observations. MAE = mean absolute error of the model.

7o py estimation Estimate Std. error p-value Rﬁdj AlCc MAE
B*7o osm +intercept 0.46 17.8 0.18
B 0.681 0.143 < 0.001

intercept —0.434 0.240 0.08

B*7o osm + B1*LDMC + intercept 0.58 11.4 0.12
B 0.506 0.138 0.001

B —0.002 0.001 0.007

intercept 0.013 0.258 0.96

B*mo osm + B1*e + intercept 0.53 16.1 0.17
B 0.654 0.226 0.17

B -0.013 0.132 < 0.001

intercept -0.319 0.006 0.03

estimated coefficients. my and Wy, values of 27 randomly selected
species from the dataset in Bartlett et al. (2012b) were chosen. From
this selection, we fitted a simple linear regression model calculating
coefficient estimates, 95% C.I., Rgdj, AICc and MAE. At the end of this
bootstrap procedure, averaged values were calculated. Differences be-
tween Wy, ,, prediction from 7o osm, 7o and the one derived from
Bartlett et al. (2012b) were determined comparing 95% C.I. of the
coefficient estimates and AICc. Specifically, predictions were assumed
to differ if 95% C.I. of coefficient estimates did not overlap and if the
difference between AICc values were > 2 (Burnham and Anderson,
2004). All statistical analyses were performed using R 3.4.1 (R Foun-
dation for Statistical Computing, Vienna, AT).

3. Results

Species scientific name, abbreviation, and associated mean values of
leaf traits are summarized in Table S1. Species that sustained higher
leaf construction costs (higher LMA, LDMC and Th) also had higher
drought resistance (lower Wyp ;,v), as shown by correlation analysis
reported in Table S2.

Although g osm resulted a significant predictor g ,, (Table 1), it
underestimated o,y at less negative values and overestimated it at
more negative values (Fig. 1). The best model to predict m ,, included
7o osm and LDMC as predictive variables (Table 1). The inclusion of

0.0
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Osmotic potential at full turgor measured
with a dewpoint hygrometer (rg ,smm), MPa

0.0

Fig. 1. Relationship between osmotic potential at full turgor measured with a
dewpoint hygrometer (1o osm) and osmotic potential at full turgor measured
through pv-curves (mg ,,). Dotted lines represent confidence intervals of the
regression line (solid line). Dashed line represents the 1:1 line.

LDMC significantly improved the predictive power of the model, as the
Rgdj was higher and AICc were lower than those calculated on the
model including only 7y osm Or the one including both 7 osm and e
(Table 1).

To_osm and 1y g were tested as predictors of Wyp, . The parameters
of the two derived models were compared with those derived from the
relationship between Wy, ;,, and g ,, reported in Bartlett et al. (2012b)
and from the iterative procedure described above. The average 3 and
intercept estimates calculated on a reduced number of species were not
statistically different from those calculated including the whole dataset
provided by Bartlett et al. (2012b) and on the models including g osm
and m, ¢ as predictive variables, as 95% C.I. overlapped each other
(Table 2). However, the model including 1o s had higher predictive
ability than the one including g osm (Table 1), as the Rgdj was higher
and AICc and MAE were lower (Table 2). In addition, the model in-
cluding g osm led to overestimation of Wy, o, for values < —2MPa. As
shown in Fig. 2 and Fig. 3, mean values of slope () and intercept
calculated on the model including =, g as predictive variable were
much closer to those calculated on 27 randomly selected species from
Bartlett et al. (2012b).

Table 2

Summary of the models predicting the water potential at turgor loss point
measured through pv-curves (Wyj, ) from osmotic potential at full turgor ob-
tained with a dewpoint hygrometer (o osm) alone, fitted values of the MAM
(7o 1) and from m, values provided by Bartlett et al. (2012b). 2.5% and 97.5%
represent 95% confidence interval limits. Rgdj = adjusted R AICc = Akaike
informative criterion corrected for low number of observations. MAE = mean
absolute error of the model.

Wy, v estimation Estimate  2.5%. 97.5% RZ; AICc MAE

B*7o_osm + intercept 0.47 31.4 0.31

B 0.899 0.530 1.268

intercept —-0.581 -1.197 0.034

B*mo ¢ +intercept 0.61 239 0.25

B 1.313 0.902 1.725

intercept —-0.032 -0.673 0.609

B*mo_py +intercept (27 0.87 6.82 0.18
species)

B 1.211 1.027 1.394

intercept —-0.057 -0.391 0.276

B*mo_pv +intercept (Bartlett 0.87 50.1 0.18
et al., 2012b)

B 1.205 1.146 1.263

intercept —-0.062 -0.170 0.044
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4. Discussion

As reported by Bartlett et al. (2012a), 7o osm Significantly correlated
with mg ,, (Fig. 1), but the regression line was different from the desired
1:1 relationship. A reason for this discrepancy is that osmometer-based
measurements of 5y could be biased by errors due to sample prepara-
tion. In fact, the disruption of cell walls could cause the dissolution of
cell walls solutes that could lead to more negative 1y values. On the
other hand, symplastic fluids could be diluted by apoplastic water,
leading to higher 1y values. In this light, testing whether this prediction
could be improved is fundamental to provide a solid framework for fast
and reliable 1y estimation. In the present study, we measured several
leaf morpho-anatomical traits in order to enhance the predictive power
of 7o v from measurements done with an hygrometer (g osm) on the
basis of the framework proposed by Bartlett et al. (2012a).

The best model to predict 5o p,y included g osm and LDMC, enhan-
cing the predictive power of the model including only g osm, as Ridj
was higher and AICc and MAE were lower (Table 1). As previously
suggested by Bartlett et al. (2012a), the inclusion of LDMC in the pre-
dictive model could account for both errors associated to osmometer
measurements. Higher values of LDMC are associated to greater cell
wall investment, which in turn could improve the maintenance of re-
latively high water content, thus accounting for apoplastic dilution. On
the other hand, higher LDMC could also reflect thicker cell walls or leaf
with smaller but more numerous cells, thus accounting for solutes
concentration enrichment derived from cell walls disruption.

In their analysis, Bartlett et al. (2012a) found that the best models to
predict mg p,, included djeqs, o osm and their interaction, or just e and
o osm. IN our analysis, diear Was discarded during model selection and
the model including e had less predictive power than the model in-
cluding LDMC. These discrepancies could be due to multiple factors.
Both studies included a limited number of species (30 in Bartlett et al.
(2012a) and 27 in the present study), adapted to different environ-
ments. Most of the species in the present study are typical of Medi-
terranean biomes, while most of the species in Bartlett et al. (2012a)
originate from temperate and tropical biomes. Consequently, drought
tolerance and turgor loss point could be driven by different morpho-
anatomical features in the two sets of species. Moreover, whereas
minimum and maximum 7, ,, values were nearly the same between the
two datasets, the distribution of density probability of , was more
skewed in Bartlett et al. (2012a) (Fig. S1), indicating a higher density of
observations in a narrower range of ;, values. However, a sort of
consensus approach could be derived from these analyses. In both
studies, the best model to predict m 5, included traits which reflect leaf
carbon investment (djeor, LDMC and e), suggesting that species that
sustain higher leaf construction costs (denser and/or thicker leaves),
and thus occupy the “slow-growing” space of leaf economic spectrum
(Wright et al., 2004), also have higher drought resistance. The frame-
work provided by Bartlett et al. (2012a) could allow to estimate 5o and
Wy, on a large number of species and samples strongly reducing the
time needed for its measurement using pv-curves. The framework
provided in this study further simplifies the model proposed by Bartlett
et al. (2012a), as the measurement of LDMC is faster and simpler than
the procedure for dje,r measurement.

7o and Wy, are strongly correlated with each other (Bartlett et al.,
2012b) and thus, it is possible to estimate Wy, from measurements of
. A significant linear relationship between my and Wy, was found in
the regression models run on the data provided by the authors
(Table 2). We used parameters estimates of this model as a reference to
compare regression models with 1t osm OF 7o fi¢ as predictive variable.
The model including g osm resulted very similar to the one obtained by
Bartlett et al. (2012a):

Wip oy = 0.832 g gem — 0.631 @

Wep py = 0.899 7o oem — 0.581 (5)
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However, the regression model in eqn (5) had a lower predictive
power and parameters' estimates were slightly different than those
calculated from the model run on data from Bartlett et al. (2012b)
(Table 2). As shown in Fig. 2, we detected a discrepancy between the
regression model considering g osm as the predictive variable and the
one calculated on data from Bartlett et al. (2012b). In particular, Wy,
values < —2MPa tended to be overestimated by eqn (2). On the
contrary, the model considering o ¢ as explanatory variable produced
parameters’ estimates much closer to those obtained from data pro-
vided in Bartlett et al. (2012b) (Fig. 2) and no discrepancy was de-
tected.

The number of studies including my and Wy, estimation from osm-
ometer/hygrometer measurement of my rapidly increased in the last
years (Maréchaux et al., 2015; Petruzzellis et al., 2018, 2017), and it is
likely that the number of species with associated Wy, values will in-
crease as well. In this light, the standardization and the simplification of
the framework for Wy, estimation is crucial to build a solid global da-
taset. To improve the predictive power of the estimation of Wy,, we
suggest measuring LDMC as well as 7 osm from leaves attached to the
same twig or at least belonging to the same individual. To estimate i,
and Wy, we then suggest applying the following equations:
7o fit = 0.5067T0 osm - 0.002LDMC (expressed in mg g_l) 6)
@)

Clearly, the inclusion of more species and 1y values in this type of
analysis is needed to furtherly optimize the framework for Wy, esti-
mation.

Wep py = 13131 g — 0.032
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