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Abstract

« Key message The relationship between relative water loss (RWL) and hydraulic conductivity loss (PLC) in sapwood is
robust across conifer species. We provide an empirical model (conifer-curve) for predicting PLC from simple RWL
measurements. The approach is regarded as a new relevant phenotyping tool for drought sensitivity and offers reliable
and fast prediction of diurnal, seasonal, or drought-induced changes in PLC.

+ Context For conifer species drought is one of the main climate risks related to loss of hydraulic capacity in sapwood inducing
dieback or mortality. More frequently occurring drought waves call for fast and easily applicable methods to predict drought
sensitivity.

« Aims We aimed at developing a fast and reliable method for determination of the percent loss of hydraulic conductivity (PLC)
and eventually the drought sensitivity trait Psy, i.e., the water potential that causes 50% conductivity loss.

« Methods We measured the loss of water transport capacity, defined as the relative water loss (RWL) together with PLC in trunk
wood, branches, and saplings of eight different conifer species. Air injection was used to induce specific water potentials.

+ Results The relationship between RWL and PLC was robust across species, organs, and age classes. The equation established
allows fast prediction of PLC from simple gravimetrical measurements and thus post hoc calculation of Ps (* =0.94).

« Conclusion The approach is regarded as a relevant new phenotyping tool. Future potential applications are screening conifers
for drought sensitivity and a fast interpretation of diurnal, seasonal, or drought-induced changes in xylem water content upon their
impact on conductivity loss.

Keywords Conifers - Drought stress - Hydraulic capacitance - Phenotyping - Vulnerability to cavitation

Handling Editor: Cyrille B. K. Rathgeber 1 Introduction

Contribution of the co-authors: SR, KV, JCD, and DMJ performed the
hydraulic measurements. SR made the data analysis and wrote a first draft
of the manuscript. JCD and DMJ edited subsequent versions of the

Conifers are among the most endangered plant groups regarding
forest dieback related to drought (Solberg 2004; Hentschel et al.

manuscript.

This article is part of the topical collection on Wood formation and tree
adaptation to climate

D1 Sabine Rosner
sabine.rosner @boku.ac.at

Institute of Botany, University of Natural Resources and Life
Sciences, Gregor Mendel Str. 33, 1180 Vienna, Austria

Warnell School of Forestry and Natural Resources, University of
Georgia, Athens, GA 30602, USA

Nicholas School of the Environment, Duke University,
Durham, NC 27708, USA

4 Bordeaux Sciences Agro, UMR 1391 INRA-ISPA, 33175 Gradignan
Cedex, France

Published online: 06 August 2019

2014; Allen et al. 2015; Mencuccini and Binks 2015; McDowell
and Allan 2015; Rosner et al. 2018; Klein et al. 2019).
According to the International Union for Conservation of
Nature (IUCN Red List), 34% of the world’s conifers species
are threatened (IUCN 2019). Facing global change (IPCC 2013),
we urgently need fast and reliable screening tools for predicting
drought sensitivity of conifer species and provenances thereof
(David-Schwartz et al. 2016, Voltas et al. 2018). Screening tools
should be economical, require little labor, not be time-consum-
ing, easy in application and - last but not least - applicable to
conifers worldwide. Recently, Rosner et al. (2019) presented an
approach where hydraulic conductivity loss of angiosperm and
conifer sapwood could be predicted from simple water loss mea-
surements. The empirical predicting models in this preceding
study were however species-specific. In the present study, we
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aimed at developing one single prediction curve that would be
applicable for conifers with a wide range of natural occurrence.
The idea for a conifer prediction model developed because the
relationship between relative water loss and conductivity loss
varied widely among angiosperm species; the curves of conifer
species showed a quite stable relationship (Rosner et al. 2019).
Research on this plant group was also continued because their
wood structure allows quite short sample lengths and application
of several methods to measure hydraulic vulnerability that exists
so far (Cochard et al. 2013, Klein et al. 2018).

Hydraulic performance of (secondary) xylem under drought
and its recovery from drought depends on (I) hydraulic vulnera-
bility to embolism, expressed as, e.g., Ps (i.e., the water potential
resulting in 50% conductivity loss), (I) hydraulic safety margins,
which is the Psq in relation to the minimum water potential
measured in the field (Tyree and Sperry 1988, Choat et al.
2012; Delzon and Cochard 2014; Choat et al. 2018), and on
(TI) the capability of refilling emptied tracheids, which is pre-
sumably related to the hydraulic capacitance (Johnson et al.
2012; McCulloh et al. 2014; Trifilo et al. 2015, Klein et al.
2018), or (IV) the potential to produce new xylem tissue
(Magnani and Borghetti 1995; Cochard et al. 2001). Water stor-
age capacitance is the amount of water released from a tissue due
to a defined decline in water potential (Tyree and Yang 1990;
Meinzer et al. 2003; Domec et al. 2006). In general, more knowl-
edge exists about species or organ-specific Ps, and the shape of
vulnerability curves (Choat et al. 2012), i.e., the percent loss of
conductivity (PLC) plotted against the water potential (V)
(Sperry and Tyree 1988), than about hydraulic capacitance
(Trifilo et al. 2015). Capacitance can be expressed as the increase
in the absolute mass of water lost from a sample of defined
volume per unit ¥ change but also as the increasing relative
water loss (RWL) per unit ¥ change. The RWL method allows
the comparison of the samples differing in total water volume
and wood density (Domec and Gartner 2001). Rosner et al.
(2019) defined an additional capacitance parameter, the RWL
at Psg, i.e., the RWL that results from 50% conductivity loss.
RWL at Ps varies widely across angiosperm and conifer species
and is negatively related to wood density, as found for other
capacitance traits as well (Pratt et al. 2007; Scholz et al. 2007,
McCulloh et al. 2014; Trifilo et al. 2015; Savi et al. 2017; Pratt
and Jacobsen 2017).

The aim of this study was to confirm the quite stable relation-
ship between PLC and RWL (Rosner et al. 2019) across conifers
species originating from different ecosystems around the globe.
Such an approach should not only result in a fast prediction of
species-, organ-, or age class—specific hydraulic vulnerabilities but
will also allow us to establish the amount water remaining in
xylem at Pso and Pgg (U at 88% PLC). We tested mature and
juvenile trunkwood as well as branches of eight different conifer
species with a broad range of natural occurrence from extremely
wet environments (Taxodium distichum) to quite dry environ-
ments (Juniperus virginiana). We thus expected a wide range in
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Pso. Most of the species investigated are also of high economical
importance (Abies nordmanniana, Larix decidua, Picea abies,
Pinus ponderosa, Pinus taeda, Pseudotsuga menziesii) which
further substantiates the need for fast and reliable screening tools
for selecting appropriate provenances with a higher drought
tolerance.

2 Material and methods
2.1 Plant material

Information on the origin of the plant material is provided in
Table 1. Eight different conifer species were investigated,
which comprised Abies nordmanniana ((Stev.) Spach),
Juniperus virginiana L., Larix decidua Mill., Picea abies
(L.) Karst., Pinus ponderosa P. Lawson and C. Lawson,
Pinus taeda L., Pseudotsuga menziesii (Mirbel) Franco, and
Taxodium distichum L. Rich.

2.2 Determination of conductivity loss and relative
water loss

Either whole saplings or side branches (cut from larger
supporting branches with a length varying from 0.5 to 1.5 m)
were harvested in the moming and transported to the lab in
black plastic bags containing wet towels. Internodes with a
length of 200 mm were cut and debarked underwater. They
were re-saturated under low vacuum for 24 h at 4 °C in filtered,
distilled water (Hietz et al. 2008) with 0.005% Micropur
(Katadyn Products, Wallisellen, Switzerland). Prior to hydraulic
measurements, specimens were shortened to 130 mm and then
re-cut several times with clean razor blades. Sapwood area hy-
draulic conductivity (Ks, cm®s ' MPa ') was measured under a
hydraulic pressure head of 5.4 kPa (540 mm water column)
with distilled and filtered (0.22 pum) water containing 0.005%
Micropur. The saturated weight (SW) was determined on a
balance (resolution of 0.0001 g, Mettler-Toledo International
Inc., Greifensee, Switzerland). Air overpressure was applied in
a double-ended pressure chamber (PMS Instruments, Corvallis,
OR, USA), thereafter the specimen was weighed again in order
to determine the fresh weight (FW) at a given pressure applica-
tion. The pressure in the chamber was gradually increased with
steps of 0.5 MPa or 1.0 MPa. The duration of the pressure
exposition was standardized to 1 min (Rosner et al. 2019).
Hydraulic vulnerability curves of trunk wood samples were
achieved with the methods described by Spicer and Gartner
(1998) and Domec and Gartner (2001). Results on PLC and
RWL at given pressure applications for L. decidua and
P abies came from existing datasets (Rosner et al. 2008,
Rosner et al. 2019). Tangential and radial faces of 200-mm long
wood beams with a transverse surface of 100 mm? were short-
ened on a band saw and thereafter re-cut several times with a
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razor blade. Specimens were re-soaked as described above
(Hietz et al. 2008). The final dimensions of the specimens were
6 mm (radial) x 6 mm (tangential) x 120 mm (longitudinal).

Samples were dried at 103 °C for 24 h (Rosner 2017) in
order to determine the dry weight (DW) on a balance. The
relative water loss (RWL) at ¥ was calculated as:

RWL (%) = 100%(1—((FW-DW)/(SW-DW))) (1)

The correct determination of the SW is crucial because
relating FW to a field in situ water content would obscure
the relationship between RWL and PLC and would not allow
correct projection of PLC (Rosner et al. 2019).

2.3 Sample numbers, data processing, and statistical
analyses

Numbers of sampled trees, samples and datasets can be found
in Table 1. The software SPSS™ 21.0 was used to carry out
the data analyses. Normal distribution was tested with the
Kolmogorov-Smirnov test. Relationships between traits were
accepted as significant if the P value was < 0.05.

Sapwood area-specific hydraulic conductivity at a given ¥
was divided by the sapwood area-specific hydraulic conduc-
tivity at full saturation in order to calculate the percent loss of
conductivity (PLC). PLC was plotted against the negative of
the applied pressure (V). For some species, organs or age
classes only mean values for PLC and RWL at a given pres-
sure application were available. Hydraulic vulnerability
curves were fitted by an exponential sigmoidal equation
(Pammenter and Vander Willigen 1998), and the Ps, and Pgg
(Domec and Gartner 2001), i.e., the pressure application at
which 50% or 88% of conductivity loss occurred, were calcu-
lated. We used the following equation:

PLC (%) = 100/(1 + exp(a*(¥~b))) (2)

The parameter “a” corresponds to the slope of the linear
part of the regression and “b” is the Pso. Pgg was calculated
from these parameters. ¥ in Eq. (2) is used here and thereafter
for water potential. In Table 2, results for “a” and Psq are
provided with their standard error and the 95% confidence
interval (CI 95%).

The relationship between point measurements and mean
PLC and RWL were tested by the “curve estimation” function
in SPSS™ 21.0, where linear, quadratic, or cubic regressions
were chosen according to their predictive quality. The chosen
equation was used to calculate RWL at Ps, for each species,
organ, or age class. In Table 3, the C1 95% and 95% individual
prediction intervals (PI 95%) for RWL at Psy or RWL at Pgg
are provided. Species, organ, and age class—specific mean
values of PLC (PLC,.q) and RWL were fitted by a Weibull
equation (e.g., Lopez et al. 2005):

PLCypreq = 100~(100/(exp((RWL/c) ¥%d))) (3)

The parameter “c” corresponds to the mean RWL across all
conifers investigated in the study that causes ~63% of PLC.

Water loss curves, i.e., the RWL plotted against W (RWL-W
curve) were fitted by the “curve estimation” function in
SPSS™ 21.0. The fittings with the highest predictive quality
(%) and the most reliable shape were chosen. The “curve esti-
mation” function was also used to establish the relationship
between ¥ and RWL in order to predict ¥ at a given RWL,
for instance the RWL at Psq or at Pgg. In these curves, the W
was plotted against the RWL (W-RWL curve, Table 4).

The predictive quality of the RWL for PLC at the species,
organ and age class level was tested by calculating empirically
modeled Ps, parameters from the RWL at Ps, and the relation-
ship between ¥ and RWL (U-RWL curve). The same procedure
was performed for Pgg. The predicted values of Psq and Pgg are
provided with their 95% CI and 95% PI (Table 4). By means of
the Eq. [3], PLC was predicted from RWL point measurements
(if available) and mean values (Table 1). Thereafter, Psq and Pgg
parameters (Table 5) were calculated using Eq. [2]. Modeled Psq
and Pgg were related to the corresponding traits from directly
measured datasets. Linear regression analysis was performed to
meet the 1:1 slope requirement. A flow chart of the two different
approaches is shown in Fig. 1.

3 Results

Conifer species investigated varied widely in their vulnerability to
cavitation (Fig. 2, Table 2). In saplings, A. nordmanniana had the
lowest Ps, (— 8.1 MPa) and P. menziesii grown in Austria had the
highest Ps, (— 5.0 MPa). In branches, Ps, ranged from -5.8 MPa
in P menziesii to —2.4 MPa in T. distichum. In general, Ps, was
highest in the wood of the main trunk, ranging from -4.9 MPa in
P menziesii to —2.2 MPa in P. abies. The species investigated
varied as well in their RWL at a given pressure application (Fig.
2). For instance, whereas RWL increased only slightly with each
pressure application in A. nordmanniana saplings (Fig. 2b), RWL
had large increases over narrower pressure ranges in P. abies trunk
wood (Fig. 2d).

PLC was strongly related to RWL at the species/organ/age-
specific level (Table 3). Mean species/organ/age-specific PLC for
a given ¥ and PLC predicted from the corresponding RWL
dataset (Table 3) were therefore strongly linearly related (Fig.
3b). The RWL at Psy had values ranging from 15% in
L. decidua saplings to 36% in J. virginiana trunk wood. By
means of the species/organ/age-specific RWL at Psy and the
relationship between W and RWL (Table 4), Ps, values could
be predicted which correlated strongly (almost 1:1) with those
calculated from the measured dataset (Fig. 4a). Predicted Pgg was
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as well strongly related to Pgg derived from measured datasets
(*=0.98, P<0.0001).

In order to guarantee equal weight of each species-, organ-,
and age class—specific PLC-RWL relationship, mean values
for a given ¥ were used for the pooled data analysis (Fig. 3a).
The relationship between PLC and RWL across all samples
was fitted with the function:

PLCprea = 100—(100/ (exp((RWL/30.49)%*1.92))) (conifer—curve) (4)

PLC,eq is the predicted percent loss of hydraulic conduc-
tivity (Fig. 3¢). More information on the parameters of Eq. (4)
can be found in the legend of Fig. 3. RWL of 30.49% corre-
sponds to a PLCp,.q of ~63% across all conifer specimen
investigated. RWL of 25.18% would then result in PLC,eq
of 50%, and RWL of 45.12% would result in PLC,.4 of 88%
across species, organs, and age classes.

From RWL point measurements and the conifer-curve,
PLC,eq values were calculated. PLCyq values and the corre-
sponding ¥, was used to project Pso (Table 5). The correlation
between Ps and the empirically modeled Pso (Psoprea) Was tight
(r2 =0.94, P<0.0001), but no 1:1 relationship could be reached
for specimens with low Pso (Fig. 6, in the Annex). A linear
regression was therefore used for reliably predicting Ps (Fig. 4b).

Psoprea = —0.75 + 0.82%Psgpreq (12 = 0.97, P < 0.0001) (5)

where Psgpreqr corresponds to Psgpreq after slope correction.
Pggpreq Was as well strongly related to Pgg calculated from mea-
sured data (/% = 0.98, P <0.0001).

Conifer species, organs or age classes with higher RWL at
Ps, or Pgg were more vulnerable to cavitation: The positive
relationship with Psq was however much stronger with RWL
at Pgg (Fig. 5). Pgg showed as well an increase with increasing
RWL at Pgg (= 0.44, P<0.01).

Flow & mass at full saturation

Mass & flow after air injection
Dataset of W, PLC & RWL W

RWL vs. PLC PLCvs. W: Pyy & Py RWLvs. W

Species RWL at Pyy and Pgg Predicted Psy and Pggq

Predicted PLC (across species) Predicted Psy and Pggq

Fig. 1 Flow chart of the measuring procedure for the two model
approaches for calculating the Psy or Pgg. Hatched lines indicate the
modeling procedure for the “conifer curve”, solid lines for the species-
specific modeling approach to predict Psy or Pgg. The dataset comprised
the water potential ('), the RWL (relative water loss) and the PLC (per-
cent loss of conductivity)

=INRA

@ Springer

T==" SCIENCE & IMPACT

4 Discussion

This study tested whether an empirical relationship between the
loss of water transport capacity and the loss of water content could
be established across temperate conifer species. We found that it
was possible to predict conductivity loss and eventually Ps or Pgg
for different conifer species, organs, and age classes with a coef-
ficient of determination of 94% from quite simple RWL and ¥
measurements using one empirical model (conifer-curve, Fig. 3a).
Although the RWL curves and the vulnerability curves differed
widely between species, organs, or age classes (Fig. 2), the rela-
tionship between RWL and PLC is presumably quite conservative
(Fig. 3). We discuss why this may be the case in conifers but not in
angiosperms (Rosner et al. 2019), explore the relationship be-
tween hydraulic capacitance and vulnerability to cavitation, and
propose how the technique could be further developed as a fast
and reliable phenotyping tool.

4.1 Why is the relationship between RWL and PLC so
robust?

Conifer wood is quite homogenously constructed and sole-
ly one-cell type, the tracheid, fulfills the different functions
of water transport and mechanical support (Braun 1970;
Lachenbruch and McCulloh 2014). Species, organ, or age
class—specific variability in late wood percent, lumen di-
ameter, cell wall thickness, tracheid length, and pit proper-
ties result in different hydraulic vulnerabilities and water
release curves (Domec and Gartner 2001; Hacke et al.
2001; Domec et al. 2009; Bouche et al. 2014; Hacke
et al. 2015). We found a wide range in Pso values in the
current study. In that regard, it was remarkable how the
young trunk of A. nordmanniana saplings, with Ps, of -
8.1 MPa and trunk wood from the upper crown of mature
P. abies trees with Psg of —2.2 MPa (Fig. 4) could be fitted
into one PLC-RWL curve (conifer-curve, Fig. 3a) from
which the species- and age class—specific PLC at a given
U could be reliably predicted from RWL data. This sug-
gests that wood design in conifers is quite conservative
concerning the PLC-RWL relationships. However, even if
a given RWL results in a quite similar conductivity loss
across different cambial age, anatomy can be adjusted to
the hydraulic safety demands that are necessary for tree
survival. The distance from the apex/tip influences tracheid
size; tracheid lumen diameters are thus much smaller in
saplings than at the lower trunk of mature trees of a given
species (Anfodillo et al. 2013; Rosner 2017; Prendin et al.
2018); therefore, a stable PLC-RWL relationship suggests
shorter tracheids and smaller pit aperture diameters with a
higher torus overlap in saplings, which could additionally
increase the hydraulic safety (Rosner 2013; Bouche et al.
2014; Hacke et al. 2015). Extreme shifts from the species
mean PLC-RWL curve may come from the presence of
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Fig. 2 Point measurements of 100
percent loss of hydraulic

conductivity (PLC) and the esti- 80 -
mated vulnerability curves de-

scribed in Table 2 in the Annex (a, 60
¢, ¢, g) and of relative water loss

(RWL) and the estimated water 40 4

loss curves described in Table 4 in
the Annex (b, d, f, h) plotted
against the water potential for
different conifer species, organs

or age classes

A. nordmanniana, sapling
J. virginiana, branch top
J. virginiana, trunk mature
L. decidua, branch base

P. abies, sapling

P. abies, branch base
P. abies, trunk juvenile
P. abies, trunk mature

P. ponderosa, branch top
P. ponderosa, trunk juvenile
P. ponderosa, trunk mature
P. taeda, branch top

P. taeda, trunk mature

Applied pressure (-MPa)

reaction wood. Compression wood (Fig. 7, in the Annex)
has a high wood density, lower conductivity (Spicer and
Gartner 1998), but is more vulnerable to cavitation than
opposite wood (Mayr and Cochard 2003). For instance,
L. decidua branches had a higher conductivity loss at given
relative water loss compared with other species (Fig. 3a).
RWL at Psq was only 15.1%. PLC in L. decidua predicted
for a given ¥ with the conifer-curve was lower than the
measured PLC (Fig. 3¢). Therefore, Psy was lower (more
negative) than the Psq calculated from predicted PLC
values of the species-specific L. decidua curves (Fig. 4).

menziesii, sapling
menziesii, branch top
menziesii, branch base
menziesii, trunk juvenile
menziesii, trunk mature
T. distichum, branch base

TTVUTTD

Applied pressure (-MPa)

Such shifts in the PLC-RWL curves result in different hy-
draulic capacities, thus in differences between RWL at Ps,
or ng.

4.2 Relationship between hydraulic capacitance
and vulnerability to cavitation

Although the relationship between PLC and RWL is more
stable in conifers than across angiosperm species (Rosner
et al. 2019), species-, organ-, and age class—specific differ-
ences in the RWL at Ps, do exist (Fig. 5). The RWL at Ps
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PLC (%)

40 4 40

PLC predicted (%)

20 A 20

r?=0.99, P<0.001 0

100
A. nordmanniana, sapling

J. virginiana, branch top

J. virginiana, trunk mature
L. decidua, branch base

P. abies, sapling

P. abies, branch base

P. abies, trunk juvenile

P. abies, trunk mature

P. ponderosa, branch top
P. ponderosa, trunk juvenile
P. ponderosa, trunk mature
P. taeda, branch top

P. taeda, trunk mature

P. menziesii, sapling

P. menziesii, branch top

P. menziesii, branch base
P. menziesii, trunk juvenile
P. menziesii, trunk mature

0>

80

60 -

40 -

PLC predicted (%)

20

r?=0.94, P <0.001

r’=0.94, P<0.001

0 10 20 30 40 50 60 70 0
RWL (%)

20 40 60 80
PLC (%)

Fig. 3 Relationship between mean measured PLC and RWL across
conifer species, organs and age classes for a given pressure application
(U): the “conifer-curve” (a), predicted mean PLC using species, organ
and age specific curves (Table 3 in the Annex) (b) and predicted mean
PLC using the “conifer-curve” (c) related both to mean measured PLC

can be regarded as a capacitance parameter (Rosner et al.
2019), which is very useful for comparing different species
because no absolute values are used (Domec and Gartner
2001). We found a positive trend between Psy and the RWL
at Pso and a significant positive relationship between Psq and
RWL at Pgg (Fig. 5). Similarly, McCulloh et al. (2014) found
that mature conifer trunks had greater hydraulic vulnerability
together with higher hydraulic capacitance than branches of
the same species. Angiosperm branches with higher hydraulic
capacitance also show less negative (higher) mean daily min-
imum water potentials (Meinzer et al. 2003). Species with
higher Pso may therefore have more pronounced diurnal
changes in conductivity loss (Trifilo et al. 2015). Within a
plant, woody parts with higher hydraulic vulnerability but
higher hydraulic capacitance may act as important storage
compartments for water (Holbrook 1995). We have no sound

0 q 0~

a b

-2

-6

>

-8 |
r’=0.99, P<0.001

Pg, predicted from conifer curve (MPa)

Py, predicted from specific models (MPa)

T T T T

20 40 60
PLC (%)

OEOOODPEOESGOESGO )

T. distichum, branch base

100 0 80 100

values at a given W. The equation in plot (a) is as follows: PLC\,eq = 100 -
(100/(exp((RWL/c)**d))), where ¢ is 30.49 +0.52, 95% CI(29.46 31.52)
and d is 1.92+0.08, 95% CI (1.75 2.08). Dataset number for all three
plots is n =147

explanation why a stronger relationship existed between Ps
and RWL at Pgg than between Psy and RWL at Ps, because in
conifers, Ps is regarded as a “point of no return” for the
recovery from drought (Choat et al. 2018), even though some
species can survive much lower conductivity losses (e.g.,
Hammond et al. 2019). It might be that the presence of reac-
tion wood (Mayr and Cochard 2003) masks the relationship at
high W. The presence of reaction wood but also the distance
from the apex/tip (Anfodillo et al. 2013; Rosner 2017; Prendin
et al. 2018) may explain some different Ps, values than those
found in literature. Branch Ps values for L. decidua, P. abies,
P. ponderosa, P. taeda, and T. distichum corresponded to those
published earlier (reviewed in Choat et al. 2012, Bouche et al.
2014). We found however much higher (less negative) Ps for
J. virginiana branches but slightly lower Psq in P. menziesii
branches (reviewed in Choat et al. 2012).

A. nordmanniana, sapling
J. virginiana, branch top

J. virginiana, trunk mature
L. decidua, branch base

P. abies, sapling

P. abies, branch base

P. abies, trunk juvenile

P. abies, trunk mature

P. ponderosa, branch top
P. ponderosa, trunk juvenile
P. ponderosa, trunk mature
P. taeda, branch top

P. taeda, trunk mature

P. menziesii, sapling

P. menziesii, branch top

P. menziesii, branch base
P. menziesii, trunk juvenile
P. menziesii, trunk mature
T. distichum, branch base

| NN 2

r?=0.94, P <0.001

(A RX X-B 3 N-N K X AN

-8 ) 4 2 0 -8
Py, (MPa)
Fig. 4 Predicted pressure application that is necessary to result in 50%
conductivity loss (Psg) from species/organ/age specific models (Tables 2,

3, and 4 in the Annex) (a) and Ps calculated from PLC predicted with the
conifer-curve (eq. [4]) after slope correction (b) related to Psq derived
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from experimental datasets. The slope correction (eq. [5]) was necessary

because there was no 1:1 correlation (gray dashed lines) at lower Ps
values (Fig. 6 in the Annex)
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a b

Ps, (MPa)
£
o
P, (MPa)

A. nordmanniana, sapling
J. virginiana, branch top

J. virginiana, trunk mature
L. decidua, branch base

P. abies, sapling

P. abies, branch base

P. abies, trunk juvenile

P. abies, trunk mature

P. ponderosa, branch top
P. ponderosa, trunk juvenile
P. ponderosa, trunk mature
P. taeda, branch top

P. taeda, trunk mature

P. menziesii, sapling

P. menziesii, branch top

P. menziesii, branch base
P. menziesii, trunk juvenile
P. menziesii, trunk mature
T. distichum, branch base

(o

[ NN 2

OEOOOPEOESGOESGO )

r°=0.47,P<0.01

=0.20, P = 0.54
»a : : : : . -

0 15 20 25 30 35 40 0
RWL at Py, (%)

40 45 50 55 60
RWL at P,g (%)

Fig. 5 Relationship between positive pressure that is necessary to result in 50% conductivity loss (Psg) and the RWL at Ps (a) and at Pgg (b) for different

conifer species, organs and age classes

4.3 Phenotyping: limits of application and further
development of the method

Note that the empirical models for predicting PLC from RWL
measurements and eventually Ps, are applicable to functioning
sapwood solely. In that regard, and except in Douglas-fir, the
advantage of conifer wood is that many annual rings are used
for conducting water (Bertaud and Holmbom 2004). However,
reliable, standardized, sampling may be easier for wood of the
main trunk than for small branches and shoots because the sap-
wood zone is easier to detect, and reaction wood can be avoided.
However, when trunkwood is sampled, the distance from the
apex/tip has to be considered (Anfodillo et al. 2013; Prendin
et al. 2018). Even though branches used in general for vulnera-
bility curves have a small diameter, they may be quite old
(Schweingruber et al. 2008), and not all annual rings will neces-
sarily transport water. It is thus important to harvest branches
where the woody part consists of sapwood solely, which can
be easily tested by staining techniques (Hietz et al. 2008).
Moreover, we suggest performing experiments only during the
growing season because (1) the bark is easier to remove from the
woody patts, and (2) wood of temperate species harvested during
the winter time shows a poorer ability to refill artificially, pre-
sumably because of natural pit aspiration (Mayr et al. 2014). The
reliable prediction of the weight at full saturation is of utmost
importance for the proposed technique, as already pointed out in
a preceding study (Rosner et al. 2019). In a specimen that con-
tains heartwood, the tracheids will not refill properly because
many pits are permanently aspirated. Dehydration behavior of
such “oversaturated” regions, i.e., artificially refilled regions that
did not contribute to the sapflow in the living tree anymore
(Pivovaroff et al. 2016), might be different. Moreover, the appli-
cation of positive pressure may result in water loss but not nec-
essarily to a loss in hydraulic conductivity.

The method presented is much less labor intensive than re-
peated flow measurements and less prone to errors resulting from
tracheids clogged with resin or other organic substances.

Nevertheless, the procedure could still be improved, regarding
the time that was necessary to measure one specimen. It should
be possible to collect the xylem sap that is released due to the
pressure application in pre-weighed vials (Ennajeh et al. 2011;
Savi et al. 2019) and calculate the fresh weight at a given ¥ from
subtracting the mass of water. A whole vulnerability curve could
thus be produced within less than a quarter of an hour. Consensus
should be about the time of pressure application and the pre-
preparation of the specimens (Mayr et al. 2006), because this
can influence the relationship between the RWL and W. The
method of stress application that leads to conductivity loss (e.g.,
bench top dehydration, pressure collar) has no influence on the
relationship between RWL and PLC (Rosner et al. 2019), but for
predicting Pso, W-RWL datasets are necessary, which simulate
the situation in the living tree. In that regard, it is likely that the
conifer-curve is not applicable for RWL datasets of very small
wood samples where W is measured in a small chamber of a
thermocouple psychrometer (Meinzer et al. 2003; Barnard et al.
2011; McCulloh et al. 2014; Jupa et al. 2016; Pratt and Jacobsen
2017), because the curve shapes often differ from those measured
on bigger samples (Domec and Gartner 2001, 2002; Domec et al.
2006; Gleason et al. 2014; Blackman et al. 2016). Due to the high
amount of cut open surfaces in relation to volume, dehydration in
small wood samples will proceed quite fast and probably not
from the more vulnerable to the less vulnerable tracheids but from
the outside to the inside of the specimen (Rosner et al. 2019).

5 Conclusions

We were able to construct one empirical model equation in order
to predict conductivity loss and eventually Ps, for different co-
nifer species originating from different ecosystems. The method
offers fast and reliable prediction of PLC from quite simple and
fast RWL and ¥ measurements and could be thus applied as an
efficient phenotyping tool for Ps. Future research should test
this PLC-RWL in conifer species not included in this study to
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determine if the relationship is universal. The knowledge of this
relationship can help interpret decent indirect anatomy-based
techniques such as X-ray micro-computed tomography or neu-
tron radiography. Future potential applications of the new meth-
od presented are screening trees for drought sensitivity and a fast
interpretation of diurnal, seasonal, or drought-induced changes in
xylem water content upon their impact on conductivity loss.
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Abbreviations CI 95%, 95% confidence intervals; DW, dry weight; FW,
fresh weight; Psq , positive pressure resulting in 50% conductivity loss;
Psopred, POsitive pressure resulting in 50% conductivity loss calculated
from PLCreq; Psoprea’s Psopred after slope correction; Pgg , positive pres-
sure resulting in 88% conductivity loss; Pggyreq, positive pressure
resulting in 88% conductivity loss calculated from PLCq; PI 95%,
95% individual prediction intervals; PLC, percent loss of conductivity;
PLCpreq, PLC predicted from RWL; RWL, relative water loss; RWL at
Pso, RWL at ¥ when 50% conductivity is lost; RWL at Pgg , RWL at ¥
when 88% conductivity is lost; SW, water-saturated weight; ¥, xylem
pressure

Information on the origin of the plant material, on the age of the trees (age), the amount of tree individuals investigated (tree), the sample

numbers (sample) as well as the dataset numbers (data, i.e., single hydraulic measurements)

Species Origin Lat. Long. Alt. Age  Tree  Organ Sample  Data
[m]

Abies nordmanniana Botanical garden, 48° 14" 12" 16°20" 15" 233 4 3 Sapling 4 27
Vienna, Austria

Juniperus virginiana Duke Forest, Durham, 35°97' 82" —79°09" 42" 127 18 4 Branch top 4 28
NC, USA

Juniperus virginiana Duke Forest, Durham, 35297 82" —79° 09" 42" 127 18 6 Trunk mature 6 7%
NC, USA

Larix decidua Botanical garden, 48° 14" 12" 16° 20" 15” 233 20 2 Branch base 8 52
Vienna, Austria

Picea abies Botanical garden, 48° 14" 12" 16°20' 15" 233 4 8 Sapling 8 54
Vienna, Austria

Picea abies Botanical garden, 48° 14" 12" 16°20" 15" 233 20 5 Branch base 6 46
Vienna, Austria

Picea abies Sande, Southern Norway 59°34' 50" 10° 16" 29" 105 40 6 Trunk juvenile 18 44

Picea abies Ténnersjoheden/ 56° 67'/56° 54' 13°07/15° 53’ 60/120 24 44 Trunk mature 95 428
Vissefjarda, Sweden

Pinus ponderosa Oregon Cascade Range, 43°32' 25" —121°59" 38" 1355 225 6 Branch top 6 7*
Gilchrist, OR, USA

Pinus ponderosa Oregon Cascade Range, 43°32' 25" —121°59" 38" 1355 225 6 Trunk juvenile 6 7*
Gilchrist, OR, USA

Pinus ponderosa Oregon Cascade Range, 43°32' 25" —121° 59" 38" 1355 225 6 Trunk mature 6 7*
Gilchrist, OR, USA

Pinus taeda Duke Face experimental 35° 58 39" —79°08" 18" 61 26 3 Branch top 3 18
site, Chapel Hill,
NC, USA

Pinus taeda Duke Face experimental 35958 39" —79°08" 18" 61 26 6 Trunk mature 6 6%
site, Chapel Hill,
NC, USA

Pseudotsuga menziesii Botanical garden, Vienna, 48° 14’ 12" 16° 20" 15" 233 4 6 Sapling 6 36
Austria

Pseudotsuga menziesii Oregon Coast Range, 42° 57" 52" —123°21" 76" 220 116 6 Branch top 6 8*
Riddle, OR, USA

Pseudotsuga menziesii Oregon Coast Range, 42° 57" 52" —123°21" 76" 220 116 6 Branch base 6 8*
Riddle, OR, USA

Pseudotsuga menziesii Oregon Coast Range, 42° 57" 52" —123°21" 76" 220 116 6 Trunk juvenile 6 8*
Riddle, OR, USA

Pseudotsuga menziesii Oregon Coast Range, 42° 57" 52" —123°21" 76" 220 116 6 Trunk mature 6 8*
Riddle, OR, USA

Taxodium distichum Pétzleinsdorfer 48° 14" 33" 16° 18" 21" 233 20 3 Branch base 7 39
Schlosspark,

Vienna, Austria

Branches came either from the base of the crown (branch base) or from its top (branch top). Datasets are marked with *where only mean value datasets

were available
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Table 2 Information on the hydraulic vulnerability curves fitted by an exponential sigmoidal equation (percent loss of conductivity = 100/(1 +
exp.(a*(pressure-b)))) (Pammenter and VanderWilligen 1998)

Species a Pso (MPa) ” P Pgs (MPa)
Abies nordmanniana sapling 0.49 £ 0.07 —8.10+0.25 (- 8.61 -7.59) 0.84 <0.0001 —12.14
Juniperus virginiana branch, top of canopy 1.26 £ 0.12 —3.35+0.08 (—3.52-3.19) 0.96 <0.0001 —4.93
Juniperus virginiana trunk mature 1.65 £0.10 —291+0.04 (-3.01 -2.80) 0.99 <0.0001 —-4.11
Larix decidua branch, base of canopy 1.11 + 0.06 —445+0.05 (—4.554.34) 0.97 <0.0001 -6.24
Picea abies sapling 0.74 + 0.05 —6.31+£0.08 (—6.46 -6.15) 0.93 <0.0001 -9.01
Picea abies branch, base of canopy 1.62 £ 0.15 —4.63+£0.06 (—4.74 -4.51) 0.96 <0.0001 -5.85
Picea abies trunk juvenile 2.86 +0.27 —-2.21+0.03 (=227 -2.15) 0.94 <0.0001 -291
Picea abies trunk mature 3.44 £0.13 —229+0.01 (—2.32-2.27) 0.93 <0.0001 -2.87
Pinus ponderosa branch, top of canopy 1.25£0.18 —420+0.12 (—4.51-3.89) 0.98 <0.0001 -5.79
Pinus ponderosa trunk juvenile 2.01 £0.17 —3.67+0.05 (—3.79 -3.54) 0.99 <0.0001 —4.66
Pinus ponderosa trunk mature 1.94 £ 0.16 —3.74+0.05 (—3.87 -3.61) 0.99 <0.0001 —-4.77
Pinus taeda branch, top of canopy 1.29 £ 0.31 —3.09+0.21 (—3.53 -2.65) 0.86 <0.0001 —4.64
Pinus taeda trunk mature 1.50 £ 0.12 —3.25+0.06 (—3.42 -3.08) 0.99 <0.0001 —4.58
Pseudotsuga menziesii sapling 1.24 £ 0.17 —495+0.11 (—5.184.72) 0.90 <0.0001 -6.56
Pseudotsuga menziesii branch, top of canopy 1.79 + 0.26 —5.83+0.10 (- 6.05 -5.62) 0.99 <0.0001 —6.95
Pseudotsuga menziesii branch, base of canopy 1.39 £ 0.16 —5.71+0.09 (- 5.92 -5.49) 0.99 <0.0001 —7.14
Pseudotsuga menziesii trunk juvenile 1.04 £0.12 —490+0.12 (—5.19 4.62) 0.99 <0.0001 —6.82
Pseudotsuga menziesii trunk mature 0.94 £ 0.08 —3.39+0.09 (—3.63 -3.15) 0.99 <0.0001 -5.50
Taxodium distichum branch, base of canopy 1.11 £ 0.09 —2.43+0.08 (—2.59-2.27) 0.95 <0.0001 —-4.32

The parameter “a” corresponds to the slope of the linear part of the regression and “b” is the Psy, i.e., the pressure that is necessary to result in 50%
conductivity loss Pgg is the pressure that would result in 88% conductivity loss (Domec and Gartner 2001). Results for a and Ps, are given with +
standard error and the 95% confidence interval (CI 95%) is given in brackets. Information on the sample and dataset numbers is given in Table 1
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Table 3

Parameters for linear (b0, b1), quadratic (b0, b1, b2) or cubic

(b0, b1, b2, b3) equations for the relationship between percent loss of
conductivity (PLC, independent variable) and the relative water loss
(RWL, dependent variable) (P <0.0001), the calculated RWL resulting

in 50% (RWL at Psq) and 88% (RWL at Pgg) of conductivity loss and
their 95% confidence intervals (CI 95%) and 95% individual prediction
intervals (PI 95%) for different conifer species and different age classes

Species and organ b0 bl b2 b3 ”  RWL at Psy (C195%, P195%) RWL at Pgg (CI 95%, P1 95%)
(%) (%)

Abies nordmanniana sapling  3.7756  0.3684 0.89 22.20(20.37 24.02, 15.68 28.71) 36.19 (32.55 39.84, 28.96 43.43)

Juniperus virginiana branch, 2.6466  0.4260 0.90 23.94(21.76 26.13,12.30 35.59) 40.13 (36.82 43.44, 28.22 52.04)
top of canopy

Juniperus virginiana trank 1.2356  1.4675 —0.02030 9.735E-5 0.99 36.02 (33.37 38.62,27.4544.59) 39.49 (35.32 43.65, 31.42 47.55)
mature

Larix decidua branch, 1.3540  0.0617 0.00426 0.98 15.09 (14.46 15.71,10.61 19.57) 39.77 (38.75 40.79, 35.28 44.26)
base of canopy

Picea abies sapling 09642  0.4001 0.94 20.97(19.98 21.96, 15.41 26.54) 36.17 (34.26 38.09, 30.37 41.97)

Picea abies branch, 1.7912  0.3703 —0.00147 3.028E-5 0.98 20.41(19.6021.21,15.07 25.74) 43.60 (42.30 44.89, 38.31 48.88)
base of canopy

Picea abies trunk juvenile —0.7449 0.5076 0.96 24.64(23.5525.72,17.4031.87) 43.93 (42.27 45.59,36.58 51.27)

Picea abies trunk mature 22361  0.5892 0.96 31.70(31.3032.20,22.27 41.13) 54.09 (54.53 55.82, 44.65 63.53)

Pinus ponderosa branch, 3.5165  0.0531 0.009710 —5.761E-5 0.98 23.25(18.8627.65,10.1436.36) 44.13 (36.70 51.60, 30.60 57.65)
top of canopy

Pinus ponderosa trunk juvenile 4.2940  0.5992 —0.00165 0.99 30.13 (27.11 33.14,19.32 40.93) 44.24 (39.71 48.76, 35.20 53.27)

Pinus ponderosa trunk mature 2.6332  0.6110 —0.00153 0.97 29.35(24.81 33.90, 13.60 45.10) 44.54 (37.68 51.39,30.93 58.14)

Pinus taeda branch, top of 6.8426  0.4846 0.92 31.07(27.99 34.15,17.70 44.44) 49.48 (45.06 53.90, 35.74 63.23)
canopy

Pinus taeda trunk mature 09323  1.3476 0.99 29.42(29.20 34.54,17.8041.03) 46.09 (38.90 56.30, 35.53 56.66)

Pseudotsuga menziesii sapling 2.8286  0.5447 —0.00148 0.95 26.35(25.08 27.63,18.99 33.71) 39.27 (34.13 41.40, 31.95 46.58)

Pseudotsuga menziesii 2.6957  1.0666 —0.02050 0.000146 0.99 23.07 (20.36 25.80,15.09 31.06) 37.56 (32.80 42.31,29.49 45.63)
branch, top of canopy

Pseudotsuga menziesii 29799 1.0017 —0.01744 0.000128 0.99 25.52(23.7527.30,20.27 30.78) 43.63 (40.45 46.80, 37.63 49.62)
branch, base of canopy

Pseudotsuga menziesii —1.4968 1.4887 —0.02114 0.000118 0.99 34.82(31.8737.78,25.0544.60) 46.14 (41.01 51.28, 36.66 55.62)
trunk juvenile

Pseudotsuga menziesii 0.8228  1.0821 —0.01399 8.696E-5 0.99 30.81(29.3832.23,26.2435.38) 46.93 (44.63 49.24,42.44 51.42)
trunk mature

Taxodium distichum branch,  1.1029  0.4746 0.00055 0.97 26.21(25.03 27.39, 18.6033.82) 47.13 (45.33 48.93, 39.55 54.71)

base of canopy

P is <0.0001 for all equations listed
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Table 4 Relationship between pressure application and the relative water loss (RWL, independent variable) for the prediction of Ps

Species and organ b0 bl b2 b3 7”2 Psopred (95% CI, 95% PI) (MPa) Pggpred (95% CI, 95% PI) (MPa)

Abies nordmanniana sapling — 0.8447 —0.3100 0.82 —7.73 (—8.48-6.97, —10.50 —4.95)  —12.06 (— 13.54 -10.59, — 15.12 -9.01)

Juniperus virginiana —0.6582 —0.1088 0.85 —3.26 (—3.58 -2.95,-4.96 —1.57) —5.03 (—5.49 —4.56, — 6.76 —3.30)
branch, top of canopy

Juniperus virginiana trunk  0.0592  —0.3141 0.0169 —0.00029 0.99 —3.09 (—3.49 -2.70, —4.07 —2.11) —4.13 (—4.57 -3.69, —5.03 -3.22)

Larix decidua branch, —1.0639 —0.2530 0.0028 091 —4.24 (—4.45-4.04,—5.74 -2.74) —6.68 (—7.05-6.31,-8.19 -5.17)
base of canopy

Picea abies sapling —0.4061 —0.6779 0.0266 —0.00040 0.95 —6.43 (—6.63 -6.22, —7.61 —5.24) —8.15(—8.54 -7.76, —9.54 —6.76)

Picea abies branch, —1.2307 —0.2109 0.0021 0.87 —4.65 (—4.89 —4.40, — 6.35 —2.95) —6.39 (—6.83 —5.98, — 8.09 —4.70)
base of canopy

Picea abies trunk wood —0.9150 —0.0505 0.83 —2.16 (—2.29 -2.03, —3.02 —1.30) —3.13(—3.33 -2.94, —4.00 —2.26)
crown

Picea abies trunk wood —0.3351 —0.0816 0.0005 0.88 —2.40 (—2.44 -2.36,—3.27-1.54) —3.24 (—3.30-3.18, - 4.11 —2.37)
mature

Pinus ponderosa branch, ~ 0.9006  3.5165  0.0234 —0.00029 0.96 —4.47 (-5.31-3.62,—7.18 —1.75) —5.89 (—7.43 -4.36,—8.65 -3.13)
top of canopy

Pinus ponderosa trunk -0.3019 —0.1118 0.92 —3.67 (—4.41 -2.93,-5.64-1.70) —525(=6.31-4.19,-7.36 -3.14)
juvenile

Pinus ponderosa trunk —0.5460 —0.1062 0.92 —3.66 (—4.39 -2.95, —5.60 -1.74) —5.28 (—6.32-4.23,-7.34 -3.21)
mature

Pinus taeda branch, top of —0.1886 —0.0919 0.89 —3.04 (—3.39-2.69, —4.57-1.52) —4.73 (—5.23 -4.24, - 6.30 -3.17)
canopy

Pinus taeda trunk mature  —0.0690 —0.1238 0.0006 0.99 —3.24 (—3.35-3.12,—-3.55-2.92) —4.61 (—4.79 —4.44,-4.93 —-4.29)

Pseudotsuga menziesii —1.0203 —0.1440 0.85 —4.82 (—5.17-4.46,—6.70 -2.93) —6.68 (—7.22 -6.13, — 8.60 —4.75)
sapling

Pseudotsuga menziesii 1.2217  —0.5071 0.0091 —0.00004 0.98 —6.15 (—6.73 -5.57, —8.01 —4.29) —7.17 (—8.18 =6.16, —9.38 —4.95)
branch, top of canopy

Pseudotsuga menziesii 19733  —0.6419 0.0177 —0.00018 0.99 —5.86 (—6.24 -5.47—6.99 —4.74) =721 (=797 -6.46, —8.73 —5.69)
branch, base of canopy

Pseudotsuga menziesii —0.1320 —0.1432 0.98 —5.12 (—5.48 —4.76, — 6.02 -4.21) —6.74 (—7.25-6.23,-7.71 =5.76)
trunk juvenile

Pseudotsuga menziesii 03430  —0.1228 098 —3.44 (—3.76 -3.12, —4.33 -2.55) —5.42 (—5.91 -4.93, - 6.38 —4.46)
trunk mature

Taxodium distichum 0.0498  —0.0905 0.96 —2.42 (—2.53-2.31,-3.14-1.70) —4.32 (—4.49 —4.14, - 5.05 -3.58)

branch, base of canopy

Equation parameters are given either for linear (b0, b1), quadratic (b0, b1, b2), or cubic (b0, b1, b2, b3) equations for branches, saplings, or trunk wood of
different conifer species. The predicted values of Pso and Pgg are given with their 95% confidence intervals (95% CI) and 95% prediction intervals (95%
PI). P is <0.0001 for all equations listed
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Table 5 Information on the hydraulic vulnerability curves fitted by an exponential sigmoidal equation (percent loss of conductivity = 100/(1 +
exp.(a*(pressure-b)))) (Pammenter and VanderWilligen 1998)

Species a Psoprea (MPa) r P Pggpreq (MPa)
Abies nordmanniana sapling 041 £ 0.06 -9.01+0.37 (-9.78 -8.24) 0.78 <0.0001 -13.92
Juniperus virginiana branch, top of canopy 1.01 £0.14 =3.71+0.15 (—4.02-3.41) 0.89 <0.0001 —5.68
Juniperus virginiana trunk mature 1.42 £0.10 —242+0.20 (—2.93 -1.90) 0.97 <0.0001 —3.82
Larix decidua branch, base of canopy 1.22 £0.07 —5.27+0.05 (-5.37-5.16) 0.97 <0.0001 -6.90
Picea abies sapling 0.81 £ 0.06 —6.96+0.09 (—7.14 -6.77) 0.91 <0.0001 —-9.42
Picea abies branch, base of canopy 1.84 £0.17 —4.87+0.05 (—4.97 -4.76) 0.96 <0.0001 —-5.95
Picea abies trunk juvenile 3.18 £ 0.37 —2.33+0.04 (—2.40-2.25) 0.92 <0.0001 -295
Picea abies trunk mature 4.10 £0.13 -2.16+0.01 (—2.17-2.14) 0.93 <0.0001 -2.64
Pinus ponderosa branch, top of canopy 1.63 £0.16 —4.34+0.07 (—4.52-4.16) 0.99 <0.0001 —5.57
Pinus ponderosa trunk juvenile 1.51 £0.26 -3.50+0.13 (-3.83-3.17) 0.98 <0.0001 —4.82
Pinus ponderosa trunk mature 1.45+0.18 —3.59+0.10 (—3.84 -3.34) 0.99 <0.0001 -497
Pinus taeda branch, top of canopy 1.09 +£ 0.25 —2.52+0.21 (—2.98 -2.07) 0.86 <0.0001 —4.35
Pinus taeda trunk mature 1.27 £ 0.08 —2.85+0.06 (—3.01 -2.70) 0.99 <0.0001 —4.42
Pseudotsuga menziesii sapling 0.94 £0.11 =5.05+0.12 (- 5.304.80) 0.89 <0.0001 =7.16
Pseudotsuga menziesii branch, top of canopy 1.14 £0.22 -5.90+0.17 (- 6.32-5.49) 0.96 <0.0001 —7.66
Pseudotsuga menziesii branch, base of canopy 0.99 £ 0.11 =5.62+0.11 (—5.89 -5.35) 0.99 <0.0001 —7.63
Pseudotsuga menziesii trunk juvenile 0.81 = 0.09 —4.01+£0.14 (—4.35-3.67) 0.98 <0.0001 —6.46
Pseudotsuga menziesii trunk mature 0.90 = 0.09 —2.83+£0.12 (- 3.13 -2.53) 0.99 <0.0001 -5.05
Taxodium distichum branch, base of canopy 1.24 £0.10 —242+0.07 (—2.57-2.27) 0.95 <0.0001 —4.02

PLC was derived from RWL by means of the “conifer-curve 1”” [Eq. 4] presented in Fig. 2a. The parameter “a” corresponds to the slope of the linear part
of the regression and “b” is the Pso, i.e., the pressure that is necessary to result in 50% conductivity loss. Pgg is the pressure that would result in 88%
conductivity loss. Results for a and Ps are given with = standard error, and the 95% confidence interval (C1 95%) is given in brackets. Information on the
sample and dataset numbers is given in Table 1

Fig. 6 Predicted pressure 04
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result in 50% conductivity loss ® J. virginiana, trunk mature
(Pso) from the conifer-curve 1 -2 4 .- /L3 d::-)qdua, b:gnch base

1 —~ . abies, sapling
[Eq. 4.] related to Psq denveq from = ® . abics. branch base
experimental datasets. Detailed % & P aties, thk]uvshils
information on the predicted < 44 ¢ ° ® P. abies, trunk mature
values can be found in Table 5. B © P. ponderosa, branch top
The gray dashed line indicates the o @ P. ponderosa, trunk juvenile
1:1 relationship 8 6 - B P. ponderosa, trunk mature
a8 O P. taeda, branch top
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Fig.7 Transverse sections of Larix decidua branch wood (a) and Picea abies
young trunk wood (b). L. decidua contains compression wood that is com-
mon for conifers on the lower part of branches. Compression wood is char-
acterized by higher density zones in the earlywood. Due to different shrink-
age properties of wood differing in density, the L. decidua branch shows a
concave bending at the compression wood side and a convex bending at the
side of the opposite wood after drying at 103 °C (c, above), whereas it was
straight at full saturation. The young trunk wood sample of a P, abies sapling
remained straight after drying at 103 °C because the amount of late wood was
quite consistent in each annual ring (c, below)
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