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Xylem sap chemistry: seasonal changes in timberline conifers
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Abstract

The seasonal course of xylem sap parameters (electrical conductivity EC, potassium concentration [K'], and pH) of
three conifers (Pinus cembra, Picea abies, and Larix decidua) growing at the alpine timberline was monitored. We also
looked into possible effects of [K'] and pH on the difference in hydraulic conductivity (Aky). In all studied species, EC,
[K'], and pH varied considerably over the year, with pH ranging between 7.3 (February) and 5.8 (June) and [K']
changing between 0.4 (January) and 2.5 mM (June). The Ak was overall low with positive values during winter (up to
+20 %) and negative values in summer (-15 % in August). Samples perfused with alkaline solutions showed higher Aks.
Xylem sap parameters in all conifers under study were surprisingly variable over the year thus indicating either effects
upon seasonal changes in environmental factors or active adjustments, or both. Although Ak, values over the year were

minor, observed induction of Ak, by high pH might indicate a role for hydraulic adjustment in harsh winter periods.

Additional key words: European larch, ionic effect, Norway spruce, pH, potassium, stone pine.

Introduction

In alpine ecosystems, the progressive decrease in
temperature with increasing elevation is the most relevant
environmental factor influencing plant life (Korner 2003).
Besides growth, low temperatures also affect plant
hydraulics by increasing water viscosity (Tyree and
Zimmermann 2002), thus reducing transport velocities
(Sellin and Kupper 2007), which is of relevance under
high transpiration conditions. When temperatures reach
the freezing point, the water supply of plants breaks down
(Sakai and Larcher 1987). At the timberline, ice
formation in the soil and/or the stem base blocks the
water uptake for months (Goldstein et al. 1985, Mayr
2007). Trees, with their upright habitus, are in close
contact with the atmosphere, and only low-stature
individuals are protected by the snow cover (Mayr 2007).
As a consequence, particularly evergreen trees are likely
to lose large amounts of water because of exposure to
strong winds and overheating by high radiation.
According to Tranquillini (1957), trees can lose more
than the 50 % of their water content during winter
months, reaching critically low water potentials (e.g.,
-4 MPa for Picea abies, Mayr et al. 2002). Frost-drought

and freeze-thaw events can also lead to xylem embolism
(Sperry and Sullivan 1992, Mayr et al. 2003a,b, Mayr
and Zublasing 2010). Conifers at the timberline can suffer
up to 100 % loss of conductivity (Mayr and Charra-
Vaskou 2007), but they also can repair embolism in late
winter and spring (Sparks and Black 2000, Sparks et al.
2001, McCulloh er al. 2011, Mayr et al. 2014). The
ability to repair embolised xylem has been documented in
different plant species (e.g., Christman ef al. 2012, Secchi
and Zwieniecki 2012, Mayr et al. 2014) and a number of
mechanisms have been proposed to explain this
phenomenon, including positive root pressure,
osmotically driven flow, and phloem unloading (e.g.,
Nardini et al. 2011a, Brodersen and McElrone 2013, Laur
and Hacke 2014, Earles et al. 2016).

Plants can cope with embolism-induced loss of
hydraulic conductance not only via short-term repair of
embolised xylem (e.g., Salleo et al. 1996) or long-term
production of new xylem conduits, but also via ion-
mediated changes in xylem hydraulic conductance ("ionic
effect"; e.g., Zimmermann 1978, Zwieniecki et al. 2001,
Cochard et al. 2010, Nardini et al. 2011b, Trifilo et al.
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2014). By adjusting the solute composition of the xylem
sap, plants are able to modulate the hydraulic
conductance on both diurnal and seasonal time scales
(Siebrecht et al. 2003, Gascd et al. 2008, Trifilo et al.
2014). In a seasonal survey on Laurus nobilis, Gascod
et al. (2007) demonstrated that the magnitude of the ionic
effect is higher in winter months, concurrent with low
temperatures and high embolism rates (percent loss of
hydraulic conductivity > 65 %). Nardini et al. (2012)
found that Acer species adapted to habitats with high
irradiance and/or low water availability show a more
pronounced ionic effect than congeneric species growing
in shady or humid sites. A study investigating six
different deciduous tree species showed a relation
between changes in xylem sap ion concentrations and the
magnitude of the ionic effect (Aasamaa and Sober 2010).
In saline habitats, both trees (i.e., mangroves, Lopez-
Portillo et al. 2014) and a grass (i.e., Spartina patens,
Casolo et al. 2015) show the ability to optimize the
hydraulic conductance by increasing the salt concen-
tration in xylem sap, as a strategy for coping a restricted
water supply. The underlying processes of the ionic effect
are still contentious (Santiago et al. 2013). Most authors
propose an ion-mediated swelling and shrinking of
pectins (Lee et al. 2012, Zwieniecki et al. 2001) in pit
membranes and/or an electroviscous effect in pit apertures
(Santiago et al. 2013). Recent observations on the chemical
identity of pit membranes apparently challenge the role of
pectins in the ionic effect (Klepsch et al. 2016).

Besides the effects of different ions, also changes in
pH of the xylem sap may play a role in the regulation of
plant hydraulic conductance. In a study on Zea mays,
Bahrun et al. (2002) reported that the xylem pH increases

Materials and methods

Plants: The study was performed on branches collected
from three alpine conifers [Pinus cembra L., Picea abies
(L.) H. Karst., and Larix decidua Mill.] growing at the
timberline (1800 - 2100 m a.s.l.). The study site was
located near  Praxmar, Tyrol (1750 ma.s.l.,
47°14°N/11°13’E), on a south-east exposed slope in the
Tyrolean Central Alps (Austria). Measurements were
performed on 1 m long branches collected at breast height
from the south-east exposed crown of 3 - 4 m tall trees.

Meteorological data (air temperature, soil tempe-
rature, air humidity, and precipitation) were recorded
using a weather station (temperature and humidity sensor
EMS33, precipitation sensor MetOne 370/376, and
datalogger ModulLog 3029 from Environmental
Measuring Systems, Brno, Czech Republic) located near
Praxmar. Measurements were taken at 1 min intervals and
15 min mean values were stored. Meteorological data are
presented in Fig. 1 Suppl.

From January 2015 to December 2015, the study site
was visited monthly and on each sampling date three
branches (from different, randomly selected individuals)
per species were harvested. Before cutting, three end
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significantly while the xylem sap concentration of
different ions (e.g. nitrate, ammonium, phosphate,
potassium) decreases up to 50 % after a drought
treatment. Many other studies documented changes in
xylem pH in transpiring plants (Secchi and Zwieniecki
2012) as well as under drought conditions (Bahrun et al.
2002, Sobeih et al. 2004, Sharp and Davies 2009).

Most of the mentioned studies dealt with
angiosperms, while information on xylem sap compo-
sition of gymnosperms and, in particular, of conifers
growing at the alpine timberline is still lacking.
Timberline conifers are of interest as they grow at the
upper distributional border of respective species and
show pronounced seasonal changes in terms of water
content and xylem hydraulics. Information on possible
variation in xylem sap composition and related
physiological effects thus might be important to
understand the hydraulic strategy of these trees. In this
study, we analyzed the annual course of xylem sap
electrical conductivity (EC), potassium concentration
([K']), and pH, and xylem water content (WC) and water
potential (V) of three dominant alpine conifers (Pinus
cembra, Picea abies and Larix decidua) growing at the
timberline. Further, the presence and magnitude of ionic
effects in the xylem of studied conifers, as well as a
possible influence of pH changes on the xylem hydraulic
conductivity was investigated. We expected changes and
effects to play a role during the “recovery” period in late-
winter/spring (Mayr et al. 2014). During this period,
changes in xylem sap might support refilling and xylem
sap parameters were thus expected to mirror seasonal
changes in hydraulic demands and limitations over the
year.

twigs (about 10 cm) per branch were cut off for water
potential () measurements. Then the branch was cut and
all needles were removed (see Fig. 2 Suppl.). Defoliated
branches were wrapped in black plastic bags and
transported to the laboratory. Every branch was divided
into three parts (Fig. 2 Suppl.) to be used for the
following measurements: the apical part (30 - 40 cm) for
testing ion-mediated changes in hydraulic conductivity
(Aks), the middle part (about 3 cm) for water content
(WC) measurements, and the remaining part (50 - 60 cm)
for sap extraction and related analysis (potassium
concentration [K'], electrical conductivity (EC), and pH.
All measurements were made on the day of sampling.
Only Ak measurements were performed on the following
morning. In addition, entire branches of P. abies, up to
1.5 m in length, were wrapped in plastic bags and
transported to the laboratory for pH experiments.

Water potential and xylem water content: For ¥
determination, end twigs (Fig. 2 Suppl.) were measured
with a Scholander apparatus (model 1000; PMS
Instrument Company, Corvallis, OR, USA). Three end



twigs per branch were measured, and ¥ was averaged per
branch. Branch segments for WC measurements (Fig. 2
Suppl.) were debarked and weighed, both immediately
and after 4 - 5 d of drying in an oven at 80 °C. Masses
were measured with a ME235P-OCE, balance (Sartorius
AG, Gottingen, Germany) and WC was calculated as
[(FM - DM)/DM)] x 100, where FM and DM are fresh
and dry masses, respectively.

Sap analysis: Stem segments (50 - 60 cm) cut off from
the main branches (see Fig. 2 Suppl.) were completely
debarked, washed with distilled water and dried with
paper towels. Branches were debarked to avoid reverse
osmosis from living cells during xylem sap extraction
(Lopez-Portillo et al. 2014). The apical stem section was
sealed in a Scholander apparatus (model 600-EXP Super
Pressure Chamber) and pressure was slowly raised up to
4 MPa. The sap dripping out of the basal cross section
was collected in an Eppendorf vial, sealed to the
protruding part of the branch (to avoid possible
evaporation during the collection). For each sap sample,
[K'], EC, and pH were measured by a [K']-selective
electrode (Cardy Compact lon Meter, Model C-131, a
conductivity meter (7win Cond Conductivity Meter,
Model B-173) and a pH meter (Twin pH Meter, Model
B-212); all from Horiba, Kyoto, Japan.

Ionic effect was tested with a 25 mM KCl-solution on
branches stored overnight in a black plastic bag. KCI was
used as a perfusion fluid because K is the most abundant
cation in the xylem sap and represents about 50 % of the
total inorganic ion concentration (Siebrecht et al. 2003,
Nardini et al. 2007). We used 25 mM KCl as a standard
solution similarly as in other studies (Nardini et al. 2007,
Trifilo et al. 2008, Oddo et al. 2014). The hydraulic
conductivity (k) measured under KCI perfusion was
compared with values recorded under perfusion with a
reference solution [distilled and degassed water, filtered
at 022 pm and containing 0.005 % (v/v) Micropur
(Katadyn Products, Wallisellen, Switzerland) to prevent
microbial growth].

Ion-mediated changes in k, were quantified via a
modified Sperry apparatus (Sperry et al. 1988, Chiu and
Ewers 1993, Vogt 2001, Mayr et al. 2002). Briefly, the
apparatus was based on silicon tubings and two and three-
ways valves, which could be opened to remove air
bubbles and change solutions. A source perfusion bag and
a glass capillary were directly connected to a valve by
silicon tubes and in turn connected to a mini CORI-

Results

In all species, the water potential reached lowest values in
February (-1.5 = 0.1, -2.2 £ 0.4, and -2.3 £ 0.2 MPa in
P. cembra, P. abies and L. decidua, respectively;
Fig. 14). During the vegetation period, ¥ fluctuated due
to changes in transpiration rates. The water content
showed no significant changes over the year (P = 0.740,
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FLOW Mass Flow Meter (Bronkhorst Cori-Tech, Ruurlo,
The Netherlands). A hand pump allowed to pressurize a
sealed bottle containing an infusion bag, connected to the
apparatus and a gauge to check the pressure. This set-up
allowed flushing samples at higher pressures to remove
emboli.

Branches were immersed in water, the bark was
removed and samples were recut several times with a
sharp wood carving knife to gradually release tension
(Wheeler et al. 2013) and obtain segments 4 - 5 cm in
length and 3 - 6 mm in diameter. Samples were connected
to a 5-fold valve (Luer-lock system, neoLab Migge
Laborbedarf-Vertriebs, Heidelberg, Germany) connected
to the hydraulic apparatus. Measurement pressure was set
to 0.004 MPa. All samples were first flushed with the
reference solution (see above) for 10 min at 0.06 MPa,
and flushing was repeated until it yielded no further
change in conductivity. Samples were then perfused with
the KCl-solution for 30 min at 0.004 MPa before
measuring again k. All hydraulic measurements were
conducted at room temperature. Conductivity values were
corrected for water viscosity at 20 °C. Ak, was calculated
as: (1 - kaus/kxcr) x 100, where kg, and kg are the
hydraulic conductivity measured after the flush with the
reference solution and after the perfusion with the KCI-
solution, respectively.

Changes in hydraulic conductivity mediated by pH:
The pH-mediated increase in branch hydraulic
conductivity (Ak;) was tested in October 2015 on fully
hydrated samples by perfusing them with eight different
citrate-phosphate buffer solutions (at pH of 5, 6, 7, and
8). At each pH, 25 mM K" solutions or 25 mM Na"
solutions were used to test the role of different cations in
any possible pH-related hydraulic effect. Four branches
per solution were measured. Samples preparation and Ak
calculation were made following the procedure described
above.

Statistical analysis: All values are given as means =+
standard errors (SEs). Differences were tested using a
one-way analysis of variance followed by a Fischer’s
LSD test post hoc comparison (pH experiment, seasonal
courses) or by the Student’s #-test, after testing for normal
distribution and homoscedasticity. Correlation analysis
was carried out using the Pearson product-moment
correlation and is reported in Table 1 Suppl. All tests
were conducted using SPSS software v. 21.0 (SPSS Inc.,
Chicago, IL) at a probability level of 5 %.

0.795, and 0.222; Fig. 1B). The ¥ was significantly
correlated with [K'] in P. cembra (P = 0.011), while no
significant correlations were found between ¥ and WC.
Xylem sap ionic composition and pH changed
considerably over the year. In all species, pH was
significantly lower (P < 0.001) in summer than in winter
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months (i.e., decreasing from 6.70 £ 0.15 to 5.93 £ 0.14,
from 7.27 £ 0.14 to 6.23 £+ 0.32, and from 6.67 + 0.24 to
5.50 &+ 0.00 from February to June in P. cembra, P. abies
and L. decidua, respectively; Fig. 2C). The [K'] trend
corresponded to the EC trend (Fig. 24,B) resulting in a
significant correlation between these two parameters
(P < 0.001). [K'] and EC significantly increased
(P < 0.001) from January to June. In P. abies and
L. decidua, both EC and [K'] values dropped
significantly (P < 0.001) in July, and returned to higher
values in September-October. Subsequently, values

decreased and in December, similar values to the ones
obtained in the preceding January were recorded. In
contrast, P. cembra showed a nearly linear and significant
(P < 0.001) decrease of [K'] and EC from May to July,
and then, for the rest of the year, values remained around
0.50 mM and 200 ps cm™ for [K'] and EC, respectively.
Although all investigated species showed similar trends,
significant correlations between pH and [K'] were found
only for L. decidua (P = 0.009) and between pH and EC
for P. cembra and L. decidua (P = 0.015 and P < 0.001),
respectively.
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Fig. 1. Seasonal variations of water potential, ¥ (4) and xylem water content, WC (B) of Pinus cembra (dots), Picea abies (squares),
and Larix decidua (triangles) branches collected every month during year 2015. Means + SEs, n = 3.

In all species, Ak; showed an overall similar trend
over the year (Fig. 3). During the first three months, Ak,
values were about +5 - 10 %, and they were around 0 %
from April to July. In August, the negative values
(ca -15 £ 5 %) were observed. For the rest of the year,
Ak, values were only slightly above 0 %, except in
November, when P. cembra and L. decidua showed Ak,
+15 - 20 %. The Ak, values showed no significant

160

correlation with other xylem sap parameters.
Meteorological data are presented on Fig. 1 Suppl.
Significant negative correlations between both Ak
(Fig.3) and pH (Fig. 2C) and the monthly mean
temperature (Fig. 14 Suppl.) were found for P. abies
(P = 0.042 and P = 0.005, respectively). In both
P. cembra and P. abies, pH values were negatively
correlated to monthly mean precipitation (P = 0.001 and



P < 0.001, respectively) (Fig. 1B Suppl.). In L. decidua,
WC was significantly correlated with both temperature
(P =0.005) and precipitation (P < 0.001).

Fully hydrated samples of P. abies showed the highest
Ak values when perfused with buffer solutions at pH 8
(10.7 £ 8.0 and 8.9 + 5.9 % when perfused with Na'- and

XYLEM SAP CHEMISTRY IN CONIFERS

K'-solutions, respectively), but low or even negative
values when perfused with solutions at lower pH
(Na'-solutions at pH 7, -9.2 + 1.6 %; K'-solution at pH 6,
-9.2 £ 4.9 %; Fig. 4). Latter values significantly differed
to the ones obtained at pH 8.

4
A
—@— Pinus cembra
—ll— Picea abies
3t —W— Larix decidua
=
E
= 2t
+
X,
1k
0
700
600
" 500}
5
oy 400F
=
= 300
200
100
O 1 1 1 1 1 1 1 1 1 1 1 1
75F C
70
T 65}
(o}
6.0
55
5ol
3] = © c = 2] @ 7} @ @
s 5882533523823
g 3§ = & B ¢ 8
=2 o © ] )
» =z o

Fig. 2. Seasonal variations of xylem sap potassium concentration, [K'] (4), electrical conductivity, EC (B), and xylem sap pH (C) of
Pinus cembra (dots), Picea abies (squares), and Larix decidua (triangles) branches collected every month during year 2015. Means +

SEs, n= 3.

Discussion

Seasonal courses of analyzed parameters demonstrated
pronounced changes in xylem sap composition and
properties, which were similar in all species. In contrast,
the “ionic effect” was overall small and not related to the

refilling period (e.g., late winter and beginning of spring).
However, induction of the ionic effect by alkaline
solutions might indicate a role in extreme weather during
winter period.
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All investigated parameters ([K'], EC, and pH)
changed significantly during the year. In general, [K']
started to increase at the beginning of the growing period
(ca. April - May) and decreased in the hardening phase
(autumn months) (Fig. 24). Significantly higher [K'] in
xylem sap during the growing season has been reported in
Pyrus communis by Wang et al. 2015), and a significant
increase in [K'] from spring to summer in Ceratonia
siliqua, Phytolacca dioica, and Platanus orientalis by
Trifilo et al. (2008). Low values of [K'] during winter
months might be due to reduced access to soil sources
because of freezing temperatures (Goldstein e al. 1985,
Mayr 2007), while under mild spring temperatures, plants
are able to satisfy the demand of mineral nutrition.
Higher [K'] values during the vegetation period might
help trees to increase whole plant hydraulic conductance
and transpiration, as reported Oddo et al. (2011) in a
short-term potassium fertilization experiment with
Laurus. nobilis. The [K'] is also important for regulation

of stomatal aperture optimizing the water-use efficiency
(Egilla et al. 2005). In the present study, the seasonal
increase in [K'] was not related to low WC and thus not
due to passive changes of concentrations, as WC values
were rather constant over the year (Fig. 1B). In
P. cembra, [K'] and ¥ values were even positively
related and showed the highest [K'] and most moderate ¥
in May (Figs. 14 and 44). Around July, both [K'] and EC
values decreased significantly in all three species under
study. At this time of the year, conifers at the timberline
have their maximum rates of evapotranspiration, and
potassium represents the major osmotically active cation
taken up by guard cells to open stomata (Andrés et al.
2014, Anschiitz et al. 2014). Overall, [K'] and EC values
recorded in the three conifer species under study were
much lower than those reported for angiosperms (e.g.,
Bahrun et al. 2002, Goodger et al. 2005, Trifilo et al.
2008, 2014, Aasamaa and Sober 2010).
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Fig. 3 Seasonal variation of ion-mediated changes in hydraulic conductivity, Ak, of Pinus cembra (dots), Picea abies (squares), and
Larix decidua (triangles) branches collected every month during year 2015. Means + SEs, n = 3.

Xylem sap pH values were within the range reported
in other studies (4.5 - 7.4, Teskey et al. 2008). Summer
pH values were similar to those obtained by Sharp and
Davies (2009) in Abies koreana (pH 5.85 in well-watered
plants) and by Carter and Larsen (1965) in Pinus taeda
(pH 5.6). All studied species showed similar changes in
sap pH over the year (Fig. 2C). Xylem sap tended to
become more acidic during spring (from February to June
- July) and reached almost neutral values at the end of the
second half of the year. A similar trend has been reported
by Sauter (1988) and Fromard et al. (1995). An increase
in xylem sap pH, in combination with increased abscisic
acid concentrations, plays a role as a signal for limiting
water loss via stomatal closure (Lambers et al. 2008).
Therefore, higher pH from the end of autumn until the
end of winter might help trees to maintain reduced
stomatal conductance. In contrast, the acidification of the
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xylem sap in spring might be based on a combination of
increased soil activities, leading to enhanced soil CO,
production, and an increase in [K']. Indeed, pH changes
might be a footprint of increasing [K'], as H' ions linked
to the tori’s pectic matrix of pit connections may be
released into the xylem sap by a substitution for K', as
hypothesized by Gascd et al. (2008). Accordingly,
L. decidua showed a significant negative correlation
between pH and [K'], and L. decidua and P. cembra
showed similar correlations between pH and EC. In a
recent study, Secchi and Zwieniecki (2016) reported
progressive acidification of xylem sap in poplar plants
subjected to drought stress and suffering xylem
embolism. Xylem sap acidification was coupled to
transport of soluble sugars into xylem conduits, possibly
contributing to the generation of the osmotic forces that
have been postulated to be involved in the mechanisms of



embolism repair by ‘novel refilling’ (Nardini et al.
2011a). Secchi and Zwieniecki (2016) thus suggested that
xylem sap acidification under drought might ‘prime’ the
xylem for refilling, favouring the process of embolism
repair once plants rehydrate and xylem tension is

XYLEM SAP CHEMISTRY IN CONIFERS

released. Conifers at the timberline have been reported to
reverse Xylem embolism at the end of winter and spring
(Mayr et al. 2014). 1t is thus likely that the drop in xylem
sap pH during this period, as recorded in the present
study, plays a role in xylem refilling.

20
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Fig. 4. Effect of pH on hydraulic conductivity (Aks) of Picea abies branches obtained by perfusion with different pH citrate-
phosphate buffer solutions containing either 25 mM of NaCl (white triangles) or 25 mM of KCl (black triangles). Means + SEs,
n = 4; different letters indicate significant differences (P < 0.05) between means. Letters in brackets refer to KCI perfusions.

Despite significant changes in xylem sap composition
and in contrast to our hypothesis, ionic effects were
overall minor and no significant seasonal trends were
observed (Fig. 3). We found small positive as well as
small negative Ak values similarly as reported by
Cochard et al. (2010) on five angiosperms and two
conifers. We can offer two explanations for this lack of
clear ionic effects. First, the potential influence of ions on
the xylem hydraulic conductivity might differ between
angiosperms and conifers due to the special conifer pit
architecture (with margo and torus fulfilling the demands
of hydraulic safety and efficiency). Pectin swelling might
affect pores in angiosperm pit membranes but not the
large margo pores in conifers. In this case, the relevance
of the ionic effect would be generally low in conifers.
Second, the present study was performed in a rather mild
winter and possible frost-related ionic effects were thus
not fully visible.

In P. abies Ak, values increased when samples were
perfused with both K'- and Na'-buffer solutions at pH 8
(Fig. 4). This effect was obviously independent of the
solution used to adjust pH and in contrast to results

References

Aasamaa, K., Sober, A.: Sensitivity of stem and periole
hydraulic conductance of deciduous trees to xylem sap ion
concentration. - Biol. Plant. 54: 299-307, 2010.

Andrés, Z., Pérez-Hormaeche, J., Leidi, E.O., Schliicking, K.,
Steinhorst, L., McLachlan, D.H., Schumaker, K.,
Hetherington, A.M., Kudla, J., Cubero, B., Pardo, J.M.:
Control of vacuolar dynamics and regulation of stomatal
aperture by tonoplast potassium uptake. - Proc. nat. Acad.

reported by Zwieniecki ef al. (2001), who found no effect
using solutions with pH between 5.8 - 8. The winter
during the present study was rather mild and ¥ moderate
so that changes in pH and consecutive effects on Ak
were not pronounced. Though the observed response to
more alkaline solutions might be hydraulically relevant in
the pre-growth period after winters with intense frost
drought and freezing stress at the alpine timberline, when
trees reach critically low ¥ (Mayr ef al. 2002). P. abies
thereby was found to reach lower ¥ than other species
(Mayr et al. 2003b, Mayr 2007) and accordingly, xylem
sap pH of these species was more alkaline and peaked in
March (7.4 + 0.18; Fig. 20).

Our data show marked changes in xylem sap
chemistry ([K'], EC and pH) over the course of the year,
and significant effects of pH on xylem hydraulics.
However, further studies extending over several years
and with a particular focus on the critical times
highlighted by this study are required to elucidate the
possible functional roles of changes in xylem sap
chemistry and the importance of these phenomena for
conifers.

Sci. USA 111: E1806-E1814, 2014.

Anschiitz, U., Becker, D., Shabala, S.: Going beyond nutrition:
regulation of potassium homoecostasis as a common
denominator of plant adaptive responses to environment. - J.
Plant Physiol. 171: 670-687, 2014.

Bahrun, A., Jensen, C.R., Asch, F., Mogensen, V.O.: Drought-
induced changes in xylem pH, ionic composition, and ABA
concentration act as early signals in field-grown maize (Zea

163



A.LOSSO et al.

mays L.). - J. exp. Bot. 53: 251-263, 2002.

Brodersen, C.R., McElrone, A.J.: Maintenance of xylem
network transport capacity: a review of embolism repair in
vascular plants. - Front. Plant Sci. 4: 108, 2013.

Carter, M.C., Larsen, H.S.: Soil nutrients and loblolly pine
xylem sap composition. - Forest. Sci. 11: 216-220, 1965.
Casolo, V., Tomasella, M., De Col, V., Braidot, E., Savi, T.,
Nardini, A.: Water relations of an invasive halophyte
(Spartina patens): osmoregulation and ionic effects on

xylem hydraulics. - Funct. Plant Biol. 42: 264-273, 2015.

Chiu, S.-T., Ewers, F.W.: The effect of segment length on
conductance measurements in Lonicera fragrantissima. - J.
exp. Bot. 44: 175-181, 1993.

Christman, M.A., Sperry, J.S., Smith, D.D.: Rare pits, large
vessels and extreme vulnerability to cavitation in a ring-
porous tree species. - New Phytol. 193: 713-720, 2012.

Cochard, H., Herbette, S., Hernandez, E., Holttd, T.,
Mencuccini, M.: The effects of sap ionic composition on
xylem vulnerability to cavitation. - J. exp. Bot. 61: 275-285,
2010.

Earles, J.M., Sperling, O., Silva, L.C.R., McElrone, A.J,
Brodersen, C.R., North, M.P., Zwieniecki, M.A.: Bark
water uptake promotes localized hydraulic recovery in
coastal redwood crown. - Plant Cell Environ. 39: 320-328,
2016.

Egilla, J.N., Davies, F.T., Boutton, T.W.: Drought stress
influences leaf water content, photosynthesis, and water-use
efficiency of Hibiscus rosa-sinensis at three potassium
concentrations. - Photosynthetica 43: 135-140, 2005.

Fromard, L., Babin, V., Fleurat-Lessard, P., Fromont, J.C.,
Serrano, R., Bonnemain, J.L.: Control of vascular sap pH by
the vessel-associated cells in woody species. - Plant Physiol.
108: 913-918, 1995.

Gasco, A., Gortan, E., Salleo, S., Nardini, A.: Changes of pH of
solutions during perfusion through stem segments: Further
evidence for hydrogel regulation of xylem hydraulic
properties? - Biol. Plant. 52: 502-506, 2008.

Gasco, A., Salleo, S., Gortan, E., Nardini, A.: Seasonal changes
in the ion-mediated increase of xylem hydraulic
conductivity in stems of three evergreens: any functional
role? - Physiol. Plant. 129: 597-606, 2007.

Goldstein, G., Brubaker, L., Hinckley, T.: Water relations of
white spruce (Picea glauca (Moench) Voss) at tree line in
north central Alaska. - Can. J. Forest. Res. 15: 1080-1087,
1985.

Goodger, J.Q.D., Sharp, R.E., Marsh, E.L., Schachtman, D.P.:
Relationships between xylem sap constituents and leaf
conductance of well-watered and water-stressed maize
across three xylem sap sampling techniques. - J. exp. Bot.
56: 2389-2400, 2005.

Klepsch, M.M., Schmitt, M., Knox, J.P., Jansen, S.: The
chemical identity of intervessel pit membranes in Acer
challenges hydrogel control of xylem hydraulic
conductivity. - AoB Plants 8: plw052, 2016.

Korner, C.: Alpine Plant Life. - Springer, Berlin - Heidelberg
2003.

Lambers, H., Chapin, F.S.I., Pons, T.L.: Plant Physiological
Ecology. - Springer, New York 2008.

Laur, J., Hacke, U.G.: Exploring Picea glauca aquaporins in the
context of needle water uptake and xylem refilling. - New
Phytol. 203: 388-400, 2014.

Lee, J., Holbrook, N.M., Zwieniecki, M.A.: Ion induced
changes in the structure of bordered pit membranes. - Front.
Plant Sci. 3: 55, 2012.

Lépez-Portillo, J., Ewers, F.W., Méndez-Alonzo, R., Lopez,

164

C.L.P., Angeles, G., Jiménez, A.L.A., Lara-Dominguez,
A.L., Barrera, M.C.T.: Dynamic control of osmolality and
ionic composition of the xylem sap in two mangrove
species. - Amer. J. Bot. 101: 1013-1022, 2014.

Mayr, S.: Limits in water relations. - In: Wieser, G., Tausz, M.
(ed): Trees at Their Upper Limit. Treelife Limitation at the
Alpine Timberline. Pp. 145-162. Springer, Berlin -
Heidelberg 2007.

Mayr, S., Charra-Vaskou, K.: Winter at the alpine timberline
causes complex within-tree patterns of water potential and
embolism in Picea abies. - Physiol. Plant. 131: 131-139,
2007.

Mayr, S., Gruber, A., Bauer, H.: Repeated freeze-thaw cycles
induce embolism in drought stressed conifers (Norway
spruce, stone pine). - Planta 217: 436-441, 2003a.

Mayr, S., Schmid, P., Laur, J., Rosner, S., Charra-Vaskou, K.,
Damon, B., Hacke, U.G..: Uptake of water via branches
helps timberline conifers refill embolized xylem in late
winter. - Plant Physiol. 164: 1731-1740, 2014.

Mayr, S., Schwienbacher, F., Bauer, H.: Winter at the alpine
timberline. Why does embolism occur in Norway spruce but
not in stone pine? - Plant Physiol. 131: 780-792, 2003b.

Mayr, S., Wolfschwenger, M., Bauer, H.: Winter-drought
induced embolism in Norway spruce (Picea abies) at the
Alpine timberline. - Physiol. Plant. 115: 74-80, 2002.

Mayr, S., Zublasing, V.: Ultrasonic emissions from conifer
xylem exposed to repeated freezing. - J. Plant Physiol. 167:
34-40, 2010.

McCulloh, K.A., Johnson, D.M., Meinzer, F.C., Lachenbruch,
B.: An annual pattern of native embolism in upper branches
of four tall conifer species. - Amer. J. Bot. 98: 1007-1015,
2011.

Nardini, A., Dimasi, F., Klepsch, M., Jansen, S.: lon-mediated
enhancement of xylem hydraulic conductivity in four Acer
species: relationships with ecological and anatomical
features. - Tree Physiol. 32: 1434-1441, 2012.

Nardini, A., Gasco, A., Trifilo, P., Lo Gullo, M.A., Salleo, S.:
Ion-mediated enhancement of xylem hydraulic conductivity
is not always suppressed by the presence of Ca”" in the sap.
- J. exp. Bot. 58: 2609-15, 2007.

Nardini, A., Lo Gullo, M.A., Salleo, S.: Refilling embolized
xylem conduits: is it a matter of phloem unloading? - Plant
Sci. 180: 604-611, 2011a.

Nardini, A., Salleo, S., Jansen, S.: More than just a vulnerable
pipeline: xylem physiology in the light of ion-mediated
regulation of plant water transport. - J. exp. Bot. 62: 4701-
4718, 2011b.

Oddo, E., Inzerillo, S., La Bella, F., Grisafi, F., Salleo, S.,
Nardini, A.: Short-term effects of potassium fertilization on
the hydraulic conductance of Laurus nobilis L. - Tree
Physiol. 31: 131-138, 2011.

Oddo, E., Inzerillo, S., Grisafi, F., Sajeva, M., Salleo, S.,
Nardini, A.: Does short-term potassium fertilization
improve recovery from drought stress in laurel? - Tree
Physiol. 34: 906-913, 2014.

Sakai, A., Larcher, W.: Frost survival of plants: responses and
adaptations of freezing stress. - Springer-Verlag, Berlin -
Heidelberg 1987.

Salleo, S., Lo Gullo, M.A., De Paoli, D., Zippo, M.: Xylem
recovery from cavitation-induced embolism in young plants
of Laurus nobilis a possible mechanism. - New Phytol. 132:
47-56, 1996.

Santiago, M., Pagay, V., Stroock, A.D.: Impact of
electroviscosity on the hydraulic conductance of the
bordered pit membrane: a theoretical investigation. - Plant



Physiol. 163: 999-1011, 2013.

Sauter, J.J.: Seasonal changes in the efflux of sugars from
parenchyma cells into the apoplast in poplar stems (Populus
x canadensis “robusta”). - Trees 2: 242-249, 1988.

Secchi, F., Zwieniecki, M.A.: Analysis of xylem sap from
functional (nonembolized) and nonfunctional (embolized)
vessels of Populus nigra: chemistry of refilling. - Plant
Physiol. 160: 955-964, 2012.

Secchi, F., Zwieniecki, M.A.: Accumulation of sugars in the
xylem apoplast observed under water stress conditions is
controlled by xylem pH. - Plant Cell Environ. 39: 2350-
2360, 2016.

Sellin, A., Kupper, P.: Temperature, light and leaf hydraulic
conductance of little-leaf linden (7ilia cordata) in a mixed
forest canopy. — Tree Physiol. 27: 679-688, 2007.

Sharp, R.G., Davies, W.J.: Variability among species in the
apoplastic pH signalling response to drying soils. - J. exp.
Bot. 60: 4363-4370, 2009.

Siebrecht, S., Herdel, K., Schurr, U., Tischner, R.: Nutrient
translocation in the xylem of poplar - diurnal variations and
spatial distribution along the shoot axis. - Planta 217: 783-
793, 2003.

Sobeih, W.Y., Dodd, I.C., Bacon, M.A., Grierson, D., Davies,
WJ.:  Long-distance  signals regulating  stomatal
conductance and leaf growth in tomato (Lycopersicon
esculentum) plants subjected to partial root-zone drying. - J.
exp. Bot. 55: 2353-2363, 2004.

Sparks, J.P., Black, R.A.: Winter hydraulic conductivity end
xylem cavitation in coniferous trees from upper and lower
treeline. - Arct. Antarct. Alp. Res. 32: 397-403, 2000.

Sparks, J.P., Campbell, G.S., Black, A.R.: Water content,
hydraulic conductivity, and ice formation in winter stems of
Pinus contorta: A TDR case study. - Oecologia 127: 468-
475,2001.

Sperry, J.S., Donnelly, J.R., Tyree, M.T.: A method for
measuring hydraulic conductivity and embolism in xylem. -
Plant Cell Environ. 11: 35-40, 1988.

Sperry, J.S., Sullivan, J.E.M.: Xylem embolism in response to
freeze-thaw cycles and water stress in ring-porous, diffuse-

XYLEM SAP CHEMISTRY IN CONIFERS

porous, and conifer species. - Plant Physiol. 100: 605-613,
1992.

Teskey, R.O., Saveyn, A., Steppe, K., McGuire, M.A.: Origin,
fate and significance of CO, in tree stems. - New Phytol.
177: 17-32, 2008.

Tranquillini, W.: [Climate, water balance and CO,-gas
exchange of young pine trees (Pinus cembra L.) at the
alpine forest border]. - Planta 49: 612-661, 1957.[In
German]

Trifilo, P., Barbera, P.M., Raimondo, F., Nardini, A., Lo Gullo,
M.A.: Coping with drought-induced xylem cavitation:
Coordination of embolism repair and ionic effects in three
Mediterranean evergreens. - Tree Physiol. 34: 109-122,
2014.

Trifilo, P., Lo Gullo, M.A., Salleo, S., Callea, K., Nardini, A.:
Xylem embolism alleviated by ion-mediated increase in
hydraulic conductivity of functional xylem: insights from
field measurements. - Tree Physiol. 28: 1505-1512, 2008.

Tyree, M.T., Zimmermann, M.H.: Plant structures: xylem
structure and the ascent of sap. - Springer, Berlin 2002.

Vogt, U.K.: Hydraulic vulnerability, vessel refilling, and
seasonal courses of stem water potential of Sorbus
aucuparia L. and Sambucus nigra L. - J. exp. Bot. 52: 1527-
1536, 2001.

Wang, X., Geng, S., Ma, Y., Shi, D., Yang, C., Wang, H.:
Growth, photosynthesis, solute accumulation, and ion
balance of tomato plant under sodium- or potassium-salt
stress and alkali stress. - Agron. J. 107: 651-661, 2015.

Wheeler, J.K., Huggett, B.A., Tofte, A.N., Rockwell, F.E.,
Holbrook, N.M.: Cutting xylem under tension or
supersaturated with gas can generate PLC and the
appearance of rapid recovery from embolism. - Plant. Cell
Environ. 36: 1938-1949, 2013.

Zimmermann, M.H.: Hydraulic architecture of some diffuse-
porous trees. - Can. J. Bot. 56: 2286-2295, 1978.

Zwieniecki, M.A., Melcher, P.J., Holbrook, N.M.: Hydrogel
control of xylem hydraulic resistance in plants. - Science
291: 1059-1062, 2001.

165




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




