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Boreal trees experience repeated freeze—thaw cycles annually. While freezing has been extensively studied in trees, the dynamic
responses occurring during the freezing and thawing remain poorly understood. At freezing and thawing, rapid changes take
place in the water relations of living cells in needles and in stem. While freezing is mostly limited to extracellular spaces, living
cells dehydrate, shrink and their osmotic concentration increases. We studied how the freezing—thawing dynamics reflected on
leaf gas exchange, chlorophyll fluorescence and xylem and living bark diameter changes of Scots pine (Pinus sylvestris L.) sap-
lings in controlled experiments. Photosynthetic rate quickly declined following ice nucleation and extracellular freezing in xylem
and needles, almost parallel to a rapid shrinking of xylem diameter, while that of living bark followed with a slightly longer delay.
While xylem and living bark diameters responded well to decreasing temperature and water potential of ice, the relationship was
less consistent in the case of increasing temperature. Xylem showed strong temporal swelling at thawing suggesting water move-
ment from bark. After thawing xylem diameter recovered to a pre-freezing level but living bark remained shrunk. We found that
freezing affected photosynthesis at multiple levels. The distinct dynamics of photosynthetic rate and stomatal conductance
reveals that the decreased photosynthetic rate reflects impaired dark reactions rather than stomatal closure. Freezing also inhib-
ited the capacity of the light reactions to dissipate excess energy as heat, via non-photochemical quenching, whereas photo-
chemical quenching of excitation energy decreased gradually with temperature in agreement with the gas exchange data.

Keywords: extracellular freezing, living cells, phloem, stomatal conductance, water potential, xylem.

Introduction
occurs and freezing begins based on detecting the exothermic

The ability of plants to photosynthesize is restricted by low tem-
peratures in winter. This has been studied both in field (Schaberg
et al. 1995, Schwarz et al. 1997, Strand et al. 2002) and in
controlled freezing experiments (Strand and Oquist 1985,
Gaumont-Guay et al. 2003). Most tree species are able to avoid
ice nucleation to some extent by supercooling (Wisniewski et al.
2014) to a few degrees below O °C (Burke et al. 1976). Tem-
perature measurements in trees have been widely applied to
detect the timing and the temperature at which ice nucleation

reaction (Weiser 1970, Burke et al. 1976, Pramsohler et al.
2012). In the exothermic reaction, thermal energy is released
due to the phase change of water into ice that can be seen as
an increase in temperature, e.g., in temperature measurements
inside the stem. In contrast, the thawing moment can be identi-
fied based on absorption of energy by water in the endothermic
reaction (Silk et al. 1986).

Water relations in trees are profoundly affected by freezing.
Many tree species apply an extracellular freezing strategy (Burke
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etal. 1976) in which extracellular water freezes while lethal intra-
cellular freezing is avoided due to an increase in osmotic concen-
tration of cell sap. Ice has very low water potential and therefore
extracellular freezing creates initially a steep water potential gradi-
ent between extracellular ice and cell sap. Water potential of ice
decreases 1.2 MPa per 1 °C decrease in temperature (Rajashekar
and Burke 1982). Because water always moves towards lower
water potential through a semipermeable membrane, living cells
experience a net loss of water to the extracellular ice, and dehy-
drate. Osmotic concentration increases and the volume of living
cells decreases with decreasing water content.

Diameter change measurements of the xylem (Irvine and
Grace 1997) and living bark constituted of phloem and vascular
cambium (Mencuccini et al. 2013) have been used to study
changes in the water content of these tissues (Sevanto et al.
2011). Freezing of stem has also been shown to cause revers-
ible shrinkage of xylem and living bark. In the case of living bark
this has been interpreted as dehydration and shrinking of living
cells (Zweifel and Hasler 2000, Ameglio et al. 2001). Changes
in the negative hydrostatic pressure of the xylem and in the pos-
itive turgor pressure of the living bark may also be derived from
the diameter change measurements provided that the pressure—
volume relations of the tissues are known (De Schepper and
Steppe 2010). A linear relationship between these two, based on
Hooke's law, has been applied to both the xylem (Irvine and
Grace 1997) and the living bark (Mencuccini et al. 2013). How-
ever, elasticity of living cells can change as a function of their
water content (De Schepper and Steppe 2010), complicating
the interpretation of the diameter change measurements.

Previous studies have shown that tree water status has large
influence on leaf transpiration and photosynthesis during the
growing season (Nobel 2009). In evergreen needles, mesophyll
cells experience similar freezing-associated water stress as the
living cells of stem, which is seen as mesophyll cell shrinkage
(Roden et al. 2009). Stem and needles are hydraulically con-
nected through xylem and therefore an ice front and water
potential can propagate rapidly within the plant (Pramsohler
et al. 2012), although on a study on Pinus radiata (D.Don) only
little water exchange was observed inside and outside of needle
endodermis (Roden et al. 2009).

Several factors related to water stress may contribute to
depression of photosynthesis during freezing in addition to the
direct effect of temperature. Depression may result from
decreased stomatal conductance with lowering water potential.
The depression may also occur due to non-stomatal reasons such
as biochemical limitations in the Calvin—Benson cycle (Strand and
Oquist 1985), decrease in the diffusion rate of carbon dioxide
(CO,) into mesophyll cells due to formation of ice into extracel-
lular spaces (Larcher 1994, Neuner and Pramsohler 2006) and
changes in mesophyll conductance of CO,.

Previous studies on leaf gas exchange have found evidence
for the biochemical limitation to photosynthesis at freezing.

Intracellular CO, concentration (c;) of foliage has been found to
increase following freezing, suggesting that changes in ¢, are
dominated by decreasing CO, consumption by the photosyn-
thetic Calvin—-Benson reactions and not so much by decreasing
the CO, input via the stomata, i.e., stomatal closure (Strand and
Oquist 1985, Strand et al. 2002, Gaumont-Guay et al. 2003).
The rise in ¢; has been suggested to occur due to decreased
activity and regeneration capacity of ribulose-1,5-bisphosphate
(Strand and Oquist 1985) in the Calvin—Benson cycle.

Although it is well-known that photosynthesis is restricted by
low temperatures, photosynthetic rate has not been studied with
continuous and high time-resolution leaf gas exchange measure-
ments throughout the process of freezing and thawing in con-
trolled experiments. It is also not well understood how the rapid
and profound changes in water potential that take place in meso-
phyll cells during freezing and thawing affect photosynthesis.
Our aim was to characterize the dynamics of the freezing- and
thawing-related changes in leaf gas exchange, chlorophyll fluo-
rescence and stem diameter. This was achieved by measuring
leaf gas exchange and pulse-amplitude modulated (PAM) chlo-
rophyll fluorescence in parallel with stem diameter changes dur-
ing a controlled freeze-thaw cycle. To assess how the profound
changes in water potential due to freezing and thawing in trees
affect photosynthesis, we first studied how freezing and thawing
affect living cells in the stem. Following the earlier studies
(Zweifel and Hasler 2000, Ameglio et al. 2001) stem diameter
dynamics were used as a proxy for water potential changes and
they were analysed to assess to what extent they can be
explained with the theory of extracellular freezing and dehydra-
tion of living cells. Because both the living cells in the inner bark
and the mesophyll cells in the leaves experience similar changes
in water potential during freezing and thawing, we assumed that
mesophyll cells would show approximately similar dynamics in
water status as living cells in the inner bark. The changes in
water potential can be expected to be similar because water
potential of extracellular ice is very low and depends on tem-
perature that is approximately the same in both the stem and the
leaves and because water always moves towards a lower water
potential through a semipermeable membrane until water poten-
tial of cell sap reaches equilibrium with ice. However, the time
lags and amplitudes between these two tissues could vary due
to the possibly different membrane permeabilities to water, dif-
ferent elastic properties of the cells and different osmotic con-
centrations before freezing.

Materials and methods

Experimental setup

The effect of the freeze-thaw cycle was studied in Scots pine
(Pinus sylvestris L.) seedlings in eight identical experiments. The
seedlings originated from three different geographical sources:
Heinola (61°09’N 26°10°E), Lieksa (63°17’N 30°44’E) and
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Suomenniemi (61°20’N 27°05’E). The seedlings from each ori-
gin were 4-year-old crafted clones. The seedlings were overwin-
tered in large pots outdoors at Viikki campus of Helsinki
University.

The experiments were done between 4 April and 22 April in
2009, when the seedlings were undergoing spring recovery of
photosynthetic capacity. In March, temperature fluctuated
between —15 and 6 °C and the weather was mostly sunny. From
30 March, the mean daily temperature stayed continuously above
0 °C. The mostly clear sky weather continued also in April while
the temperature was higher, fluctuating between —2 and 12 °C.

Before the start of each experiment, seedlings were placed in
a growth chamber (+5 °C, 200 umol m=? s~', 9/15 h light/dark
period) for 2 days. After this, the seedlings were transferred to
an environmental test chamber (WK11—340/40, Weiss
Umwelttechnik, Vienna, Austria) with adjustable temperature,
where measurement instrumentation was set up. The environ-
mental test chamber was fitted with four LED lights (Ledino,
Philips Electronics N.V,, PR.C.) with light intensity of fairly low
200 pmol m? s~' to avoid photo oxidative damage. Light inten-
sity was verified with a PAR Sensor (Li-190 Quantum sensor,
LI-COR Inc., Lincoln NE, USA).

Each experiment consisted of three phase programs; (i) over-
night stabilization period in the environmental test chamber; (ii)
freeze—thaw cycle; and (iii) 14-h recovery period (Figure 1).
Hereafter ‘cooling phase’ refers to the first half of the freeze—
thaw cycle where temperature decreased and ‘warming phase’
refers to the second half when temperature increased. One full
experiment took ~35 h from the instalment in the environmental
test chamber until the end of the recovery phase.

During the overnight stabilization period the seedlings were
kept in the dark at +5 °C. After the overnight stabilization period,

the freeze—thaw cycle was started in the morning 2 h after the
lights were switched on. After the onset of the freeze—thaw
cycle, temperature was decreased at a rate of 4 °Ch=' until
—8 °C where temperature was kept steady for 1 h. After that,
temperature was increased by 4 °C h=" until it reached again
+5 °C. The seedlings remained in the chamber at +5 °C with
lights on for the recovery period of 14 h.

Temperature measurements

Needle, xylem and soil temperature was followed with thermo-
couples (Copper-constantine, T-type). The needle thermocouple
was placed between a pair of needles. The xylem thermocouple
was placed into a tiny hole ~8 mm deep inside the stem made
with an injection needle ~7 cm below diameter change sensors
(see below). Temperature inside the environmental test chamber
and inside the gas exchange system cuvette (see below) was
also measured with radiation-shielded thermocouples.

Diameter change measurements

Stem diameter changes were measured with two pen-like linear
variable displacement transducers (LVDT; model AX/5.0/S,
Solartron, West Sussex, UK). One sensor head was placed
directly on xylem after bark had been removed from a small
cross-sectional area surrounding the LVDT head. Another sensor
was placed on the living bark after the dead outer bark had been
removed from a small cross-sectional area surrounding the LVDT
head. The living bark refers to the layer of phloem and vascular
cambium, although relative diameter change from vascular cam-
bium is insignificantly small due to its small cross section. The
measurements were conducted before the active growth started
so that there was no newly formed xylem and phloem tissue.
Diameter change of the living bark was calculated by subtracting
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Figure 1. Example of conditions inside the environmental test chamber during an experiment. Air temperature (black line) and CO, assimilation (A,
grey line) were measured by a GFS-3000 measuring head inside the environmental test chamber. Total photosynthetic photon flux density (PPFD) was
200 pmol m? s71, except for a dark period during the stabilization phase when PPFD was zero (grey area).
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the diameter change measured on xylem from the diameter
change measured on the living bark. The LDTV sensors were
installed ~10 cm above the base of the seedling’s stem (diam-
eter ~1.5 cm). The sensors were fixed on the stem by attaching
the sensors first on a brass bar that was fixed on the stem with
aluminium frames attached to both ends of the bar, enclosing
both the bar and the stem inside opposite sides of the frames.
Data from the thermocouples and LVDT were stored with a dat-
alogger. Measuring interval was 10 s during the freeze—thaw
cycle and 60 s during the rest of the experiments.

Gas exchange and chlorophyll fluorescence
measurements

A photosynthetic gas exchange measuring system coupled to a
standard cuvette (Walz GFS-3000, Heinz Walz GmbH, Effeltrich,
Germany) was used to measure continuously CO, and H,O
exchange from which assimilation (A), transpiration (E), stoma-
tal conductance (gs) and intracellular CO, concentration (c))
from needles were estimated in addition to measurement of
cuvette CO, concentration (c,) during the experiments. Four
needle pairs were placed into the cuvette. Cuvette temperature
was set to follow the conditions inside the environmental test
chamber and cuvette light intensity was set to 200 umol m=2 s='.
Air for the gas exchange system was taken from outdoors and
was completely dried during the freeze—thaw treatment to avoid
condensation of water inside the measurement system during
the experiment at low temperatures. Outdoor ambient CO, con-
centration was used and it varied between 353 and 518 ppm.
Before the start of the freeze-thaw cycle, the relative humidity
inside the cuvette was 10-13% and during the freeze—thaw
cycle it was below 3%. The measuring frequency was 1 s, and
data were stored as 5-s averages every 20 s.

The maximum quantum yield of PSII (F,/F,,) was measured in
the seedlings in the field to ascertain the background level of
photosynthetic down-regulation prior to the experiments. We
estimated the maximum quantum yield of PSII in needles dark-
acclimated for 2 h with a portable fluorometer (FMS-2, Hansat-
ech Ltd, Norfolk, UK) using the saturating light pulse technique
to calculate the fluorescence parameter F,/F, (Maxwell and
Johnson 2000), where variable fluorescence F,, is the difference
between maximal fluorescence Fy (obtained during the saturat-
ing pulse), and minimal fluorescence F, (obtained after dark
acclimation in the dark).

Fluorescence measurements were also carried out during the
experiments to follow the dynamics of fluorescence at time ¢
(Fy), the operating quantum yield of PSII (®P), as well as the
non-photochemical (NPQ) and photochemical (PQ) quenching
parameters in the needles in response to the freeze—thaw cycle
(Maxwell and Johnson 2000, Porcar-Castell et al. 2014). Mea-
surements were conducted with a monitoring PAM fluorometer
(Heinz Walz GmbH) (Porcar-Castell et al. 2008b). The purpose
of this measurement was to assess the effects of freezing on

photosynthesis with an independent measurement carried out in
a different set of needles, and to examine the response of the
light reactions to the freeze—thaw cycle. Statistical analysis was
conducted with Wilcoxon signed rank test.

Results

Freeze—thaw dynamics

Ice nucleation occurred in needles on average at —4.3 °C (stan-
dard deviation (SD) =0.26) and in xylem at —3.9 °C
(SD =0.25), indicated by an exothermic reaction and a rapid
increase in temperature (see Figure 2). The rapid increase in
temperature is characteristic for freezing of supercooled liquid.
The difference in ice nucleation temperature was statistically sig-
nificant (P < 0.05). Water potential of ice equivalent to the ice
nucleation temperature is —5.2 MPa for needles and —4.7 MPa
for xylem. However, due to the sudden rise, temperature in
xylem soon reached —1.0 °C, that is only —1.2 MPa in terms of
water potential of ice. The rise in temperature during the exo-
therm could not be reliably determined in the case of needles
due to low tissue mass. In contrast, cooling rate was lower for
xylem due to higher mass of tissue. Temperature of sail
remained above zero throughout the experiments. We also
observed that the rate of temperature decrease temporarily
slowed down during an ‘exotherm event’ that followed approxi-
mately half an hour after ice nucleation (see Figure 2). Thawing
began in xylem when temperature reached on average —0.04 °C
(SD=0.22).

Dynamics of xylem and living bark diameter

Both stem and living bark diameters reacted rapidly to ice nucle-
ation during the cooling phase of the freeze-thaw cycle
(Figure 3a (point 1) and b). Living bark diameter reacted always
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Figure 2. An example of temperature and interpretation of its dynamics
in various parts of seedling during an experiment.
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Figure 3. Dynamics of temperature and gas exchange parameters in needles and diameter changes of xylem and living bark during the freeze-thaw
cycle. Gas exchange parameters CO, assimilation (c), intracellular CO, concentration (c;) divided by ambient CO, concentration (c,) (d), transpiration
(e) and stomatal conductance (f) are running averages of 31 points within an interval of 10 min and 18 s. N for the parameters was between 5 and
7. Vertical dashed line refers to the moment of ice nucleation in xylem. Horizontal dashed line refers to the zero (c) or to the ‘1.0’ value of the left
y-axis (d). Black solid line in (a and b) is xylem temperature and in (c—f) it is needle temperature. The temperature curves are means of data from the
seven experiments and N for other parameters in the figures is between 5 and 7. Diameter changes (a and b) are normalized to the value at the moment
of ice nucleation in xylem (value =‘1’) and are scaled so that the value ‘O’ represents the minimum value during each experiment. Numbers in (a) refer
to events in xylem diameter; (1) first temporary expansion and/or beginning of much larger shrinking; (2) second temporary expansion; (3) increase

in shrinking rate; and (4) rapid expansion and new maximum diameter.

with small and temporary expansion prior to shrinking, whereas
that happened in xylem only in half of all experiments. Xylem
expanded 0.048% (SD = 0.023) of initial thickness, i.e., 5.1 um
(SD =4.3) and living bark 0. 24% (SD = 1.3) of initial thick-
ness, i.e, 18 um (SD = 13).

The shrinking of xylem and living bark followed soon after ice
nucleation in all experiments (Figure 3a (point 1) and b). Xylem

shrank 0.56% (SD =0.30) of initial thickness, i.e., 64 um
(SD =46) and living bark 13% (SD =5.4) of initial thickness,
i.e., 160 um (SD =48). Also, a second temporary expansion
(Figure 3a (point 2)) occurred during the shrinking in xylem but
not in living bark diameter. Interestingly, diameters continued to
shrink even long after air and xylem temperatures had begun to
increase during the warming phase of the freeze—thaw cycle.
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The rate of shrinking even slightly increased when temperature
began to rise (Figure 3a (point 3)).

During the warming phase of the freeze—thaw cycle, xylem
diameter expanded rapidly to a new maximum, followed by a
decline to the level that was close to the initial diameter before
the start of the freeze-thaw cycle (Figure 3a (point 4)). This
phenomenon was absent from the living bark diameter, which
stayed low even after the thawing of the xylem (Figure 3b).

Dynamics of photosynthesis

During the cooling phase, gas exchange reacted to both
decrease in temperature and ice nucleation. A clear decrease in
CO, assimilation rate (A) was observed due to the decreasing
temperature already before ice nucleation (Figure 3c). However,
in all experiments A dropped rapidly to almost zero after ice
nucleation in stem/needles. A remained very low thereafter, until
the needle temperature had reached ~O °C during the warming
phase of the freeze-thaw cycle.

Stomatal conductance (g;) followed a similar pattern as A dur-
ing the cooling phase, but the drop induced by the ice nucleation
was not as drastic (Figure 3c and f). Transpiration (E) had a dis-
tinct trend relative to A and g, (Figure 3¢, e and f). A fell to 10%
of initial value in ~17 min after ice nucleation in xylem whereas
gs fell in ~45 min before reaching its minimum value during the
freeze—thaw cycle. Difference in dynamics between the three
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variables was characteristic after the drop and during the warm-
ing phase. E did not stabilize during the course of the freeze—
thaw cycles (see Figure 3e). Furthermore, E and g, started to
increase gradually already before the minimum temperature was
reached.

Intracellular CO, concentration (c;) started to rise following
the ice nucleation (Figure 3d), and rose close to the ambient
level. ¢; began to fall more gradually in the warming phase of the
freeze—thaw cycle after temperature had reached ~O °C parallel
to the increase of CO, exchange rate.

In addition to gas exchange properties, we tracked the dynam-
ics of fluorescence over time F,, of the operating quantum yield
of PSIl (®P), as well as those of PQ and NPQ processes
(Figure 4). The ®P decreased with decreasing temperatures
and slightly increased during the recovery phase. Photochemical
quenching showed a similar pattern to that of ®P. Non-
photochemical quenching increased with decreasing tempera-
tures but the decrease was suddenly inhibited after the freezing
took place. Subsequently, this inhibition was released during the
recovery phase and NPQ continued to increase in most of the
runs. F, decreased or remained constant along with decreasing
temperature until the ice nucleation in the stem (Figure 4a).
After ice nucleation, however, F, started to increase in most
experiments and reached its maximum approximately at the time
when a minimum ambient temperature was reached, starting to
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Figure 4. Dynamics of fluorescence at time t (a), non-photochemical quenching (b), photochemical quenching (c) and operating quantum yield of
photosystem Il (d) during the freeze—thaw cycle. Vertical dashed line refers to the moment of ice nucleation in xylem. Fluorescence at time t (F,) was
normalized to the value when PPFD was zero, obtained prior to the start of the freeze—thaw cycle, for each experiment (a). The temperature curves

are means of data from the seven experiments.
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decline again when temperature started to increase. At the end
of the freeze—thaw cycle F, was, on average ~11% lower com-
pared with the value at the moment of ice nucleation.

The initial level of the maximum quantum yield of PSII (F,/F..),
ascertained prior to each experiments, varied between 0.71
and 0.83.

Differences in gas exchange and diameter
change dynamics

We analysed the temporal relationship between gas exchange
and diameter change with respect to freezing and thawing in
more detail to reveal the possible sequence in the processes
and to relate the different phenomena to each other
(Figure 5).

Diameter changes were the first parameter to react to ice
nucleation in xylem with temporary expansion (Figure 5a). The
drop in A and g, usually occurred before the start of the shrink-
ing in xylem and A fell close to zero before the shrinking began
in living bark. The second temporary expansion in xylem began
on average ~5 min after the shrinking in living bark. The exo-
therm event in xylem followed the second temporary expansion
in xylem on average ~10 min later.

Parallel to the moment at which air temperature began to
increase during the freeze—thaw cycles, a change in the rate of
diameter change could be seen in xylem and living bark
(Figure 5b). A began to gradually increase after air temperature
had approximately reached O °C. Parallel to the start of the
gradual increase of A, xylem diameter began to expand rapidly
and temporarily peaked ~50 min later to a maximum diameter in
the course of the whole experiment. When thawing occurred in
xylem A had already increased to 40% of the value at the
moment of ice nucleation in xylem. No rapid changes in the
dynamics of E and g, could be seen during the warming phase
of the freeze—thaw cycle.

We also compared the values of leaf gas exchange and xylem
and living bark diameters at the end of each experiment with
their values before the freeze—thaw cycle (see Table 1). Carbon
dioxide assimilation rate decreased from before the freeze—thaw
cycle by ~30%. Xylem diameter returned to almost its preceding
value while diameter of the living bark did not recover so well.

Discussion

We characterized here the dynamics in leaf gas exchange, chlo-
rophyll fluorescence and stem diameter changes in Scots pine
seedlings in conditions where they experienced profound and
sudden changes in water relations due to freezing and thawing.
We showed that rapid shrinking of xylem and living bark
occurred parallel to an exothermic reaction in xylem, indicating
that freezing was taking place. The shrinking of living bark has
been explained to be caused by dehydration and shrinking of
living cells following extracellular freezing (Zweifel and Hasler
2000, Ameglio et al. 2001). Parallel to the events in the stem
we also observed depression of photosynthesis.

Freeze—thaw cycle

We observed clear patterns in CO, assimilation and transpiration
during the freeze—thaw cycle, whereas the dynamics were more
complicated in diameter change and in fluorescence signal. The
late spring status of the seedlings ensured high enough signal
in the measurements, yet they were still winter hardened so that
the experiment did not injure the seedlings. Late spring status of
seedlings was ascertained with measurement of F,/Fy before
the experiments and was between 0.71 and 0.83, which is
lower compared with values of 0.86-0.88 obtained with the
same instrument and protocol in pine needles during summer
(Porcar-Castell et al. 2008a). The rate of temperature decrease
was such that no physical damage was observed after the
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g, beginstofall o  F—>——
Ice nucleation in needles — I—:‘%H
A begins to fall {——f
Xylem begins to shrink —
A10%

Phloem begins to shrink —
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Exotherm event in xylem —
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-6
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I~ A begins to increase
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= Xylem maximum expansion
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Minutes from ice nucleation in xylem

10 20 30 40 50 60

-150 -100 -50

Minutes from thawing in xylem

Figure 5. Dynamics of phenomena related to stem (grey solid lines and grey horizontal bars) and to needles (black solid lines and black horizontal bars)
following ice nucleation (a) and thawing (b) in xylem. The zero on the x-axis and the vertical dashed line refer to the moment of ice nucleation (a) and
thawing (b) in xylem. Cross marks refer to the average timing (£SD) of the phenomena that are explained on the side y-axis. See also Supplementary
Data at Tree Physiology Online for an explanation of how data were analysed. The temperature curves are means of data from the seven experiments.
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Table 1. The change in parameters from the beginning of the freeze—
thaw cycle to the end of the experiment as the average value of all rep-
etitions of the experiment. A is the CO, assimilation rate, E is the
transpiration rate, g, is the stomatal conductance and ¢; is the intracel-
lular CO, concentration. Standard deviation was 1.6—1.5 for A, 0.1 for E,
13-17 for g,, 27-28 for ¢, 35 for phloem diameter change and 17 for
xylem diameter change. *P < 0.05, **P < 0.01.

Parameters Beginning of End of Relative Absolute
freeze—thaw experiment change change
cycle

A, umol m? s~* 4.01 2.64 0.67 1.37%*

E, mmol m? s~* 0.322 0.221  0.71 0.101**

g, mmol m? s~ 39.1 26.6 0.71 12.5%*

G, ppm 290 259 0.90 31%

Xylem diameter -13.0*

change, um

Living bark diameter —61.3**

change, um

freeze—thaw cycle, photosynthesis recovered to on average
67% of the value before the freeze—thaw cycle by the end of the
experiments (Table 1). However, the diameter of the living bark
remained decreased by the end of the experiments. Permanent
shrinking of living bark diameter has been suggested to be
caused by freezing damage to living cells in the stem (Améglio
et al. 2003).

The effect of freezing on the stem diameter

Freezing propagated rapidly throughout the whole tree as has
also been shown in previous studies (Kitaura 1967, Hacker and
Neuner 2007, Pramsohler et al. 2012). Freezing of xylem
occurred on average 6 s after freezing of living bark and freez-
ing of needles occurred on average 33 s after freezing of xylem.

Generally the xylem and living bark diameter dynamics were
in agreement with the theory of shrinking of stem diameter due
to dehydration of living cells (Zweifel and Hasler 2000, Ameglio
etal. 2001). The diameters shrink with decreasing temperature.
While the relationship between temperature and water potential
of ice is linear, decrease of water content of living cells can
decrease their elasticity (Murphy and Ortega 1995), which can
explain some of the nonlinear behaviour seen in the living bark
diameter changes. Furthermore, movement of water through the
plasma membrane can be slow and occur with a time lag, espe-
cially as viscosity of water increases with decreasing tempera-
ture (Haynes 2012).

The slowness of the water movement may be seen in Figure 3a
(point 3) and b. While air temperature already began to increase
after the minimum temperature of the freeze—thaw cycle, the
shrinking rates of xylem and living bark even increased. It may
be that due to slow movement of water through the plasma
membrane, living cells did not reach equilibrium hydraulically
with the extracellular ice, even though the minimum temperature
of the treatment was reached. Therefore, after the temperature

began to increase during the warming phase, water movement
through the plasma membrane became more rapid as viscosity
of water decreases with rising temperature.

In addition to the shrinking of living bark, we observed also a
considerable shrinking in xylem diameter. However, shrinking of
living bark diameter was on average 20-fold higher than shrink-
ing of xylem diameter when compared with initial thickness of
those tissues. While xylem consists mostly of dead tracheid
cells, xylem still holds a considerable amount of parenchyma
cells (Spicer 2014) that contribute to the shrinking.

Some other dynamics in the diameter changes were more dif-
ficult to explain with the theory of shrinking of living cells alone.
Diameter reacted to ice nucleation with temporary expansion in
living bark and also in half of experiments in xylem (see Figure 3a
(point 1)). Also a second temporary expansion could be seen
ahead of the exotherm event in xylem (see Figure 3a (point 2)).
The expansions could be related to increase in gas or liquid pres-
sure inside the stem due to lower specific density of ice com-
pared with liquid water (Robson and Petty 1987). Roden et al.
(2009) observed ice formation in tracheids of vascular bundles
of P, radiata needles that expanded into the space formerly occu-
pied by shrinking living cells. Temporary swelling of xylem could
then result from rapid ice formation in xylem tracheid followed by
more gradual shrinking of living cells that is slowed down by
membrane permeability and increasing viscosity.

The ‘exotherm event’ that was observed in temperature in
which the rate of temperature change temporarily increases has
been explained by the freezing of water that is moving out from
living cells during their dehydration and has even been consid-
ered as a separate freezing event (Weiser 1970). Instead of
being a completely separate freezing event the phenomena
described as the ‘exotherm event’ may be a point where freez-
ing temporarily intensifies during a continuous process of free-
ing. We found that the exotherm event began after living bark
and xylem diameters had already begun to shrink. Some other
process may have caused the diameter to shrink before the
exotherm event such as the gas release from the stem (Lintunen
etal. 2014). On the other hand, other possible explanations for
the exotherm event could be freezing of water under high ten-
sion in low diameter pores in cell walls (Ashworth and Abeles
1984) or freezing of water with high osmotic concentration,
and the xylem and bark shrinking could reflect dehydration of
living cells as suggested above.

During the warming phase, living bark and xylem diameters
followed interesting dynamics. Living bark did not recover back
to its diameter before ice nucleation and xylem diameter began
to recover back only ~2 h after the onset of the warming phase
(see Figure 3a and b). Increase in temperature and water poten-
tial of ice during the warming phase likely caused the water
potential gradient between ice and living cells to reverse as
water potential of ice became higher than water potential of liv-
ing cells. This leads to net uptake of water by living cells.
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The large reversible expansion in xylem diameter during
thawing (see Figure 3a (point 4)) may be related to radial
water movement between living bark and xylem (Zweifel and
Héasler 2000). It seems likely that the outer layer of the stem,
i.e., the living bark, thawed ahead of xylem as air temperature
gradually increased during the warming phase of the freeze—
thaw cycle. Therefore, a steep water-potential gradient could
have developed between ice in xylem and liquid water in living
bark, resulting in movement of water from living bark to xylem.
Afterwards, the xylem diameter decreases back to the level
before freezing of xylem, but living bark did not recover to its
initial diameter.

Effect of freezing on photosynthesis

Photosynthetic rate decreased in the cooling phase of the freeze—
thaw cycle already before ice nucleation (Figure 3c), which could
be explained by, e.g., temperature dependency of photosynthesis
or mesophyll conductance, or by the gradually decreasing stoma-
tal conductance (Figure 3f). The operating quantum yield of pho-
tochemistry (®P), the fluorescence at time t (F,) and the PQ
parameter all decreased with decreasing temperature, reflecting
the temperature-dependent decrease in energy utilization by the
Calvin—Benson reactions (Figure 4). As expected, thermal energy
dissipation in PSIl was enhanced in response to decreasing tem-
perature via the regulation of NPQ to compensate for the decreas-
ing photochemical utilization of excitation energy.

Interestingly, we observed the temperature-inhibition of the
NPQ regulatory mechanisms at the moment of freezing
(Figure 4b), which restricted the further accumulation of NPQ.
The enzymatic inhibition of Violazanthin de-epoxidize, the
enzyme responsible for the main process behind NPQ, at low
temperatures is well-known (e.g., Eskling etal. 1997). This phe-
nomenon was also observed in F, which changed from a
decreasing trend to an increasing trend at the moment of freez-
ing. Because both PQ and NPQ compete for excitation energy
with fluorescence, a decrease in PQ at constant NPQ results in
an increase in F, (Porcar-Castell et al. 2008a). Also in previous
studies, a significant increase in the basic fluorescence (F,) has
been detected in leaves after freezing (Neuner and Pramsohler
2006, Hacker et al. 2008). During the thawing phase, the ten-
dency in F, was again reversed as the temperature inhibition in
NPQ was released and PQ started to increase.

The fact that both A and F, responded simultaneously to the
freezing suggests that intracellular freezing affects photosynthe-
sis at multiple scales. In addition, the simultaneous decrease in
operating quantum efficiency of PSII (®P) and in A measured in
different needles upon freezing corroborates that the sudden
decrease in A was not the result of any measurement artifact.

Leaf gas exchange may have also been affected by freezing of
water inside leaves due to extracellular freezing (Larcher 1994,
Neuner and Pramsohler 2006). The extracellular ice efficiently
fills the intracellular spaces (Roden et al. 2009). The diffusion

coefficient of CO, in ice is many orders of magnitude lower in
comparison with that in liquid water. It does not seem likely that
the path of CO, into the mesophyll cells would have been
completely blocked, given that A fell close to zero in ~17 min.
Therefore, it is perhaps unlikely that an increase in the resistance
of CO, diffusion due to ice formed at the time of ice nucleation
would be the only reason for the depression of photosynthesis.

CO, assimilation rate (A) and stomatal conductance (g.) had
very distinct dynamics after ice nucleation (see Figure 3c and f).
Both the A and the g, had a declining trend before ice nucleation
but in both cases the decline rate increased after it. Only a brief
stomatal closure occurred ~45 min after ice nucleation, but after
that g, started to increase steadily, although slowly, even when
the temperature still continued to drop. A remained stable at
zero until temperature increased above O °C, even though g, had
already long before that reached approximately the level it had
before ice nucleation. The transpiration rate, however, did not
reach a similar stable state. The asymmetry in dynamics between
A and g, and only the brief closure of the stomata seems to sug-
gest that depression of photosynthesis was not caused primarily
by stomatal closure, but trees rather seemed to lose some of
their ability for stomatal control.

Another indication for this is that the calculated internal CO,
concentration increased close to the ambient level during the
frozen period, which could be expected if the stomata were
open and there was no photosynthesis. The increase in intracel-
lular CO, concentration during freezing has been observed also
in previous studies (Strand and Oquist 1985, Gaumont-Guay
et al. 2003).

The dynamics of stomatal conductance may at least partly be
explained by the so called hydropassive mechanism, where
dehydration of epidermal cells pull the guard cells of stomata
apart forcing the stomata open (Buckley 2005). The loss of
stomatal control in cold conditions is not very detrimental to
trees as vapour pressure deficit in cold conditions is never very
large. Also freezing of water in needles may prevent excessive
water loss from needles. We hypothesize that the increase in ¢
may also follow from decrease in mesophyll conductance for
CO,, further preventing the consumption of CO, in photosynthe-
sis. Mesophyll conductance can decrease along with increasing
viscosity of cell sap as water content decreases when mesophyll
cells dehydrate. Viscosity and the diffusion coefficient of CO, are
inversely related (Juurola et al. 2005). Decreasing temperature
further increases viscosity (Thompson 2006) and decreases
CO, diffusion rate (Aalto and Juurola 2002) in cell sap. On the
other hand, decrease in volume of mesophyll cells can increase
the CO, diffusion rate as transport distances decrease.

Comparing dynamics in photosynthesis

and stem diameter change

The diameter change of living bark was generally in agreement
with the theory of extracellular freezing of living cells (Zweifel
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and Hasler 2000, Ameglio et al. 2001) and its rapid shrinkage
may therefore reflect how living cells in general experience the
profound changes in water relations caused by extracellular
freezing. Water in extracellular spaces inevitably freezes and
creates steep water potential between ice and sap of the living
cells. Water always moves towards a lower water potential
through a semipermeable membrane, which affects the water
content and the volume of living cells.

However, the permeability of plasma membrane and elastic
properties of the cell wall, and osmotic concentration can be
different for the living bark and the other living cells (Nobel
2009) and therefore the amplitude and the time lags for volume
changes can be different. It is also possible that some axial
movement of water occurred between stem and needles due to
the different time dynamics of freezing. Water tensions may
develop between different parts of tree due to water potential
gradient if the different parts freeze or thaw at different times.
However, in the case of leaves of P radiata it was found that
endoderm surrounding the vascular bundle in needles may hin-
der water movement between xylem and mesophyll cells (Roden
et al. 2009). Also, temperature increased less due to the
exothermic reaction in needles than in the stem and therefore
mesophyll cells may have experienced even more extreme freezing-
related dehydration than the living cells in the stem.

Depression of photosynthesis after ice nucleation occurred
parallel to the shrinking in xylem and in living bark on a similar
temporal scale (Figure 3a—c). The photosynthetic rate had fallen
after ice nucleation to 10% of its rate before ice nucleation of
needles in ~17 min. Time constant for volumetric changes in
mesophyll can be estimated to be even smaller than this (Nobel
2009). Similar timescales of the rapid changes in gas exchange
and in the diameter of living bark supports the argument that
mesophyll cells may have experienced rapid dehydration com-
parable to living cells in the living bark.

Stomata remained partially open throughout the freezing—
thawing cycle, which may lead to plant water loss, particularly at
thawing, as the permanent shrinking of bark tissue suggests.
The latter could also indicate tissue damage in the bark (Roden
et al. 2009) although the saplings were still partly winter-acclimated
during the experiment. The plant water loss could lead to needle
dehydration as often reported for conifers (Mayr et al. 2002) if
various freeze—thaw cycles are repeated, particularly in the
spring when the abundant sunlight exposes the needles to high
excitation pressure.

During the warming phase of the freeze—thaw cycle, photo-
synthesis began to recover rapidly after ambient temperature
had reached ~O °C. At that time temperature of xylem was still
about —2 °C, which is equivalent to water potential of ice of
—2.4 MPa. Photosynthesis began to recover even though there
was an apparent water potential gradient persisting between
xylem in the stem and needles. On the other hand, water poten-
tial of ice of —2.4 MPa is close to minimal values (Martinez-Vilalta

et al. 2009) observed during summer in Scots pine, suggesting
that the seedlings should have been able to sustain such water
potential levels while still photosynthesizing.

Overall, our results show how the dynamics of leaf gas
exchange and stem diameter are affected by freezing in trees.
Stem diameter changes exhibited complex dynamics that were
generally in agreement with the theory of extracellular freezing,
reflecting water status changes in living cells. Large and nearly
simultaneous changes in the diameters of xylem and living bark
suggest that similar low water potentials develop throughout
the tree. The diameter dynamics suggest that freezing and low
viscosity may have prevented efficient water movement across
pressure gradients and rising of temperature is required before
mass flow takes place. The dynamics of leaf gas exchange and
chlorophyll fluorescence measurements suggest that the photo-
system was affected by freezing at multiple levels. While both
the CO, assimilation rate and stomatal conductance decreased
after ice nucleation, the earlier recovery of stomatal conduc-
tance before photosynthetic rate and before thawing of needles
reveals that the decreased CO, assimilation reflects impaired
dark reaction rather than stomatal closure. Furthermore, the
inhibition of NPQ upon freezing suggests that a concomitant
enzymatic inhibition takes place in the photosynthetic light
reactions.
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Online.
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