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INTRODUCTION

Understanding the seasonality of photosynthesis in boreal evergreen trees and its control
by the environment requires separation of the instantaneous and slow responses, as well
as the dynamics of light reactions, carbon reactions, and respiration. We determined
the seasonality of photosynthetic light response and respiration parameters of Scots
pine (Pinus sylvestris L.) in the field in southern Finland and in controlled laboratory
conditions. CO2 exchange and chlorophyll fluorescence were measured in the field using
a continuously operated automated chamber setup and fluorescence monitoring systems.
We also carried out monthly measurements of photosynthetic light, CO, and temperature
responses in standard conditions with a portable IRGA and fluorometer instrument.
The field and response measurements indicated strong seasonal variability in the state
of the photosynthetic machinery with a deep downregulation during winter. Despite
the downregulation, the photosynthetic machinery retained a significant capacity during
winter, which was not visible in the field measurements. Light-saturated photosynthesis
(Psat) and the initial slope of the photosynthetic light response (a) obtained in standard
conditions were up to 20% of their respective summertime values. Respiration also
showed seasonal acclimation with peak values of respiration in standard temperature in
spring and decline in autumn. Spring recovery of all photosynthetic parameters could be
predicted with temperature history. On the other hand, the operating quantum vyield of
photosystem Il and the initial slope of photosynthetic light response stayed almost at the
summertime level until late autumn while at the same time Psat decreased following the
prevailing temperature. Comparison of photosynthetic parameters with the environmental
drivers suggests that light and minimum temperature are also decisive factors in the
seasonal acclimation of photosynthesis in boreal evergreen trees.
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is up- or downregulated by environmental and plant-level physi-

The boreal zone is characterized by the large amplitude
and dynamic annual pattern of light and temperature. These
dynamics are known to control the strong seasonal variation
in photosynthetic capacity of boreal evergreen foliage. Yet, the
understanding on these controls is limited due to the lack of reli-
able and informative long-term measurements and meaningful
analysis of empirical data.

Photosynthesis is controlled by light and temperature at two
different time scales and subprocesses. Instantaneous changes in
radiation affect the rate of photon capture by the light reactions of
photosynthesis, and contribute also to the activation/deactivation
of CO;-binding enzyme Rubisco, and stomatal control (e.g.,
Pearcy, 1990). Instantaneous changes in temperature modulate all
enzymatic steps of photosynthesis. Seasonal changes in light and
temperature also control the dynamics of photosynthetic capacity,
i.e., the potential CO, uptake under optimal conditions, where
the capacity of both light and carbon reactions of photosynthesis

ological cues via different signaling pathways (Oquist and Hiiner,
2003; Pfannschmidt, 2003; Ensminger et al., 2006). The instan-
taneous responses of photosynthesis and leaf respiration to the
environmental drivers change seasonally within the range deter-
mined by the current state of the photosynthetic light and carbon
reactions and the whole leaf physiology. Accordingly, under-
standing the seasonality of photosynthesis and its control by the
environment requires separation of the instantaneous and slow
responses, as well as the dynamics of light reactions, carbon
reactions, and respiration.

The complete picture how the state of the photosynthetic
machinery varies seasonally is somewhat unclear due to different
approaches to how the state is defined as well as different mea-
surement setups and conditions in the various empirical studies.
The state can be defined as the capacity or maximum process
rate (such as light-saturated photosynthesis), process rate in stan-
dard conditions (respiration in standard temperature), or as the
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efficiency (the slope of photosynthetic rate as a function of light or
CO,) of a physiological process. The state is sometimes described
with one lumped parameter (e.g., maximum photosynthetic rate
Ppax) without explicitly addressing the capacity of photosyn-
thetic light and carbon reactions. Often the other state parameters
are considered constant, e.g., constant Jmax/Vemax ratio or fixed
temperature response of respiration.

The seasonality of photosynthetic capacity has been linked
to temperature (Pelkonen and Hari, 1980; Mikeld et al., 2004).
There is also evidence of the effect of photoperiod on down-
regulation of photosynthetic light reactions in autumn (Busch
et al., 2007), and light intensity and temperature on the recov-
ery during spring (Ensminger et al., 2004; Porcar-Castell et al.,
2008a). Mikeld et al. (2004) introduced a theoretical variable,
state of acclimation (S), which describes the state of acclimation
of the photosynthetic apparatus in temperature units. The sea-
sonality of photosynthetic capacity in boreal Scots pine (Pinus
sylvestris L.) was successfully predicted as slow response toward
prevailing temperature (Mikeld et al., 2004; Kolari et al., 2009;
Gea-Izquierdo et al., 2010). However, in those studies the instan-
taneous response to temperature was largely omitted and the
modeling approach reflected parameters estimated at prevailing
temperature rather than the full capacity.

Several other recent studies on the seasonality of photosyn-
thesis and respiration were also based on data collected in pre-
vailing conditions in the field (Kolari et al., 2007; Ow et al,,
2010; Linkosalo et al., 2014). Continuous measurements in the
field give limited or biased information on the potential pho-
tosynthetic capacity that the plant would have in optimal con-
ditions, which would indicate better the current physiological
state. Furthermore, determining the instantaneous photosyn-
thetic responses to different environmental drivers, i.e., light,
temperature, air humidity or VPD, from continuous field mea-
surements is uncertain. The drivers are mutually correlated and
the range of short-term variability can be narrow, for instance,
low light and small diurnal variation of temperature in boreal
autumn. Determination of the underlying state of the leaf requires
measurements under a wide range of conditions and breaking the
correlations of the drivers, something that becomes difficult in
the field especially during boreal winters. Accordingly, disentan-
gling the instantaneous responses to light or temperature from
the changes in the state in the observed seasonal pattern in pho-
tosynthesis remains a challenge. Studying the responses to the
environment is further complicated by the tree-level effects on
instantaneous photosynthetic rate (e.g., water supply, availability
of nutrients, sink control) that are embedded in the responses of
photosynthetic rate to the environment (Nikinmaa et al., 2013).

Permanent shoot chamber enclosure systems coupled to infra-
red gas analyzers (IRGA) can be used for monitoring net CO;
exchange over long periods of time in the field and, to some
extent, for determining physiological parameters (Kolari et al.,
2007, 2009). Photosynthesis and respiration can be derived
from these measurements at time resolution of a few minutes.
Alternatively, chlorophyll fluorescence measurements can be also
used for long-term monitoring of photosynthesis, in terms of
electron transport, at a similar temporal resolution (Porcar-
Castell et al., 2008b; Porcar-Castell, 2011). Portable systems

capable of measuring simultaneously gas exchange and chloro-
phyll fluorescence are currently widely used in point measure-
ments of leaf-level photosynthetic parameters. These systems are
very versatile and allow adjustment of the incoming light, tem-
perature, air humidity and CO; concentration in the measuring
chamber. Combining continuous measurements on intact shoots
in the field and intermittent measurements of excised shoots
in controlled conditions can give more information about the
dynamics and responses of photosynthesis and respiration to dif-
ferent drivers, and thus about the state of the photosynthetic
machinery. Tree-scale factors such as varying water status and
photosynthate transport capacity can also be partly eliminated
when studying excised shoots.

In this study we assess how photosynthetic and respiration
parameters observed in the field and in standard near-optimal
conditions are related to each other in Scots pine growing in
the boreal zone. This entails determining the seasonality of CO,
exchange and chlorophyll fluorescence in the field using contin-
uous measurements with automated chambers and fluorescence
monitoring systems and in controlled conditions with periodi-
cally repeated measurements of photosynthetic light, CO, and
temperature responses with a portable IRGA system coupled
with a fluorometer. We separately determine the seasonality of
photosynthetic light and carbon reaction parameters and respi-
ration in standard conditions and quantify to what extent the
observed dynamics in photosynthesis and respiration in the field
are instantaneous responses and to what extent they reflect slow
changes in the state of the leaf physiology. Finally, we discuss how
accurate information about the state can be obtained from field
measurements and evaluate how the model of slow temperature
acclimation (Mikeld et al., 2004), previously tested against field
monitoring data, can explain the observed seasonal patterns in the
photosynthetic light and carbon reaction parameters determined
in standard conditions.

MATERIALS AND METHODS

STUDY SITE

Dynamics of photosynthesis in Scots pine (Pinus sylvestris L.) was
studied at Helsinki University SMEAR II (Station for Measuring
Forest Ecosystem-Atmosphere Relations) field station in Hyytiild,
southern Finland (61°51’N, 24°17’E, 180 m a.s.l.). The station
is situated in a lightly managed Scots pine stand established in
1962. The mean annual precipitation and temperature at the site
were 711 mm and 3.5°C, respectively, for 1980-2010 (Pirinen
et al.,, 2012). The mean daily, mean daily maximum, and mean
daily minimum temperatures were —7.2, —4.4, and —10.8°C in
January, and 16.0, 21.6, and 10.8°C in July, respectively.

MEASUREMENTS OF PHOTOSYNTHESIS, LEAF RESPIRATION AND
FLUORESCENCE

Continuous monitoring

Continuous gas exchange measurements on pine shoots during
years 2010-2011 were analyzed in this study. The instrumenta-
tion consisted of chambers, sample tubing, gas analyzers and a
control unit operating the system automatically. The chambers
were made of acrylic plastic with 1dm? volume. The chambers
were open most of the time exposing the chamber interior to
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the ambient conditions. For measuring fluxes, the chambers were
closed intermittently for 1 min. Measurements of CO; and water
vapor fluxes and concentrations, air temperature inside the cham-
bers and photosynthetically active radiation (PAR) outside of
the chambers were done 50-80 times a day. During the cham-
ber closure, gas concentrations and environmental variables were
recorded every 5s. The flux calculation was based on the detec-
tion of the gas concentration change in the chambers during the
closure (Hari et al., 1999). Altimir et al. (2002) described the
instrumentation in more detail.

The studied shoots were located at the top of the canopy in
two trees. The chambers were installed on the shoots so that they
accommodated one age class of needles. The terminal buds were
removed prior to chamber installation to prevent new growth
inside the chambers. Three chambers were in use simultaneously
from 2 March 2010 until 10 January 2011, in other times there
were two chambers. After completing the measurements on the
shoots, the dimensions of the needles in each shoot were mea-
sured and their surface area was calculated using the equation
from Tiren (1927) and divided by 3 to obtain projected area.

Continuous measurements of chlorophyll fluorescence were
conducted using a Monitoring PAM fluorometer system (Heinz
Walz, GmbH, Germany) consisting of several independent mea-
suring heads (Porcar-Castell et al., 2008b; Porcar-Castell, 2011).
The number of parallel needle samples was most of the time three
or four. Three to four pairs of needles were clipped in each mea-
suring head and the prevailing (F') and maximal fluorescence
(F},,) were measured every 15, 30, or 60 min using the saturat-
ing pulse technique (Schreiber et al., 1986). Measuring frequency
was adjusted during the season to minimize pulse-induced long-
term photoinhibition, using lower frequencies during winter and
nights. The duration of the saturating light pulse was 0.8 s and
the intensity at the leaf-surface was >4000 umol m~2 s~!. The
data was used to estimate the operating quantum yield of pho-
tochemistry in photosystem II (PSII) (Genty et al., 1989), as

(1

¢ops =

In this study we present the daily maximum ®pgyj. This yield was
obtained during nighttime and it is equivalent to the parame-
ter Fy/Fy, in dark acclimated samples (Kitajima and Butler, 1975;
Maxwell and Johnson, 2000). We denote the parameter F,/Fp, to
distinguish it from the yield determined in controlled conditions.

Response measurements

Six overstory trees (height about 15m) were randomly selected
for the response measurements. The measurements were started
in February 2010 and continued approximately once a month
through the following winter until December 2011, in total 22
times. At each measuring point a branch was cut from the upper
canopy of each tree, placed under water and brought to the lab-
oratory. Branches were subsequently re-cut under water. Time
from the transfer to laboratory conditions to starting the mea-
surements varied from 30 min to 5 h. Each monthly measurement
was collectively sampled over a period of 3—4 days.

The CO, exchange rates and operating quantum yields of
photosystem II were measured with a portable IRGA equipped
with an integrated fluorometer (Walz GFS-3000, Heinz Walz,
Germany). For each branch, four fascicles, totaling eight nee-
dles were placed in the measuring cuvette. Cohorts from
2009 to 2010 were used during 2010 and 2011 measurements,
respectively.

Three different response measurement sequences were per-
formed: (i) light response at ambient temperature and ambient
CO; concentration, (ii) light response at standard temperature
of 18°C and ambient CO; concentration, and (iii) CO, response
at standard temperature of 18°C and saturating light (1300 p.mol
m~2 s7!). Before the start of the full measurement sequence
the needles were treated with an initial 15-20 min stabilization
period in conditions close to ambient field temperature (but not
below —1°C) and 600 wmol m—2 s~! PAR. After the first light
response sequence the needles were allowed to acclimate for 30—
45 min when temperature was changed from ambient to standard
conditions. The increase in temperature was performed in two
steps, if the temperature difference was large. Similarly, the CO,
sequence had an initial stabilization period of 15-20 min.

A comprehensive response of leaf photosynthesis to light was
produced by stepwise changes in light from the initial 600 pumol
m~2 s~ sequentially to 400, 100, 50, 25, 0, 600, 900, 1200, and
1700 wmol m~2 s~ 1, with a stabilization period of 150 s between
each step plus seven successive measurements at 5-s intervals
at each light level. The CO; response (A-C;), was measured at
18°C at constant 1300 umol m—2 s~! PAR with stepwise changes
in CO, concentrations, starting from 380 pumol mol~! and fol-
lowed by 200, 100, 50, 25, 380, 600, 800, and 1200 pmol mol 1.
Operating quantum vyield of photosystem II (®pgsyy) was deter-
mined at the end of each light and CO; step using a saturating
pulse of 0.8 s duration and >4000 pmol intensity, following the
same method as in the Monitoring PAM system described above.

Temperature responses at 800 umol m~2 s~! PAR were mea-
sured three times in 2011. The sequence was started with stabi-
lization at 16°C, temperature was then decreased to 8°C in 4°C
steps and finally increased to 24°C in 4°C steps. Time between
each step was 10 min. Net CO, exchange and photosynthesis in
the temperature response measurements are denoted Agyy and
Pgpo, respectively.

During the measurements the flow rate through the cuvette
was 650 jumol s, relative humidity was kept between 55 and
70%, and CO; concentration during the light and tempera-
ture response sequences was stabilized to 380 mol mol~!. The
conditions were controlled with the GFS-3000.

Leakage from or into the cuvette may occur when the differ-
ence in CO; concentration between the cuvette and outside air
is large. The effect of leakage on the observed CO; exchange was
quantified by recording the standard gas exchange measurement
sequence with an empty cuvette and estimating CO, exchange as
linear function of concentration difference between the cuvette
and outside air. All the CO; exchange data were corrected by this
method.

After the measurements, the needles were photographed and
their projected area calculated with image analysis software
(ImageAnalyzer, Dr. Martti Perdmiki). The needles were then
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collected to measure their fresh weight, length, thickness and
width, and dried at 105°C for 24 h to get the dry weight.

MODELS OF PHOTOSYNTHESIS AND RESPIRATION

Simple light response of photosynthesis

Net CO;, exchange of leaves (A) consists of photosynthetic CO,
uptake (P) and CO; efflux from dark respiration (Rq). It can be
expressed as a saturating function of light:

1
A= Y |:aI+Psat—\/(aI+Psat)2 —49aIPsat] —Rq (2)

We estimated daily light-saturated photosynthesis Pgy, the ini-
tial slope of the light response af and dark respiration Rq from
the field CO; exchange measurements. From the response mea-
surements we determined the initial slope a5, Rq and photosyn-
thetic rate measured in 1200 wmol m™2 s™' PAR (Pja9) that
represented Pg,. This light intensity was chosen, because the
response measurements were performed throughout the year and
during winter higher light intensities resulted in photoinhibi-
tion and decreased photosynthesis. We fixed 6 to 1 (Blackman
curve) to obtain more robust estimates for the other parame-
ters. Respiration in the light was assumed to be the same as in
the darkness.

Biochemical model of photosynthesis
The maximum electron transport rate (Jimax ), maximum carboxy-
lation rate (Vemax) and apparent dark respiration during the day
(Rq) were determined from the A-I and A-C; response data set
by fitting the biochemical photosynthesis Farquhar et al. (1980)
model:

A =min {W,, Wj} — Rq (3)

where W is light-limited photosynthesis

- J(G =T
b4 + 8T

] is electron transport rate

I+ Jmax — I+ Jmax)® — 406 I Jimax
ool ¢(a291 ) —4a61], 5)

and W, is carbon-limited photosynthesis

Wc _ Ve max (Ci - F*) (6)
Ci + Kc (1 + 02/Ko)

Vemax and Jmax were estimated from the low (Cj < 350 pmol
mol~!) and high (C; > 350 pmol mol™!) G regions of the A-
C; responses, respectively (Wullschleger, 1993). The values of K,
Ko, and I'* were taken from literature (Farquhar et al., 1980). In
addition to the widely used parameters Vpax and Jmax we also
estimated the initial slope of the A-C; curve which requires less
assumptions than Vmax on the limitations and the values of the
other model parameters.

Temperature responses of photosynthesis and respiration

The instantaneous temperature responses of photosynthetic
model parameters were analyzed with a function that addresses
the low-temperature inhibition of photosynthesis (Collatz et al.,
1992). The rate of photosynthesis P at leaf temperature T is

es( T—Thef)

(1 + 651(T7T1)) (1 + gsz(TZ*T))

P(T) = P (Trep) (7)

where P(T\f) is the photosynthetic rate at reference temperature
Tref, s determines the slope of the response function at interme-
diate temperatures, s; and T; determine the high-temperature
inhibition and s, and T, the low-temperature inhibition. In this
study Tyer was 18°C, the standard temperature in the response
measurements.

Seasonality of photosynthetic capacity was previously
described as slow acclimation to prevailing temperature (Mikeld
et al., 2004). The state of acclimation S is defined as a function of
leaf temperature T and time constant t

B IS (8)
a T

S can be thought as the temperature that the photosynthetic
machinery is acclimated to and it is expressed in temperature
units. We use as reference to the seasonal patterns of the pho-
tosynthetic parameters the sigmoid relationship between pho-
tosynthetic capacity g and S estimated by Kolari et al. (2007):

Bmax

T ST ®)

B =
where By is the maximum summertime photosynthetic capac-
ity and b and Ts are empirically determined parameters.
Originally the capacity parameter 8 determined the rate of light-
saturated photosynthesis per unit C; in the model of optimal
stomatal control (Hari et al., 1986). In other words, 8 = Psy/Ci.
We also test this model formulation for other photosynthetic
parameters.

Respiration was analyzed with the commonly used Qo
Equation

T/10

R = RyQy (10)

where Qo is the temperature sensitivity and Ry respiration in
0°C.

RESULTS

SEASONAL PATTERNS OF ENVIRONMENTAL DRIVERS AND CO,
FLUXES

The study period was characterized by the cold winter and hot
and dry midsummer of 2010, more typical winter 2010-2011 and
summer of 2011 and the warm end of year 2011. The seasonal
patterns of environmental conditions during the study are shown
in Figure 1. Figure 1D shows the seasonal courses of noon and
midnight CO; fluxes in the field.

SEASONALITY OF PHOTOSYNTHETIC AND RESPIRATION PARAMETERS
The initial slope of photosynthetic light response («f) and light-
saturated photosynthesis (Ps,t) followed similar seasonal courses
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FIGURE 1 | Daily mean PAR (A), minimum and mean air temperature
(B), soil volumetric water content and soil temperature (C), and
midday and midnight CO, exchange of Scots pine shoots in the
field (D) in Hyytidla in 2010-2011. The dots indicate 5-day mean PAR,
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mean and minimum ambient temperature and soil temperature for the
response measurement campaigns. The CO; fluxes were averaged daily
between 11:00 and 14:00 (day) and 23:00 and 02:00 (night) local
normal time.

over the time when both parameters could be estimated from the
continuous gas exchange data taken in the field (Figure 2A). The
field observations show that oy stayed nearly as high as in the
summer until early November. The data collected on the occa-
sional sunny days in September and early October also reveal
that the saturation of photosynthetic rate is shifted toward lower
light in autumn when available radiation is low even on clear
days. Clear-sky PPFD incident on a horizontal plane at noon
drops below 500 pmol m~—2 s~ in October, after which the
rate of light-saturated photosynthesis cannot be estimated from
field data any more. However, the stronger saturation of the
light response could be distinguished from field data until early
November.

The monthly light response measurements in standard
conditions confirmed the change in the light saturation of

photosynthesis (results not shown). The initial slope s remained
at summertime level until October and was relatively higher than
the capacity of CO, fixation (Pjz00) throughout the autumn
(Figure 2B). The values of the light response parameters were
at their lowest in December 2010 after a very cold spell and in
February-March of 2010 and 2011. The end of year 2011 was
mild (temperature did not drop below —6°C) and photosyn-
thetic parameters in December were higher than in the end of
the previous year, about one fourth of their mean summertime
values. There was some potential for photosynthetic produc-
tion in winter, which was not visible in the field measurements.
Pj00 in winter was typically in the order of 10% of its average
value in June-August. At low light the relative potential (as indi-
cated by the initial slope o) could be even higher, up to 20% of
summertime level (Figure 2B).
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FIGURE 2 | Daily initial slope of photosynthetic light response «s and
light-saturated photosynthesis Psa¢ in 2010-2011 estimated from the
continuous gas exchange data in the field (A), corresponding
parameters as and P399 determined using response mesurements in
controlled conditions at 18°C and 380 ppm (B), and fluorescence yield in
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the field conditions (F,/Fn) and in controlled conditions of 50 xmol m—2
s~1 PAR, 18°C and 380 ppm (®pg)) (C). The field gas exchange parameters
as and Psat are means of 2 (2011) or 3 (2010) shoots. The field fluorescence
data corresponds to the average maximum nighttime quantum yield of PSII
over 3-4 Monitoring PAM heads. The error bars denote standard deviation.

The operating quantum yield of fluorescence at 50 pumol
m~2 s7! PAR (®psy;, Figure2C) and the initial slope of
photosynthetic light response (o, Figure 2B) showed similar
seasonal patterns and were consistent with the seasonal pat-
tern in the maximum quantum yield of PSII (F,/Fy) esti-
mated from the field monitoring data (Figure2C). On the
other hand, the high ®psy or Fy/Fp in autumn did not
correspond to high photosynthetic capacity (Pja00 or P,
Figure 2A).

Biochemical model parameter related to the capacity of
light reactions (Jmax) and the capacity of CO; fixation (Vcmax)
showed little differentiation in their seasonal courses compared
to the simple light response parameters (Figure 3). The seasonal
course of A-C; slope was slightly different from V.max but still
inconsistent with P00 and a.

The continuous field measurements indicated that the base
level of respiration Ry, that is, respiration at 0°C, was higher
in spring than in summer (Figure4). The monthly response
measurements largely agreed with the continuous data; in both
study years Ry peaked in early spring, remained stable from
June until September and declined again from late September
on. Respiration as well as all photosynthetic parameters at 18°C
were near zero in the February 2011 campaign after period
of very low temperatures (T, = —21°C, Tpnin of preceding 5
days = —24°C, Figures 2—4).

RELATIONSHIP BETWEEN TEMPERATURE AND PHOTOSYNTHETIC
PARAMETERS

The temperature responses of net CO; exchange at 800 wmol m 2
s7!1 PAR (Aggg) determined during three response campaigns
in 2011 were relatively flat but the optimum was at a lower
temperature (12°C) in April than in July and November (16—
20°C). When gross photosynthesis (Pgop) was estimated by
adding the measured R4 to the net CO;, exchange, the tem-
perature responses became similar in shape (Figure5). When
photosynthetic capacity is downregulated, estimation of the
temperature response of photosynthesis is very sensitive to
respiration.

The initial slope of the light response (o) and P99 in the
monthly response measurements showed similar relationships
between the prevailing ambient temperature and reference tem-
perature (Figure 6). Relative Pygo had slightly steeper slope of
the temperature response than «. Temperatures below zero were
not used in the response measurements but the automatic cham-
ber data indicates steep drop in photosynthetic rate below 0°C
and the CO; exchange signal, including respiration, diminishes
at about —5°C (data not shown, see model approximation in
Figure 6).

The previously reported sigmoid relationship between photo-
synthetic capacity parameter 8 in the optimal stomatal control
model (Hari et al., 1986) and state of acclimation S (Kolari et al.,
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2007) agreed well with the field and the standard temperature
parameters in spring (Figures 7, 8). On the other hand, light
reaction parameters g and ®pgyp in standard conditions were
lagging the temperature-based prediction in autumn (Figure 8).
In both study years the light response parameter values were
higher in November than in March although prevailing temper-
atures were comparable. Furthermore, F,/Fp, in the field was at
the same level in December 2010-January 2011 and December
2011 although the latter period was warmer (Figure 1B) and
preceded by mild weather. The lowest temperature of autumn
2011 was —6°C whereas in 2010 temperatures near —20°C were
experienced already in late November. F,/Fy, and ®pgyy also con-
tinued slow decline until March 2011 and showed only weak
signs of recovery in April despite the increasing trend in temper-
ature. The difference between normalized «y, af, Ppsyy and Fy/Fiy
and the S model prediction was negatively correlated with mean

PAR during previous mornings (Figure9) which suggests that
the downregulation during winter is related to light environment
rather than driven by temperature alone. The difference between
spring and autumn could also be related to minimum tempera-
tures. P1ago and o at 18°C were always <20% of their respective
mean summertime levels when the minimum temperature of pre-
vious 24 h was —5°C and >20% when the minimum temperature
was > —5°C (not shown).

DISCUSSION

SEASONALITY OF PHOTOSYNTHESIS AND RESPIRATION

The response measurements in standard conditions indicated a
strong downregulation in the photosynthetic machinery toward
winter and a recovery in spring. The seasonal patterns of the light
response parameters and fluorescence were qualitatively similar
to those determined from the continuous field measurements
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and in line with previous studies at the site (Kolari et al., 2007;
Porcar-Castell et al., 2008a; Porcar-Castell, 2011). However, there
were some notable differences. First, the response measurements
revealed considerable potential for photosynthetic production
most of the time in winter, which was not visible in the field
measurements. Second, parameters related to light reactions («,
®pgp) remained at nearly summertime level in autumn while
carbon reaction-related parameter Pjygo declined steadily from
August to December.

Photosynthetic parameters obtained in standard conditions in
winter were not as close to zero as apparent from the field data,
but remained as high as 20% of the respective summertime val-
ues. This implies that about 80% of the reduction in momentary
photosynthetic rates from summer to winter is attributed to slow
changes in the capacity of light and carbon reactions. The rest
is due to instantaneous responses that determine how much of
the capacity is realized. This finding suggests that boreal ever-
green forests would be able to rapidly capitalize from early warm
spells. Indeed, wintertime photosynthesis has been observed in
various studies on boreal winter-acclimated trees when tem-
perature has been high enough (e.g., Ensminger et al.,, 2004;
Sevanto et al., 2006). Exceptionally, all photosynthetic parame-
ters as well as respiration at 18°C were near zero in the February

2011 campaign which took place immediately after a period of
very low temperatures (minimum temperature of previous 5 days
was —24°C).

The quantum yield of fluorescence (®psy, Fy/Fp) and the
initial slope of photosynthetic light response (c, of) had
similar seasonal patterns in standard conditions and in the field.
Representativeness of fluorescence as indicator of light-saturated
photosynthetic capacity was much poorer: the high ®pgyp in
autumn did not correspond to high Pj3p9. On the other hand,
in spring the parameter values increased in concert in the field
and in the standard conditions (Figure 2). Concluding the pho-
tosynthetic capacity from chlorophyll fluorescence overestimates
the maximum capacity in autumn and early winter. Therefore,
it is advisable to address light and carbon reactions separately in
modeling and interpretation of empirical data, not only capacity
(Jmax> Vemax> Psat) but also efficiency («).

The shape of the photosynthetic temperature response in satu-
rating light was similar in spring, summer and autumn although
the absolute level varied considerably (Figure 5). In some mod-
eling approaches temperature acclimation shifts the maximum of
the response function toward lower temperature (e.g., Kattge and
Knorr, 2007). In this study, such approach was not applicable.
The response of photosynthetic rate to subzero temperature also
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corresponds to the monthly value of Pjpg9 or as determined in prevailing
ambient temperature vs. corresponding parameter in the standard
temperature (18°C). The lines denote the photosynthetic temperature
response model (Equation 7) fitted to P00 (P(T), solid line) and as ((T),
dash line). The parameters defining the the response at sub-zero
temperatures were fixed to values that make the curve reach zero at —5°C
based on the continuous chamber data from several years.
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FIGURE 7 | Normalized values of light response parameters vs. state of
acclimation S (Equation 8, time constant = 7 days). Ps,t Was estimated
in ambient temperature from continuous chamber measurements, Pi200
and as from light response measurements in controlled conditions and
standard temperature (18°C). Dash line denotes the sigmoid relationship
between Psat/Ci and S from Kolari et al. (2007). The parameter values are
relative to the mean value of the respective parameter when 5-day mean
temperature >15°C.

calls for improvement to frequently used exponential-like tem-
perature response models to address low-temperature inhibition,
for instance, by including an additional term (Collatz et al., 1992,
Equation 7). The steep drop in photosynthetic rate below 0°C
and the diminishing CO; exchange signal, including respiration,

at about —5°C could be linked with extracellular freezing in the
shoots, which takes place few degrees below zero (Brown et al.,
1974; Lintunen et al., 2014). Freezing results in the decrease in
leaf water potential which inhibits cell metabolism and may cause
embolism in water-conducting tissues.

Biochemical photosynthetic model parameters Jymax and Vemax
or A-C; slope showed a strong seasonal variability in the response
measurements. Unlike «g, ®psy, and Pjao9, the biochemical
model parameters related to light and carbon reactions fol-
lowed similar seasonal courses. However, one should be cautious
when planning and interpreting A-C; response measurements on
winter-acclimated leaves; the usual assumptions of light and car-
boxylation limitations at different internal CO, concentrations
might not hold. Furthermore, light and carbon limitations are
hard to separate from A-C; data when the signal is small. A good
practice would be to make also light response measurements and
analyze them using simple light response models that are more
robust with low signal and field data, as presented in this study.

Respiration also showed seasonal acclimation although not as
conspicuous as photosynthesis. The field and response measure-
ments were consistent in this parameter except in late autumn
2011 when respiration in the field declined whereas the response
measurements showed relatively high rate of respiration. Peak val-
ues in the base level of respiration R were observed in April, too
early to be directly linked with visible growth (Kolari et al., 2009),
but they could reflect the biochemical processes related to recov-
ery from winter dormancy and starting of growth. The autumn
decline in R was consistent with the overall decrease in primary
productivity: downregulated photosynthetic machinery requires
little energy to maintain the low capacity. Considering the sea-
sonality in the base level of respiration is also important when
estimating photosynthetic parameters from field data. The level
of respiration rate largely determines the observable CO; assim-
ilation rate and the shape of the apparent temperature response
when the photosynthetic rate is low in winter and early spring.

ENVIRONMENTAL CONTROL OF SEASONAL ACCLIMATION

The seasonality of photosynthetic capacity has been linked to
prevailing temperature (Pelkonen and Hari, 1980; Mikeld et al.,
2004). The relationship between temperature and lumped photo-
synthetic capacity (8) via state of acclimation (S) was formulated
by Mikeli et al. (2004) and the concept further tested by, among
others, Mikeld et al. (2006) and Kolari et al. (2007). The sig-
moid B-S relationship by Kolari et al. (2007) predicted well the
photosynthetic parameters determined from continuous mea-
surements in the field in spring (Figure 8). However, when the
prevailing temperature was low, photosynthetic rate determined
in the field underestimated the actual capacity in more favorable
conditions. The temperature acclimation derived from the field
measurements, thus, results from the instantaneous responses
superimposed on the seasonal acclimation and overestimates the
downregulation of the physiological state.

Temperature acclimation explained the recovery in spring bet-
ter than the downregulation in autumn and winter (Figure 8).
The parameters related to the efficiency of light reactions at
low light (o, o, Ppsi1, Fy/Fm) were considerably higher than
the prediction based on temperature acclimation in autumn.
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from sunrise to 12:00 during the day in question and two previous days).
The plot comprises days from December through March when daytime
(8:00-17:00 local normal time) air temperature was >0°C.

Linkosalo et al. (2014) could explain the downregulation of flu-
orescence yield with temperature history using different model
parameterizations for autumn and spring. However, the regu-
lation mechanisms of light and carbon reactions are different,

which creates a mismatch between e.g., ®pgip and Py, during
autumn. Light reactions are more sensitive to light but rela-
tively insensitive to temperature. The difference in light-reaction
parameter values between the field conditions and 18°C was small
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(Figures 2, 8) and the response measurements also indicated
low instantaneous temperature sensitivity (Figure 6). Since boreal
autumns are rather dark, there is little pressure to downreg-
ulate the light reactions (Ensminger et al., 2006; Busch et al,,
2007) and the downregulation of the light harvesting machinery
is not completed until late winter (Porcar-Castell et al., 2008a;
Porcar-Castell, 2011). Carbon fixation is solely controlled by
biochemical reactions, thus, it is more sensitive to temperature
and the capacity also largely follows the prevailing tempera-
ture. Indirect regulation (sink limitation) may also contribute
to the decline in photosynthetic rate and capacity in autumn.
The different observed patterns in light and carbon limitation
were consistent with the environmental conditions if we consider
resource allocation in the photosynthetic machinery: low light in
autumn is utilized efficiently whereas high maximum capacity
is not needed and Py, appears to be low. The ability of pho-
tosynthesize during warm spells, efficient photosynthesis at low
light, and downregulated respiration are important for the trees
to avoid excessive carbon loss during winter (Baldocchi, 2008;
Piao et al., 2008; Vesala et al., 2010). On the other hand, the
contribution of photoperiod to the photosynthetic capacity can
limit the carbon uptake potential in warm winters (Bauerle et al.,
2012).

We found that photosynthetic capacity in Scots pine varies
seasonally much more than the base level of respiration
(Figures 2—4). The strong seasonality of photosynthetic param-
eters in the boreal zone was also reported in many earlier studies
(e.g., Leverenz and Oquist, 1987; Mikeli et al., 2004). However,
Gea-Izquierdo et al. (2010) found a decreasing trend in the mag-
nitude and increase in the rate (smaller time constant t) of pho-
tosynthetic acclimation across climatic gradient from northern
boreal to temperate zone. In other words, the instantaneous tem-
perature response dominates over slow temperature acclimation
in the south. Ow et al. (2010), in turn, reported stronger accli-
mation in respiration than in photosynthesis for Pinus radiata at
a site where lowest temperatures of the year were barely below
0°C. The relationship between photosynthetic capacity and tem-
perature evidently depends on the range of seasonal variability
in temperature, especially on the low end of the range, as appar-
ent physiological activity ceases at about —5°C. Freezing could
explain why the temperature acclimation is so much stronger
in the north than in the south. Recovery from freezing-induced
embolism as well as cold or frozen soil can bring additional
slowness to the spring recovery of photosynthesis (Bergh et al,,
1998).

CONCLUSIONS

The seasonal patterns of photosynthesis and respiration
result from instantaneous responses superimposed on
seasonal acclimation. The measurements in controlled con-
ditions revealed that notable residual photosynthetic capacity
remained during winter especially in the light reactions of
photosynthesis, which suggests that boreal trees are able
to promptly utilize warm spells or milder winters in the
changing climate. The base level of respiration also fol-
lowed the decreasing trend in photosynthetic capacity in
autumn.

The seasonal patterns of light and carbon reactions and respi-
ration were different which implies that they should be considered
separately. In addition to estimating capacity parameters (e.g.,
Jmax) it is important to consider the efficiency of light reac-
tions («). Chlorophyll fluorescence overestimated the level of
light-saturated photosynthesis in autumn and early winter.

Slow temperature acclimation explained well the recovery of
photosynthetic parameter values in spring whereas the decline
of light reaction parameters in autumn and especially the final
stages of the downregulation during winter could be linked
with light rather than temperature. Minimum temperature
might be another decisive factor in the seasonal acclimation
of photosynthesis and it can explain the observed differences
in the photosynthetic temperature acclimation between boreal
and temperate trees. More attention should be paid to low-
temperature responses in models. Furthermore, physiological
responses in models describing soil-vegetation-atmosphere inter-
actions are predominantly instantaneous responses (Smith and
Dukes, 2013). Our results show that to be able to predict pho-
tosynthesis and respiration in more variable environmental con-
ditions and more extreme seasonal dynamics, it is important
to address both instantaneous responses and slow changes in
the photosynthetic state. The importance is pronounced when
considering climatic warming scenarios
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