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Summary

e Boreal forests undergo a strong seasonal photosynthetic cycle; however, the underlying
processes remain incompletely characterized. Here, we present a novel analysis of the sea-
sonal diffusional and biochemical limits to photosynthesis (Aet) relative to temperature and
light limitations in high-latitude mature Pinus sylvestris, including a high-resolution analysis of
the seasonality of mesophyll conductance (g,,) and its effect on the estimation of carboxyla-
tion capacity (Vc, ).

e We used a custom-built gas-exchange system coupled to a carbon isotope analyser to
obtain continuous measurements for the estimation of the relevant shoot gas-exchange
parameters and quantified the biochemical and diffusional controls alongside the environmen-
tal controls over Apet.

e The seasonality of Anet was strongly dependent on V¢ . and the diffusional limitations.
Stomatal limitation was low in spring and autumn but increased to 31% in June. By contrast,
mesophyll limitation was nearly constant (19%). We found that V¢ . limited A,et in the
spring, whereas daily temperatures and the gradual reduction of light availability limited Ayt
in the autumn, despite relatively high V¢ __.

e We describe for the first time the role of mesophyll conductance in connection with sea-
sonal trends in net photosynthesis of P. sylvestris, revealing a strong coordination between g,

and Apet, but not between g,,, and stomatal conductance.

Introduction

Terrestrial biosphere models (TBMs) typically use the Farquhar,
von Caemmerer, and Berry (FvCB) model (Farquhar ez 4/, 1980)
to predict photosynthetic carbon (C) assimilation by Cj; plants,
including responses to rising temperatures and atmospheric COs.
Now 40 yr old, the FvCB model has been eveloped and improved
over time. Inidally, it defined C assimilation rate as determined by
the more limiting of two biochemical processes: carboxylation
capacity of Rubisco (V¢ ) and the capacity of ribulose 1,5-
bisphosphate (RuBP) regeneration by electron transport. A third
biochemical process, the capacity for triose phosphate utilization
(Sharkey, 1985), was identified and incorporated into the model
later. Nevertheless, under current ambient CO, concentrations,
light-saturated photosynthesis is considered primarily Rubisco-
limited (Sage & Kubien, 2007). Therefore, TBMs commonly rep-
resent photosynthetic capacity in terms of V.

Light availability and temperature are the most important envi-
ronmental factors determining the seasonality of biochemical
capacity and net photosynthesis (4,.,) in the boreal region, whereas
soil water content is often considered nonlimiting (Bergh ez al,
1998). Changing seasonal light conditions determine the rate of
photosynthesis as well as the length of the growing season (Hari &
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Mikels, 2003; Fracheboud ez 4/, 2009; Bauetle et 2l, 2012; Hall
et al., 2013). In the boreal region, the effect on A4, is strongest in
the autumn when days get shorter and low irradiance suppresses
Aner (Bergh er al, 1998; Hari & Mikeld, 2003; Mikeld ez al,
2004; Hall et al, 2013; Tarvainen et al., 2015). In the spring, days
are already long by the time it is warm enough for photosynthetic
activity and bud burst (Bergh ez 4/, 1998). To model the seasonal-
ity of photosynthesis in Pinus sylvestris, Mikeld er al. (2004)
defined a photosynthetic capacity term that changes over the sea-
son in correlation with temperature and highlighted temperature
as a strong driver of C uptake in boreal conifers (Bergh ez al,
1998; Hari & Mikeld, 2003; Mikelid et al, 2004; Jensen et al.,
2015). Warming experiments have confirmed this key role of tem-
perature by showing that increasing the ambient temperature
extended the photosynthetic season due to early induction of pho-
tosynthetic activity in the spring (Wallin ez 2/, 2013), and by
maintaining high photosynthesis rates in the autumn at latitudes
where light conditions are more favourable (Stinziano ez af, 2015;
Richardson e al, 2018). However, the effect of warming on the
seasonal maximum rates of photosynthesis is unclear and is likely
to change with the magnitude of the warming and to differ across
species based on their acclimation strategy (Hall ez af, 2013; Kure-
pin ez al, 2018; Lamba ez al.,, 2018; Dusenge ez al., 2020).
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The FvCB model estimates biochemical capacity and A,
based on the CO,; concentration inside the chloroplasts (C). C.
has traditionally been assumed equal to the intercellular CO,
concentration () based on the assumption of negligible resis-
tance to CO, diffusion between the intercellular space and the
chloroplast. G is determined by the diffusional resistance of the
stomata and is readily calculated from gas-exchange measurements,
with the resistance typically represented by its inverse, stomatal
conductance (g). Although it is now accepted that C, is not equal
to C and that leaf internal conductance, referred to as mesophyll
conductance (g,), has substantial influence on CO, diffusion
(Flexas er al., 2008; Warren, 2008), C is still commonly used in
the FvCB model because estimating C, is technically challenging
(Pons et al, 2009; Stangl ez al., 2019). This approach, however,
overestimates the CO, concentration in the chloroplast and yields
an estimate of ‘apparent’ biochemical capacity that is lower than
the actual capacity (Sun ez al, 2014b). This distinction between
apparent and actual capacity does not matter if apparent Vi is
treated as an empirical parameter (Medlyn et al, 2002a,b). How-
ever, combining biochemical and diffusional processes into appar-
ent capacity restricts the possibility to account for their divergent
responses to the environment and can lead to misinterpretations of
the underlying reasons for changes in photosynthetic activity (Sun
et al, 2014a; Xu et al., 2020).

Owing to the resistance of the stomata and the mesophyll to
CO, diffusion, C, is typically between 150 and 250 umol mol ™
under current ambient CO, concentrations. Therefore, a change
in g and/or g, will often change C_ along the steepest part of the
photosynthetic CO,-response curve, thereby producing a rela-
tively large effect on the rate of CO, uptake (Fig. 1a). Stomata
operate under active regulatory control in an effort to balance the
C gain with water (H,O) loss (Cowan & Farquhar, 1977; Ball
et al., 1987; Leuning, 1995). Consequently, g is correlated with
the rate of photosynthesis, the rate of transpiration, and the evap-
orative demand (vapour pressure deficit, VPD) of the ambient air
(Katul ez al, 2009; Medlyn et al., 2011). Mesophyll conductance
and C_ remain difficult to measure in the field; therefore, data on
the response of g, to different environmental parameters under
natural conditions is limited (Flexas, 2016; Rogers et al., 2017;
Dewar et al., 2018; Stangl er al, 2019; Schiest-Aalto ez al.,
2021). Nevertheless, it has received substantial interest because
an increase in mesophyll conductance could enhance C uptake
without increasing H,O loss in the process (Flexas er al., 2013;
Flexas, 2016), thus having a substantial impact on water-use effi-
ciency (WUE) (Stangl et al, 2019; Ma et al., 2021). Owing to
this role, g,, is considered a ‘central player’ in acclimation and
adaptation of plants to a future with warmer and drier climates
(Warren, 2008; Flexas et al., 2012; Flexas, 2016).

Several methods have been used to evaluate the effect of diffu-
sional constraints on photosynthesis, but the differential method
and the gas-phase elimination method (Farquhar & Sharkey,
1982; Jones, 1985) are the most common. The differential
method considers the ratio between the slope of the supply func-
tion (proportional to g and the slope of the demand function
(proportional to biochemical capacity) at the point where they
intersect; that is, the operating point, which is given by 4, and
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G or C_(Jones, 1985; Grassi & Magnani, 2005; Xu ez al., 2019).
However, this method requires knowledge of the full photosyn-
thetic CO,-response curve, as the estimation of the biochemical
capacity is based on the derivative of the curve at the operating
point. To analyse the limitation seasonally requires seasonal esti-
mates of CO,-response curves under changing leaf phenology
and variable environmental conditions, thereby introducing addi-
tional assumptions and uncertainty.

By contrast, the gas-phase elimination method evaluates the
diffusional limitations due to stomatal conductance Z, and mes-
ophyll conductance Z, , relative to the potential rate of photo-
synthesis A¢, if the CO, concentration in the chloroplasts were
equal to the ambient CO, concentration C) (Fig. 1a; Farquhar &
Sharkey, 1982; Bernacchi ez al, 2002). Assuming that Vg, is
the main limiting biochemical process at CO, concentrations
below C,, the biochemical demand for CO, can be represented
by V¢, and it can be used to calculate A¢,. On the other hand,
g and g, represent the supply of CO, to the site of carboxylation
inside the chloroplast. Given constant g and g, the ratio of 4,
to Ac, is smaller and the diffusional limitation is greater when
Ve, is high and the initial slope of the A,../C. curve is steep,
compared with when V¢ is small and the initial slope of the
Aped C. curve is relatively flat (Fig. 1b). This method highlights
the changing significance of CO, supply with varying CO,
demand. The differential and the elimination methods generated
similar results (29.7% and 27.7% limitation, respectively) when
analysing photosynthetic g limitations in Norway spruce (Wallin
et al., 1992), but the second method is more straightforward to
interpret and requires fewer assumptions.

We conducted continuous measurements of shoot-scale gas
exchange and online C isotope discrimination under natural con-
ditions throughout a whole growing season in a mature stand of
the boreal conifer P. sylvestris. Continuous measurements of A,
& and g, from early April to late October allowed us, first, to
describe the seasonality of stomatal and mesophyll conductance
and evaluate the coordination between the two conductances on
a seasonal scale; second, to quantify the ratio between ‘apparent’
and ‘actual’ Vg, ; third, to analyse the seasonality of V¢, and
diffusional limitations of A,.; and fourth, to describe the season-
ality of temperature and photosynthetic photon flux density
(PPFD) controls over A,..

Materials and Methods

Site description

The study was conducted on mature (¢. 100-yr-old) P. sylvestris
(Scots pine) trees at the Rosinedalsheden experimental forest in
northern Sweden (64°10'N, 19°45'E). The experiment was
established in 2005, in a naturally regenerated, even-aged stand,
and consists of a control site and a site with intensive nitrogen
(N) fertilization. A more detailed description of the experiment
can be found in Lim ez 4/ (2015). The current study was con-
ducted on the control site, from the beginning of April to the end
of October in 2017, covering the photosynthetic season typical
for the area and the species. The year 2017 was relatively cold for
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Fig. 1 Conceptual figure showing the relationship between the demand for, and the supply of, CO, on the rate of photosynthesis. (a) The biochemical
capacity represents the demand for CO,, and determines the shape of the CO,-response curve (grey line). Along that curve, stomatal and mesophyll
conductance (g; and gn,) determine the supply of CO, and affect the reduction of CO, concentration from the atmosphere (C,) to the intercellular space
(Cy) and the site of carboxylation inside the chloroplast (C,). (b) Considering constant g, (slope of green line) and g, (slope of blue lines), when the demand
for CO, is high (black response curve) the ratio between observed and potential rate of photosynthesis is higher than when demand is low (orange
response curve). Accordingly, the proportional limitation of photosynthesis due to gs and g, (Lg and L, _) is higher when the demand for CO, is high
compared to when it is low, as depicted by the bars on the right. The equations show the relationship between the rate of photosynthesis and L, and L, ,
where A, is the actual rate of photosynthesis, and Ac, and Ac, are the potential rates without L, and without L, and Lg, respectively.

the area, with a mean temperature of 7.8 £ 4.7°C (mean £ SD)
for the period of April to October, which was on average 1.2 +
0.7°C (mean =+ SD) lower than the average of the same period in
the preceding 10 yr according to data by the Swedish Meteoro-
logical and Hydrological Institute.

Gas-exchange and online §'3C measurements

A custom-built multichannel gas-exchange system (Wallin ez 4/,
2001; Tarvainen ez al., 2016) was coupled to a G2131-i cavity
ring-down spectrophotometer (CRDS; Picarro Inc., Santa Clara,
CA, USA) to continuously measure shoot-scale CO, and H,O
exchange and photosynthetic '’C discrimination. A detailed
description of the method and the set-up can be found in Stangl
et al. (2019). Briefly, four temperature-controlled shoot cuvettes
made of transparent Plexiglas, equipped with a sensor for PPFD,
were secured onto a 1-yr-old upper canopy shoot on four individ-
ual trees. To avoid condensation within the cuvettes and down-
stream tubing, the humidity of incoming air was controlled by a
cold trap (3°C below ambient), so that it did not exceed c. 85%.
Furthermore, cuvette temperatures were kept on average 0.2°C
above the ambient and the tubing was insulated and heated (Hall
et al., 2009). The partial pressures of CO, and H,O vapour in
the air flow of sample (i.e. cuvette) and reference (i.e. ambient
air) channels were measured in parallel using CIRAS-1 differen-
tial infrared gas analysers (IRGAs; PP Systems, Hitchin, UK).
The CRDS was connected in line with the IRGA sample channel.
The system cycled through four cuvette and two noncuvette ref-
erence lines at 7 min intervals, resulting on average in one mea-
surement of each cuvette per hour and two measurements of
ambient air per hour. The IRGAs were calibrated with 400 pmol
mol™!' CO, gas and with a dew-point generator (LI-610; Li-Cor,
Lincoln, NE, USA) at the beginning and at the end of the
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growing season. Additionally, every hour the IRGAs were zero
calibrated and the system ran a cross-calibration protocol to
match values in the sample and reference channels. The CRDS
was manually calibrated once per week using two reference gases
with known CO, concentrations (411 umol mol™", SD = 5.1;
1606 pmol mol™, SD = 13.1) and 8">C values (—32.36%o, SD
= 0.09; —4.14%0, SD = 0.06). In addition, the 8'*C values were
corrected for the sensitivity of the CRDS to CO, and H,O
vapour concentration (Stangl ez a/., 2019). Photosynthesis caused
the CO, concentration inside the cuvettes to drop below the
CO, concentration of ambient air. The magnitude of the draw-
down was controlled by the flow rate through the cuvette and
was adjusted over the course of the season to ensure sufficient
drawdown for accurate measurement of the CO,, H,O, and
CO; isotope fluxes (more details are given in the Results section).

Data analysis

The measurements and data presented in this paper cover the
photosynthetic season of P. sylvestris at the latitude of the site,
from 1 April (week 14) to 31 October (week 44). Photosynthetic
rates were calculated daily between 05:00 h and 20:00 h (GMT +
1), and this data set was used to fit weekly light-response models.
For all further analysis, midday data between 09:00 h and 14:00
h were considered (i.e. 7 = 5 data points measured during 5 h),
because this was when the rate of photosynthesis reached its daily
peak across the whole season. The cuvette-based median of these
measurements was taken to represent the daily maximum rate of
photosynthesis for the individual shoots. Owing to technical
problems, 36% of the data points were filtered out. '*C discrimi-
nation was not measured during weeks 29 and 30. The data are
presented on a weekly basis, and most weeks (22 out of 31) have
n =4 replicates (i.e. trees). Because of the data filtering, 4 wk have
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n =3 and 5 wk have 7 = 2. Individual weeks included a minimum
of 6, a maximum of 28, and an average of 18.9 data points. The
STATS package (v.4.0.0) of R (v.3.3.2) was used for statistical anal-
ysis and curve fitting. All variability is given as standard error,
unless stated otherwise. All data is provided in Supporting Infor-
mation Dataset S1.

Leaf gas-exchange parameters

Net photosynthesis (A4, stomatal conductance (g), and the
intercellular CO, concentration (C) were calculated from the
gas-exchange data according to von Caemmerer & Farquhar
(1981). Mesophyll conductance (g,,) was estimated from 13C dis-
crimination, assuming that the daytime mitochondrial respira-
tion (R,,) (Methods S1) was isotopically disconnected from the
Calvin—Benson—Bassham cycle, as proposed by Busch ez 4l
(2020):

R
1+ tAnet(b ~ I ")
En =7, C.(A; — Ay)

Eqn 1

In Eqn 1, #is a ternary correction factor (Methods S2; Farquhar
& Cernusak, 2012), and &, 4,,,, and e are the >C/'>C fractiona-
tion during carboxylation (29%o), dissolution and diffusion
through H,O (1.8%o), and mitochondrial respiration, respec-
tively. R, and e were estimated as previously described in
Stangl et al. (2019; Methods S1, S2), assuming a 40% reduc-
tion of respiration in the light (Way & Yamori, 2014) and
recent photosynthate as respiratory substrate (Wingate ez al.,
2007; Gessler et al., 2008; Farquhar & Cernusak, 2012). The
reference values for R, were estimated from night-time respira-
tion during the darkest hour of the night (23:00 h—00:00 h) and
the corresponding cuvette temperatures, on a weekly basis (Meth-
ods S1). For all calculations, we considered the CO, concentration
inside the shoot cuvette as C,. A; is the discrimination when
assuming infinite g, and accounting for respiratory and photores-
piratory fractionation (Methods S2; Busch ez 4/, 2020), and A, is
the observed discrimination estimated from the 8'°C measured
with the CRDS, as described in Stangl er 4/ (2019; Methods S2).
o, and o, are the isotope effects of carboxylation and mitochon-
drial respiration, respectively, and oy is given according to Busch ez
al. (2020):

R, ¢ Ean 2
— n
ADC[ (xe q

ap =1+

Estimates of g, were compared with the g, values produced by
the traditional model (Farquhar & Cernusak, 2012; Evans &
von Caemmerer, 2013). Although 69.5% of the estimates were
within a 5% similarity range, we found that the model proposed
by Busch ez al. (2020) produced less variable g,, estimates, espe-
cially when A, and the concentration difference between ambi-
ent and cuvette CO, were low. We considered A,,., as too low
when it was below 1 umol CO, m™2 s™! and the CO, concentra-
tion difference as too low when it fell below 9 umol mol™". The
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latter contrasts with the 20 pumol mol™" limit suggested by Pons
et al. (2009) and applied in our previous study (Stangl ez al,
2019). These looser constraints allowed us to extend our analysis
into April and October.

The CO, concentration at the site of carboxylation (C) was
calculated from g, using the following relationship:

Ane
Co=Ci—

Eqn 3

m

In all calculations, boundary-layer resistance was neglected,
because boundary-layer conductance has previously been found
to be high due to the fans in our cuvettes (Uddling & Wallin,
2012). Projected leaf area was estimated at the end of the mea-
surement campaign by collecting and scanning the needles from
the shoots enclosed in the cuvettes. The scanned images were
analysed using WINSEEDLE PrO 5.1a (Regent Instruments, Que-
bec, QC, Canada).

Light-saturated rates of photosynthesis

To identify light-saturated rates of photosynthesis, light-response
curves (LRCs) were fitted to Ay, vs PPFD on a weekly basis,
using the nonrectangular hyperbolic model by Marshall & Biscoe
(1980):

mPPFD (Ag, — 0Ane)
(1 — 0)mPPED + (Ag,. — 0Ane)

Apee + Ry = Eqn 4

which on expansion gives

042, — (Ag,.. + mPPFD — ORg)Ane + mPPED[Ag,

net

—(1- Q)Rd] — Ry4Ag,,, =0 Eqn 5
m, the initial slope of the LRC; 6, the degree of curvature; A, ,,
maximum rate of gross photosynthesis; PPFD units are umol
m~>s~". The LRCs were fitted in two steps. First, a linear regres-
sion model was fitted to Ane vs PPFD for all PPFD < 50 pumol
m ™ 57! to determine the rate of CO, release in the dark (R))
and the initial slope of the response curve (7). Second, to deter-
mine Ag,, and 6, the model described in Eqn 5 was fitted to the
whole range of A, vs PPFD using the nls() function in the R
STATS package and the values of Ry and m as determined in the
first step. Some examples of fitted LRCs are shown in Fig. S1(a).
The maximum rate of net photosynthesis was calculated for
each week of the season as:
Amax = Ag

—(1-0)Ry Eqn 6

The spatial distance between the light sensor and the cuvette
(c. 5 cm apart) caused scattering in the LRC, exemplified by few
high A, data points at low PPFD and low A, data points at
high PPFD (Fig. S1b). To avoid this technical bias, we used Ay
rather than PPFD, to identify light-saturated rates of photosyn-
thesis and considered all measurement points light-saturated
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where A, was equal to or higher than 90% of A, so that the
limit of light-saturated rates was:

Age = 0.9 X Aoy Eqn 7

Temperature optimum of photosynthesis

To avoid the confounding effect of light, we used only light-
saturated rates of A, to analyse the temperature response of photo-
synthesis across the season. We fitted temperature-response curves
to all observed light-saturated A4,,., and corresponding cuvette tem-
perature (7¢,,) during April, May, mid-season (June and July), and
late season (August—October) separately (Fig. S2a—d). In April, A,
was not responsive to temperature (Fig. S2a). During the rest of the
season the optimum temperature shifted slighty from 17.5°C in
May to 19°C in June—July and 23°C August—October, with A4,,., at
optimum temperature changing from 10.2 £ 0.2 pmol m~* s~ to
18.54 0.2 umol m™s™" and to 14.4 #+ 0.2 umol m™*s™", respec-
tively. We defined a range around the thermal optimum where the
slope was < 0.2 umol m 2 s °C7! and A, was still within the
range of the standard error of the maximum rates (Fig. S3). In May,
this range was 15-20°C, in June-July it was 18-20°C, and in
August—October it was 20—-26°C. Because 20°C was always in this
range, we used it as the season-long optimum of A, The fitted
temperature-response models were then used to estimate Ay, the
rate of photosynthesis at optimum temperature for each period.

Biochemical capacity of photosynthesis

We assumed that under light-saturated conditions, the biochemi-
cal capacity for photosynthesis is equal to the carboxylation
capacity of Rubisco (Vg,,.). Vi, was estimated from light-
saturated A, using the one-point method (Wilson ez al., 2000;
De Kauwe et al., 2016), as

Eqn 8

CH+Kn
Vene = (Anee + Ra) (ﬁ)

C= G in the case of V¢, (C;) and C_ in the case of V¢, (C.);
I'*, C compensation point derived from the specificity of Rubisco
to C, and calculated according to Bernacchi er al. (2001) for
Ve, (C) and according to Bernacchi eral (2002) for
Ve, (Co); K is given by:

max

o)
Ky =Kc[14+—
C< +1(O>

O, partial pressure of oxygen (O,) in the chloroplast (210 mmol
mol™"); K and Ko, the Michaelis—-Menten constants of CO, and
O,, respectively. K- and Ko were estimated from the temperature-
response functions proposed by Bernacchi eral (2001) for
Ve, (C) and Bernacchi et al. (2002) for V¢, (C.).

To compare carboxylation capacity in different parts of the
season, we estimated V¢ at a common temperature of 25°C.

Eqn 9

We fitted published temperature-response functions to May,
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mid-season (June and July), and late-season (August—October)
data (Fig. S4). In agreement with previous studies in another
conifer species (Jensen ez al., 2015), V¢
and not responsive to temperature (Fig. S4a,e); therefore, we pre-
sent the mean value of the data points in that month. V¢ (C;)

in April was constant

max

was fitted with the temperature-response function published by
Tarvainen et al (2018), which was established from A/C
response curves measured at different temperatures on the same
trees in August 2013. We also used these full response curves to
alleviate concern over our use of the one-point method (Burnett
et al., 2019); the values obtained by both methods were similar.

Ve, (C.) was fitted with the temperature-response function
proposed by Bernacchi ez /. (2001), because this function does
not require any assumption about the thermal optimum, for
which we did not have sufficient data. In both cases, the reference
value at 25°C (k,5), was allowed to vary to find the best fit for the
data while all other model parameters were held constant.

Mechanistic limitations of Apet

The diffusional limitations were estimated relative to the potential
rate of photosynthesis without diffusional limitations (i.e. infinite
gm and infinite g) (Farquhar & Sharkey, 1982). The potential rate
of photosynthesis without mesophyll limitation (A¢) was calcu-
lated from V¢, (C.) and Eqn 7 by assuming C,. = C, and the
potential rate of photosynthesis without any diffusional limitation
(Ac,) was calculated by assuming C. = C,. The relative contribu-
tions of stomatal limitation and mesophyll limitation to the reduc-
tion of photosynthesis were then evaluated relative to A¢, and
estimated using Eqn 10 and Eqn 11, respectively:

ACa — AC;

Lgs = T Eqn 10
AC; - Anet

Lgm = T Eqn 11

a

These limitations were estimated for each gas-exchange measure-

ment for which V¢ and the conductances were available (i.e.

max

light-saturated rates).

Empirical limitations of Anet

In a separate, parallel analysis, we assessed limitations due to PPFD
and temperature. This was done by comparing the observed rate of
photosynthesis with a reference photosynthetic rate. For these analy-
ses, the reference rate was not A¢, as earlier herein, but instead was
an empirical maximum related to saturating light intensity (A,
and optimum temperature (Ay), respectively. Light limitations were
evaluated on all data. Temperature limitations were evaluated on
light-saturated photosynthesis data to avoid the confounding effect
of light limitation, and the light-saturated values were determined as
described earlier. The PPFD limitation was expressed as:

Asat - Anet

Egn 12
Are an

Lpprp =
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The temperature limitation was expressed as:

AZO - Anet

L pr—
! A

Eqn 13

Note that L < 0 means that Aye; > A, or Ay, respectively, which
we define as no limitation.

This second analysis does not account separately for the diffu-
sion and V¢ limitations, but instead includes them within the
empirically fitted temperature and PPFD limitations. Note that
this analysis evaluates the ‘daily’ effect of temperature on the
observed A, rather than the seasonal changes in photosynthetic
capacity. For clarity the effect of temperature on the seasonality
of photosynthetic capacity will from now on be termed the ‘sea-
sonal’ temperature effect.

Results

Seasonality of midday gas-exchange parameters

CO, concentrations were measured or inferred from the atmo-
sphere to the chloroplast throughout the photosynthetic season.
Atmospheric CO, concentration fell from 410 pmol mol™" in
the spring to 380 pmol mol™" at the peak of the summer and
then rose again to ¢. 410 umol mol™" during autumn. The draw-
down between atmospheric and cuvette CO, concentration var-
ied between 9 and 93 upmol mol™' during midday
photosynthesis, causing cuvette CO, concentration to drop, on
average, to 310 umol mol™" during peak photosynthetic activity,
from mid-June to late August (Fig. 2a). This large drawdown
improved the precision of our estimates of isotopic fractionation.
During this period, the mean G was 234 + 2 umol mol ™', and
the mean C. was 177 £ 2 pumol mol ™!, with the lowest value at
103 umol mol ™", still well above the photosynthetic CO, com-
pensation point (I'*) estimated for the same period (30 £ 3 pmol
mol™!). The mean drawdown between C, and G was 99 + 2
umol mol ™", and the mean drawdown between G and C. was 59
+ 2 umol mol ™.

These concentration declines were driven by seasonal changes
in gas-exchange characteristics. Midday A, peaked, on average,
at 15.8 + 0.3 umol CO, m™ s~ at the end of June—beginning
of July, with maximum rates as high as 20.4 pmol CO, m™*s™"
(Fig. 2b), and gradually declined after the summer solstice (21
June). By early August, mean rates of A, had dropped to 10.7 £
0.2 umol CO, m™? s~'. Midday stomatal conductance reached
its seasonal maximum at the same time as A, at 0.170 £ 0.006
mol CO, m™ 5" bar™", but stayed high well into September
(Fig. 2b). Mesophyll conductance followed the seasonality of A,
closely and peaked at mean midday values of 0.28 £ 0.014 mol
CO, m™? 57! bar! (Fig. 2b). The mean ratio of the conduc-
tances (g/gm) under light-saturated conditions was 0.88 + 0.08,
and the median was 0.60 (Fig. S5). High g/g,, was observed in
the beginning (2.2 £ 0.28) and end of the season (0.89 £ 0.33),
and the lowest ratio was observed in June (0.53 4 0.08). The cor-
relation between g/g,, and the week number was significant (P <
0.001), meaning that the ratio varied over the season.
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Fig. 2 Seasonality of atmospheric CO, concentration at the site, and
internal CO, concentrations, photosynthesis, and stomatal and mesophyll
conductance in upper canopy shoots of Pinus sylvestris. (a) The carbon
concentration in the atmosphere (grey), inside the shoot cuvettes (black),
in the intercellular space (C;, green), and in the chloroplast (C,, blue). (b)
Net photosynthesis (Anet, black), stomatal conductance (g, green), and
mesophyll conductance (gm, blue). In both panels, the symbols represent
the daily median midday values of each shoot, and the solid lines represent
the weekly mean with the grey shading representing SE around the mean,
as estimated by loess fit.

Seasonal biochemical capacity of photosynthesis

We used the one-point method to estimate V¢ at ambient tem-
perature from all light-saturated values of A, based either on C
or C.. The two Vi, estimates were similar except at the peak of
the photosynthetic season; between weeks 23 and 27, when car-
boxylation capacity was highest, V¢, (C.) (actual) was on
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average 14% higher than V¢ (C;) (apparent) (Figs 3, S6). The
seasonality of both Vi estimates under ambient temperature
conditions followed the pronounced seasonality of A, with
much higher values in June and July and lowest values earlier and
later in the season (Fig. 3).

We fitted published temperature response functions (Bernac-
chi et al., 2001; Tarvainen et al, 2018) to the data to estimate
Ve, (Ci) and V¢, (C.) at a common temperature of 25°C
(Table 1; Fig. S2). Carboxylation capacity at 25°C was highest
during June and July: Vo, (C;) = 129 + 5 pmol m™ 57", and
Ve, (C.) = 147 £ 4 pmol m™ 57" (Table 1); and it was 30—
33% lower in late season and 45-50% lower in May (Table 1).
In April, carboxylation capacity was only about 5% of the value
during the peak of the season, and it was constant across all tem-
peratures (Fig. S4a,b): Ve (Cj) = 6.2 + 0.8 pmol m™* 57", and
Ve, (C) = 4.7 £ 0.5 umol m™?s™" (Table 1).

Diffusional limitations of light-saturated photosynthesis

Diffusional limitations of light-saturated A,.. due to stomatal
and mesophyll conductance showed different seasonal patterns.
Stomatal limitation (Z,,) had a significant seasonality (< 0.001),
with 2 maximum of 31 £ 8% in June and lower values at the
beginning (7.9 £ 1.1%) and end of the season (8.7 = 3.4%) and
a mean of 21 £ 4% (Fig. 4). By contrast, mesophyll limitation
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Fig. 3 Seasonality of carboxylation capacity of Pinus sylvestris at ambient
temperature. Maximum carboxylation capacity estimated based on the
CO; concentration in the intercellular space (V¢ (Gi), green) and in the
chloroplast (V¢ (Cc), blue). The symbols represent the daily median
midday values of each shoot, and the solid lines represent the weekly
mean with the grey shading representing SE around the mean, as
estimated by loess fit.
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Table 1 Carboxylation capacity of Rubisco at 25°C (k,s), and the r?and P
values of the model fitted to the data.

k25 f2 P Model
Ve (C)*
April 47+05 0.18 0.004 Tarvainen et al. (2018)
May 703 0.71 <0.001
June + July 129+5 0.52 <0.001
August-October 93+3 0.79 <0.001
Ve (Co)?
April 6.2+0.8 0.09 0.047 Bernacchi et al. (2001)
May 73+2 0.64 <0.001
June + July 147 +£4 0.72 <0.001
August-October  105+2 0.89 <0.001

#Maximum carboxylation capacity calculated from the CO, concentration
in the intercellular space (V¢,,, (Ci)) and in the chloroplast (Vc,.. (Cc)).

(Lgm) was relatively stable over the season, with a mean of 19 &
1% and no significant seasonality (P = 0.64, Fig. 4). The seasonal
means of L, and L, were similar. However, during the peak of
photosynthetic activity in June and July, the relative reduction of
Ac, due to L, was significantly higher than due to Z, (P <
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Fig. 4 Stomatal and mesophyll limitations (Lgsand Lg ) were similar in
magnitude over the season but showed different seasonal patterns in
Pinus sylvestris. The seasonality of the relative limitation of light-saturated
photosynthesis by stomatal conductance (L, green) and mesophyll
conductance (Lg_, blue). The symbols represent the mean daily midday
values of each shoot, and the solid lines represent the weekly mean, with
the grey shading representing SE around the mean, as estimated by loess
fit.
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0.001), and together they reduced A, to about 50% of its
potential rate.

Environmental limitations of photosynthesis: light and
temperature

Our empirical analysis of daily limitations on A, due to daily
light and temperature assigned all variation in A, to the light
and temperature conditions on the day in question. We found
that these fast-acting light and temperature limitations were
strongest late in the season, when V¢ remained relatively high.
The daily limitations were weak in the early season, when V¢
was strongly reduced due to incomplete recovery. Nevertheless,
even during the long days of the early and mid-season, in most
weeks > 50% of midday data were collected under nonsaturating
light conditions (Fig. 5a), and average midday A, was 12 +
1.9% below the light-saturated values of photosynthesis (Fig. 5b).
Light limitation further increased from the summer solstice
(week 25) onward, reaching 39 £ 2.6% in October, reducing
midday A, almost to 60% of A, estimated for the same period
(Fig. 5b). Light-saturated A,.. was not limited by temperature
until the end of August. From September onward, daily Lt
increased sharply to > 50% by the end of October (Fig. 5b).

Discussion

Using high-resolution continuous measurements of gas exchange
and C isotope discrimination, we present for the first time the sea-
sonality of mesophyll conductance, and V¢, estimates corrected
for mesophyll conductance, together with photosynthesis and
stomatal conductance in mature P. sylvestris under natural condi-
tions. The rate and seasonality of A, agreed well with previously
reported observations in P. sylvestris at similar laticudes and under
similar climatic conditions (Troeng & Linder, 1982; Mikeli ez a/,
2004; Kolari er al, 2014; Yang ez al, 2020). Notably, a strong
decline of A, was observed in August, which could indicate a
resource reallocation to the newly developed shoots, which are fully
expanded by the end of July. The seasonal pattern of g, was simi-
lar to that of A, in that both peaked during June and July and
gradually declined thereafter. This confirms previous reports of
coordination between A, and g, (Dewar ez al, 2018; Stangl ez
al., 2019; Knauer et al, 2020) and shows that it was maintained
despite seasonal changes in environment and phenology.

In contrast to A, and g, g remained high untl early
September, even during the warmest days in July. Water avail-
ability has traditionally been considered nonlimiting in the boreal
region (Bergh er al., 1998). However, some more recent analysis
suggested that year-to-year variation in precipitation (Lim ez al.,
2015) and a drought-related increase of VPD (Tian ez al., 2021)
can influence the productivity of boreal P. sylvestris, at least on
sandy soils. Either way, the consistently high midday g, observed
in our measurements suggests that the trees were not under H,O
stress during the study period. The lack of coordination between
Zn and g is also noteworthy, particularly in light of a recent
report to the contrary, which was based on point measurements
across several plant species (Ma ez al., 2021).
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Fig. 5 Limiting light conditions were frequent over the entire season,
whereas temperature was most limiting late in the season for midday
photosynthesis. (a) The daily midday mean rates of net photosynthesis
(Anet, black symbols), the lowest light-saturated values of net
photosynthesis (As,t, orange), and the weekly proportion of nonsaturated
to light-saturated rates of At (grey bars) in the upper canopy shoots of
Pinus sylvestris. (b) The relative limitations of A, by light (Lppep, Orange;
PPFD, photosynthetic photon flux density) and the relative limitation of
light-saturated At by temperature (L+, blue). The symbols represent the
mean daily midday values of each shoot, and the solid lines represent the
weekly mean, with the grey shading representing SE around the mean, as
estimated by loess fit.

The modelling of mesophyll conductance is an important issue
because g, serves as a linkage between the C isotopic composi-
tion of plant tissues and photosynthetic gas exchange, including
WUE (Stangl ez al., 2019; Gimeno et al., 2021; Ma et al., 2021;
Schiestl-Aalto ez al., 2021). The adjustment is necessary because
isotopic composition is determined in the chloroplast, whereas

New Phytologist (2022) 233: 1108-1120
www.newphytologist.com



H,O vapour evaporates from the intercellular space through the
stomata and this path-length difference must be accounted for by
incorporating the g/g,, term into the calculations. The seasonal
mean of g/g,, (0.88 & 0.08) in our analysis was within the range
of the mean reported by Ma ez al. (2021). However, owing to the
strong seasonality of /g, its median was 0.60 (Fig. S5). Choos-
ing either of the two values to represent seasonal g/g,, would
result in a 10-15% difference in the estimated WUE according
to the sensitivity analysis by Ma ez al. (2021). This argues against
the use of a constant g/g,, in P. sylvestris on a seasonal scale and
raises questions about the generality of this parameterization.
Given that our data instead suggest that mesophyll limitation is
nearly constant, and that the seasonality of g, is strongly coordi-
nated with that of A, these results can provide an alternative
means of modelling mesophyll conductance. It would be worth-
while to test these alternative models against the range of condi-
tions from top to bottom of the canopy. We have described such
a model in a recent paper, but there we assumed that g,, does not
change vertically within the crown (Schiestl-Aalto ez af., 2021).
We hope to explore the incorporation of seasonal variation and
the assumption of constant mesophyll limitation in future mod-
elling work (Schiestl-Aalto ez al., 2021). To do so here would be
beyond the scope of the current study.

We focused our attention on Rubisco capacity because we
assumed that carboxylation of RuBP was the biochemical process
determining the potential rate of A, across the season (Yang ez
al., 2020). We used the one-point method (Wilson ez 4/, 2000)
to estimate Vg, from light-saturated values of A,... The general-
ity of this method has previously been tested in a meta-analysis
across 564 species (De Kauwe ez al., 2016), but questions about
it have been raised (Burnett ez al., 2019). The one-point method
is based on the assumption that light-saturated photosynthesis is
primarily Rubisco limited under current ambient CO, concen-
trations. Recently Busch & Sage (2017) proposed that the C, at
which Rubisco limitation switches to limitation by electron trans-
port capacity is temperature dependent, and can be as low as 120
umol mol™ CO, at 15°C to ¢ 250 umol mol™" CO, at 25°C.
According to their analysis in sweet potato plants, photosynthesis
in our trees would only be Rubisco limited during the warmest
days in the middle of the season and would be limited by electron
transport capacity on most days, or triose phosphate utilization
on very cold days. In this case, the one-point method would esti-
mate an apparent biochemical capacity rather than actual Vi
(Wilson er al., 2000). At the same time, their analysis does not
take the seasonality of 1,  into account, which alters the
dynamics between different biochemical limitations (Yang ez al.,
2020). Our estimates of V¢, (C;) at 25°C in August (93 £ 3
umol m™% s™!, Table 1) agreed well with estimates based on A/ G
response curves on the very same trees and during August 2013
(94 &+ 9 umol m™? ™', Tarvainen e 4/, 2018). Furthermore,
previously published temperature-response functions of V¢, in
these trees (Tarvainen et al, 2018) described our V¢, (Ci) esti-
mates well from May to October and across a wide range of tem-
peratures (Table 1; Fig. S4b—d). These results support the
applicability of the one-point method for our data set. In addi-
tion, our seasonal estimates of Vi  (C;) agreed well with
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previously published values in P. sylvestris at similar laticudes
(Kolari et al., 2014; Yang et al., 2020) and other conifers in both
boreal and more temperate climates (Han ez al., 2004; Jensen ez
al., 2015). Most importantly, these studies reported similarly
pronounced reduction of Vi in early spring, which could not
be detected when Vi, was measured within a shorter seasonal
timeframe (Jach & Ceulemans, 2000; Medlyn ez 4/, 2002a,b;
Miyazawa & Kikuzawa, 2006).

The difference between V¢, (C;) and V¢, (C.) was, on aver-
age, 14% at the peak of the photosynthetic season (Table 1), and
it was not significant in the early and late season. This is substan-
tially lower than the > 50% difference previously reported for
oak and ash (Grassi & Magnani, 2005) but is higher than that
found in hybrid poplar clones (Xu ez al., 2020). The wide range
of these results suggests a strong interspecific variation in the rela-
tionship between Rubisco capacity and g,. At the same time, the
methods used to estimate g, were also quite different in the dif-
ferent studies, which may have affected estimates of C, as well
(Pons et al., 2009). During most of the season, our results agree
well with the previously reported strong similarity between
Ve, (Ci) and V¢, (C.) from a range of evergreen tropical and
temperate species (Bahar ez a/, 2018). Nevertheless, that study
found some deviation from the 1 : 1 correlation in species with
high carboxylation capacity. Similarly, we report a significant dif-
ference between Vi, (C.) and V¢, (C;) during the middle of
the season for the higher values of carboxylation capacity (Figs 3,
S6). The relevance of these environmental responses of V¢ and
gm for global-scale modelling is still debated (Medlyn ez al,
2002a,b; Sun et al, 2014a,b; Rogers et al, 2017). However,
their importance is without doubt when the properties of g, or
individual enzymes, are to be studied (Xu ez al, 2020). For
example, the decline of V¢, (C;) at high temperature is often
attributed to the declining stability of Rubisco activase (Sage ez
al., 2008), whereas it could in fact be an effect of reduced g, Xu
et al., 2020). Disentangling these responses is important for
understanding their drivers and predicting the acclimation capac-
ity of different species, or engineering plants that are more pro-
ductive and resilient under future conditions (Flexas, 2016).

We used the stomatal and mesophyll conductance data to cal-
culate diffusional limitations imposed by the stomata and the
mesophyll. Together, they reduced the potential A, by > 50%
when conditions were otherwise optimal for photosynthesis and
carboxylation capacity was at its peak (Fig. 6a). This seems coun-
terintuitive, given that the highest g and g, values occurred dur-
ing this same period (Fig. 2b). However, this can be attributed to
the shape of the CO,-response curve, which is determined by the
biochemical capacity (i.e. the demand for CO,). A steeper initial
slope in the summer yields a bigger limitation effect, compared
with spring and autumn, when V¢ is lower, and so the initial
slope of the response curve is relatively flat (Fig. 1b). On the flip
side, this would suggest that reducing V¢, = could reduce the rel-
ative diffusional limitations, but this would still come at a cost of
reduced A, at current ambient CO, concentrations. This trade-
off between demand and supply highlights the need for a holistic
approach for the improvement of photosynthesis through genetic
manipulation (Flexas, 2016). Seasonally, diffusional limitations
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Fig. 6 Seasonality of photosynthesis and carboxylation capacity in Pinus sylvestris, and midday light and temperature conditions at the site, relative to their
respective seasonal maximum. (a) The difference between the actual rate of photosynthesis (Anet, solid line) and the potential rates of photosynthesis
without mesophyll limitation (Ac,, dotted line) and without any diffusional limitation (Ac,, dashed line) over the photosynthetic season. The difference
between the lines represents the magnitude of mesophyll limitations (L, ) and stomatal limitations (Lg). (b) The seasonality of the temperature (T, light
green) and light (PPFD, photosynthetic photon flux density; orange) conditions at the site, as well as the maximum carboxylation capacity (Vc,,,. red).
Note that the black dashed line on both figures is our estimate of Ac, the photosynthetic rate in the absence of diffusion limitations, normalized to its

seasonal maximum.

reduced the potential rate of Ay, to 25-50%, with L, being rel-
atively constant (19% on average), whereas L, varied signifi-
cantly over the course of the season (Figs 4, 6a), with a seasonal
mean of 21%. This analysis also relied on the assumption of
Ve, limitation. This assumption might not hold true for higher
CO, concentrations, especially estimates at C,, and would cause
Ac, and consequently Z,, to be overestimated. Although this
effect would be strongest on cold days, when L, is low anyway
and, therefore, would not strongly influence the seasonality of
L, . Furthermore, similar stomatal limitations were reported in
Norway spruce (Wallin ez 4/, 1992), and similar mesophyll limi-
tations were reported in hybrid poplar seedlings grown in a
glasshouse (Xu ¢t @/, 2019) and in soybean (Sun ez al.,, 2014). If
the finding of seasonally constant Z, can be generalized across
species, this could simplify the assumptions regarding nonstom-
atal limitations when optimality principles are applied in the
modelling of stomatal behaviour (Dewar ¢t /., 2018; Gimeno ez
al., 2019).

The seasonality of photosynthesis in northern conifers is
tightly regulated by the seasonal fluctuations in temperature and
light availability (Bergh ez al, 1998; Oquist & Hiiner, 2003;
Mikeld er al, 2004; Hall er al, 2013; Stinziano et al., 2015,
Richardson er 4/, 2018). During spring, photosynthetic capacity
is heavily suppressed by nightly frost events (Ensminger et al.,
2004; Wallin ez al., 2013), and its subsequent recovery and accli-
mation are strongly coupled to temperature (Yang et al., 2020).
Therefore, the observed rates of A, were low but consistently
close to the potential rate of photosynthesis, as determined by
Ve

in the autumn, V¢, remained relatively high (Figs 3, 6b) and,

(Fig. 6b), and Lt was close to zero (Fig. 5b). By contrast,
therefore, light-saturated A, was suppressed primarily by daily
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cold temperatures, seen as an increase of Lt late in the season
(Fig. 5b). This conclusion differs from that of Kolari ez al
(2014), who inferred, following the framework of Mikeld ez al.
(2004), that the autumn decline in A, was because of a reduc-
tion of Vi, . In addition to Ly, A,. was often limited by low
light (Fig. 5a,b) even during spring and summer, and Lppgp fur-
ther increased in the second half of the growing season as light-
saturated conditions became less frequent (Fig. 5a,b).

Conclusions

Our analysis described for the first time the role of mesophyll
conductance in connection with seasonal trends in net photosyn-
thesis of P. sylvestris. Mesophyll conductance and A, varied in
tandem throughout the photosynthetic season, resulting in a
nearly constant 19% mesophyll limitation. By contrast, stomatal
conductance varied in a less coordinated fashion, resulting in sea-
sonal shifts in the stomatal limitation and significant variation in
the g/g,, ratio. We estimated V¢, using both intercellular CO,
concentrations and chloroplast concentrations, finding that the
two were significantly different only at the peak of the photosyn-
thetic season. A parallel, empirical analysis of light and tempera-
ture limitations found short-term light and temperature effects
superimposed on slow seasonal shifts in photosynthetic capacity.
The short-term effects were most pronounced during the latter
part of the season.
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