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1 | INTRODUCTION

Sahari Inoue'?

Abstract

In response to global warming, trees are expected to shift their distribution ranges to
higher latitudes. The range shift will expose them to novel environmental conditions,
such as new photoperiod regimes. These factors can interact with rising atmospheric
CO,, ([CO,]) to affect trees' physiology and growth. This study simulated future envi-
ronmental conditions to investigate photosynthetic responses to changes in photo-
period regimes (seed origin [48°N], 52, 55, and 58°N) and [CO,] (ambient 400 vs.
elevated 1000 pmol mol=?) in white birch (Betula papyrifera Marsh.) seedlings. Our
results show that elevated [CO5] stimulated leaf photosynthesis (P,,) at the two lower
latitudes (48 and 52°N). However, this stimulation by elevated [CO,] was lost in the
two higher latitudes (55 and 58°N). Elevated [CO,] led to the downregulation of max-
imum Rubisco activity (Vcmax) for the two higher latitudes, and maximum electron
transport rate (J,2x) and triose phosphate utilization (TPU) at 58°N, while it enhanced
Jmax and TPU for the two lower latitudes. Increased instantaneous water-use effi-
ciency (IWUE) for the two lower latitudes was primarily attributed to the CO, stimu-
lation of P, while the higher IWUE under the photoperiod regimes of 55 and 58°N
latitudes was explained by reduced water loss. Photoperiod effects varied with [CO5]:
P, increased at the photoperiod regimes of 55 and 58°N in ambient [CO,] while it
tended to decline under these photoperiods in elevated [CO,]. Our study suggests
that the photosynthesis of white birch will likely respond negatively to northward

migration or seed transfer in response to climate change.

adapted climatic conditions (i.e., temperature and water regime) may

reduce the potential impacts of climate change, plants will encounter

As the climate gets warmer, the geographical positions of tree
bioclimate envelopes are expected to shift rapidly, potentially moving
trees to higher latitudes or altitudes (McKenney et al., 2007; Pachauri
et al., 2014). While migrating according to the movement of their pre-

Abbreviations: [N], foliar nitrogen concentration; AC, ambient CO, concentration; C:N,
carbon to nitrogen ratio; Ci/Ca, intercellular to ambient CO, concentration; EC, elevated CO,
concentration; Fv/Fm, potential maximum quantum efficiency of PSlI; g5, stomatal
conductance; IWUE, instantaneous photosynthetic water-use efficiency; Jyax, maximum rate
of photosynthetic electron transport; PAR, photosynthetically active radiation flux density;
P,, net photosynthetic rate; TPU, rate of triose phosphate utilization; Vmax maximum rate of
Rubisco carboxylation.

new environmental conditions that they have not experienced in their
recent history (Griffith & Watson, 2006), e.g., new photoperiod
regimes (Way & Montgomery, 2015) and higher atmospheric carbon
dioxide concentrations ([CO,]). Both of these factors play a significant
role in regulating plant phenological and physiological processes (Jach
et al., 2001; Lambers et al., 2008; Thomas & Vince-Prue, 1996). For
instance, a change in photoperiod regime can influence the photosyn-
thesis and nitrogen content of the leaf (Comstock & Ehleringer, 1986)
and elevated [CO,] generally stimulates photosynthesis and carbohy-
drate production (Jach et al., 2001). In recent years, there has been
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increasing interest in understanding the effects of changes in the pho-
toperiod regime on plant phenology and growth in the context of
climate change-induced tree migration (Inoue et al., 2019, 2020;
Li et al., 2015; Newaz et al., 2016; Tedla et al., 2019, 2020a, 2020b;
Way & Montgomery, 2015). However, the interactive effects of pho-
toperiod regime and [CO,] on photosynthetic physiology are still not
well understood.

Small to moderate-scale migration to higher latitudes may enhance
the growth of plants even under the current climate conditions. For
instance, moving a genotype of Picea glauca from 46 to 48°N enhances
the maximum rate of Rubisco carboxylation (Vcmax) and the maximum
rate of electron transport for RuBP regeneration (J,,.,), leading to an
increase in the rate of photosynthesis (Benomar et al., 2016). Similar
results have been observed in Eriophorum vaginatum L, where light-
saturated photosynthetic rate (A..,) increased when genotypes were
moved from 65 to 68°N (Souther et al., 2014). However, the distance
that trees must move in order to stay within their climate envelope will
possibly be greater (Loarie et al., 2009). As a result, a dramatic change
in the photoperiod regime is expected (Way & Montgomery, 2015).
Such a change will likely influence physiological processes, such as
those involved in photosynthetic carbon assimilation. At higher lati-
tudes, exposure to an extended photoperiod in the summer can lead
to reductions in Vemax Jmax and the efficiency of photosystem Il when
carbohydrate utilization cannot keep pace with the increase in carbo-
hydrate production. The imbalance between carbon acquisition and
use may lead to a feedback inhibition of P, and photosynthetic down-
regulation (Equiza et al., 2006; Osborne & Beerling, 2003; Royer
et al, 2005). The downregulation of photosynthetic capacity under
longer photoperiods has been reported for various species in con-
trolled experiments (Dorais et al., 1996; Gandin et al., 2011; Llorens
et al,, 2009; Stutte et al.,, 1996).

It is well established that tree physiology is strongly influenced by
elevated [CO,] (Curtis & Wang, 1998; Norby et al., 1999). While the
P, response of C3 plants to elevated [CO,] varies with species and
other environmental conditions, the response is generally positive,
particularly when other resources and environmental conditions are
favorable (Ainsworth & Long, 2004; Eamus & Jarvis, 1989; Leakey
et al., 2009). Increased P, and reduced stomatal conductance (gs) and
transpiration rate (E) in response to elevated [CO,] lead to enhanced
water-use efficiency (Ainsworth & Rogers, 2007). Photosynthetic
response to elevated [CO,] in trees can also vary across the growing
season due to seasonal variations in growth and resources, such as
temperature, light, water, and nutrients (Gunderson &
Woaullschleger, 1994; Medlyn et al., 1999). The down-regulation of
photosynthesis in plants grown under elevated [CO,] is often attrib-
uted to insufficient sink strength to utilize the additional carbohydrate
produced as a result of the increased carbon fixation (Ainsworth &
Long, 2004, Leakey et al., 2009). An interesting question is how the
longer period of photosynthesis associated with a longer photoperiod
at a higher latitude will affect the P, of plants exposed to elevated
[CO,]. Several studies have demonstrated that increases in the dura-
tion of photosynthesis without a corresponding increase in demand

for carbohydrates will lead to photosynthetic downregulation

K 'L?hysiologia Plantarum.

(Ainsworth & Rogers, 2007; Long et al., 2004). Such a response may
negate the stimulation of photosynthesis by elevated [CO,]. Beerling
and Osborne (2002) have found that the CO, stimulation of P, in
polar species is limited by extended photoperiods at high latitudes
during the summer solstice while the level of the stimulation increases
later in the summer when photoperiods become shorter. While other
environmental factors that change concurrently with photoperiod,
such as temperature, may contribute to the seasonal variation in pho-
tosynthesis, photoperiod itself can be a critical driver. The interactive
effects of photoperiod regime and [CO,] may have implications for
trees that migrate northward in response to climate change.

Our previous study investigated the influence of photoperiod
regime on the growth, biomass, and biomass allocation of white birch
(Betula papyrifera Marsh.) under different CO, concentrations (Tedla
et al., 2019). White birch is a widely distributed pioneer tree species
in North America (Burns et al., 1990; Farrar, 1995). Our results have
shown that growth, biomass production, and biomass allocations are
influenced by photoperiod regime but not by [CO,]. While the photo-
period 4°N of the seed origin stimulated growth and biomass, further
increases in photoperiod did not lead to additional increases in growth
and total biomass. Leaf and stem biomass, however, increased with
further increases in photoperiod (Tedla et al., 2019). In contrast, bio-
mass allocation to roots declined with increases in photoperiod. In the
present study, we examine possible physiological adjustments associ-
ated with the morphological responses. We hypothesize that elevated
[CO,] would stimulate photosynthesis and the degree of stimulation

would decline with increases in photoperiod.

2 | MATERIALS AND METHODS

21 | Plant material

We collected mature catkins of white birch from 12 natural trees in
autumn 2016 from Thunder Bay (48.4215°N, 89.2619°W). Seeds
were extracted manually, air-dried, and stored in a plastic bag before
the start of the experiment. The experiment was set up at the
Lakehead University Forest Ecology Complex in Thunder Bay. Seeds
were sown in germination trays (50 cm x 25 cm) filled with a 1:1 (v:v)
peat moss and vermiculite mixture. The day/night temperatures and
photoperiod during germination were set to 22/16°C and 16 h,
respectively. Seedlings of relatively uniform size (2 cm average height)
were transplanted into pots of 12 cm deep and 12/9.5 cm top/bottom
diameter for the experiment. The growing medium was a mixture of
vermiculite and peat moss 1:3 (v:v). The seedlings were transplanted
into bigger pots (18 cm deep, 16/14 cm top/bottom diameter) in the

second growing season.

2.2 | Experimental design

The experiment was set up as a split-plot design consisting of two

levels of [CO,] treatment (ambient 400 and elevated
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1000 pmol mol™?) as main plots and four photoperiod regimes
corresponding to 48°, 52°, 55°, and 58°N latitudes nested within each
CO, treatment as split plots. There were two independent replications
(greenhouses) for each CO, treatment and 10 seedlings within each
treatment-replicate combination. A total of 160 seedlings (2 CO, x 4
photoperiods x 2 replicates x 10 seedlings in each combination) were
used for the study. The desired [CO,] level was achieved in the green-
houses using natural gas CO, generators (model GEN-2E; Custom
Automated Products Inc.). The four photoperiod regimes were set to
simulate the natural weekly average regimes of the growing season
for the four latitudes. The overall photoperiod regime in each green-
house was set for the longest photoperiod of the four treatments and
the shorter photoperiods for the other three treatments were
achieved by manually applying black-out shade. The photoperiods
were reset each week to the weekly average photoperiods for the
four latitudes. To facilitate the shading operation, wooden frames
were installed around the seedlings of each photoperiod treatment.
High-pressure sodium lamps (P.L. Systems) were used to extend
the natural photoperiod when the natural day-length in the green-
house was shorter than required. The lamps provided about
600 pmol m™2 s~ PAR at the canopy level, with less blue light than
sunlight but a similar R/FR ratio. The day/night temperatures were
derived from the 10-year weekly averages of Environment Canada
records for the seed origin location (Environment Canada 2016). The
daily temperature in the greenhouses was ramped at four set points
at 4:00, 10:00, 16:00, and 22:00 h. The set points were calculated
from the Environment Canada weather records of the past 10 years.
The experiment was carried out for two growing cycles. The first cycle
emulated the environmental conditions of June 7 to November
15 and the second cycle emulated the conditions of April 26 to
November 12. The dates mentioned in the rest of the paper refer to
the dates that were emulated.

The environmental conditions in the greenhouses ([CO,], temper-
ature, and humidity) were monitored and controlled with an Argus
control system (Argus Control Systems Ltd). The volumetric water
content of the growing medium was maintained at around 50-60% of
the field capacity as determined using an HH2 Moisture Meter and
ML2X Theta Probe (DELTA-T DEVICES). The seedlings were fertilized
twice a week with 50/81/30.3 mg|~* N/P/K at the establishment
stage from April 26 to May 25; 150/65.2/125 mg I"* N/P/K at the
rapid growth phase from May 26 to August 30; and with 50/54.3/
156.3 mg I"* N/P/K at the hardening phase from September 1 to Sep-
tember 25. The seedlings were not fertilized after September 25. At
the end of the first growing season, the seedlings were stored in a
cold store (-4°C) for six months before the initiation of the second

growing season with identical treatments as the first one.

2.3 | Chlorophyll fluorescence and A/Ci curve
measurements

Leaf chlorophyll fluorescence and gas exchange were measured in

June, July, and August of the second growing season. These

measurements were made on the youngest fully expanded leaf (fifth
to seventh from the top) of three randomly selected seedlings per
treatment combination. Chlorophyll fluorescence was measured using
FMS-2  portable
(Hansatech Instruments Ltd. Norfolk) after the leaves were dark-

a Hansatech pulse-modulated  fluorometer
adapted for at least 40 min. The potential maximum quantum effi-
ciency of PSIl was determined as (Fm—Fo)/Fm.

Immediately after chlorophyll fluorescence measurements, foliar
gas exchange was measured on the same leaves using a PP-Systems
CIRAS-3 open gas exchange system (Amesbury). A/Ci curves were
measured at 22°C air temperature, 50% RH, 800 pmol m~2 s™! PAR
and the following CO, concentrations: 400, 300, 250, 200, 150, 100,
50, 400, 450, 550, 650, 750, 850, 1000, 1200, 1500, and
1800 pmol mol™t. It generally took 3-5 min for the readings to
stablize at each step and steady-state readings were recorded. Tests
showed that gas exchange measurements were stable between
9:30 AM and 2:30 PM, and thus, all the measurements were made
during this time period. Net photosynthetic rate at treatment [CO,]
(P,) and at ambient [CO,] (Ph400) Was derived from the A/Ci curve of
each seedling. Stomatal conductance (gs), the rate of transpiration (E),
Ci/Ca ratio, and instantaneous water-use efficiency (IWUE) were

computed at their respective treatment [CO,].

24 | A/Cicurve fitting

The biochemical model of photosynthesis (Farquhar et al., 1980) was
used to derive the following photosynthetic parameters from the A/Ci
data for each seedling: the maximum rate of Rubisco carboxylation
(Vemaxs pmol m~2 s71), the maximum rate of electron transport for RuBP
regeneration under saturating light (Jy,ax; pmol m~2 s7%), and the rate of
triose phosphate utilization (TPU; umol m~2 s71). The analysis was done
using the “fitaci” function of the “plantecophys” package (Duursma,
2015) under R Version 3.5.0. The “default” fitting method was used to
estimate Vemax and Jna, Whereas the “bilinear” fitting method was
used to estimate TPU (Duursma, 2015).

2.5 | Leaf nitrogen assay

After the completion of all the gas exchange measurements, leaves
were harvested and subsequently oven-dried at 80°C for 48 h and
weighted. Mass-based leaf nitrogen [N] and carbon concentration
[C] were determined by the dry combustion method (Horneck &
Miller, 1997) with a CNS-2000 (LECO Corp.). Mass-based leaf N con-
centration was converted to area-based leaf [N] by multiplying by the
specific leaf area.

2.6 | Statistical analysis

[N], [C] and C/N ratio were subjected to two-way analysis of vari-

ance (factors: CO, and photoperiod) and all other variables were
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analyzed using three-way anova (factors: CO,, photoperiod and
measurement time). The analyzes were done using the “AQV for
split plot design” function of the open-source statistical package R
Version 3.5.0. To address the issue that experiments with small
sample sizes generally have a greater probability to fail to detect
real treatment effects (type Il error), we used the Protected Fish-
er's Lsb Test to compare means when ANovA showed a significant
effect, as recommended by Klockars and Sax (1986). The assump-
tions of normality and homogeneity were assessed with the Sha-
piro tests and residual plots, respectively. Power transformation
was applied to Jnhax TPU, Ci/Ca, E, IWUE, [N], and Fv/Fm in order

to meet the ANovA assumptions.

TABLE 1

K ‘L'Physiologia Plantarum.

3 | RESULTS

3.1 | Chlorophyll fluorescence and gas exchange

There were no significant treatment effects on the quantum efficiency
of photosystem Il (Fv/Fm) and the overall average was 0.8 (Table 1).
Photosynthesis (P,,) was significantly higher at the elevated than ambi-
ent [CO,] in the seedlings grown under the photoperiod regimes of
the two lower latitudes (net increase was 72% at 48°N and 109% at
52°N). However, there was no significant CO, stimulation at the two
higher latitudes (Figure 1A). P,, generally declined from June to August
under the elevated CO, while it was the highest in July under the

Summary of aNova (F-test; P = probability level, and degree of freedom [DF]) for the effects of [CO,], photoperiod regime, time, and

their interactions on the maximum quantum efficiency of PSII (Fv/Fm), net photosynthetic rate at treatment [CO,] (P,,), and ambient [CO,] (P,400),
stomatal conductance (g), transpiration rate (E), instantaneous water-use efficiency (IWUE), internal to ambient CO, concentration ratio (Ci/Ca),
maximum carboxylation rate (Vcmay), light-saturated electron transport rate (Jmax), triose phosphate utilization (TPU), and the ratio of Jax t0 Vemax

Umax/Vemax)

Variable [CO,] Photoperiod [CO,] x photoperiod Time

Fv/Fm F 2.06 1.86 0.39 2.56
P 0.29 0.24 0.77 0.11

Py F 2325 5.15 35.69 41.91
P 0.04 0.04 <0.01 <0.01

gs F 1.77 0.16 3.73 24.56
P 0.32 0.92 0.07 <0.01

E F 1.72 0.19 2.50 19.06
P 0.32 0.90 0.16 <0.01

IWUE F 2487 1213 12.47 1.88
P 0.04 <0.01 <0.01 0.19

Ci/Ca F 2778 3119 13.45 21.76
P 0.03 <0.01 <0.01 <0.01

Vemax F 1055 1289 35.14 12391
P 0.08 <0.01 <0.01 <0.01

Jmax F 0.03 4.50 17.10 66.43
P 0.89 0.05 <0.01 <0.01

TPU F 0.29 4.08 15.98 70.54
P 0.65 0.07 <0.01 <0.01

Phraoo F 10.30 7.35 33.43 41.05
P 0.08 0.02 <0.01 <0.01

Jmax/Vemax F 60.86 0.62 3.89 82.29
P 0.02 0.63 0.07 <0.01

DF 1 3 3 2

N F 5.30 0.48 1.06
P 0.15 0.71 0.44

C:N F 1250 0.83 1.29
P 0.08 0.53 0.36

DF 1 8 3

[CO,] x time  Photoperiod x time  [CO,] x photoperiod x time
2.33 0.86 0.25
0.13 0.55 0.96

17.02 1.19 2.24

<0.01 0.36 0.09
0.14 1.24 0.81
0.87 0.34 0.58
1.08 1.20 0.86
0.36 0.36 0.54
5.97 3.78 4.89
0.01 0.02 <0.01
6.59 2.95 3.66

<0.01 0.04 0.02
4.35 0.36 248
0.03 0.90 0.07
2.20 0.37 0.43
0.14 0.89 0.85
2.86 0.37 0.41
0.09 0.89 0.86
4.61 1.93 2.00
0.03 0.14 0.13

14.53 1.55 0.77

<0.01 0.23 0.60
2 6 6

The effects of [CO,], photoperiod regime, and their interactions on nitrogen [N] and carbon to nitrogen [C:N]. Seedlings were subjected to two [CO,]
(400 and 1000 pmol mol=2), four photoperiod regimes (corresponding to 48, 52, 55, and 58°N latitude) and three measurement times. Significant P-values

(P < 0.05) are bolded.
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ambient [CO,] (Figure 1B). The effect of photoperiod on P, varied
with CO, (Table 1). Under the elevated [CO,], P, was lower at the
photoperiods of 55 and 58°N latitude than under that of the seed ori-
gin (by 17% and 13% respectively, Figure 1A). By contrast, P,, was
~35% higher under the photoperiods of 55 and 58°N latitudes com-
pared to seed origin under the ambient [CO,] (Figure 1A). gs and
E also generally declined from June to August (graph not shown) and
with the increase in [CO,] under the photoperiod regimes at the two
higher latitudes, but not those at the lower latitudes (Table 1;
Figure 1C).

The interaction between [CO,] and photoperiod significantly
affected both IWUE and Ci/Ca, and the effects varied over measure-
ment time (Table 1). Across the season, the CO, elevation increased
IWUE but the effect for the two higher latitudes was not statistically
significant in June (Figure 2A). The effect of elevated [CO,] on Ci/Ca
was similar to that on IWUE but the effect was not significant in June
for the two lower latitudes (Figure 2B). IWUE was significantly higher
and Ci/Ca was significantly lower for the two higher latitudes com-
pared to the two lower latitudes in June under the under ambient
[CO,] (Figure 2A,B).

3.2 | Photosynthetic capacity

The responses of V max to [CO5] varied with photoperiod treatment
(Table 1; Figure 3A). The seasonal average V max tended to be lower
for the two higher latitudes when [CO,] was elevated, e.g. the value
under the 55°N photoperiod regime was ~10% lower than that
under the photoperiod regime of seed origin but was similar to other

photoperiod treatments (Figure 3A). Under ambient [CO,], in con-
trast, the longer photoperiod regimes at the two higher latitudes
increased V max (Figure 3A) and the average increase was 29% and
26% (compared to seed origin) for 55 and 58°N latitude, respec-
tively, but there was no significant difference between the two
lower latitudes or between the two higher latitudes (Figure 3A). Fur-
thermore, the effect of elevated [CO,] on V max varied with photo-
period (Table 1): increased [CO,] had no effects on V .y at the two
lower latitudes, but reduced Vi max by 26% and 23% at 55 and 58°N,
respectively (Figure 3A). [CO,] did not significantly affect Vi max in
June, but the elevated [CO,] significantly reduced it in July and
August (Figure 3B). V.max generally declined over time (data not
shown).

There were significant interactive effects of photoperiod x [CO,]
on Jmax and TPU (Table 1). The two higher latitudes had significantly
higher J,.x and TPU under ambient [CO,] but not under the elevated
[CO,] and the elevated [CO,] significantly reduced J,.x and TPU for
the two higher latitudes but the opposite occurred for the two lower
latitudes (Figure 3C,E). This divergent reaction led to significantly
higher Jax for 48°N compared to 58°N (Figure 3C,E).

The Jmax/Vemax ratio was significantly higher in August than in
June and July under the elevated [CO,] and elevated [CO,] signifi-
cantly increased Jmax/Vemax in July and August, but not in June
(Table 1; Figure 3D). Elevated [CO,] significantly reduced P, 400 (pho-
tosynthesis measured at ambient [CO,] in both CO, treatments) at
55 and 58°N (Figure 4A and B). While elevated [CO,] did not have a
significant effect on Pps00 at 48°N, it increased P00 at 52° N
(Figure 4A). No significant effects of the experimental factors were
observed on [N] content or C:N (Table 1).
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4 | DISCUSSION

Our results generally support the hypothesis that the stimulation of

photosynthesis by elevated [CO,] would diminish with increases in

photoperiod at higher latitudes. In fact, the photosynthesis of white

A[CO,] E[CO,)

birch seedlings under the photoperiod regimes associated with the
two highest latitudes (55 and 58°N) was not stimulated at all by ele-
vated [CO,], and the photosynthetic rates under these two photope-

riod regimes were lower than those under the photoperiods of the

two lower latitudes at elevated [CO,] (Figure 1A). Photosynthesis
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n = 24 for B; see Figure 1 for explanations). Different letters represent
statistically significant difference between treatments

under the photoperiod regimes for 48 and 52°N latitude was stimu-
lated by elevated [CO,] by an average of 91% (Figure 1A). No mea-
surement period effect was observed on P, response to photoperiod
and [CO,], which is in contrast to reports by Beerling and
Osborne (2002). It has been suggested that the greater P,, stimulation
in the mid-summer is due to the higher utilization of photosynthetic
products when plants are growing more vigorously (Gunderson &
Waullschleger, 1994; Lewis et al, 1996; Long, 1991; Quentin
et al,, 2015; Tissue et al., 1997). However, seasonal variations in the
relative response of photosynthesis to elevated [CO,] have also been
shown to vary with latitude. At a high latitude of 69°N, trees grown in
elevated [CO,] exhibited greater P, only in early spring and late sum-
mer (Beerling & Osborne, 2002; Osborne & Beerling, 2003).

Our results suggest that the lack of P, stimulation by the elevated
[CO,] for the two higher latitudes resulted from the downregulation
of photosynthetic capacity as indicated by the reductions in V.x and
Jmax (Figure 3A,C,E). In contrast, no such downregulation occurred
under the photoperiod regimes associated with the two lower lati-
tudes. Declines in Vmax and Jmax for trees grown in elevated [CO,] at
mid and high latitudes have been attributed to an insufficient capacity

of sink organs and reduction in leaf nitrogen content (Gunderson &

Woaullschleger, 1994; Medlyn et al., 1999), which can ultimately reduce
the amount of Rubisco (Griffin et al., 2000; Rogers & Ellsworth, 2002;
Tissue et al., 1999). However, the downregulation of V max and Jypax in
this study was not coupled with a decrease in leaf nitrogen content
because foliar [N] was not significantly affected by treatments in this
study. Additionally, our results showed that the photochemical effi-
ciency of Photosystem Il was not affected by treatments in this study
as indicated by the lack of treatment effects on Fv/Fm, suggesting
that enhanced CO, concentrations and longer photoperiods may have
greater impact on the biochemical reactions of photosynthesis. In con-
trast, there were photosynthetic upregulations in response to ele-
vated [CO,] under the photoperiod regimes for the two lower
latitudes, particularly in J,.x, which should have contributed to the
stimulation of photosynthesis by elevated CO, (Figure 3A,C,E).

P, responded little to high Ci in trees exposed to the elevated
[CO,), e.g. Ci values above 814 pmol mol~! in the longest photope-
riod, which was below the operating Ci at the growth [CO,] (Figure 5).
When carbohydrate export from the Calvin-Benson-Bassham cycle
cannot keep pace with production, TPU-utilization starts to limit pho-
tosynthesis and Vmax and Jyax are usually reduced to match the TPU
capacity (Jensen et al., 1987). Thus, it is possible that photosynthesis
at the highest latitude under the elevated [CO,] was TPU-limited.
However, it is difficult to discern the transition from RuBP regenera-
tion limitation to TPU limitation from fitted A/Ci curves (Figure 5) as
they usually co-exist (Bernacchi et al.,, 2013) and we do not have
simultaneous PSII photochemical efficiency measurements to deter-
mine the transition. A feedback inhibition occurs when the rate of
photosynthetic carbohydrate production exceeds the rate of utiliza-
tion by growth and respiration and the subsequent accumulation of
triose phosphate in the cytosol leads to a deficient supply of inorganic
phosphate for the Calvin-Benson-Bassham cycle, triggering the
downregulation of the photosynthetic machinery (Lambers
et al., 2008). Indeed, the rate of triose phosphate utilization (TPU) in
seedlings grown under the photoperiod regime of 58°N latitude
declined significantly in response to elevated [CO,] (Figure 3E).
Sage (1994) has reported that declines in starch and sucrose synthesis
could reduce the rate of RuBP regeneration because the meta-
bolization of triose phosphate cannot keep up with its production,
leading to sink limitation (Foyer & Spencer, 1986). Our previous find-
ing that increases in photoperiod beyond 4° in latitude north of the
seed origin do not lead to further increases in growth and biomass
production (Tedla et al, 2019) indicates that there is a lack of
increased carbohydrate demand for growth under the photoperiods
associated with these high latitudes, providing indirect support for the
conclusion that feedback inhibition induced downregulation in
photosynthesis.

Another interesting finding of this study is that photoperiod treat-
ments had opposite effects on P, under the two different [CO,]
levels. While P,, was significantly greater in the photoperiod regimes
corresponding to the two higher latitudes (55 and 58°N) than those
of the two lower latitudes under ambient [CO,], the trend was the
opposite under the elevated [CO,], but these differences were smaller
under the elevated than under the ambient [CO,] (Figure 1A).
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FIGURE 5 Mean A/Ci curves for different combinations of [CO,]
and photoperiod (averaged over the growing season). Vertical dashed
lines indicate the mean Ci value (280 and 850 pmol mol~* for AC and
EC, respectively) for the measurement of photosynthesis at treatment
CO,, (400 or 1000 pmol mol™2, respectively for AC and EC). Left
panel: Ambient [CO,] (A CO,), right panel: Elevated [CO,] (E CO,).
The data are presented as means (n = 18). Aj = Jyax-limited (blue),

Ac = Vemax-limited (red), A, = TPU-limited (gray), and L, = limiting rate
(black). The graphs were generated by the fitaci function of the R
Plantecophys package (Duursma, 2015)

Furthermore, the response patterns of J.,.x and TPU were similar to
those of P, (Figure 3C,E). A longer duration of photosynthetic activity
under a longer photoperiod will increase the daily photosynthetic pro-
duction of carbohydrates if the photosynthetic rate remains the same
(Kuppers et al., 1988). However, such an increase in photosynthesis
can lead to an accumulation of assimilates in the leaves if a synchro-
nized increase in demand for assimilates is not present, leading to a
feedback inhibition of photosynthesis (Gestel et al., 2005; Stutte
et al., 1996). Elevated [CO,] is known to increase the rate of photo-
synthesis (Ainsworth & Long, 2004; Leakey et al., 2009) and thus can
further aggravate the feedback inhibition under the long photope-
riods, which may provide a plausible explanation for the interactive
effects of [CO,] and photoperiod regimes in this study (Gandin
et al., 2011; Kérner & Miglietta, 1994; Kuppers et al., 1988).

Elevated [CO,] significantly increased the photosynthetic water-
use efficiency of white birch in all the photoperiod treatments

K 'L?hysiologia Plantarum.

(Figure 2A), but the physiological mechanisms responsible for the
increase varied with photoperiod. For seedlings grown under the pho-
toperiod regimes of 48 and 52°N latitudes, the increase in IWUE can
be attributed largely to the stimulation of photosynthesis by elevated
[CO,] rather than reduced transpiration due to the reduction of sto-
matal conductance, which is in contrast to the common conclusion in
the literature (Ainsworth & Long, 2004; Ainsworth & Rogers, 2007).
However, under the photoperiod regimes at the higher latitudes
(55 and 58°N) the increase in IWUE may be primarily a result of the
reduction in stomatal conductance, which causes greater reductions
in transpiration than in photosynthesis (Lambers et al., 2008). The
interactive effects of photoperiod and elevated [CO,] are also
observed in other species. Llorens et al. (2009) have reported that
reductions in transpiration due to reduced stomatal conductance are
the primary contributing factor to elevated [CO,] induced increase in
IWUE in swamp cypress (Taxodium distichum) growing under a photo-
period longer than that of the seed origin. In contrast, elevated [CO,]
increased the IWUE of coastal redwood (Sequoia sempervirens) and
dawn redwood (Metasequoia glyptostroboides) primarily via increasing
P,, which occurs in early spring and late summer when the photope-
riod is shorter (Llorens et al., 2009).

In summary, the results of this study suggest that photoperiod
regime can substantially affect the photosynthetic responses of
boreal white birch to elevated [CO,] and such effects are highly rele-
vant to the northward migration or seed transfers of boreal tree spe-
cies under the scenario of climate change. A successful shift of
distribution range for a tree species to higher latitudes in response to
climate change will not only depend on their responses to elevated
[CO,] and change in photoperiod regime but also depend on their
ability to respond to changes in other biotic and abiotic factors that
are not considered in our study. We used only the current tempera-
tures of the seed origin in this study under the assumption that the
migration of the species will be synchronized with the movement of
its climate envelope and, therefore, the species will be growing under
the same or very similar temperature and precipitation conditions as
those in their current location. However, the reality can be very dif-
ferent because the shift of the climate envelope will essentially
impose a range of temperature and precipitation onto a new geo-
graphic location with different edaphic and biotic conditions in addi-
tion to a new photoperiod regime, which can significantly impact the
regeneration, survival, and growth of trees. Therefore, the most likely
response of trees to the predicted shift of the climate envelope will
be a combination of a slower migration than the shift of the climate
envelope and acclimation to a warmer temperature and changed pre-
cipitations. This study provides insights on the potential effects of
elevated [CO,] and changes in photoperiod regime on the potential
of tree migration. The interactions of those factors with other biotic
and abiotic conditions warrant further investigations in order to fully
understand the ecophysiological responses and migration potential
of trees. Furthermore, the results of this study suggest that photope-
riod regimes should be considered in future efforts to evaluate car-
under climate northward

bon sequestration change-induced

migration.
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