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Climate change will cause northward shifts of climate envelopes for boreal plants, however, the different photoperiod and
soil moisture regimes at higher latitudes will likely influence the success of species migrations (natural and assisted). The
objective of this study was to assess the effects of photoperiod regime and its interactions with soil moisture and carbon
dioxide concentration ([CO,]) on the morpho-physiological processes in jack pine Pinus banksiana. One-year old seedlings
were exposed to two [CO,] (400 and 950 wmol mol-!), two soil moistures (60~70% and 30-40% of field water capacity)
and three photoperiod regimes (photoperiods at seed origin, 5° and 10° north of the seed origin) in environment controlled
greenhouses. The impacts of photoperiod, soil moisture and elevated [CO,] on growth and physiological processes in the
seedlings were examined. The results suggest that the response of jack pine to climate change will be complex under the
interactive effects of northward migration associated longer photoperiod, soil moisture stress and elevated [CO,]. The
longer photoperiod associated with higher latitudes under elevated [CO,] significantly advanced the budburst at both
high and low soil moisture regimes, which may likely increase the risk of late spring frosts damage prior to and during
budburst. The interactive effects of longer photoperiod and low soil moisture significantly increased the water use efficiency
under elevated [CO,]. However, the significant 2- and 3-way interactions suggest that drought and longer photoperiods
with northward migration will limit the positive effects of elevated [CO,] on growth and physiological processes in the
species. These results might have important implications in assisted migration/seed transfer of the species following climate

change.

Forests have migrated across landscapes in response to past
climate changes (Thomas 2000, Bunnell and Kremsater
2012). The continued increases in global atmospheric CO,
will cause continued increases in temperature (Cao and
Caldeira 2010, IPCC 2014) and alter the amount, inten-
sity, frequency and type of precipitation. Such changes can
aggravate soil water shortage in some regions (Allison and
Treseder 2008, Johnston et al. 2009). The climate change
will affect plant morpho-physiological processes, growth
and survival (Volder et al. 2007, Domec et al. 2009) and the
impacts will likely be greater in the boreal region (Serreze
et al. 2000, Barnett et al. 2005, IPCC 2007, Pachauri and
Reisinger 2007) because the magnitude of climate change
will be greater in the boreal region than the global average
(Christensen et al. 2007, Eskelin et al. 2011, Montzka et al.
2011). In response to the continued climate change, the
climate envelopes of 130 North American tree species have
been predicted to shift 10 degrees (approximately 1000 km)
northward between 2071 and 2100 (McKenney et al. 2007,
2011). While the predicted shift in climate envelopes offers
an opportunity to expand the species range northward, the

migrations (human assisted or natural) will expose the plants
to new environmental conditions where factors other than
temperature and precipitation may be quite different from
the conditions that the species have adapted to. Therefore
the spatial extent and success of such migration will depend
on the capability of the migrating species to acclimate to the
physical environment of their new habitats (Thomas and
Vince-Prue 1997). For example, they will face a different
photoperiod regime. The photoperiodism for a population
has evolved through genetic modifications over hundreds or
even thousands of years (Thomas and Vince-Prue 1997). The
length of photoperiod affects plant phenological and physi-
ological events (Thomas and Vince-Prue 1997, Lambers
et al. 2008, Soolanayakanahally et al. 2013) and net assimi-
lation rate by changing the percentage of total nitrogen in
dry matter (Lambers et al. 2008). It regulates the phenotypic
processes in boreal plants through synchronization with
the natural seasonal changes in environmental conditions
(Lambers et al. 2008). Changes in photoperiod regimes asso-
ciated with migration may affect the timing of photoperiod-
controlled growth events and lead to phenological responses
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such as earlier bud burst in the spring or delayed bud forma-
tion and reduced cold hardiness in the fall, all of which may
reduce plant resistance to adverse environmental conditions
and affect the survival and growth (Man et al. 2009). Since
the photoperiod at higher latitudes is longer in the summer,
shorter in the winter and thus a faster rate of photoperiod
change during seasonal transitions, the ability of a species to
acclimate to the new photoperiod regime may be a key deter-
minant for the success of northward tree migration and/or
seed transfer. However, the effect of changes in photoperiod
regime on ecophysiological traits in trees has not been well
studied.

Elevated [CO,] has diverse and complex effects on physi-
ological and growth performance of plants (Lawlor and
Mitchell 1991, Bowes 1993). It usually stimulates photo-
synthesis and promotes growth and yield (Ainsworth and
Long 2005, Marfo and Dang 2009) and alters the structure
and physiology of plants through changes in carbon alloca-
tion (Koch et al. 1986, Janssens et al. 1998, Tingey et al.
2000). Improved water—use efficiency under elevated [CO,]
(Long et al. 2004, Keenan et al. 2013) resulting from the
reduced stomatal conductance and increased photosynthe-
sis due to the depression of photorespiration by increased
internal [CO,] (Ainsworth and Rogers 2007) can indirectly
reduce the impact of drought on photosynthesis and bio-
mass production (Hungate et al. 2002). However, the effects
are variable and subject to environmental feedback (Gunder-
son et al. 2002, Leakey et al. 2006). Elevated [CO,] can also
accelerate the bud formation and cold hardening of trees in
the fall (Bigras and Bertrand 2006).

Soil moisture conditions can affect the physiological
and morphological characteristics of plants that influence
the response to CO, and environmental conditions associ-
ated with climate change. For example, the elevated [CO,]
induced decline in stomatal conductance is smaller under
soil moisture stress (Mishra et al. 1999, Ambebe and Dang
2009, de Miguel et al. 2012). Soil moisture significantly
modifies the effects of [CO,] on net photosynthesis (Mishra
et al. 1999, Robredo et al. 2007). Low soil moisture mini-
mizes the enhancing effects of elevated soil temperature on
net photosynthetic rate and stomatal conductance (Ambebe
and Dang 2009). However, photosynthetic biochemistry
and photochemistry are not affected by moisture stress unless
the stress is extreme (Richardson et al. 2004, Ennahli and
Earl 2005). Drought conditions inhibit water uptake and
reduce transpiration (Brodribb et al. 2005). Plants acclimate
to drought by modifying the sizes and shapes of leaves and
increasing the root/shoot ratio (Marron et al. 2002, Warren
et al. 2005). By reducing the specific leaf area, plants can
adjust the balance between the light capturing capacity and
the capacity of CO, assimilation (Sefton et al. 2002).

The effects of climate change on trees reflect the interac-
tive response of multiple factors (Johnston et al. 2009). The
combined effects of interacting factors can be quite different
from the summation of their individual effects. For example,
the effects of elevated [CO,] vary considerably with changes
in other environmental conditions (Mishra et al. 1999,
Zhang and Dang 2006, 2007, Robredo et al. 2007, Marfo
and Dang 2009). Moisture stress reduces the positive effects
of elevated [CO,] on leaf area, leaf dry weight and stem dry
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weight (Mishra et al. 1999). However, the interactive effects
of multiple factors on plant responses to climate change are
not well understood.

Jack pine Pinus banksiana is distributed over a wide
range of environmental conditions (Rudolph and Laidly
1990). This species has a superior tolerance to drought, a
plant trait that is increasingly important with increasing
climatic drought under rising temperature and changes in
the distribution of precipitation. The main objective of this
study was to investigate the interactive effects of photo-
period, soil moisture and [CO,] on the physiological and
morphological traits of jack pine that can influence the
potential migration and/or seed transfer of the species. We
hypothesized that elevated [CO,] and northward migra-
tion associated changes in photoperiod will accelerate the
growth and physiological processes in jack pine but their
interactions with soil moisture stress will complicate and
limit those responses.

Material and methods

Plant materials

The experiment was conducted using one-year old jack
pine Pinus banksiana seedlings raised from seeds collected
in Kakabeka, Ontario (48°57'N, 90°44"W). A total of 448
seedlings of relatively uniform sizes (average height/root
collar diameter = 13.05 cm/ 0.21 cm) were transplanted in
plastic pots (15 cm in height and 13 ¢m in diameter) filled
with a mixture of premium grade vermiculite and peat moss
(1:1, v/v).

Experimental design

The experiment was carried out in four greenhouses at
Lakehead Univiversity Thunder Bay campus. The treatments
consisted of two levels of [CO,] (400 and 950 pmol mol-'),
two levels of soil moisture (60-70% and 30-40% of field
capacity) and three photoperiod regimes (P, P, and P_,,
representing the photoperiod at the seed origin, 5° and 10°
north of the seed origin, respectively). The experiment was
a split plot design, with [CO,] as the whole plot, soil mois-
ture as the sub-plot and photoperiod as the sub-sub plot.
Two levels of [CO,] were assigned to four independent
greenhouses randomly with two replicates of each. Two
levels of soil moisture were applied within each greenhouse
and three photoperiod regimes were incorporated within
each soil moisture treatment.

Growing conditions

The experiment was conducted between 20 Nov 2013 and
31 May 2014, but the environmental conditions in the
greenhouse were controlled to mimic the actual day lengths
and temperatures of the seed origin for the period of 16
Apr to 31 Oct. Desired levels of CO, were maintained in
the greenhouses using electronic ignition natural gas CO,
generators (model GEN-2E, Custom Automated Products
Inc., Riverside, CA). Circulation fans were used to ensure



even distribution of CO, throughout each of the green-
houses. The [CO,] in each greenhouse was monitored and
controlled automatically with an Argus CO, Control Sys-
tem (Argus, Vancouver, BC, Canada). The moisture content
of the growing medium was measured daily with a HH2
moisture meter and a ML2x Theta probe (Delta-T Devices,
Cambridge, UK) and the desired moisture levels were main-
tained by adding water when required. The photoperiod for
each treatment was adjusted biweekly to mimic the actual
biweekly average photoperiods (16 Apr to 31 Oct) at the
corresponding locations. The desired photoperiod lengths
were achieved by extending the natural day lengths using
high-pressure sodium lamps or shortening the natural day
lengths through manual shading of the seedlings. To avoid
the possible influence of light from longer photoperiod treat-
ments, trees in shorter photoperiods were shaded all around
using blackout tarp (silver color on one side and black on
the other side) during dark periods. All the seedlings were
fertilized biweekly with N:P:K fertilizer (7.14, 0.56 and 2.12
mmol per liter of water, respectively during the rapid growth
phase and 1.78, 2.20 and 4.64 mmol per liter of water,
respectively during the hardening phase) (Scarratt 1986).
In all the greenhouses relative humidity was maintained
at 55-60% during the rapid growth phase and reduced to
45-50% during the hardening phase. The day and night air
temperatures were set biweekly to mimic the mean biweekly
day and night air temperatures at the seed origin and the
regime was the same in all the treatments. Relative humidity
and air temperature were controlled automatically using an
Argus control system.

Growth measurements and observation of bud break
and bud formation

At the time of transplanting, the height and root collar
diameter (RCD) of each seedling were measured. Ten seed-
lings were selected randomly from each treatment combi-
nation to investigate the bud break and bud formation at
the beginning of the experiment and during the cold hard-
ening phase, respectively. The terminal meristems of the
seedlings were regularly checked visually for bud break.
Bud break was considered completed when most of the
bud scales fell, with tips of needles protruding about 2
mm (Bigras and Bertrand 2006). Days to bud break were
counted from the beginning of the treatments (20 Nov
2013). Bud set was also determined by visual observation
and was considered accomplished when bud scales were
completely closed (Bigras and Bertrand 2006). Bud forma-
tion was completed in all treatments by 16 Apr 2014 (cor-
responding to the autumn equinox when the day length
was reduced to 12 h). The bud set time was the number of
days from the day when bud formation observation started

(3 Mar).

Gas exchange measurement

Foliar gas exchange was measured on the current year foli-
age of three randomly chosen seedlings from each treat-
ment combination using a PP-Systems CIRAS-3 open gas
exchange system (PP System Inc., Amesbury, MA, USA). All

measurements were conducted between 09:30 and 14:30 h
during the active growing phase (102 to 120 d of treatment).
The photosynthetic responses to CO, concentration (A/C;
curves) were measured at eight [CO,]: 50, 150, 250, 400,
550, 730, 900 and 1200 pmol mol-! under 800 pmol m—2s-!
photosynthetically active radiation (measured to be above
the light saturation point), 25°C air temperature and 50%
RH. The rate of CO, assimilation (A,), stomatal conduc-
tance (g,), transpiration rate (E), and the instantaneous water
use efficiency (iWUE) were calculated according to Farquhar
etal. (1980). The A/C, response curves were analyzed to esti-
mate V_  (maximum rate of carboxylation), J  (maxi-
mum rate of electron transport) and TPU (triose phosphate
utilization) according to Sharkey et al. (2007).

Measurements of biomass and leaf and root traits

At the end of the experiment (28 May 2014) the height and
RCD on three randomly chosen seedlings from each treat-
ment combination were measured again and the relative
growth rates of height and RCD were determined. The stem
volume was calculated according to van den Driessche (1992)
(V= (nD?/4) H/3).The scedlings were harvested when all
the measurements were completed and separated into foli-
age, stem (including branches) and roots. The projected leaf
area (PLA) was determined by scanning all live needles with
WinSeedle (Regent Instruments Inc, Quebec, Canada) for
determining the specific leaf area. The roots were scanned
to analyze root traits using WinRhizo (Regent Instruments
Inc, Quebec, Canada). The foliage, stem and roots were
subsequently oven-dried at 70°C for 48 h and weighed on
an analytical balance (0.001 g precision) to determine dry
mass. Stem mass ratio (ratio of stem mass to total biomass,
SMR), root mass ratio (ratio of root mass to total biomass,
RMR), leaf mass ratio (ratio of leaf mass to total biomass,
LMR), and shoot to root mass ratio (ratio of above ground
to belowground mass, SRR) were used as indices of biomass
allocation. Specific leaf area (SLA) was determined from the
projected leaf area and leaf dry mass. Specific root length
(SRL) and specific root surface area (SRA) were determined
as root length per unit root dry mass and root surface area
per unit root dry mass, respectively.

Statistical analysis

All data analyses were carried out using the R programming
environment 3.1.3 (R Core Team). Before conducting the
ANOVA, normality of distribution and homogeneity of
variance were assessed using the Shapiro-Wilk and Bartlett
tests, respectively. The total seedling biomass (TB), SRL,
root to leaf area ratio (RLA), relative growth rate of stem
volume (RGRy), photosynthetic rate measured at growth
[CO,] (A, gown)and g, data were transformed using natu-
ral logarithm function and iWUE data using the recipro-
cal of its square root to meet the ANOVA assumptions.
When ANOVA showed a significant interaction or pho-
toperiod effect, Tukey's HSD post-hoc comparisons were
carried out. The threshold probability was 0.95 for all the
analyses. [CO,], soil temperature and photoperiod were
treated as fixed effects.
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Table 1. P-values for the effects of CO, concentration (C), soil moisture (M), photoperiod (P) and their interactions on the phenological and
growth characteristics of jack pine seedlings. Seedlings were grown under two levels of [CO,] (400 and 950 umol mol-), two levels of soil
moisture (60-70% and 30-40% of field water capacity) and three levels of photoperiod (seed origin, 5° and 10° north of seed origin).

Treatment effects

Response variables C M P CXM CXP M X P CXMXP
Budburst 0.062 0.816 0.037 0.973 0.984 0.159 0.025
Bud set 0.089 0.440 0.189 0.702 0.487 <0.001 0.088
PLA 0.125 0.532 0.126 0.195 0.499 0.722 0.613
SLA 0.648 0.107 0.069 0.349 0.078 0.934 0.756
SMR 0.159 0.840 0.270 0.594 0.462 0.111 0.276
SRL 0.010 0.029 0.003 0.180 0.066 0.167 0.567
SRA 0.004 0.055 0.002 0.415 0.011 0.334 0.753
LMR 0.023 0.025 0.726 0.845 0.749 0.792 0.944
RLA 0.485 0.137 0.082 0.237 0.606 0.470 0.987
SRR 0.018 0.078 0.371 0.283 0.896 0.923 0.851
RMR 0.013 0.113 0.227 0.509 0.795 0.861 0.901
RGRy 0.252 0.501 0.115 0.718 0.052 0.637 0.545
RGRp 0.024 0.097 0.686 0.118 0.410 0.832 0.791
RGRy 0.013 0.204 0.949 0.345 0.245 0.636 0.456
B 0.013 0.802 0.575 0.189 0.614 0.729 0.936

Abbreviations: PLA (projected leaf area), SLA (specific leaf area), SMR (stem mass ratio), SRL (specific root length), SRA (specific root surface
area), LMR (leaf mass ratio), RLA (root length to leaf area ratio), SRR (shoot to root ratio), RMR (root mass ratio), RGR,,, RGRy, and RGR,,
(relative height, root collar diameter and stem volume growth rate, respectively), TB (total biomass).

Results 2-way interactions in Table 1). Budburst generally advanced
with the increase in photoperiod toward north. The effect
Morphological and biomass characteristics was more obvious under the elevated [CO,] (Fig. 1A). Bud-

burst was generally earlier in elevated [CO,], particularly
The impacts of photoperiod on budburst and bud set at the high soil moisture and P, , photoperiod (Fig. 1A).
depended on soil moisture and/or [CO,] (significant 3- or  Bud set was the earliest at P, _, under low soil moisture but
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Figure 1. Mean (£ SE) days to budburst and bud formation, specific root length (SRL), specific root surface area (SRA), leaf mass ratio
(LMR), root mass ratio (RMR), shoot to root ratio (SRR), relative growth rate of root collar diameter (RGRy,) and volume (RGRy) and
total biomass production in jack pine seedlings grown under two levels of [CO,] (Ca = ambient, Ce = elevated), two levels of soil moisture
(Mh = high, MI=low) and three levels of photoperiod (Ps=at seed origin, Pnm1 = 5° north and Pnm2 = 10° north of seed origin).
Means with different letters were significantly different from each other (p = 0.05).

636



1600 { G b H 0.5
1400 S 5
50 1200 . e
a a
\S/ 1000 2 03 nza
800 =
é 600 0.2
w2
400 o
200
0 0.0
2.5
| J . 0.5
2.0 b a 7 0.4
= = o
~ 15 2
& 03 5
1.0 0.2
0.5 0.1
0.0 0.0
160 | K L 1400
140 b b 1200 _
o\o 120 T . N
N
00 a 1000 &
ooa 80 a 800 >
Q4 600 %
o~
40 400 H
20 200
10 0
Ca Ce
—
M
S g [CO2]
2 b
3
6
5 4
=
S
E_‘
0
Ca Ce
[CO2]

Figure 1. Continued.

the trend was reversed at the high soil moisture (Fig. 1B).
The low moisture treatment delayed bud formation under
the photoperiod regime of the seed origin but expedited it
under the photoperiod regime 10° north of the seed origin
(Fig. 1B).

The specific root length (SRL) was generally lower in the
photoperiod regime of the seed origin (P,) but the difference
was only statistically significant between P, and P, (Fig.
1C). Photoperiod also had significant effect on the specific
root surface area (SRA), but the effect was dependent on
[CO,] (Table 1). The SRA at the P, was significantly smaller
than the other two photoperiod regimes under the ambient
[CO,] but the effect was not significant under the elevated
[CO,] (Fig. 1D).

Soil moisture had significant effects on SRL and leaf
mass ratio (LMR) (Table 1). Low soil moisture regime
increased SRL by 27% and LMR by 8% (Fig. 1E, F).
Elevated [CO,] significantly decreased the SRL (Fig. 1G),
LMR (Fig. 1H) and the shoot to root ratio (SRR) (Fig.
11), but significantly increased the root mass ratio (RMR)
(Fig. 1]). Relative diameter growth rate (RGRp,) and rela-
tive volume growth rate (RGRy,) were significantly higher
under elevated [CO,] (Fig. 1K, L), which resulted in sig-
nificantly higher total biomass (TB) production under
elevated [CO,] (Fig. IM).

Ecophysiological traits

The net CO, assimilation rates measured at the ambient
[CO,] (A, 400 were not significantly affected by any of the
treatments (Table 2). However, the photosynthesis at growth
[CO,] (A, grow) Was significantly higher in the elevated
[CO,] treatment compared to the ambient [CO,] and
the effect was greater in the high moisture treatment (Fig.
2A). The high moisture treatment significantly increased
A, grow 0nly under elevated [CO,] (Fig. 2A). Photoperiod
regime had no significant effect on any of the physiologi-
cal processes measured (Table 2). However, it had significant
interactive effects with soil moisture and [CO,] on the pho-
tosynthetic water use efficiency (iIWUE) (a 3-way interac-
tion). In the P,_; and P, ,, iWUE increased with elevated
[CO,] and decrease in soil moisture. In the P, however, soil
moisture did not significantly affect iWUE but it did affect
its response to [CO,], i.e., the CO, effect was significantly
greater in the high than in the low soil moisture treatment
(Fig. 2B). In all combinations of soil moisture and photope-
riod regime, iWUE was higher at elevated [CO,]. The lower
soil moisture treatment significantly reduced g, and E only at
the ambient [CO,] (Fig. 2C, D) and the elevated [CO,] sig-
nificantly reduced g, and E only in the high moisture treat-
ment (Fig. 2C, D).
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Table 2. P-values for the effects of CO, concentration (C), soil moisture (M), photoperiod (P) and their interactions on net photosynthetic rate
(A,), instantaneous water-use efficiency (iWUE), stomatal conductance (g)), transpiration rate (E), maximum rate of carboxylation (V,,,), light
saturated rate of electron transport (J ,.,,), triose phosphate utilization (TPU) and internal to ambient [CO,] ratio (Ci/Ca). A, was analyzed for
a common [CO,] of 400 umol mol-1 CO, (A, 4q0) as well as growth CO, (A, you)- All other analyses were done for growth CO,. Seedlings
were grown under two levels of [CO,] (400 and 950 pmol mol-'), two levels of soil moisture (60-70% and 30-40% of field water capacity)
and three levels of photoperiod (seed origin, 5° and 10° north of seed origin).

Treatment effects

Response variables C M P CxXM CxP M X P CXMXP
Ana00 0.073 0.135 0.800 0.103 0.925 0.279 0.853
gronh 0.005 0.231 0.523 0.047 0.608 0.424 0.723
iWUE 0.003 0.028 0.300 0.784 0.400 0.069 0.027
g 0.055 0.006 0.568 0.011 0.198 0.210 0.121
E 0.010 0.008 0.535 0.004 0.728 0.364 0.921
Vo 0.034 0.818 0.324 0.127 0.153 0.588 0.481
max 0.019 0.428 0.752 0.024 0.396 0.939 0.894
TPU 0.004 0.402 0.893 0.041 0.357 0.721 0.962
Ci/Ca 0.054 0.086 0.453 0.703 0.636 0.953 0.266
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Figure 2. Mean (+ SE) net photosynthetic rate at growth CO, (A,),instantaneous water-use efficiency (WUE), stomatal conductance
(g,),transpiration rate (E), maximum rate of carboxylation (V_,, ), light saturated rate of electron transport (J,,,),and triose phosphate
utilization (TPU) in jack pine seedlings grown under two levels of [CO,] (Ca =ambient, Ce = elevated), two levels of soil moisture
(Mh = high, Ml =low) and three photoperiod regimes (Ps = at seed origin, Pnm1 = 5° north and Pnm2 = 10° north of seed origin). A,
was analyzed for a common [CO,] of 400 pmol mol! CO, (A, o) as well as growth CO, (A, ). All other analyses were done for
growth CO,. Means with different letters were significantly different from each other (p=0.05).
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Elevated [CO,] significantly increased V. in both soil
moisture treatments (Fig. 2E), but it increased ], and TPU
significantly only in the high moisture treatment (Table 2,
Fig. 2F, G). The soil moisture treatments had opposite effect
on J . and TPU under different [CO,]: the low soil mois-
ture treatment significantly increased J_ . and TPU under
the ambient [CO,] but decreased both under the elevated
[CO,] (Fig. 2E G). The internal to ambient [CO,] ratio
(Ci/Ca) was not affected by any of the treatments or their
interactions (Table 2, Fig. 3A-G).

Discussion

Both photoperiod and soil moisture regimes influenced the
ecophysiological responses of jack pine to elevated [CO,].
For example, elevated [CO,] advanced budburst under high
soil moisture in the photoperiod regime of the seed origin,

but in the photoperiod regimes of 5° and 10° north of the
seed origin the elevated [CO,] advanced budburst only under
the low soil moisture treatment. Further, the elevated [CO,]
stimulated J, . and TPU but reduced g, and E only in the
high moisture treatment. These results suggest that soil mois-
ture can promote or delay budburst and modify the physi-
ological processes in plants, depending on the photoperiod
and [CO,] levels that influence seedling physiological activi-
ties and phenological development. Advanced budburst in
jack pine under the longer photoperiod might suggest that
the longer photoperiods may have reduced the accumulated
temperature sum required for bud burst (Heide 1993a, b,
Caffarra and Donnelly 2011, Basler and Kérner 2014, Laube
et al. 2014, Zohner and Renner, 2015). Basler and Kérner
(2012) stated that shorter photoperiods delay budburst
in late successional species and do not have much impact
in early successional species while Caffarra and Donnelly
(2011) found significant photoperiod effects on budburst in

1.0 1.0
0.8 A B 0.8
g 06 106 3
O 04 04 O
0.2 r0.2
0.0 0.0
Ca Ce Mh Ml
[CO2] Soil moisture
1.0 1.0
08 © D = |08
é 0.6 0.6 §
O o4 04 O
0.2 0.2
0.0 0.0
Ps Pnm1 Pnm2 Ca Ce
Photoperiod [CO3]
1.0 1.0
- P =
08 E = et F E ot | 0.8
Q“ 0.6 0.6 g
O 04 04 O
0.2 0.2
0.0 0.0
Ca Ce Mh Ml
[COy] Soil moisture

Ca e

C
[COz]

Figure 3. Mean (% SE) internal to ambient CO, concentrations ratio (Ci/Ca) in jack pine seedlings at different levels of [CO,] (Ca = ambi-
ent, Ce = elevated), soil moisture (Mh = high, Ml =low), photoperiod regimes (Ps = at seed origin, Pnm1 = 5° north and Pnm2 = 10°

north of seed origin) and their interactions.
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both late-successional and early successional species, which
is consistent with our findings. The effect of soil moisture
E and g were lessened, but the effects on A, > ], and
TPU became greater under the elevated [CO,], further
demonstrating the interactive effects of elevated [CO,] and
soil moisture on physiological traits, as suggested by Duan
et al. (2013). These results suggest that the acclimation or
response to one stress may limit or magnify the ability of the
plant to respond to another stress or stresses. Such an effect
may even change the mechanisms of response. For example,
the photosynthesis was co-limited by CO, (as indicated by
V.....) and RuBP regeneration (as indicated by ], ) under
the ambient [CO,] when the jack pine seedlings were well
watered, but limited only by V___ under the drought condi-
tion in this study.

Photoperiod regimes and elevated [CO,] affected the
ecophysiological responses of jack pine to soil moisture. For
example, the low soil moisture treatment delayed the bud
formation in the fall in the photoperiod regime of the seed
origin but expedited it under the photoperiod regime 10°
north of the seed origin. Under the ambient [CO,], the low
soil moisture treatment reduced g, and E while it reduced
A, giowth> Jmax and TPU only under the elevated [CO,]. Bud
formation in the fall advanced with increasing latitude when
the soil moisture was low, but the trend was the opposite
when the growing medium was well supplied with water.
The significant soil moisture and photoperiod interaction on
bud set suggests that the role of soil moisture in bud for-
mation can be totally different, depending on the timing of
threshold photoperiod. The results of this study suggest that
the influence of soil moisture on the physiological responses
to photoperiod regime should be taken into consideration in
predicting tree migrations and the environmental conditions
of the specific site should be considered in seed transfer pro-
grams or studies. This study further suggests that there are
complicated interacting effects of different environmental
factors on bud formation that are currently not understood
and thus further research is warranted.

The effect of soil moisture on net assimilation (A, )
was dependent on the CO, level. Low soil moisture reduced
A, gowen 0nly under the elevated [CO,]. However, at both
levels of soil moisture, elevated [CO,] increased A, o
significantly. The increased A, ., under elevated [CO,]
might be associated with increased availability of substrate
(CO,) (Zhang and Dang 2006) and efficiency of photo-
system II (Tjoelker et al. 1998, McGrath et al. 2010) and
reduced photorespiration. We did not observe significant
photosynthetic down-regulation in jack pine seedlings based
on the increased V. and ] under elevated [CO,], as has
been often observed in response to elevated [CO,] (Gunder-
son and Wullschleger 1994, Medlyn et al. 1999). This might
be attributed to high nitrogen fertilization during the active
growth phase of the seedlings, as shown by the increases of
Jae and TPU with increasing N (Maier et al. 2008) and
P (Wykoff et al. 1998, Watanabe et al. 2011) fertilization.
Inorganic phosphate (P,) concentration in cytosol largely
determines the exportation of triose phosphate to cytosol or
storage in chloroplasts (Lambers et al. 2008) and thus affects
both J .. and TPU. The up-regulations of V., J,... and

cmax’

TPU observed in this study are consistent with the findings

max
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of Long et al. (2004), Darbah et al. (2010) and Danyagri and
Dang (2014a) but are in contrast to the down-regulations
that are commonly reported in the literature, e.g. Tissue
and Lewis (2010) and Watanabe et al. (2011). Zhang and
Dang (2005) report that the responses vary with seedling age
and soil temperature. The increased An_gmwth under elevated
[CO,] are consistent with the findings of other research-
ers (Zhang and Dang 2005, Cao et al. 2007, Danyagri and
Dang 2014b).

The effect of elevated [CO,] on the instantaneous water
use efficiency (iWUE) in jack pine was influenced by both
photoperiod and soil moisture regimes. Under the photo-
period of seed origin, elevated [CO,] enhanced the iWUE
only at high soil moisture treatment. However, under the
photoperiod of 5° north of the seed origin it increased the
iWUE at both high and low soil moisture treatments and
under 10° north the effect was significant only at low soil
moisture treatment. The increased iWUE at elevated [CO,]
was a result of decreased stomatal conductance (marginally
significant) which tends to have greater effect on transpira-
tion than on photosynthesis, as found by others (Medlyn
etal. 2001, Long et al. 2004, Zhang and Dang 2005, Keenan
etal. 2013), and an increase in A as a result of increased Ci
under a nearly constant ratio of internal to ambient [CO,]
(Ci/Ca) and elevated [CO,]. Our results also confirmed that
low soil moisture reduces the transpiration (E) and stomatal
conductance (g,) and increases the iWUE as observed by
others (Medlyn et al. 2001, Ambebe and Dang 2009, de
Miguel et al. 2012, Keenan et al. 2013). Drought reduces
water uptake for transpiration use (Brodribb et al. 2005)
and therefore enhances iWUE by conservative use of avail-
able water through stomatal closure (Marron et al. 2002,
Irvine et al. 2005). The effects of elevated [CO,] and low soil
moisture on iWUE at longer photoperiod indicate a higher
iWUE of jack pine with possible northward migration.

The effect of photoperiod regime on the morphological
traits in jack pine was influenced by the CO, treatment. For
example, the response of SRA to photoperiod regime was
modified by the CO, treatment. The longer photoperiod of
5° north of the seed origin increased the SRA significantly
only under the ambient [CO,]. However, further increase
of photoperiod did not produce additional increase in SRA,
indicating a possible threshold photoperiod beyond which
[CO,] induced A, enhancement may be restricted by water
and nutrient limitations. The higher SRA at longer pho-
toperiod are consistent with the findings of Mozafar et al.
(1993).

The observed higher leaf mass ratio (LMR) under low soil
moisture, which is contrary to the findings of other research-
ers (Liu and Stiitzel 2004, Ambebe and Dang 2010), might
be the result of physiological acclimation of jack pine seed-
lings to water stress. The higher LMR at low soil moisture
might have some relationship with the lower specific leaf
area (SLA) and higher specific root length (SRL) observed
under low soil moisture. The lower SLA at low soil moisture
indicates thicker needles and/or greater mass density, which
might be an acclimation to reduce water loss under moisture
stress condition (Warren et al. 2005). On the other hand the
increased SRL at low soil moisture suggests that jack pine
seedlings developed more extensive non-woody fine root



systems to explore soil moisture and reduce moisture stress
(Irvine et al. 2005).

The individual treatments had significant effects on some
other morpho-physiological traits in jack pine seedlings.
For example, elevated [CO,] significantly increased the root
mass ratio (RMR), relative growth of diameter (RGRp,) and
volume (RGRy)), total biomass, maximum rate of carboxyla-
tion (V) and decreased the specific root length (SRL), leaf
mass ratio (LMR) and shoot to root ratio (SRR). Both soil
moisture stress and the photoperiod of 5° north of the seed
origin increased the specific root length (SRL) significantly.
However, the insignificant interactive effects indicate that
northward migration will not affect those traits in jack pine.

The findings of this study suggest that climate change-
induced northward migration will be more complicated
than what is predicted by the climate envelope models.
The advanced budburst at longer photoperiod and elevated
[CO,] may mean an increasing chance of damage from late
spring frost for the northward migration of jack pine under
the predicted climate change. Higher water use efficiency
under longer photoperiod and low soil moisture regime at
elevated [CO,] indicates that the physiological processes
of the species may be less limited by moisture stress at
higher latitudes if northward migration does occur. Finally,
the interaction effects suggest that soil moisture stress and
changes in photoperiod regime associated with northward
migration will likely limit the stimulating effects of elevated
[CO,] on growth and physiological processes in jack pine
and increase the risk of damage by late spring frosts.
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