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Low soil temperature inhibits the stimulatory effect of elevated
[CO,] on height and biomass accumulation of white birch
seedlings grown under three non-limiting phosphorus conditions
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White birch (Bezula papyrifera Marsh.) seedlings were exposed to ambient or doubled ambient carbon dioxide concentra-
tion ([CO,]), three soil temperatures (7, ;) (low, intermediate, high), and three phosphorus (P) regimes (low, medium,
high) in environment-controlled greenhouses. Height (), root-collar diameter (RCD), biomass, and leaf phospho-
rus concentration (leaf P) were determined four months after initiation of treatments. The low 7 ; reduced H, RCD,
shoot biomass, root biomass and total seedling biomass whereas the high-P level and the [CO,] elevation increased
all the growth and biomass parameters. Elevated [CO,] significantly reduced leaf P. There were significant two-factor
interactions suggesting that the effect of elevated [CO,] on (1) H, total biomass, biomass of plant components, and
leaf P was dependent on 7, (2) total biomass was contingent on P regime. For instance, the positive response of
H and total biomass to elevated [CO,] was limited to seedlings raised under the intermediate and high 7, respec-
tively. In addition, [CO,] elevation increased total biomass only at the high-P regime but not at the low- or medium-P
level where the effect of [CO,] was statistically insignificant. No significant main effect of treatment or interaction was

observed for root to shoot biomass ratio.

Soil temperature (7. ;) is a major environmental factor
controlling the ecophysiological processes and structure
of northern forests (Tryon and Chapin 1983, Bonan and
Shugart 1989, Bonan 1992). With cold 7, ; sites underlain
by permafrost, warm south-facing slopes and newly burnt
sites, and several transitional areas between the cold and
warm extremes, the boreal forest is one of the most variable
terrestrial ecosystems in terms of 7, ;. The growth of boreal
trees show marked 7 ; dependency (Landhdusser and
Lieffers 1998, King et al. 1999, Peng and Dang 2003,
Aphalo et al. 2006, Zhang and Dang 2007, Ambebe et al.
2009, Ambebe and Dang 2010). Adverse effects of cold
1., on growth result from impairments of root growth/
physiological uptake capacity, nutrient translocation, and
CO, assimilation among others (Kaufmann 1977, DeLucia
et al. 1992, Kaspar and Bland 1992, Waring and Running
1998, Grossnickle 2000). While we have a fair knowledge
of the main effects of 7 ; on the physiology and growth
of boreal forest trees, little is known about how tree res-
ponses to combinations of 7 ; and other ecosystem abiotic
factors. The information void is an impediment to develop-
ment of suitable management strategies much needed
to improve the yield of less productive boreal forest sites.
With a record high annual increase rate of ca 1.92 ppm
from 2000 to 2009, the carbon dioxide concentration

([CO,]) in the atmosphere is projected to double from
the current level by the end of this century (IPCC 2007,
Cheng et al. 2008, Zhou and Shangguan 2009,
CO,Now 2010). The impact of rising atmospheric [CO,]
on northern forest ecosystems has been extensively studied.
Photosynthetic and growth responses of forest plants to
elevated [CO,] show considerable diversity among and
within species, ranging from highly positive to neutral,
and in rare cases, even negative responses (Pooter 1993,
Gunderson and Wullschleger 1994, Griffin and Seemann
1996, Jach and Ceulemans 1999, Ward and Strain 1999).
The intra-specific variations are attributed to [CO,] by
environmental interactions (Myers et al. 1999, Zhang and
Dang 2005, 2006, 2007, Zhang et al. 2006, Huang et al.
2007, Cao et al. 2007, 2008), and complicate accurate
predictions of changes in forest ecosystems under the future
high [CO,] atmosphere. Nitrogen (N) has often been con-
sidered to be the main nutrient factor limiting tree growth
in northern forests (Tamm 1975, 1991). With high input
of anthropogenic N to these ecosystems, however, phos-
phorus (P) limitation may be an increasingly common phe-
nomenon (Gradowski and Thomas 2006, Akselsson et al.
2008, Prietzel et al. 2008, Braun et al. 2010). According to
Braun et al. (2010), P limitation is likely a cause of stem
growth reduction in Swiss forests, especially in beech trees.
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The stimulation of photosynthesis and growth by elevated
[CO,] are greater under high than low P availability where
unresponsiveness to elevated [CO,] has been observed
in some cases (Stocklin et al. 1998, Campbell and Sage
2002, 2006). According to Grossnickle (2000), however,
even trees that are exposed to adequate nutrient levels may
suffer from physiological nutrient stress when growing in
cold soils due to reduction in root activity. Previous [CO,]
and P interactive experiments on plants were conducted
under favourably warm 7, conditions, and it is not known
whether the observed responses will be expressed by trees
growing in low 7, portions of the species’ range.

White birch (Berula papyrifera Marsh.) is an early
successional fast-growing boreal tree with a high nutrient
requirement (Burns and Honkala 1990, Zhang and Dang
2006, USDA-NRCS 2009). Reduced foliar P concentra-
tions resulting from impaired root uptake in cold soils may
limit the CO, responsiveness of photosynthesis (Campbell
and Sage 2006). This study was designed to test whether
cold 7, constrains the growth-promoting effect of
elevated [CO,] on plants that are raised under high-P
availability. Since photosynthesis and growth of white
birch are coupled (Ambebe et al. 2009, 2010), we expected
the low 7, treatment to reduce the beneficial effect of

SO

high-P supply on the response of growth to elevated [CO,].

Material and methods
Plant material

White birch seeds were sown in germination trays in a con-
trolled environment greenhouse at Lakehead University
(Thunder Bay, Ontario, Canada). The germination medium
was a mycorrhiza-free 2/1 (v/v) mixture of peat moss and
vermiculite. The germination medium was misted when
necessary to prevent drying using a spray bottle filled with
normal tap water. The greenhouse was held at 20-26/
15-18°C (day/night) air temperature and 50 * 5% relative
humidity. Supplemental lighting was provided by 400-
watt high-pressure sodium vapour lamps to extend the day
length to 16 h. Four weeks after sowing, seedlings of
uniform size were transplanted individually into PVC pots
(13.5 cm tall and 11.0/9.5 cm top/bottom diameter) that
were a component of the 7, control system described in
the following section. The pots were filled with the same
growing medium described above.

Experimental design

Following transplant, the experiment commenced on 24
Oct 2008 at the Lakehead University greenhouse facility
and ended on 23 Feb 2009. Treatments were comprised
of ambient (360 wmol mol~!) and doubled ambient 1
[CO,], three T, regimes (7, 17, 27°C) consistent with
conditions within the ecological range of white birch in
the boreal forest (Ambebe et al. 2010), and three P levels
(21, 43, 83 mg I71). However, actual values of [CO,] and
1.4 recorded in the greenhouse during the course of
the course of the experiment varied by a magnitude of
* 15 wmol mol~! and = 2°C from the respective set values.
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The experiment was laid out in a split—split plot design
with [CO,] as the whole plot, 7, ; as the sub plots and P
as the sub-sub plots. The [CO,] treatments were applied
to four identical greenhouses (two for each CO, level),
resulting in two independent treatment replications. The
elevated [CO,] was supplied by Argus CO, generators. 7.
was regulated using the method of Cheng et al. (2000).
Three plywood 7 control boxes (one per 7, treatment)
were placed on separate benches in each greenhouse. The
internal dimensions of the box are 112 cm wide, 196 cm
long and 16 cm deep. The inner surface was lined with
a heavy-duty polythene film. Plastic pots (size as above)
were fixed over the polythene film to the bottom of the
box. A hole (1.3 cm diameter) was drilled at the center of
each pot and through the bottom of the plywood box to
permit the free drainage of irrigation water and fertilizer
solution. The bottom of each pot was sealed from the
bottom of the box to prevent any liquid exchange between
the pot and the box. The top of the box was sealed with
heavy-duty polythene film with holes (smaller than the
opening of pot) cut for each pot to facilitate irrigation/
fertilization and gas exchange between the growing
medium and the air. To minimize heat exchange between
the soil temperature control box and the ambient air,
the top of the box was covered with polystyrene board
insulation with a hole cut for each pot for the purposes
described above. The target 7 ; was achieved by circulating
temperature-controlled water in the space between the
pots using a water pump. The soil temperature control
apparatus operated continuously during the experiment.

Ten seedlings were randomly assigned to each of the
three P levels within each 7, ; control box in each green-
house. The seedlings were fertilized twice a week with a
nutrient solution containing 100 mg 17! N, 83 mg ! K|
30 mg I=! Mg, 40 mg 1! S, 50 mg [-! Ca, and P concen-
tration for the respective P treatment level. The nutrient
sources were calcium nitrate (19% Ca, 15.5% N), epsom
salt (9.8% Mg, 12.9% S), microfine superphosphate
(20% P), micromax micronutrient mix + 12% S, ammo-
nium nitrate (17% NHy, 17% NO,), and muriate of potash
(62% K,O). During the fertilization, each seedling was
provided with 0.5 | of the nutrient solution which saturated
the potting medium and led to drainage of excess solution
through the drain hole at the bottom of the pot and box.

During the entire duration of the experiment, all
four greenhouses were maintained at 20-26/15-18°C
(day/night) air temperature, 50 % 5% relative humidity,
and the natural photoperiod was extended to 16 h by
400-watt high-pressure sodium lamps with a light intensity
of 660 pumol m=2 s71 at leaf level. The environmental
variables were monitored continually by a customized envi-
ronment control system. The volumetric water content
of the growing medium was maintained at around 30% as
measured with a Theta probe. No nutrients were added to
the normal tap water that was used for irrigation. Due
to T, related differences in evaporation rates, watering
frequency was highest for seedlings growing under the
high 7. ] treatment. The temperature of the irrigation water
and fertilizer solution was adjusted to match the 7, ; of the
particular treatment.



Measurements

At the end of the experiment, six seedlings were randomly
chosen from each 7 ;X P treatment and greenhouse for
height (H) and root-collar diameter (RCD) measurements.
The root system of each seedling, excised at the root—shoot
junction, was washed free of growing medium. The root
and shoot fractions were then oven-dried (70°C, 48 h)
and weighed for biomass determination.

Total leaf P concentration (leaf P) was assayed using
the nitric/hydrochloric acid digestion method on an
inductively coupled plasma atomic emission spectrometer
(ICP-AES). A 0.5 g dry sample was digested in 6 ml of
nitric acid and 2 ml of hydrochloric acid for 8 h at 90°C in
a block digester. Distilled water was added to the acid to
dilute the mixture to 100 ml. The test tubes were shaken
end-over-end to have a well-mixed solution, which was then
filtered to remove particles. The P concentration in the
clear filtrate was determined on the inductively coupled
plasma atomic emission spectrometer (ICP-AES). Total
seedling (root + shoot) biomass and root to shoot biomass
ratio (RSR) were calculated.

Data analysis

All data were examined graphically for normality of distri-
bution (normal probability plots) and homogeneity of
variance (scatter plots) before being subjected to 3-way
split—split plot analysis of variance (ANOVA) in Data
Desk 6.0. The effects of [CO,], 7. ;, P, and their interactions
were considered to be marginally significant at p=0.1 and
significant at p=0.05. When the ANOVA results for
any given parameter showed a significant effect of an inter-
action or a factor involving more than two treatment levels,
Scheffé’s post hoc test was used for pair-wise means
comparison.

Results

Height and root-collar diameter

There was a significant effect of [CO,] X 7

i and also a main
effect of [CO,], 7., and P on H (Table 1). The low 7

oil
resulted in the lowest A growth under ambient and elevated

[CO,] (Fig. 1a). However, the ranking of the intermediate

and high 7, treatments for A differed between the [CO,]
levels: while H was significantly greater under high than
intermediate 7 ; at ambient [CO,], there were no signifi-
cant differences between these 7, treatments at elevated
[CO,] (Fig. 1a). The [CO,] elevation had a significant
positive effect on H only at the intermediate 7, but not at
the low and high 7, ; where this parameter did not differ
significantly between the [CO,] treatments (Fig. la). The
significant P effect indicated that there was no similarity
in response between any two P regimes with seedlings sub-
jected to high-P having the highest and those raised under
the low-P regime having the lowest values of A (Fig. 1a).

RCD was significantly affected by each of the three
tested environmental factors, but not by their interactions
(Table 1). RCD was greater in elevated than ambient [CO,]
and it increased from low to high 7, ; (Fig. 1b). While the
high-P regime significantly increased RCD, no significant
differences were detected between the low- and medium-P
treatments (Fig. 1b).

Biomass

In addition to significant main effects of [CO,], 7, and
D, [CO,] interacted with 7 in affecting all biomass para-
meters (Table 1). There was a general trend for the P effect
on above and below-ground biomass: while seedlings
grown under the low- and medium-P levels were statistically
similar in shoot and root biomass, their counterparts raised
under the high 7, displayed relatively greater values of
each parameter (Fig. 2a—b). On the other hand, the pattern
of response to the [CO,] X 7 interaction depended on
the measured variable.

The low 7 ; generally depressed shoot biomass (Fig. 2a).

0.

Elevated [CO,] increased shoot biomass at the high 7

oil>
but did not affect it at the low and intermediate 7
(Fig. 2a). Furthermore, there was no significant difference
in shoot biomass between the intermediate and high 7,
in ambient [CO,] (Fig. 2a).

The [CO,] X T, interaction was more complicated

for root biomass. Under ambient [CO,], root biomass
was highest at the intermediate and lowest at the low 7,
whereas under elevated [CO,], it increased from low to
high 7., (Fig. 2b). Root biomass responded positively to
elevated [CO,] only at the low and high 7, but not at the
intermediate 7. ; where there was no significant response

0,

(Fig. 2b). However, the difference between elevated [CO,]

Table 1. ANOVA p-values for the effects of [CO,], soil temperature (T;), and phosphorus (P) supply on height (H), root-collar diameter
(RCD), components and total biomass, root to shoot biomass ratio (RSR), and mass-based leaf phosphorus concentration ([PImass)
of white birch. Seedlings were raised under ambient and doubled ambient [CO,], three T, (7, 17, 27°C), and three P regimes (21, 43,
83 mg |7 for four months. DF denotes degrees of freedom. Error d was 180. p-values <0.10 are indicated in bold face.

Source [CO,] Teoil p [CO,I X Ty [CO,] XP T XP [CO,l X T, XP
H 0.0174 =0.0001 0.0008 0.0146 0.9541 0.5283 0.4534
RCD 0.0020 =0.0001 0.0086 0.6183 0.4984 0.1731 0.9966
Shoot 0.0857 =0.0001 0.0018 0.0483 0.2860 0.6577 0.4430
Root 0.0019 =0.0001 0.0142 0.0121 0.1772 0.2357 0.1539
Total 0.0048 =0.0001 0.0001 0.0040 0.0989 0.9392 0.1297
RSR 0.1496 0.3964 0.5855 0.6430 0.8464 0.5972 0.9869

[Pl ase 0.0160 0.0003 =0.0001 0.0618 0.1649 0.3363 0.4456

DF 1 2 2 2 2 4 4
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Figure 1. Effects of [CO,], soil temperature (7, ), and phosphorus
(P) supply on (a) height and (b) root-collar diameter (mean = SE,
n=06) of white birch. Seedlings were raised under ambient
(360 umol mol~!) and doubled ambient [CO,], three 7, (7, 17,
27°C), and three P regimes (21, 43, 83 mg 171) for four months.
The lower-case letters indicate effects of CO, X 7/, and 7. on
(a) and (b), respectively. The upper-case letters indicate P effect.
Means with different letters are significantly different from each

other (three-way split—split plot ANOVA and Scheffé’s test).

at high 7', and ambient [CO,] at intermediate 7, ; was
statistically insignificant (Fig. 2b).

There was a marginally significant effect of [CO,] X
7., and also a marginally significant effect of [CO,] X T_
on total seedling biomass (Table 1). The low 7_; depressed
total biomass under both [CO,] conditions (Fig. 2c).
There were no significant differences in total biomass
between the intermediate and high 7, in ambient [CO,].
For the seedlings subjected to elevated [CO,], values of
this parameter were significantly greater under high than
intermediate 7, ; (Fig. 2¢).

Elevated [CO,] significantly increased total biomass
only at the high 7. ; but not at the low and intermediate
1., treatments where differences between ambient and
elevated [CO,] were not statistically significant (Fig. 2c).
With regards to the [CO,] X P interaction, total biomass
generally increased from low to high-P under both [CO,]
treatments (Fig. 2c). However, the differences between the
medium- and high-P regimes at ambient [CO2] were not
significant (Fig. 2¢). Furthermore, no significant differences
were observed between the low- and medium-P treatments
at elevated [CO,] (Fig. 2¢). Total biomass increased from
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Figure 2. Effects of [CO,], soil temperature (7, ;), and phosphorus
(P) availability on (a) shoot biomass, (b) root biomass, and
(c) total biomass (mean = SE, n=06) of white birch. The upper
case letters in (c) indicate the effect of CO, X N. See legend of
Fig. 1 for further explanations.

ambient to elevated [CO,] only at the high-P regime
whereas it was unresponsive to [CO,] at low- and medium-

P (Fig. 2¢).
Biomass allocation

There were no significant main or interactive effects of

[CO,], T.,;» and P on RSR (Table 1, Fig. 3).

Leaf phosphorus concentration

There was a significant effect of [CO,] X 7 ; and also a

main effect of CO,, P and 7_; on leaf P (Tabsle 1). The low
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Figure 3. Effects of [CO,], soil temperature (7 ), and phosphorus
(P) availability on root to shoot biomass ratio (mean = SE, n= 6)
of white birch. Absence of labels indicates no significant effects.
See legend of Fig. 1 for further explanations.

1., significantly reduced leaf P under ambient [CO,],

but not under elevated [CO,] where no significant 7,
effects were observed (Fig. 4). Similarly, there were no
statistically significant differences between the intermediate
and high 7 treatments in ambient [CO,] (Fig. 4). While
leaf P declined from ambient to elevated [CO,] at the
intermediate and high 7, it was unaffected by [CO,] at
the low 7, (Fig. 4). Leaf P was highest at the high-P and

lowest at the low-P regime (Fig. 4).

Discussion

The CO, fertilization hypothesis stipulates that rising
atmospheric [CO,] has a beneficial effect on the growth of
C3 plants (Pritchard et al. 1999, Huang et al. 2007). In
the present study, positive responses to elevated [CO,] were
observed for all examined morphological (A4 and RCD)
and biomass (shoot, root, and total biomass) growth para-
meters. Similar observations have been reported previously
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Figure 4. Effects of [CO,], soil temperature (7 ), and phosphorus
(P) availability on total leaf P concentration (mean = SE, n=0)
of white birch. See legend of Fig. 1 for further explanations.

for white birch (Zhang et al. 2006, Cao et al. 2008, Ambebe
et al. 2009, Ambebe and Dang 2010) and other boreal
broad-leaf and conifer tree species including trembling
aspen (Populus tremulodes Michx.; Liu et al. 2006), Sitka
spruce (Picea sitchensis (Bong.) Carr.; Townend 1995), and
loblolly pine (Pinus taeda L., Myers et al. 1999). According
to Huang et al. (2007), growth increments in high [CO,]
are due to increased availability of carbon. Atmospheric
CO, is a substrate for plant photosynthesis (Lambers et al.
2008). The current level of CO, in the atmosphere is not
saturating for the main photosynthetic enzyme, ribulose-
1,5-biphosphate carboxylase/oxygenase (Rubisco), in C;
plants (Lambers et al. 2008). Consequently, [CO,] eleva-
tion has been found to trigger an increase in the rate
of carboxylation by the photosynthetic enzyme system
and a reduction in photorespiration (Long et al. 1996,
Zhang and Dang 2006, Ambebe et al. 2010), leading to
increased rates of net photosynthesis and tree growth, at
least in the short term (Aber et al. 2001). Measurements of
gas exchange from this study support the photosynthesis
theory (Danyagri and Dang unpubl.).

As expected, high-P fertilization generally stimulated
growth. More importantly, the stimulation of total biomass
production by elevated [CO,] was limited to the high-P
regime. This observation is in agreement with the conclu-
sion that [CO,] and nutrient availability have synergistic
effects on the growth of white birch seedlings (Zhang
et al. 2006, Ambebe et al. 2009). Non-limiting N and P
conditions increase the amount and activity of Rubisco
(Jacob and Lawlor 1992, Warren and Adams 2004, Ambebe
et al. 2010). Furthermore, plants grown under ample P
have higher foliar contents of the carboxylation substrate,
ribulose-1,5-biphosphate, than their P stressed counterparts,
and hence, higher rates of CO, assimilation (Brooks 1986,
Jacob and Lawlor 1992) and faster growth in CO,-enriched
environments. On the other hand, the fraction of total
assimilated carbon expended in root respiration has been
found to increase substantially under low-P availability
(Rychter et al. 1992, Lynch and Beebe 1995, Nielsen et al.
1998, 2001, Lambers et al. 2008).

Unlike at the high 7, there was a general lack of
response of total seedling biomass to elevated [CO,] at the
low T, treatment which generally decreased growth in
ambient and elevated [CO,]. It is also important to note
that the gains in A and aboveground biomass due to [CO,]
elevation were experienced only by seedlings grown under
the warm but not those at the low 7, ;. The finding that
growth was unaffected by high [CO,] at the low 7, partially
supports this study’s hypothesis. Growth depression in
cold soils may be related to physiological nutrient stress
induced by a decline in root growth and nutrient uptake
(Pastor et al. 1987, Pritchard et al. 1990, Paré et al. 1993,
Grossnickle 2000, Peng and Dang 2003). Furthermore, a
decline in stomatal conductance and transpiration rate
of plants growing in cold soils may impair nutrient uptake
through the transpiration stream (Dang and Cheng 2004,
Zhang and Dang 2005, Ambebe et al. 2010, current study).
The decrease of foliar P contents by low 7 ; under ambient
[CO,] in this study is consistent with the view of Grossnickle
(2000), that even plants supplied with favourable nutrient

243



conditions may suffer nutrient stress when growing in cold
soils. However, low P stress cannot explain the absence of
a positive effect of [CO,] elevation on growth at low 7_;
because there was no significant response of leaf P to 7_;
under this [CO,] treatment. Rather, the phenomenon
seems to be moisture related. In addition to increased tran-
spirational water loss in warm soils, the rate and depth of
evaporation often increase with 7, ;, reducing the soil mois-
ture content (Pregitzer and King 2005). Elevated [CO,]
improves plant water status so that plants growing under low
water conditions experience greater stimulations of photo-
synthesis and growth than those under ample water avail-
ability (Kimball et al. 1995, Wall et al. 2001). The lack
of biomass increment from the intermediate to high 7
at ambient [CO,] was likely linked to the high 7 ;-induced
water stress which was not present in elevated [CO,].
Alternatively, unresponsiveness of biomass to high 7', may
be associated with loss of any additional carbon taken up
by the seedlings as respiration or root exudates. The rate of
root respiration increases exponentially with 7., and up to
half of the total carbon assimilated each day in photosyn-
thesis can be consumed by root respiration (Zogg et al. 1996,
Atkin et al. 2000, Pregitzer et al. 2000).

According to Gavito et al. (2001) and Ambebe and
Dang (2010), a decrease in aboveground growth in a low
1., environment may be associated with a shift in biomass
from shoot to root. This view is consistent with Thornley’s
(1972) model of root/shoot allocation which predicts an
increase in RSR under limited nutrient and water supply.
However, our data do not support earlier conclusions that
more biomass is allocated to roots in response to P defi-
ciency (Schenk and Barber 1979, Ericsson and Ingestad
1988, Ericsson 1995, Vance et al. 2003). The lack of a sig-
nificant 7, or P effect on RSR observed here suggests that
the low 7. ; and the concentration and/or fertilization rate
of the low-P regime were not low enough for 4-month
old white birch seedlings to suffer the level of nutrient stress
that initiates an increase in relative biomass allocation to
roots. While Tingey et al. (1996), Tissue et al. (1997),
Ambebe et al. (2009), and Ambebe and Dang (2010)
have found that [CO,] does not change the allocation of
biomass between roots and shoots, Stulen and Den Hertog
(1993), Ericsson (1995), and Lambers et al. (2008) have
concluded that significant responses of RSR to [CO,]
are due to nutrient and/or water limitations. For example,
elevated [CO,] decreased RSR and increased shoot biomass
under dry growing season conditions in a semi-natural
grassland in central Sweden (Sindhej et al. 2000). In another
study, elevated [CO,] increased total biomass production
of Sitka spruce seedlings under high-N supply, but not in
the low-N availability treatment where a marked increase
in RSR resulted in lower aboveground biomass in elevated
than ambient [CO,] (Murray et al. 2000). According to
Kopinga and van den Burg (1995), the leaf P obtained
for the respective three P regimes at each 7, ; and [CO,] in
this study are in line with values found in natural birch,
beech, aspen and oak trees growing under non-limiting P
conditions. The absence of nutrient stress under or due
to the low 7, ; could also explain why elevated [CO,] did

{¢}
not significantly increase RSR under this treatment. It is
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important to note, however, that in addition to nutrient
and water availability (Pregitzer et al. 2000, Lambers et al.
2008), effects of elevated [CO,] on RSR also depend
strongly on species (Berntson and Bazzaz 1996) and tem-
perature (Wan et al. 2004), as well as on fine root formation
and root turnover rates. As a result of interactions among
these factors, the RSR might increase (Rogers et al. 1996,
Pregitzer et al. 2000) or decrease (Kandeler et al. 1998) in
response to elevated [CO,].

In conclusion, low 7., generally depressed growth of
white birch, and some of the morphological and biomass
growth parameters responded positively to increased [CO,]
under intermediate and high but not under low T,
Given the wide variations in 7_; within the boreal forest,
and the likelihood for future increases in atmospheric
[CO,], the responses reported here may have considerable
importance for the biomass distribution and structure of
the taiga ecosystem in the future. In other words, the pro-
jected increase in atmospheric [CO,] may be more beneficial
to white birch trees growing in moderately warm 7 ; sites
than their counterparts in cold 7. ; portions of the species’
range. Additionally, the CO, X P interaction on total bio-
mass suggests that biomass gain due to [CO,] elevation is
limited to seedlings grown under high-P availability. Conse-
quently, silvicultural practices, such as blade scarification,
plowing (Spittlehouse and Stathers 1990) and mounding
(Orlander et al. 1998), that increase 7, and P mineraliza-
tion could lead to improved plant responses to high [CO,]
on less favourable sites. However, some problems remain for
future studies regarding application of our results based on
seedlings from this short-term controlled-environment
experiment to natural forests. For instance, the light inten-
sity at leaf level in this study does not reflect the higher
natural light levels to which plants are exposed in the field.
Increases in irradiance have been found to increase, decrease,
or have no effect on the growth of plants under elevated
[CO,] (Lewis et al. 1999, Ward and Strain 1999). Further-
more, because the leaf P contents resulting from the low-
P treatment do not reflect those in plants growing under
low P stress in the field (Kopinga and van den Burg 1995),
it is important to further examine how 7 ; and P may inter-
act in affecting the growth-promoting effect of elevated
[CO,] when much lower P conditions are involved.

References

Aber, J. et al. 2001. Forest processes and global environmental
change: predicting the effects of individual and multiple
stressors. — Bioscience 51: 735-752.

Akselsson, C. et al. 2008. The influence of N load and harvest
intensity on the risk of P limitation in Swedish forest soils.
— Science Tot. Environ. 404: 284-289.

Ambebe, T. E and Dang, Q.-L. 2010. Low moisture availability
reduces the positive effect of increased soil temperature
on biomass production of white birch (Betula papyrifera)
seedlings in ambient and elevated carbon dioxide concentra-
tion. — Nord. J. Bot. 28: 104-111.

Ambebe, T. E et al. 2009. Low soil temperature reduces the positive
effects of high nutrient supply on the growth and biomass
of white birch seedlings in ambient and elevated carbon
dioxide concentrations. — Botany 87: 905-912.



Ambebe, T. E et al. 2010. Low soil temperature inhibits the
effect of high nutrient supply on photosynthetic response
to elevated carbon dioxide concentration in white birch seed-
lings. — Tree Physiol. 30: 234-243.

Aphalo, P J. et al. 2006. Responses of silver birch saplings to
low soil temperature. — Silva Fenn. 40: 429-442.

Atkin, O. K. et al. 2000. Response of root respiration to changes
in temperature and its relevance to global warming.
— New Phytol. 147: 141-154.

Berntson, G. M. and Bazzaz, E. A. 1996. The allometry of root
production and loss in seedlings of Acer rubrum (Aceraceae)
and Betula papyrifera (Betulaceac): implication for root
dynamics in elevated CO,. — Am. J. Bot. 83: 608-616.

Bonan, G. B. 1992. Soil temperature as an ecological factor
in boreal forests. — In: Shugart, H. H. et al. (eds), System
analysis of the global boreal forest. Cambridge Univ. Press,
pp. 126-143.

Bonan, G. B. and Shugart, H. H. 1989. Environmental factors
and ecological processes in boreal forests. — Annu. Rev. Ecol.
Syst. 20: 1-28.

Braun, S. et al. 2010. Does nitrogen deposition increase forest
production? The role of phosphorus. — Environ. Pollut. 158:
2043-2052.

Brooks, A. 1986. Effects of phosphorus nutrition on ribulose-1,
5-biphosphate carboxylase activation, photosynthetic quan-
tum yield and amounts of some Calvin-cycle metabolites
in spinach leaves. — Austr. J. Plant Physiol. 13: 221-237.

Burns, R. M. and Honkala, B. H. 1990. Silvics of North America.
Agricultural Handbook 654 Vol. II. — USDA For. Serv.

Campbell, C. D. and Sage, R. E 2002. Interactions between atmos-
pheric CO, concentration and phosphorus nutrition on the
formation of proteoid roots in white lupin (Lupinus albus L.).
— Plant Cell Environ. 25: 1051-1059.

Campbell, C. D. and Sage, R. E 2006. Interactions between the
effects of atmospheric CO, content and P nutrition on pho-
tosynthesis in white lupin (Lupinus albus L.). — Plant Cell
Environ. 29: 844-853.

Cao, B. et al. 2007. Relationship between photosynthesis and
leaf nitrogen concentration under ambient and elevated
[CO,] in white birch (Betula papyrifera) seedlings. — Tree
Physiol. 27: 891-899.

Cao, B. et al. 2008. Effects of [CO,] and nitrogen on morpho-
logical and biomass traits of white birch (Betula papyrifera)
seedlings. — For. Ecol. Manage. 254: 217-224.

Cheng, S. et al. 2000. A soil temperature control system for eco-
logical research in greenhouses. — J. For. Res. 5: 205-408.
Cheng, W. et al. 2008. Increased night temperature reduces the
stimulatory effect of elevated carbon dioxide concentration
on methane emission from rice paddy soil. — Global Change

Biol. 14: 644-656.

CO,Now 2010. Atmosphere monthly—February 2010. — <hetep://
www.co2now.org >, accessed 29 Jul 2010.

Dang, Q. L. and Cheng, S. 2004. Effects of soil temperature
on ecophysiological traits in seedlings of four boreal tree
species. — Forest Ecol. Manage. 194: 379-387.

DeLucia, E. H. et al. 1992. Effects of soil temperature on growth,
biomass allocation and resource acquisition of Andrapogon
gerardii Vitman. — New Phytol. 120: 543-549.

Ericsson, T. 1995. Growth and shoot: root ratio of seedlings
in relation to nutrient availability. — Plant Soil 168/169:
205-214.

Ericsson, T. and Ingestad, T. 1988. Nutrition and growth of
birch seedlings at varied relative phosphorus addition rates.
— Physiol. Plant. 72: 227-235.

Gavito, M. E. et al. 2001. Interactive effects of soil temperature,
atmospheric carbon dioxide and soil N on root development,
biomass and nutrient uptake of winter wheat during vegetative

growth. — J. Exp. Bot. 52: 1913-1923.

Gradowski, T. and Thomas, S. C. 2006. Phosphorus limitation of
sugar maple growth in central Ontario. — For. Ecol. Manage.
22: 104-109.

Grifin, K. L. and Seemann, J. R. 1996. Plants, CO,, and
photosynthesis in the 21st century. — Chem. Biol. 3:
245-254.

Grossnickle, S. C. 2000. Ecophysiology of northern spruce species:
the performance of planted seedlings. — NRC Res. Press,
Ottawa.

Gunderson, C. A. and Wullschleger, S. D. 1994. Photosynthetic
acclimation in trees to rising atmospheric CO,: a broader
perspective. — Photosynth. Res. 39: 369-388.

Huang, J. G. et al. 2007. Response of forest trees to increased
atmospheric CO,. — Crit. Rev. Plant Sci. 26: 265-283.

IPCC 2007. Summary for policymakers. — In: Solomon, S. et al.
(eds), Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change.
Cambridge Univ. Press, pp. 1-18.

Jach, M. E. and Ceulemans, R. 1999. Effects of elevated atmos-
pheric CO, on phenology, growth and crown structure of
Scots pine (Pinus sylvestris) seedlings after two years of exposure
in the field. — Tree Physiol. 19: 289-300.

Jacob, J. and Lawlor, D. W. 1992. Dependence of photosynthesis
of sunflower and maize leaves on phosphate supply,
ribulose-1,5-biphosphate  carboxylase/oxygenase  activity
and ribulose-1,5-bisphosphate pool size. — Plant Physiol. 98:
801-807.

Kandeler, E. et al. 1998. The response of soil microorganisms
and roots to elevated CO, and temperature in a terrestrial
model ecosystem. — Plant Soil 202: 251-262.

Kaspar, T. C. and Bland, W. L. 1992. Soil temperature and root
growth. — Soil Sci. 154: 257-339.

Kaufmann, M. R. 1977. Soil temperature and drying cycle
effects on water relations of Pinus radiata. — Can. J. Bot. 55:
2413-2418.

Kimball, B. A. et al. 1995. Productivity and water use of wheat
under free-air CO, enrichment. — Global Change Biol. I:
429-442.

King, J. S. et al. 1999. Clonal variation in above- and below-
ground responses of Populus tremuloides Michaux.: influence
of soil warming and nutrient availability. — Plant Soil
217: 119-130.

Kopinga, J. and van den Burg, J. 1995. Using soil and foliar
analysis to diagnose the nutritional status of urban trees.
—J. Arboricult. 21: 17-24.

Lambers, H. et al. 2008. Plant physiological ecology. — Springer.

Landhidusser, S. M. and Lieffers, V. J. 1998. Growth of Populus
tremuloides in association with Calamagrostis Canadensis.
— Can. J. For. Res. 28: 396-401.

Lewis, J. D. et al. 1999. Seasonal patterns of photosynthetic
light response in Douglas-fir seedlings subjected to elevated
atmospheric CO, and temperature. — Tree Physiol. 19:
243-252.

Liu, N. et al. 2006. Genetic variation of Populus tremuloides in
ecophysiological responses to CO, elevation. — Can. ]. Bot.
84: 294-302.

Long, S. P. et al. 1996. Photosynthesis, rising atmospheric carbon
dioxide concentration and climate change. — In: Breymeyer,
A. I et al. (eds), Global change: effects on coniferous forests
and grasslands. John Wiley and Sons.

Lynch, J. P and Beebe, S. E. 1995. Adaptation of bean (Phaseolus
vulgaris L.) to low phosphorus availability. — HortScience
30: 1165-1171.

Murray, M. B. et al. 2000. Effect of elevated [CO,] and varying
nutrient application rates on physiology and biomass
accumulation of Sitka spruce (Picea sitchensis). — Tree Physiol.

20: 421-434.

245



Mpyers, D. A. et al. 1999. Photosynthetic capacity of loblolly pine
(Pinus taeda L.) trees during the first year of carbon dioxide
enrichment in a forest ecosystem. — Plant Cell Environ. 22:
473-481.

Nielsen, K. L. et al. 1998. Effects of phosphorus availability
and vesicular—arbuscular mycorrhizas on the carbon budget
of common bean (Phaseolus vulgaris). — New Phytol. 139:
647-656.

Nielsen, K. L. et al. 2001. Effect of phosphorus availability on
the carbon economy of contrasting common bean (Phaseolus
vulgaris L.) genotypes. — J. Exp. Bot. 52: 329-339.

Ortlander, G. et al. 1998. Inverting improves establishment of
Pinus contorta and Picea abies — 10-year results from a site
preparation trial in northern Sweden. — Scand. J. For. Res. 13:
160-168.

Paré, D. et al. 1993. Changes in the forest floor of Canadian south-
ern boreal forest after disturbance. — J. Veg. Sci. 4: 811-818.

Pastor, J. et al. 1987. Succession changes in nitrogen availability as
a potential factor contributing to spruce decline in boreal
North America. — Can. J. For. Res. 17: 1394-1400.

Peng, Y. Y. and Dang, Q.-L. 2003. Effects of soil temperature on
biomass production and allocation in seedlings of four boreal
tree species. — For. Ecol. Manage. 180: 1-9.

Pooter, H. 1993. Interspecific variation in the growth response of
plants to an elevated CO, concentration. — Vegetatio 104/105:
77-97.

Pregitzer, K. S. and King, J. S. 2005. Effects of soil temperature on
nutrient uptake. Nutrient acquisition by plants — an ecological
perspective. — Ecol. Stud. 181: 277-310.

Pregitzer, K. S. et al. 2000. Responses of tree fine roots to
temperature. — New Phytol. 147: 105-115.

Prietzel, J. et al. 2008. Changes of soil chemistry, stand nutrition,
and stand growth at two Scots pine (Pinus sylvestris L.) sites
in central Europe during 40 years after fertilization, liming,
and lupine introduction. — Eur. J. For. Res. 127: 43-61.

Pritchard, J. et al. 1990. Biophysics of the inhibition of the
growth of maize roots by lowered temperature. — Plant
Physiol. 93: 222-230.

Pritchard, S. G. et al. 1999. Elevated CO, and plant structure:
a review. — Global Change Biol. 5: 807-837.

Rogers, H. H. etal. 1996. Root to shoot ratio of crops as influenced
by CO,. — Plant Soil 187: 229-248.

Rychter, A. M. et al. 1992. The effect of phosphate deficiency on
mitochondrial activity and adenylate levels in bean roots.
— Physiol. Plant. 84: 80-86.

Schenk, M. K. and Barber, S. A. 1979. Root characteristics of corn
genotypes as related to P uptake. — Agron. J. 71: 921-924.

Sindhgj, E. et al. 2000. Root dynamics in a semi-natural grassland
in relation to atmospheric carbon dioxide enrichment, soil
water and shoot biomass. — Plant Soil 223: 253-263.

Spittlehouse, D. L. and Stathers, R. J. 1990. Seedling microclimate.
— British Columbia Ministry of Forests, Victoria, Land
Management. Report no. 65.

Stocklin, J. et al. 1998. Effects of elevated CO, and phosphorus
addition on productivity and community composition of
intact monoliths from calcareous grassland. — Oecologia
116: 50-56.

Stulen, I. and Den Hertog, J. 1993. Root growth and functioning
under atmospheric CO, enrichment. — Vegetatio 104/105:
99-115.

246

Tamm, C. O. 1975. Plant nutrients as limiting factors in
ecosystems dynamics. — In: (Reiche, D. E. et al. (eds),
Productivity of world ecosystems. Proc Natl Acad. Sci. USA,
pp. 123-132.

Tamm, C. O. 1991. Nitrogen in terrestrial ecosystems. Ecological
studies. — Springer Verlag.

Thornley, J. H. M. 1972. A balanced quantitative model for
root: shoot ratios in vegetative plants. — Ann. Bot. 306:
431-441.

Tingey, D. T. et al. 1996. Effects of elevated CO, and nitrogen
on the synchrony of shoot and root growth in ponderosa
pine. — Tree Physiol. 16: 905-914.

Tissue, D. et al. 1997. Atmospheric CO, enrichment increases
growth and photosynthesis of Pinus taeda: a 4 year experiment
in the field. — Plant Cell Environ. 20: 1123-1134.

Townend, J. 1995. Effects of elevated CO,, water and nutrients
on Picea sitchensis (Bong.) Carr. Seedlings. — New Phytol.
130: 193-206.

Tryon, P. R. and Chapin III, E S. 1983. Temperature control on
root growth and root biomass in taiga forest trees. — Can.
J. For. Res. 13: 827-833.

USDA-NRCS 2009. The PLANTS Database. — <http://plants.
usda.gov >, accessed 4 Jun 2010.

Vance, C. P. et al. 2003. Phosphorus acquisition and use: critical
adaptations by plants for securing a non-renewable resource.
— New Phytol. 157: 423-447.

Wall, G. W. et al. 2001. Elevated atmospheric CO, improved
sorghum plant water status by ameliorating the adverse effects
of drought. — New Phytol. 152: 231-248.

Wan, S. Q. et al. 2004. CO, enrichment and warming of the
atmosphere enhance both productivity and mortality of maple
tree fine roots. — New Phytol. 162: 437-446.

Ward, J. K. and Strain, B. R. 1999. Elevated CO, studies: present,
past and future. — Tree Physiol. 19: 211-220.

Waring, R. H. and Running, S. W. 1998. Forest ecosystems:
analysis at multiple scales, 2nd ed. — Academic Press.

Warren, C. R. and Adams, M. A. 2004. Evergreen trees do not
maximize instantaneous photosynthesis. — Trends Plant Sci.
9: 270-274.

Zhang, S. and Dang, Q.-L. 2005. Effects of soil temperature and
elevated atmospheric CO, concentration on gas exchange,
in vivo carboxylation and chlorophyll fluorescence in jack
pine and white birch seedlings. — Tree Physiol. 25: 609-617.

Zhang, S. and Dang, Q.-L. 2006. Effects of carbon dioxide
and nutrition on photosynthetic functions of white birch
seedlings. — Tree Physiol. 26: 1457-1467.

Zhang, S. and Dang, Q.-L. 2007. Interactive effects of soil tem-
perature and [CO,] on morphological and biomass traits in
seedlings of four boreal tree species. — For. Sci. 53: 453—460.

Zhang, S. et al. 2006. Nutrient and [CO,] elevation had synergis-
tic effects on biomass production but not on biomass
allocation of white birch seedlings. — For. Ecol. Manage. 234:
238-244.

Zhou, Z. C. and Shangguan, Z. P. 2009. Effects of elevated CO,
concentration on the biomasses and nitrogen concentrations
in the organs of sainfoin (Onobrychis viciaefolia Scop.). — Agric.
Sci. China 8: 424-430.

Zogg, G. P. etal. 1996. Fine root respiration in northern hardwood
forests in relation to temperature and nitrogen availability.

— Tree Physiol. 16: 719-725.



