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The carbon dioxide concentration ([CO2]) in the atmosphere has been increasing since the start of the industrialization. The impact of increasing [CO2] on the physiology and growth of plants and on the composition,
dynamics and productivity of plant communities have been studied extensively in the past few decades.
However, the responses to CO2 elevation can be altered by other environmental and biological factors. Such
interactions, particularly those involving multiple factors, are complex and not well understood. In this study, we
investigated the interactive eﬀects of CO2 elevation, nutrient availability and root interaction between plants on
the total seedling photosynthesis, growth, and biomass allocation of two boreal conifer tree species, black spruce
and white spruce. Seedlings were exposed to two [CO2] (380 vs. 720 µmol mol−1) and two nutrient levels (low
vs. high) with or without root interaction. We found that each of the three treatments inﬂuenced the eﬀects of
others and the two species also responded diﬀerently to those interactions. Root interactions reduced seedling
growth only when nutrient supply was high. White spruce was more sensitive root interaction than black spruce
while black spruce was more sensitive to the negative impact of low nutrient supply than white spruce.
Surprisingly, CO2 elevation and its interactions did not signiﬁcantly aﬀect seedling growth. The CO2 elevation
signiﬁcantly increased total seedling photosynthesis while root interaction reduced it and the reduction was
greater under the elevated CO2. The photosynthetic response to CO2 elevation was more sensitive to nutrient
availability in white spruce than in black spruce. Seedling biomass was more sensitive to the negative impact of
root interaction and low nutrient supply in black spruce than white spruce. Root interaction reduced biomass
allocation to leaf and the impact was reduced by low nutrient. Biomass allocation to leaf was more sensitive to
low nutrient supply in black spruce than white spruce. CO2 elevation reduced but root interaction increased
root/leaf mass ratio, partially oﬀsetting each other when both treatments were applied. The root/leaf ratio of
white spruce was more sensitive to CO2 elevation while that of black spruce was more sensitive to root interaction and nutrient supply. Low nutrient supply and root interaction both had positive eﬀect on root/leaf ratio
and their eﬀects were confounded when both were applied simultaneously. Therefore, their eﬀects were observed only when one of them was absent.

1. Introduction
Climate change resulting from increasing carbon dioxide concentration ([CO2]) in the atmosphere can aﬀect the physiology, growth,
morphology and geographic distribution of plants (Cao et al., 2007,
2008; Danyagri and Dang, 2014a, 2014b, Inoue et al., 2019, 2020;
Lukac et al., 2010). For example, CO2 elevation enhances the photosynthesis and growth of C3 plants (Kubiske et al., 1998; Murray et al.,
2000; Liu et al., 2002; Bigras and Bertrand, 2006; Zhang and Dang,
2007; Marfo and Dang, 2009; Wang and Taub, 2010; Newaz et al.,
2016). CO2 elevation can also increase biomass allocation to roots,
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particularly when nutrient supply is limited (Tingey et al., 2000; Liu
et al., 2002; Zhang et al., 2006; Cao et al., 2008; Wang and Taub, 2010;
Newaz et al., 2016). However, the eﬀects of CO2 elevation can be altered by other environmental or biological factors (Ambebe et al., 2010,
2013, Danyagri and Dang, 2013, 2014a, 2014b, Inoue et al., 2019,
2020, Li et al., 2013, 2015; Lukac et al., 2010; Marfo and Dang, 2009;
Newaz et al., 2016, 2017; Oren et al., 2001; Tedla et al., 2019, 2020a,
2020b, Zhang and Dang, 2005, 2006, 2007; Zhang and Dang, 2013), for
example, low nutrient supply reduces the positive eﬀects of CO2 elevation (Brooker, 2006; Danyagri and Dang, 2014b; Lukac et al., 2010;
Oren et al., 2001; Zhang and Dang, 2006). CO2 elevation can also
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resources at a high nutrient site before slow growing species are able to
extract enough nutrients (Jackson et al., 1990; Caldwell et al., 1996).
However, species with high uptake kinetics may be disadvantaged
when nutrient supply is low because of their high nutrient requirements
(Jackson et al., 1990; Aerts and Chapin, 1999). Studies show that CO2
elevations can increase nutrient use eﬃciency and partially mitigate the
limitation of low nutrient supply to tree growth (Zhang and Dang,
2006; Zhang et al., 2006; Cao et al., 2007, 2008; Ambebe et al., 2009; Li
et al., 2013, 2015). Apparently, the interactions between black spruce
and white spruce under the interactive inﬂuence of CO2 and nutrient
conditions are extremely complicated. This study is aimed to obtain
some insights on those relationships.

increase plant demand for nutrients (Oren et al., 2001; Lukac et al.,
2010; Li et al., 2013, 2015) and increased nutrient supply may be necessary to sustain the stimulation of CO2 elevation to growth (Danyagri
and Dang, 2014b; Li et al., 2013, 2015; Lukac et al., 2010; Proe et al.,
2000). On the other hand, CO2 elevation may partially ameliorate the
limitation of low nutrient on photosynthesis and growth because increased [CO2] increase the nutrient use eﬃciency (Danyagri and Dang,
2014b; Li et al., 2013, 2015; Warren et al., 2005). Furthermore, increased biomass allocation to roots under [CO2] improves the exploration of the soil for nutrients and water (Pendall et al., 2004;
Lambers and Oliveira, 2019).
The eﬀects of CO2 elevation vary with plant species (Joel et al.,
2001; Zhang and Dang, 2005, 2007) and thus CO2 elevations will likely
alter interplant relationships within and between plant species within
the same plant community (Poorter, 1998; Friend et al., 2000; Brooker,
2006), consequently their relative competitiveness and the species
richness and composition of the plant community (Poorter, 1998;
Brooker, 2006; Körner, 2006; Wang, 2007; Langley and Megonigal,
2010). Plant interactions are an important driver for the dynamics and
species composition of a plant community (Drake and Leadley, 1991;
Brooker, 2006; Lambers and Oliveira, 2019). The responses of plants
grown in isolation can be quite diﬀerent from the responses of plants
grown together and interacting with other plants (Navas, 1998). This is
because plants can modify the physical, chemical, and biological environment for other plants (Poorter and Pèrez-Soba, 2001; Wang, 2007;
Lambers and Oliveira, 2019). Root interactions can aﬀect the resource
availability and other aspects of the soil environment (Arnone and
Kestenholz, 1997; Casper and Jackson, 1997; Lambers and Oliveira,
2019). CO2 elevations can have greater impact on roots than on
aboveground organs (Bassirirad, 2000; Pendall et al., 2004; Ambebe
and Dang, 2009, 2010; Ambebe et al., 2013; Inoue et al., 2020).
However, the eﬀects of root interactions on the response to CO2 elevation have received little attention in the research community.
The climate change arising from increasing atmospheric CO2 is expected to be the most prominent in the boreal region (Bonan and
Shugart, 1989; Bonan et al., 1992; Sellers et al., 1997; IPCC, 2019).
Soils in the region are generally deﬁcient in nutrients, particularly nitrogen, due to the slow decomposition of organic matters (Dioumaeva
et al., 2002), which is a major reason for the slow growth of boreal trees
(Jarvis and Linder, 2000). There are also large variations in soil nutrient
regimes across diﬀerent sites in the region (Dioumaeva et al., 2002) and
climate change will likely alter the decomposition rate of organic
matters and soil nutrient regime (Dioumaeva et al., 2002). Such
changes will aﬀect not only the growth of individual species but interactions among individuals and among species, and the dynamics and
composition of forest stands. However, there is a lack of information on
such interactions in the literature. The objective of this study was to
investigate the interactive eﬀects of [CO2], root interactions and soil
nutrient supply on the photosynthesis, biomass allocation and growth
of black spruce (Picea mariana [Mill.] B.S.P.) and white spruce (Picea
glauca [Moench] Voss.).
Black spruce and white spruce are two dominant conifer tree species
in the boreal forest of North America and often form mixed-species
stands on upland sites (Nienstaedt and Zasada, 1990; Sims et al., 1990;
Viereck and Johnston, 1990). Black spruce is considered to be more
plastic than white spruce because it can grow on a much wider range of
sites from nutrient poor lowland sites (both mineral and peatland) to
fertile upland sites (Nienstaedt and Zasada, 1990; Viereck and
Johnston, 1990; Patterson et al., 1997). Species with greater plasticity
generally respond better to increasing [CO2] (Brown and
Higginbotham, 1986; Midgley et al., 1999). On the other hand, black
spruce generally grows slower and is less responsive to nutrient additions than white spruce (Patterson et al., 1997) and slow growing
species are less responsive to CO2 elevations than fast growing counterparts (Poorter, 1998; Tangley, 2001). Furthermore, fast growing
species have high nutrient uptake kinetics and can deplete nutrient

2. Materials and methods
2.1. Plant materials and experimental design
One-year old seedlings of black spruce (Picea mariana [Mill.] B.S.P.)
and white spruce (Picea glauca [Moench] Voss.) were obtained from the
Boreal Tree Nursery (Thunder Bay, Ontario). We selected seedlings of
relatively uniform size and shape for the experiment. The experiment
was carried out in four environment-controlled greenhouses at
Lakehead University Thunder Bay Campus.
There were four treatments: carbon dioxide concentration (380 vs.
720 µmol mol−1 [CO2]), root interaction (with RI vs. without RI), nutrient (high N vs. low N) and species (black vs. white spruce). Each of
the two [CO2] was randomly assigned to two of the four greenhouses (2
replicates). Each greenhouse was divided into 8 blocks and each of the
4 RI-N combinations was randomly assigned to two of them as replicates (4 seedlings/species/replicate of each combination). The two
species were nested within block. The CO2 concentrations and other
environmental conditions in each of the four greenhouses were monitored and controlled using an Argus Classic Control System (Argus,
Vancouver, BC, Canada). CO2 was elevated using GEN-2E CO2 generators (Custom Automated Products Inc., Riverside, CA) and the CO2
concentration in each of the greenhouses was allowed to ﬂuctuate
by ± 30 µmol mol−1 from the set point. Other environmental conditions were 55 ± 5% RH, 25 ± 2/15 ± 2 °C day/night temperature
and 16 H photoperiod. The average PAR at the canopy was
660 μmol m−2s−1 in the middle of sunny days. High pressure sodium
lamps were used to extend the natural photoperiod to 16 H. The supplementary light was approximately 220 μmol m−2s−1 at the canopy
level.
Root interactions were achieved by growing the seedlings of both
species in one large container (48 × 38 × 16 cm, 4 seedling per species, a total of 8 seedlings per container) and the seedlings of each
species were evenly intermingled with those of the other species so that
each seedling was adjacent to a diﬀerent species. Each seedling in the
no root interaction treatment was grown in an individual container
(14.5 cm diameter, 15.5 cm height). The spatial distribution and spacing of seedlings within each block and average soil volume per seedling were comparable between the two root interaction treatments. The
nutrient concentrations for the high nutrient treatment were 150, 60,
150, 80, 40, 60 mg/l of N, P, K, Ca, Mg and S, respectively and the
concentrations were 10% of the above for the low nutrient treatment.
The high nutrient formulation presents the optimal concentrations
(Landis, 1989; Li et al., 2013) and the concentrations in the low nutrient treatment are within the deﬁciency range for the species under
both ambient and elevated CO2 (Li et al., 2013). The seedlings were
fertilized once a week and watered between fertilizer applications.
2.2. Photosynthesis measurement
Photosynthesis was measured after 4-month treatment on 3 randomly selected seedlings from each replicate of each treatment combination (total of 192) using a PP-Systems CIRAS-1 open gas exchange
2
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The CO2 × N × S interactions also signiﬁcantly aﬀected WT
(Table 1). The CO2 elevation generally increased WT but the eﬀect on
white spruce was not signiﬁcant under the high nutrient condition
(Fig. 2b). Low nutrient supply signiﬁcantly reduced WT and the eﬀect
was generally greater in black spruce than in white spruce (Fig. 2b).
Black spruce had greater WT than white spruce but the eﬀect was not
statistically signiﬁcant under high nutrient and ambient [CO2]
(Fig. 2b).
The CO2 × RI × S interaction signiﬁcantly aﬀected the speciﬁc leaf
area (SLA, Table 1) and the response pattern was almost identical to
that of photosynthesis (Figs. 1a & 2c). The CO2 elevation signiﬁcantly
increased SLA only in white spruce with root interaction but it signiﬁcantly altered the eﬀects of root interaction and species: Under the
ambient [CO2], root interaction reduced SLA in both species and black
spruce had higher SLA than white spruce under both root interaction
treatments; under the elevated [CO2], however, root interaction signiﬁcantly reduced SLA only in black spruce and black spruce had signiﬁcantly greater SLA than white spruce only when was no root interaction (Fig. 2c).
The interaction of RI × N × S also signiﬁcantly aﬀected SLA
(Table 1). The root interaction generally reduced SLA but the eﬀect was
not signiﬁcant for white spruce under the low nutrient treatment
(Fig. 2d). The low nutrient treatment generally reduced SLA but the
eﬀect was not statistically signiﬁcant in white spruce with root interaction (Fig. 2d). Black spruce generally had greater SLA than white
spruce but the diﬀerence was not statistically signiﬁcant under low
nutrient with root interaction (Fig. 2d).

system with a Parkinson conifer cuvette (PP-Systems, Amesbury, MA,
USA). The environmental conditions in the leaf cuvette were controlled
at 25 °C air temperature, 50% RH, 800 µmol m−2 s−1 PAR and the
corresponding treatment [CO2]. The whole tree photosynthetic rate
(WT, µmol CO2 tree−1 s−1) was estimated as the product of leaf-level
photosynthesis and total leaf area of the seedling according to Coleman
et al. (1995).
2.3. Growth and biomass measurement
The height and root collar diameter (RCD) of all the seedlings were
measured at the start and again at the end of the experiment. All the
seedlings were harvested at the end of the experiment. The total projected leaf area (PLA) of the seedlings used for photosynthesis measurement was measured using a Regent WinSeedle system (Regent
Instruments Inc., Quebec City, Quebec, Canada). Roots were washed
and scanned with a Regents WinRhizo system (Regent Instruments Inc.,
Quebec City, Quebec, Canada) to determine total root length. All the
specimens were then oven-dried at 70 °C for 48 h. The dry mass of
foliage, roots and the remainder were weighed on an analytical balance.
Speciﬁc leaf area was calculated as fresh leaf area per unit dry mass
(cm2 g−1) and speciﬁc root length as fresh root length per unit dry mass
(cm g−1). Leaf mass ratio (LMR- ratio of leaf to total plant mass), root
mass ratio (RMR, root mass per total seedling mass), root to shoot mass
ratio (RSR- ratio of belowground to aboveground biomass) and root to
leaf mass ratio (RLR) were used as indices of biomass allocation.
2.4. Statistical analysis

3.3. Biomass and biomass allocation
Analysis of variance (ANOVA) was conducted using GenStat version
12 (VSN International, Hemel Hempstead, UK). The ANOVA assumptions, i.e., the normality of distribution and homogeneity of variance,
were checked using Shapiro-Wilk and Bartlett tests, respectively.
Pairwise comparisons of means were conducted using Fisher’s Least
Signiﬁcant Diﬀerence (LSD) when an interaction was signiﬁcant
(P < 0.05).

The RI × N × S interactions signiﬁcantly aﬀected seedling biomass
(Table 1). Root interaction generally reduced seedling biomass, but the
eﬀect was statistically signiﬁcant only in black spruce under the high
nutrient treatment (Fig. 3). Low nutrient signiﬁcantly reduced seedling
biomass only in black spruce with no root interaction (Fig. 3). Black
spruce generally had greater total biomass than white spruce but the
eﬀect was statistically signiﬁcant only in the high nutrient supply with
no root interaction (Fig. 3). [CO2] or its interactions with other treatments had no signiﬁcant eﬀect on seedling biomass (Table 1).
The CO2 × RI × S interaction signiﬁcantly aﬀected the leaf mass
ratio (LMR) (Table 1). Root interaction signiﬁcantly reduced LMR in
both CO2 treatments and the two species responded similarly (Fig. 4a).
The CO2 elevation decreased LMR only in black spruce with root interaction (Fig. 4a). Black spruce generally had greater LMR than white
spruce but the diﬀerence was not statistically signiﬁcant under the
elevated [CO2] with root interaction (Fig. 4a).
Root interaction and nutrient supply interactively aﬀected LMR
(Table 1): root interaction signiﬁcantly reduced LMR under high nutrient but not under low nutrient condition, and the low nutrient reduced LMR only when there was no root interaction (Fig. 4b). Additionally, the two species responded diﬀerently: the low nutrient
reduced LMR in black spruce but not in white spruce and black spruce
had a greater LMR than white spruce only when the nutrient supply was
high (Fig. 4c).
The [CO2] × RI × S interaction signiﬁcantly aﬀected the root mass
ratio (RMR) and root to shoot ratio (RSR, Table 1). The response patterns of the two parameters were similar: the CO2 elevation increased
RMR and RSR in white spruce in absence of root interaction but decreased them when there was root interaction (Fig. 4d & g); root interaction increase RMR and RSR under the ambient [CO2] in both
species but had no signiﬁcant eﬀect on them under the elevated [CO2]
(Fig. 4d & g).
Root interaction and nutrient supply also interactively aﬀected RMR
and RSR (Table 1): Root interaction signiﬁcantly increased RMR and
RSR under high nutrient but have no signiﬁcant eﬀect under low nutrient; The low nutrient signiﬁcantly increased RMR and RSR in absence

3. Results
3.1. Height and root collar diameter
The low nutrient supply reduced seedling height growth but the
eﬀect was not statistically signiﬁcant when there was no root interaction; root interaction signiﬁcantly reduced seedling height under high
nutrient but not under low nutrient supply (Fig. 1a, Table 1). Root interaction reduced seedling height in both species and the reduction was
greater in white spruce than black spruce; black spruce had greater
height than white spruce and the diﬀerence was greater when was root
interaction (Fig. 1b, Table 1). Low nutrient reduced root collar diameter
and the eﬀect was greater in black spruce than white spruce; black
spruce had smaller root collar diameter than white spruce only when
the nutrient supply was low (Fig. 1c, Table 1). [CO2] or its interactions
with other treatments had no signiﬁcant eﬀect on height or root collar
diameter (Table 1).
3.2. Whole seedling photosynthesis and speciﬁc leaf area
The CO2 × RI × S 3-way interaction signiﬁcantly aﬀected whole
tree photosynthesis (Table 1). The CO2 elevation generally increased
WT in both species and the eﬀect was greater on black spruce than on
white spruce (not signiﬁcant when there was no root interaction,
Fig. 2a). Root interactions signiﬁcantly reduced WT in both species and
under both [CO2] (Fig. 2a). Black spruce had higher WT than white
spruce and the diﬀerence was greater under elevated [CO2] (not signiﬁcant in the combination of no-root interaction and ambient [CO2],
Fig. 2a).
3
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Fig. 1. Eﬀects of interactions between root interaction (RI) and nutrient supply (N, (a)) and between RI and species (S, (b)) on seedling height, and the interactive
eﬀect of N and S on root collar diameter (c) of black spruce (Sb) and white spruce (Sw) seedlings after 4 months of treatment. Bars (mean + SEM) with diﬀerent
letters are signiﬁcantly diﬀerent from each other (P ≤ 0.05).

[CO2] and root interaction: black spruce had signiﬁcantly smaller RLR
than white spruce under the ambient when there was root interaction
and under elevated [CO2] in absence of root interaction (Fig. 4j).
Root interaction and species signiﬁcantly aﬀected the response of
RLR to nutrient supply and vice versa (Table 1). Low nutrient supply
signiﬁcantly increased RLR in absence of root interaction while it had
no signiﬁcant eﬀect when there was root interaction; root interaction
signiﬁcantly increased RLR under high nutrient but had no signiﬁcant
eﬀect under low nutrient supply (Fig. 4k). Low nutrient supply signiﬁcantly increased RLR in both species but the eﬀect was greater in
black spruce than in white spruce; black spruce had lower RLR under
high nutrient and there was no signiﬁcant diﬀerence between the two
species under low nutrient (Fig. 4l).

of root interactions, but did not signiﬁcantly aﬀect them when there
was root interaction (Fig. 4e & h).
The nutrient-species interaction signiﬁcantly aﬀected RMR and RSR
(Table 1). The low nutrient supply increased both RMR and RSR in both
species, but the eﬀect on the RMR of white spruce was statistically not
signiﬁcant; Black spruce had signiﬁcantly lower RMR than white spruce
under high nutrient but there was no signiﬁcant diﬀerence between the
two species under low nutrient (Fig. 4f & i).
The [CO2] × RI × S interaction signiﬁcantly aﬀected root/leaf
mass ratio (RLR, Table 1). The CO2 elevation signiﬁcantly reduced RLR
in white spruce when there was root interaction but increased it in
absence of root interaction while it had no signiﬁcant impact on black
spruce (Fig. 4j). Root interaction generally increased RLR but the eﬀect
was not statistically signiﬁcant in white spruce under elevated [CO2]
(Fig. 4j). The two species responded diﬀerently to the interaction of

Table 1
ANOVA P-values for the eﬀects of [CO2], root interaction (RI), nutrient supply (N), species (S) and their interactions on height and root collar diameter (RCD), whole
tree photosynthesis (WT), total biomass, leaf mass ratio (LMR), root mass ratio (RMR), root to shoot mass ratio (RSR), root to leaf mass ratio (RLR) and speciﬁc leaf
area (SLA) of black spruce and white spruce seedlings. The seedlings were exposed to two [CO2] (380 and 720 µmol mol−1), two root interactions (with vs. without
root interaction) and two nutrient supplies (high, HN vs. low, LN). Signiﬁcant eﬀects (P ≤ 0.05) are bold-faced.
Variation source

Height

RCD

WT

Biomass

LMR

RMR

RSR

RLR

SLA

CO2
RI
CO2*RI
N
CO2*N
RI*N
CO2*RI*N
S
CO2*S
RI*S
N*S
CO2*RI*S
CO2*N*S
RI*N*S
CO2*RI*N*S

0.103
0.002
0.879
< 0.001
0.513
< 0.001
0.987
< 0.001
0.177
0.002
0.169
0.967
0.967
0.333
0.059

0.156
0.013
0.260
< 0.001
0.909
0.060
0.219
0.178
0.533
0.455
0.049
0.410
0.639
0.082
0.414

0.216
0.096
0.952
0.012
0.910
0.096
0.813
< 0.001
< 0.001
0.408
0.002
0.012
0.012
0.723
0.117

0.067
0.002
0.146
0.001
0.657
0.013
0.236
< 0.001
0.119
0.008
0.038
0.492
0.831
0.010
0.611

0.530
< 0.001
0.907
< 0.001
0.169
0.002
0.907
< 0.001
0.978
0.005
< 0.001
< 0.001
0.313
0.132
0.576

0.166
0.071
0.298
0.164
0.263
0.010
0.278
0.274
0.569
< 0.001
< 0.001
< 0.001
0.176
0.651
0.989

0.187
0.063
0.282
0.151
0.351
0.011
0.555
0.134
0.498
< 0.001
< 0.001
< 0.001
0.165
0.346
0.856

0.832
0.018
0.254
0.016
0.238
0.039
0.417
< 0.001
0.357
0.346
< 0.001
< 0.001
0.426
0.374
0.661

0.794
0.009
0.795
< 0.001
0.366
0.009
0.595
< 0.001
0.883
< 0.001
< 0.001
< 0.001
0.755
0.042
0.110
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Fig. 2. Eﬀects of [CO2], nutrient supply (N), species (S) and root interaction (RI) on whole tree photosynthesis (a, b) and speciﬁc leaf area (SLA) of black spruce (Sb)
and white spruce (Sw) seedlings. See Fig. 1 for more explanations.

diﬀerences in the responses are most likely related to the relative sensitivity to and demand for nutrients: white spruce has higher nutrient
demand and is more sensitive to changes in nutrient supply (Nienstaedt
and Zasada, 1990; Patterson et al., 1997). Murray et al. (2000) have
also found that the relative CO2 stimulation of photosynthesis is greater
under low than high nutrient conditions ((Murray et al., 2000). The
large diﬀerences between the two species in responding to the CO2nutrient interaction suggest that increasing CO2 in the atmosphere will
likely inﬂuence the relative competitiveness of diﬀerence species, and
thus the dynamics and species composition of forest stands. Our data
further suggest that black spruce may become relatively more competitive on nutrient rich sites while white spruce may become relatively
more competitive on sites with low nutrient availability. However, results on the interactive eﬀects of nutrient supply and CO2 elevation on
tree growth are inconsistent in the literature.
Total photosynthesis and speciﬁc leaf area are generally positively
correlated to the growth rate and biomass production of plants
(Kirschbaum, 2011; Lambers and Oliveira, 2019). In fact, the correlation between growth rate and speciﬁc leaf area is generally so strong
that speciﬁc leaf area is considered to be the best predictor of growth
rate (Lambers and Oliveira, 2019). In this study, seedling photosynthesis and speciﬁc leaf area had almost identical patterns in their response
to the interactions of CO2 and nutrient. However, none of those responses were translated into a similar response in seedling growth or
biomass. In fact, the growth and biomass were not signiﬁcantly aﬀected
by the CO2 elevation or its interaction with nutrient supply in the two
species. The most likely reason for the lack of such a relationship in this
study is that only a portion of the biomass and growth were formed
under the treatment conditions while the foliage for the photosynthesis
and speciﬁc leaf area measurement were entirely formed during the
treatment. We used 1-year old seedlings which were grown under
identical conditions in the ﬁrst growing season. Thus, the treatment
eﬀects must have been diluted by the pre-treatment growth and biomass, making the parameters less sensitive to the treatments than they
should have been. Additionally, black and white spruce are determinate

Fig. 3. Interactive eﬀects of root interaction (RI), nutrient supply (N), and
species (S) on the total seedling biomass of black spruce (Sb) and white spruce
(Sw). See Fig. 1 for further explanations.

4. Discussion
Our results demonstrate that the relative stimulation of CO2 elevation to photosynthesis was greater under low nutrient supply than
under high nutrient supply, that CO2 elevation substantially reduced
low nutrient limitation to photosynthesis, and that the degree of the
responses was diﬀerent between black spruce and white spruce. The
stimulation of CO2 elevation to the photosynthesis of black spruce and
white spruce was 84% and 9%, respectively, under the high nutrient
condition. Under the low nutrient, however, the stimulation was 114%
and 133%, respectively, for black spruce and white spruce. Under the
ambient CO2, the low nutrient supply reduced photosynthesis by 56%
and 66%, respectively, for black spruce and white spruce; Under the
elevated CO2, however, the corresponding reductions declined to 49%
and 26%, respectively. Apparently, the CO2 elevation was much more
beneﬁcial to white spruce than to black spruce under low nutrient
conditions but the reverse was true under high nutrient conditions. The

5
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Fig. 4. Interactive eﬀects of [CO2], nutrient supply (N), species (S) and root interaction (RI) on leaf mass ratio (a, b, c), root mass ratio (d, e, f), root/shoot ratio (g, h,
i) and root/leaf ratio (j, k, l) of black spruce (Sb) and white spruce (Sw) seedlings. Only signiﬁcant (P ≤ 0.05) interactions are shown. The speciﬁc signiﬁcant
interactions are noted in each ﬁgure. See Fig. 1 for further explanations.

with species. The interaction of CO2, root interaction and species signiﬁcantly aﬀected nearly all the physiological and biomass allocation
parameters. For example, in absence of root interactions, the CO2 elevation increased the photosynthesis of black and white spruce by 94%
and 8%, respectively. In the presence of root interaction, the corresponding stimulation was 90% and 146%, respectively for black and
white spruce. The CO2 elevation signiﬁcantly reduced the biomass allocation to leaf in black spruce only when root interaction was present.
The CO2 elevation signiﬁcantly increased the root mass ratio of white
spruce in absence of root interaction but decreased it when root interaction was present. Roots can aﬀect neighbouring plants by various
means, such as modifying the biological and chemical environment,
exudation of allolopathic substance, and modifying resource availability ((Jolliﬀe, 1997; Brassard et al., 2011; Jensen et al., 2011;
Lambers and Oliveira, 2019). The signiﬁcant interactions that we observed in this study have multiple implications, including the interpretation of research ﬁndings and comparisons between diﬀerent studies. Plants are typically grown in individual containers in controlled
environment studies and thus any potential impact of root interactions
are precluded. Our ﬁnding adds an additional factor to consider when
attempting to apply lab ﬁndings to ﬁeld situations. Container limitation
to root growth and resource availability is commonly used to explain
diﬀerences in results between ﬁeld and greenhouse studies. Our results

species and thus their potential height growth is pre-determined in the
previous growing season, possibly limiting their response to treatments
in this study. Dang and Lieﬀers (1989) report that the growth of black
spruce is more closely related to the environmental conditions of the
previous growing season than to those of the current growing season.
Photosynthesis and speciﬁc leaf area, in contrast, were measured on
leaves that were formed under during the treatment and thus their
performance was better indicators of treatment eﬀects. Furthermore,
both CO2 and nutrient supply had opposite eﬀects on leaf and roots, as
indicated by the opposite responses of leaf mass ratio and root mass
ratio. The opposite eﬀects may have oﬀset each other, diminishing the
treatment eﬀects on total biomass. The results on the eﬀects of CO2
elevation on growth are inconsistent in the literature. Some ﬁnd that
there is a lack of CO2 eﬀects on growth and biomass in both controlled
environment (El Kohen et al., 1992; Petterson and Mcdonald, 1992;
Olszyk et al., 1998, 2003; Kilpeläinen et al., 2005; Zhang et al., 2006;
Bloor et al., 2008; Inaunen et al., 2012; Inoue et al., 2019; Tedla et al.,
2019) and ﬁeld conditions (Kӧrner et al., 2005) while others have observed that CO2 elevations increase tree growth and/or biomass production (Callaway et al., 1994; Tissue et al., 1997; Zhang and Dang,
2007; Marfo and Dang, 2009; Li et al., 2013).
The most signiﬁcant ﬁnding of this study is that root interaction
inﬂuenced seedlings’ response to CO2 elevation and the eﬀects varied
6
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suggest that root interactions may be another reason for the diﬀerences.
There are some limitations in this study and therefore cautions
should be exercised when the results are applied beyond the inference
sphere of the study. Firstly, the whole tree photosynthesis in this study
was as the product of the photosynthetic rate of current year foliage and
the total leaf area of the seedling. However, the seedlings contained
foliage formed in the current year and the previous year. Foliage of
diﬀerent ages tend to have diﬀerent rates of photosynthesis.
Furthermore, the previous foliage in all the trees were formed under the
same pre-treatment environmental conditions and should have responded diﬀerently to the treatments than the current foliage. The reported photosynthesis was only a rough estimate. Secondly, the experiment was carried out under the scenario of an even-mixture of black
and white spruce. The inﬂuence of root interaction may be diﬀerent
when the mixing of the species is uneven because the interactions between individuals of the same species may be diﬀerent from those between diﬀerent species. The most important contribution of this study is
that it demonstrates that belowground interaction and its interaction
with nutrient supply can exert a signiﬁcant impact on trees’ responses
to the elevation of CO2 in the atmosphere and the interactions vary with
species. We hope that this study will inspire more research in this area.
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