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a b s t r a c t

The use of trees under intensive management is particularly important for rapid fiber production in bor-
eal regions. Mixed-species plantations using species that have complementary ecological niches, such as
hybrid poplar and white spruce, potentially can maximize the use of resources and, consequently,
increase productivity. In the context of climate change, vegetation and soil carbon sequestration is of a
particular interest as part of a possible means of compensating for CO2 emissions. Since higher produc-
tivity leads to higher CO2 sequestration, the use of mixed-species plantations could improve the ecolog-
ical service of carbon storage compared to mono-specific plantations. We compared above-ground and
soil C storage of nine-year-old mono-specific plantations of white spruce and hybrid poplar with mixed
plantations of these two species. Soil carbon was evaluated by separately sampling four soil horizons,
while aboveground carbon was assessed from tree biomass estimates using allometric relationships.
Mixing white spruce and hybrid poplar exerted a substantial synergistic effect on above-ground and soil
carbon storage. This positive effect was due to greater productivity of poplar (47% of biomass increase)
and great accumulation of litter in soil surface horizons (52% L-horizon carbon increase) of mixed-species
compared to mono-specific plantations. These results imply that in addition to wood production gains by
poplar trees, mixed-species plantations of hybrid poplar and white spruce promotes greater carbon
sequestration than mono-specific plantations of either hybrid poplar or white spruce, an important
aspect of forest ecosystem services.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In 2010, the total area of planted forest was estimated to cover
264 million hectares worldwide (FAO, 2010). Although they consti-
tuted only 7% of global forest cover (FAO, 2010), these plantations
were estimated to supplied about 35% of global roundwood needs
(Shvidenko et al., 2005). The use of trees under intensive manage-
ment is particularly important for rapid fiber production in boreal
regions of Canada, where growth rates of natural forests are
relatively low (Pothier and Savard, 1998). Within this biome,
short-rotation forestry has great potential for supporting ecosys-
tem services in (1) valuing abandoned agricultural lands and
degraded forests, (2) reducing harvesting pressure on natural
forests (FAO, 2010), (3) becoming sustainable sources of wood
supplies, and (4) promoting carbon storage (Kelty, 2006). Many
researchers have focused upon vegetation and soil carbon seques-
tration in natural or planted ecosystems, as a possible means of
compensating for CO2 emissions, which is particularly important
in the context of climate change (IPCC, 2007). Soil carbon storage
could represent from 50% of total carbon storage in tropical forests
to 98% in cropland systems; boreal forests have an intermediate
level, with soil organic carbon concentrations corresponding to
84% of total carbon storage at the ecosystem level (Bolin et al.,
2000). In this context, maximizing the potential for carbon storage
by tree plantations becomes an interesting proposition for increas-
ing compensation for or offsetting increasing CO2 emissions. For
example, afforestation of crop fields and pastures of central
Saskatchewan with trembling aspen (Populus tremuloides Michaux)
was shown to have the potential to sequester 30–75 Mg ha�1 of
carbon over the next 50–100 years (Fitzsimmons et al., 2004).
Forest management has traditionally relied upon mono-specific
plantations, which are easier to establish, tend and harvest
compared to mixed-species plantations. The former have been crit-
icized for having poor ecological characteristics (Lamb et al., 2005;
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Erskine et al., 2006) and greater risks for the spread of diseases that
are incurred by fungal pathogens (Burdon, 2001). In contrast,
mixedwoods may have many advantages over pure stands such
as higher productivity (Man and Lieffers, 1999; Johansson, 2003)
and greater resistance to abiotic and biotic stresses, including dam-
age caused by pests or fungal pathogens (McCracken and Dawson,
1997; Burdon, 2001). However, the productivity benefits that are
derived from mixed stands depend upon species composition,
because such benefits are not consistently observed in studies of
mixture effects (Rothe and Binkley, 2001; Piotto, 2008). Mixed-
species stands can be more productive than mono-specific stands
through two mechanisms: facilitation between species, i.e., one
species improves environmental conditions and, thereafter, the
growth of another; or niche segregation, where there is divergence
in the use of resources between species with different functional
traits, which leads to decreased competition and a better efficiency
in using local resources (Vandermeer, 1989).

Mixedwood forests of trembling aspen and white spruce (Picea
glauca [Moench] Voss) are common across boreal Canada. These
two species have complementary ecological niches (i.e., they exhi-
bit niche segregation) resulting in maximal use of resources (Kelty,
1992; Man and Lieffers, 1999; Kelty, 2006): white spruce is a slow-
growing, superficially rooted and moderate shade-tolerant species,
while aspen (like hybrid poplar) is a fast-growing, more deeply
rooted and shade-intolerant species. Due to this complementarity,
boreal mixedwoods could be more productive than single-species
forest ecosystems (Chen and Popadiouk, 2002). Yet this hypothesis
has not always been confirmed. In natural forests, some studies
have found greater productivity of mixed compared to pure stands
(Martin et al., 2005), with a positive effect of aspen (if less than 41%
of total stand basal area) on spruce growth in mixtures (Légaré
et al., 2004). Others have found negative effects of spruce on aspen
productivity (MacPherson et al., 2001), negative effects of aspen on
spruce productivity (Kabzems et al., 2007), or no effect of mixed
compared to mono-specific stands (Cavard et al., 2010). In planta-
tions, at least one previous study found positive effects of mixing
hybrid poplar (P. maximowiczii � balsamifera clone) and white
spruce in intimate mixtures on the growth of the two species
(Benomar et al., 2013). Since greater tree productivity leads to
greater CO2 sequestration, the use of mixed species plantations
could improve the ecological service of aboveground carbon stor-
age compared to mono-specific plantations. Furthermore,
increases in forest productivity can also increase litter production
and litterfall (Rothe and Binkley, 2001; Liu et al., 2005), leading
to greater accumulation of organic matter on the forest floor
(Sayer et al., 2011; Leff et al., 2012), which may result in an
increase in soil carbon storage. Soil carbon storage depends upon
the balance between C input rates, i.e., senescent organic matter
(branches, leaves, and roots), and output rates, i.e., the decomposi-
tion of this organic matter. Some studies found a positive effect of
mixing litters on decomposition rates; however, like the effects of
mixtures on tree productivity, mixture effects on litter decomposi-
tion are also largely dependent upon the particular species that are
present in the mixture (Gartner and Cardon, 2004; Hättenschwiler
et al., 2005). Needle litter of conifers is often acidic, complex in
terms of its chemistry, and generally less palatable for soil decom-
posers compared with the leaf litter shed by broadleaf deciduous
species. In boreal mixedwoods, aspen improved litter decomposi-
tion relative to spruce through an increase of soil organism abun-
dance, together with an improvement in litter quality and soil
physical and chemical properties (Légaré et al., 2005; Laganière
et al., 2009). Consequently, aspen forests store less soil carbon than
black spruce forests (Picea mariana [BSP] Miller), given the faster
rates of decomposition processes in the former compared to the
latter (Gower et al., 2000; Vance and Chapin, 2001; Laganière
et al., 2011).
In tree plantations, studies have generally focused on tree
growth and productivity to determine the best management prac-
tices that promote higher timber yield, whereas soil carbon storage
is largely less thoroughly investigated. This paucity of informa-
tion contrasts with studies that have been conducted in natural
forest environments (Johnson, 1992). In this paper, we compared
above-ground and soil carbon storage in nine-year-old mono-
specific plantations of white spruce and hybrid poplar versus mixed
plantations of these two species. For this purpose, we examined
hybrid poplar and white spruce growth, together with humus mor-
phology, in the different planted plots. Quantities of soil carbon
were estimated by separately sampling four soil horizons, whereas
the quantity of aboveground carbon was assessed from tree bio-
mass, which was calculated using allometric relationships.

We hypothesized the following: (i) Based on the low resource
quality of spruce needles and slow decomposition rates in natural
spruce forests, we expected that carbon storage would be greater
in surface soil horizons of mono-specific spruce plantations com-
pared to mono-specific hybrid poplar and mixed plantations. (ii)
Due to an increase in productivity, we expected carbon storage
in aerial biomass to be higher in mixed plantations compared to
mono-specific plantations. (iii) Given a potentially positive effect
of mixing species on organic matter decomposition rates compared
to mono-specific plots, we expected lower carbon storage within
the soil surface horizons (non-additive effect).
2. Materials and methods

2.1. Study area

The study was located in the boreal region of Abitibi-Témiscam-
ingue, Quebec, Canada. Three sites were selected for study: Amos
(48�360N, 78�040W), Rivière Héva (48�110N, 78�160W), and Nédelec
(47�450N, 79�220W). The Amos site was abandoned farmland with a
heavy clay soil that was dominated by grasses and sparse patches
of speckled alder (Alnus incana [L.] Moench ssp. rugosa [Du Roi] R.T.
Clausen), willow (Salix spp.), and trembling aspen. Rivière Héva
was an abandoned farmland site with heavy clay soil, which was
also dominated by shrubs, including patches of alder, willow, and
aspen. Nédelec had been previously dominated by trembling aspen
forest, which was commercially harvested in 2000. In addition to
aspen, the main species that were present included white or paper
birch (Betula papyrifera Marshall) and pin cherry (Prunus pensylva-
nica L.f.), which were growing on soil with a sandy loam texture.
Soil type of the three sites ranged from a Brunisol with a Bm-layer
to a grey Luvisol with a Bt-layer or Gleysol (Soil Classification
Working Group, 1998). Based on a 30-year running climate average
(1970–2000), Amos and Rivière Héva annually receive an average
of 918 mm year�1 (Amos station) and have a mean temperature
of 1.2 �C, while Nédelec has mean precipitation of 916 mm year�1

and a mean temperature of 1.9 �C (Remigny station, Environment
Canada 2014). Site preparation before planting was conducted in
2002. A bulldozer was used to remove tree stumps at Nédelec,
while shrubby vegetation at Rivière Héva was removed using a
brush shredder mounted on a farm tractor. At Amos, scattered tree
stumps and shrub clumps were removed using chains and a farm
tractor. Sites were then ploughed to a depth of about 30 cm, fol-
lowed by disking in spring 2003 to level the soil surface and
remove most woody debris (Benomar et al., 2011). The plantations
were established in 2003, using one hybrid poplar clone (Populus
maximowiczii A. Henry � P. balsamifera L., clone MB915319), and
an improved white spruce family from a provincial seed orchard.
These two species were planted in mono-specific plots of 36 trees
(6 � 6 trees) with 1 � 1 m spacing, and in mixed species plots,
where rows of spruce alternated with rows of poplar, which was
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also planted under a spacing of 1 � 1 m. Spacing corresponded to a
tree density of 10,000 stems ha�1 (Fig. 1). Each experimental unit
thus contained 36 trees, of which only the 16 interior trees were
considered for the study. This left a 1 row-wide buffer along each
plot edge. The experiment was designed as a split-split-plot layout,
with replicate sites as the whole-plot factor, and plantation type as
the subplot factor. Soil horizon or tree parts were a sub-sub-plot
factor nested in plantation type. Weed management was done dur-
ing the first five years after planting, using a manual rototiller
between rows and trees.

2.2. Aboveground tree biomass and carbon storage

Height, stem basal diameter (at 10 cm above the soil surface)
and diameter at breast height (DBH, 1.3 m) were measured on
the 16 interior trees at the end of the ninth growing season
(mid-October 2011). Above-ground biomass of stems, branches
and needles of the spruces were estimated from allometric equa-
tions that related biomass to basal diameter (D10), according to
Pitt and Bell (2004). Above-ground biomass of stems, branches
and leaves of the poplars were estimated from allometric equa-
tions that related biomass to DBH, based on Benomar et al.
(2012). According to these allometric equations, the relationship
between DBH and the biomass of stems, branches or leaves/
needles was a power function model, and data were fitted to the
following equation:

W ¼ a DBHb

where W is the biomass of stems, or branches, or leaves (kg dry
mass), DBH is the diameter at breast height (cm), and a and b are
parameters that are estimated from the model. At the plot level,
aboveground biomass (Mg ha�1 of dry mass) was estimated by
multiplying aboveground tree biomass by tree density at planting.

For aboveground carbon storage (Mg ha�1), we assumed that
the organic matter contains 50% carbon (Lieth, 1975). The quantity
of carbon per tree that had been obtained from biomass measure-
ments was multiplied by tree density (stems per hectare). For
mixed plantations, we performed the same calculation, but spruce
and poplar densities were each 5000 stems ha�1.

2.3. Litterfall

Annual litterfall was assessed using litter traps. Spruce branches
were about 20 cm above the ground, while poplar branches were
more than 1 m off the ground surface; the littertraps were adapted
to the structure and height of each tree species. Each trap consisted
of a wooden frame measuring 40 � 60 cm (corresponding to 0.24
m2) for the poplar leaf harvest, or 30 � 50 cm (corresponding to
0.15 m2) for the spruce needle harvest. The traps were each sup-
ported by four legs that were 40 and 20 cm high, respectively. Steel
2-cm mesh screening was placed on the sides and bottom of the
frames for poplars. Nylon screening (2-mm mesh), which was
Fig. 1. Photographs of the three plantation types at the Nédelec site. Spruce
covered with a permeable fabric to prevent needle loss, was
attached to the sides and bottom of the wooden frames for spruce.
Four traps were placed within each mono-specific plot, and eight
traps were placed within the mixed-species plots (4 traps under
poplar, and 4 under spruce trees), for a total of 48 traps. The traps
were installed in October 2011. Litterfall was collected weekly dur-
ing poplar leaf fall, and once a month otherwise, from October
2011 to October 2012. After collection of litterfall, the litter was
oven-dried at 65 �C to constant mass and weighed.
2.4. Field procedures and carbon concentrations

The soil samples were divided into four layers according to the
Canadian system of soil classification (Agriculture Canada Expert
Committee on Soil Survey, 1987): two organic layers, i.e., L (fresh
litter) and F (fermentation layer); one organo-mineral layer that
had been disturbed by plowing (Ap); and one mineral layer (Bm
or Bt). Sampling took place within the center space located among
4 trees, and with 5 replicates being taken in each plot (spruce,
poplar, and mixed). Soil sampling from L, F and Ap horizons was
performed using a wooden frame (20 cm � 20 cm). For the B hori-
zon, sampling was done with a steel cylinder (6 cm deep, 170 cm3).
Only the first 6 cm were sampled because we considered that pos-
sible changes in carbon concentration in this horizon mainly
involved the uppermost few centimeters of soil, due to the young
age of the plantations. For this reason, we further assumed that
for this study, the B horizon was only 6 cm thick. Ap-layer materi-
als were sieved to pass a 2-mm mesh, and sieve residues (i.e.
leaves, needles, twigs, bark, seeds, and cones) were added to the
F-layer, while live roots were removed and discarded. In total,
180 samples were oven-dried at 60 �C to constant mass, and
weighed to determine their dry mass.

Soil samples were finely ground with a ball mill (MM301,
Retsch Inc., Newtown, PA), and carbon concentration were
determined with a C/N elemental analyser (Flash EA 1112 series,
ThermoScientific, Rodano, Italy). To determine the bulk density of
the B-horizon in each plantation, B-layer mass was divided by
the volume of the steel cylinder (170 cm3). To determine soil
carbon storage (Mg ha�1), the mass of each soil horizon was mul-
tiplied by its carbon concentration, and the values were scaled to
one hectare from the surface area of the wooden sampling frame.
2.5. Data analyses

Mean values (soil carbon concentrations, litterfall, tree above-
ground biomass and C storage) were compared among plantation
types and soil layers, or tree aerial parts for aboveground biomass,
with hierarchical linear mixed-effects models using the lme func-
tion in the nlme package (Pinheiro et al., 2014) of R (Version
2.15.1, R Development Core Team 2008). Site replicates were
treated as random effects, and plantation type was nested in site
, mixed-species and poplar plantations are depicted from left to right.



Table 2
Mean (±standard error) values of C (%) in the soil horizons (N = 144).

Horizons C (%)

Spruce Poplar Mixed

L 43.2 ± 0.8 (d) 43.2 ± 1.3 (d) 43.6 ± 1.3 (d)
F 27.5 ± 2.6 (c) 25.6 ± 3.3 (c) 29.5 ± 2.6 (c)
Ap 9.8 ± 0.8 (b) 7.9 ± 0.7 (ab) 9.7 ± 0.7 (b)
B 4.0 ± 0.3 (a) 4.0 ± 0.3 (a) 4.5 ± 0.2 (a)

Note: Different letters within %C across horizon represent a significant difference
between means according to Tukey test.

M. Chomel et al. / Forest Ecology and Management 328 (2014) 292–299 295
replicates to reflect the structure of our data set (split-split-plot
design).

To better meet the assumptions of normality and homoskedas-
ticity, the data for carbon storage were ln-transformed. Means
were separated using Tukey’s multiple comparison tests (differ-
ences are noted thereafter as, for example, a < b < c < d). The signif-
icance threshold was set at a = 0.05. For further evaluation of
mixed plantation effects on carbon storage, we calculated the rel-
ative effects of mixing species by comparing the observed values
with the predicted values of carbon storage, based on the respec-
tive mono-specific plantation treatments. Predicted values for the
mixed plantation were estimated by averaging carbon storage of
the component species that had been planted in mono-specific
plots in the site-specific replicates. According to Wardle et al.
(1997), the relative mixture effect can be calculated as the ratio:
[(observed � predicted)/predicted] * 100. If this ratio differs from
zero, it would indicate non-additive effects of mixing species on
carbon storage. Negative and positive deviations from zero are
referred to as antagonistic and synergistic effects, respectively. To
test if the observed vs predicted ratios of carbon storage in mixed
plantations differed significantly from zero, we used one-sample
Student’s t-tests with 95% confidence intervals.
3. Results

3.1. Tree growth and litter productivity

Basal stem diameter, DBH and total height of poplar trees were
greater in mixed compared to mono-specific plantations (P < 0.01),
but litterfall was similar among plantation types (P = 0.17)
(Table 1). In contrast, basal diameter and DBH of spruce trees were
smaller in mixed compared to mono-specific plantations (P < 0.001
and P = 0.024, respectively). However, total height (P = 0.30) and
litterfall (P = 0.70) of spruce trees was not affected by plantation
type (Table 1).

Aboveground biomass of spruce was 38% lower in mixed plots
than pure plots. In contrast, poplar biomass was 47% greater in
mixed plots than in pure plots (P < 0.001; Table 1).
3.2. Carbon concentration of soil horizons and bulk density

Carbon concentration of each horizon is reported in Table 2
(3 plantation types combined, as there were no differences among
plantation type), and differed significantly among soil layers from
the superficial horizons to the mineral soil (results of the linear
mixed model are reported in Table 3). Bulk density (mean ±
standard error) of the B-horizon was 0.86 g cm3 ± 0.04 g cm3,
0.91 g cm3 ± 0.04 g cm3, and 0.87 g cm3 ± 0.02 g cm3 for spruce,
poplar and mixed plantations respectively, but did not significantly
differ among plantation types (linear mixed model, numDF = 2,
denDF = 4, F = 0.43, P = 0.68).
Table 1
Mean (±standard error) height, basal stem diameter, diameter at breast height (DBH) and l

Species N Spruce

Pure

Tree height (m) 118 2.66 ± 0.09 (a)
Basal stem diameter (cm) 118 5.12 ± 0.17 (b)
DBH (cm) 118 2.45 ± 0.14 (b)
Biomass (kg tree�1) 118 3.22 ± 0.26 (b)
Litterfall (Mg ha�1 year�1.) 48 0.50 ± 0.10 (a)

Note: Different letters for each species within a row represent a significant difference be
3.3. Carbon storage

3.3.1. Soil carbon storage
Soil C storage across the whole soil profile was similar among

plantation types. However, when we decomposed carbon storage
into each of the four soil layers, differences between plantations
emerged for the three uppermost horizons (Table 3). In the L
horizon, carbon storage was greater in mixed (2.67 Mg ha�1 of
carbon) compared to mono-specific (1.40 Mg ha�1 of C for spruce
and 1.30 Mg ha�1 of C for poplar) plots. In the F horizon, carbon
storage was greater in spruce (2.46 Mg ha�1 of carbon) than in
poplar and mixed (1.17 and 1.45 Mg ha�1 of carbon, respectively)
plots. Finally, for the Ap horizon, we observed greater carbon
storage in mono-specific poplar and mixed-species (3.44 and
3.01 Mg ha�1 of carbon, respectively) than in mono-specific spruce
(1.98 Mg ha�1 of carbon) plots (Table 3 and Fig. 2).
3.3.2. Aboveground carbon storage
The effect of plantation type on aboveground carbon storage

depended upon the tree part that was being considered. When
we examined stems or branches, carbon storage was greater in
mono-specific poplar (15.25 and 14.66 Mg ha�1 of carbon, respec-
tively) and mixed-species (17.40 and 15 Mg ha�1 of carbon, respec-
tively) plots, compared with mono-specific spruce plots (4.40 and
4.19 Mg ha�1 of carbon, respectively). However, carbon storage
did not significantly differ among plantation types for leaves and
needles (Fig. 2 and Table 3). With respect to carbon storage distri-
bution, carbon storage was greater in leaves in spruce plantations,
whereas it was greater in stems and branches in poplar and mixed
plantations (Fig. 2).
3.3.3. Sum of above and soil carbon storage
Total carbon storage (above-ground + soil carbon storage)

was lower in spruce plantations (42 Mg ha�1 of carbon) compared
to poplar and mixed-species plantations (63 and 69 Mg ha�1 of
carbon respectively; linear mixed model: poplar plantation,
P = 0.02; mixed plantation, P = 0.01). With respect to the compari-
son between above-ground versus soil carbon storage, spruce
stands stored less carbon in the aboveground compartment (on
average only 37%), compared to poplar and mixed-species stands
itterfall of hybrid poplar and spruce growing in mono-specific and mixed plantations.

Poplar

Mixed Pure Mixed

2.49 ± 0.14 (a) 7.73 ± 0.29 (a) 9.33 ± 0.26 (b)
4.19 ± 0.20 (a) 7.38 ± 0.27 (a) 10.18 ± 0.36 (b)
1.92 ± 0.17 (a) 5.33 ± 0.26 (a) 7.75 ± 0.35 (b)
2.00 ± 0.22 (a) 7.02 ± 0.56 (a) 13.19 ± 0.97 (b)
0.37 ± 0.09 (a) 3.79 ± 0.30 (a) 4.02 ± 0.23 (a)

tween means according to Tukey test.



Table 3
Results of mixed-effects model analysis of plantation types and soil horizons on mean soil C and soil C storage, and effects of plantation type and tree aerial parts on mean
aboveground C storage. N = 180 for soil characteristics, N = 282 for aboveground characteristics.

Fixed effects df C concentration (%) C storage

Soil Aboveground

F-statistic P-value F statistic P-value F statistic P-value

Plantation type 2 1.98 0.14 1.01 0.37 111.99 <0.001
Horizon / Tree part 3 727.97 <0.001 353.13 <0.001 9.84 <0.001
Interaction 6 0.43 0.86 4.56 <0.001 40.35 <0.001

Note: df = Degrees of freedom.

Fig. 2. Aboveground (above the X-axis) and soil (below the X-axis) carbon storage in the different plantation types. Across plantation types, different letters within each
compartment represent a significant difference between means according to Tukey test.
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(57% and 56% respectively; linear mixed-model, poplar plantation:
P = 0.04; mixed plantation, P = 0.05).
3.4. Net effect of mixed species plantation on carbon storage

Non-additive effects (NAE) of species mixing on total above-
ground and soil carbon storage were recorded, but only synergistic
effects were significant. NAE on aboveground carbon storage was
+68% and differed significantly from zero (One-sample t-test:
t = 5.84, DF = 22, P < 0.001). The mean net effect of species mixing
on soil carbon storage represented an increase of 15% and differed
significantly from zero (One-sample t-test: t = 3.36, DF = 14,
P = 0.005) (Fig. 3). When decomposed into various above-ground
and soil compartments (Fig. 3), significant positive NAE of species
mixing were observed for stems (One-sample t-test: t = 5.86,
DF = 22, P < 0.001), branches (One-sample t-test: t = 5.78, DF = 22,
P < 0.001), and for the L (One-sample t-test: t = 3.45, DF = 14,
P = 0.004) and B (One-sample t-test: t = 3.33, DF = 14, P = 0.005)
horizons.
4. Discussion

4.1. Effect of plantation types on soil horizons and carbon storage

Stands containing hybrid poplars (monocultures and mixed
plots) stored lower quantities of carbon in the F-layer compared



Fig. 3. Net effect of mixed plantation on carbon storage (Mean ± SE) in various soil
and vegetation compartments. Non-additive effects (NAE) were calculated as
100 � (observed � predicted)/predicted. NAE that significantly different from zero,
according to one-sample Student’s t-tests, are indicated by *(P < 0.05), **(P < 0.01),
or *** for (P < 0.001).
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to mono-specific spruce plots, and conversely, they stored greater
amounts of carbon in the Ap-layer. Among the factors that are
known to influence organic layer characteristics, the activity of soil
biota and the composition of the biota that are present profoundly
affect litter degradation and incorporation of organic materials into
mineral soil horizons (e.g. Wolters, 2000; Chauvat et al., 2007). The
F-horizon is the site of major soil faunal activity, where the organic
matter is partially fragmented and degraded until it is eventually
incorporated into the Ap-layer. In spruce plots, the activity of
decomposers seemed to be less efficient than in the other planta-
tion types, in that organic matter accumulated in the F-horizon.
In mixed plots, poplar litter can promote the abundance and activ-
ity of organisms (Saetre et al., 1999; Laganière et al., 2009) and
seems to counteract the negative effects that were imposed by
spruce litter on decomposers in the F-horizon. Carbon content of
the deeper mineral soil layer (B-layer) did not significantly differ
among plantation types, demonstrating that trees influenced only
the uppermost layers during 9 years that had elapsed since
planting.

4.2. Effect of mixing species on tree growth and productivity

The productivity of mixed-species plots was the greatest
(4322 kg ha�1 year�1 of carbon) when compared to mono-specific
plots (spruce and poplar, 1791 and 3897 kg ha�1 year�1 of carbon,
respectively), but the difference was significant only compared to
spruce plantations. Our estimates for the mono-specific plots are
similar to those reported in the literature for older natural forests
of spruce or trembling aspen (Gower et al., 1997; Alexander et al.,
2012). Hybrid poplars attained greater heights and diameters in
mixed plots, while spruce had reduced diameter growth in
mixed-species compared to mono-specific plots. Hybrid poplars
averaged 21% greater heights and 45% greater DBH in mixed than
in mono-specific plots, while spruce had 25% lower DBH in mixed
compared to mono-specific plots. These results confirm prelimin-
ary findings that were obtained by Benomar et al (2013) for these
same plantations after six growing seasons, except for the spruce,
which had greater height growth in mixed compared to mono-
specific plots. The canopy was more open after six growing sea-
sons, and competition for light induced greater allocation of carbon
to height rather than to diameter growth (Grams and Andersen,
2007). After nine growing seasons, hybrid poplars were closing
the canopy in mixed-species plots, while the canopy was still open
in the spruce monocultures, which could retard spruce height
growth in the mixed plots. In natural forests, Légaré et al. (2004)
found a positive effect of aspen on black spruce (Picea mariana
[Miller] BSP) growth, but only when aspen represented <40% of
stand basal area. In our study, hybrid poplars represented a stand
basal area above this threshold, which could explain the negative
effects of mixing spruce with poplar on spruce growth. These
results suggest that mixed plantings would benefit poplar harvest-
ing, at least after 10 years of growth; they would be negative for
spruce unless thinning of the poplars was preformed soon after
canopy closure. However, the spacing that was used in this study
(1 � 1 m) is not representative of what is normally practiced in
forestry for wood production (i.e. 3–6 m spacing between hybrid
poplars). Greater spacing between trees would probably delay can-
opy closure and allow hybrid poplars to reach maturity (ca.
20 years, Dickmann et al., 2001) before growth of spruce was
excessively and negatively affected. As suggested by Kelty (2006),
managers could also reduce the proportion of the taller species
in the mixed plantations to increase productivity of the lower
canopy species.

4.3. Non-additive effects of mixing species on carbon storage

The comparison between predicted carbon storage from mono-
specific plantations and observed carbon storage in mixed-species
plantations showed that mixing hybrid poplar and white spruce
trees affected both above-ground and soil carbon storage through
synergistic effects. Examination of the different ecosystem com-
partments revealed that this positive effect of species mixing was
mainly due to carbon storage gains aboveground for stems and
branches, and in L-horizon for the soil. Calculation of non-additive
effects is commonly employed in litter decomposition studies
(Wardle et al., 1997; Bonanomi et al., 2010; Barantal et al., 2011;
Coq et al., 2011), but this technique is rarely used in forest produc-
tivity and carbon storage analyses. Compared to manipulative
experiments with different litter mixtures in litter bags for decom-
position studies, observational experiments on natural or planted
forests is more constraining. One explanation is the difficulty
involved in finding strictly mono-specific forests and mixtures of
two species under natural conditions, that would allow non-
additive effects of species mixing to be evaluated. Simple compar-
isons between productivity of mixed stands of aspen and spruce
compared to pure aspen stands showed positive effects of mixing
species on productivity (MacPherson et al., 2001; Martin et al.,
2005). In the present study, spruce growth was not enhanced by
planting this species in mixtures with poplar, but poplar productiv-
ity was sufficiently increased so that greater productivity in mixed-
species plantations was attained than would be expected (i.e.,
mean of the mono-specific poplar and spruce plot productivities).
Thus, spruce did not affect poplar carbon storage and, indeed,
adding spruce to poplar benefitted poplar wood production, at
least over the short-term. We can attribute this positive finding
for poplar trees to the favorable microclimatic conditions that were
provided by mixing, with greater canopy space available and less
competition for light and nutrients in these tightly spaced plots
(Benomar et al., 2013), and more efficient biogeochemical cycling
(Chen and Popadiouk, 2002). This finding is consistent with the
theory that mixed stands are more productive than monocultures
(Vandermeer, 1989), and with other reports showing that stands
with shade-intolerant hardwoods growing over shade-tolerant
conifers were more productive than shade-intolerant hardwoods
growing alone (Kelty, 1989; Man and Lieffers, 1999).

In the present study, we observed that mixed plots had greater
carbon accumulation in the L-horizon. Considering that litter
production of spruce and poplar in mixed plots was similar to
mono-specific plots, these higher accumulations of litter in mixed
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plots could have resulted from lower decomposition rates. More-
over, capture of light resources can increase in mixtures through
canopy stratification, where less shade-tolerant species over-top
more shade-tolerant species and light interception is increased
(Richards et al., 2010). Increased light interception may have
induced colder microclimatic conditions at the soil surface, which
could have retarded decomposition processes (Chapin et al., 2002).
Further, spruce induced the formation of a denser understory hab-
itat within mixed plots because of their size and shape, possibly
limiting the dispersal of poplar leaves by the wind, which could
have contributed to a greater accumulation of poplar litter in the
mixed plots compared to poplar monocultures.

5. Conclusion

This study showed that aboveground poplar growth was
enhanced in mixed-species compared to mono-specific poplar
plantations. Conversely mixed-species planting was detrimental
to spruce growth. These results suggest that mixed plantations
would be positive only for the growth of poplar (at least under this
tight spacing), which should reach merchantable sizes before the
poplars in that were established mono-specific plantations. Mixed
plantations negatively affected spruce growth after 9 years; how-
ever, since the conifers reach maturity much later than poplars,
their growth could be enhanced by selective harvesting of the pop-
lars before being severely hindered by interspecific competition.
A greater accumulation of carbon was observed in the L-horizon
in mixed-species plantations, probably due to colder microclimatic
conditions that were brought on by greater light interception of the
mixed canopy and a denser understory layer that limited the
export of litter.

These differences in the aboveground and soil compartments
led to greater carbon storage in mixed-species plots than was
expected, demonstrating a synergistic effect of mixing (i.e., mean
of the mono-specific poplar and spruce plot carbon storage values).

In addition to an increase in poplar timber yield (a desirable
aspect for the forest industry), this study showed that mixed-
species plantations of white spruce and hybrid poplar also pro-
moted carbon sequestration, which is an important strategy for
compensating CO2 emissions, and for plantations management
within boreal regions. Finally, these synergistic effects were found
only 9 years following afforestation and should be subjected to fur-
ther study to confirm sustained positive trends in the longer-term.
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