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ABSTRACT

Changes in forest composition as a result of forest
management, natural disturbances, and climate
change may affect the accumulation of soil organic
carbon (SOC). We examined the influence of
common boreal tree species (trembling aspen, black
spruce, and jack pine), either in pure stands or in
conifer-broadleaf mixtures, on the amount, distri-
bution, and quality of SOC in two regions of the
Canadian boreal biome. Long-term laboratory
incubations were used to assess SOC quality by
quantifying proportions of fast carbon (C) (that is,
proportion of total C released during the first 100
days of incubation) and active C (that is, modeled
proportion of total C that can be potentially
released). Total amounts of SOC did not differ
between stand types, but the effects of stand type
on SOC stocks and quality differed with soil depth.
Among stand types, aspen stands had the greatest

relative proportion of total SOC in deeper mineral
layers and the lowest amount of active C in the
organic layer. For these reasons, the SOC stock that
developed under aspen was more stable than in the
other stand types. Although black spruce stands
allowed a greater accumulation of SOC in surface
layers, these stocks, however, might become more
vulnerable to extra losses if environmental condi-
tions are to become more favorable to decomposi-
tion in the future. Our work highlights that boreal
forest composition influences the stability of SOC
stocks and how climate change could alter this
large C pool.
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INTRODUCTION

The boreal forest stores large amounts of carbon (C)
through vegetation and soil, making this biome one
of the greatest terrestrial carbon reservoirs, mainly
in the form of soil organic C (SOC) (Lorenz and Lal
2010). Accumulation of SOC depends on the bal-
ance between C input (that is, litterfall and root
turnover) and output rates (that is, decomposition).
The residence time of C entering the soil system is
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highly variable, ranging from a few days to thou-
sands of years (von Liitzow and others 2006).
Long-term stability of SOC may occur not only
when organic matter is mixed with mineral parti-
cles to form organo-mineral complexes (that is, soil
aggregates), but also when organic matter quality
or environmental conditions are unfavorable for
microbial decomposition (von Liitzow and others
2006). In the boreal forest, the general poor plant
litter quality and low temperatures are responsible
for the observable low microbial activity and
decomposition rates, allowing SOC to accumulate
(De Deyn and others 2008).

Across the boreal biome, there remains a relatively
wide range of organic matter quality and microcli-
matic conditions as a result of the difference in forest
composition. For example, soil may be colder and
wetter under some shade-tolerant, evergreen Abies
spp. and Picea spp. than shade-intolerant, deciduous
Betula spp. and Populus spp., under similar perma-
nent site conditions (Binkley 1995; Hart and Chen
2006; Hobbie and others 2006; Laganiere and others
2012). Moreover, decomposition rates of leaf and
root litter can differ among tree species and associ-
ated understory plant species due to their differences
in nutrients, lignin, and the secondary metabolites
(Berg 2000; Preston and others 2000). The produc-
tion of acidic litter can even prevent the presence of
macroinvertebrates that may either enhance the
breakdown of organic matter, the formation and
stabilization of soil aggregates in mineral layers, or
both (Bossuyt and others 2005; Reich and others
2005; Laganiére and others 2009). Furthermore,
root structure and vertical distribution differ among
tree species and may affect accumulation and sta-
bilization of SOC along the soil profile (Strong and La
Roi 1983; Jobbagy and Jackson 2000; Brassard and
others 2013). Therefore, by generating specific soil
microclimatic conditions, by producing leaf and root
litter in variable amounts and quality, by influencing
SOC distribution within the soil profile, and also by
influencing SOC associations with mineral particles,
tree species have the potential to influence the fate of
C in soil.

Alteration of the boreal ecosystem dynamics may
have strong implications for climate change miti-
gation efforts. Over the past century, for example,
large areas of the boreal forest have been converted
from coniferous forests to broadleaved forests
dominated by trembling aspen (Populus tremuloides
Michx.) as a result of changes in the size and the
frequency of disturbances including forest har-
vesting activities, insect outbreaks, and wildfires
(Bond-Lamberty and others 2007; Soja and others
2007; Ilisson and Chen 2009). This phenomenon is

particularly critical for the maintenance of boreal
SOC stocks, given that trembling aspen forests, for
example, store less SOC compared with black
spruce forests (Picea mariana Mill. BSP) (Gower and
others 2000; Vance and Chapin 2001; Laganiere
and others 2011), the most widespread stand type
in the Canadian boreal forest (Canada’s NFI 2010).
In addition to changes in forest composition, SOC
stocks of the boreal biome might be particularly
vulnerable to global warming because a stronger
temperature increase is anticipated in northern
latitudes compared with the global average (IPCC
2007). Given the inherent temperature depen-
dence of organic matter decomposition, SOC stocks
might decrease under climate warming if not
compensated for with a greater net primary
production or with a decrease in the quality
(decomposability) of litter produced (Lorenz and
Lal 2010).

Surprisingly, few studies have examined the
influence of forest composition on the amount and
stability of soil C stocks in boreal forest ecosystems.
A review by Jandl and others (2007) highlighted
the necessity to differentiate SOC into labile and
stable fractions among tree species. Owing to a lack
of data, the effect of tree species composition on
SOC storage in stable pools is questioned and still
insufficiently proven (Jandl and others 2007). To
accurately assess the impacts of recent and future
ecosystem changes on the fate of the boreal SOC
pool, we need to improve our knowledge of SOC
dynamics as affected by forest composition.

The aim of this study was to examine the influence
of common boreal tree species (two conifers: black
spruce Picea mariana Mill. BSP and jack pine Pinus
banksiana Lamb.; one broadleaf: trembling aspen
Populus tremuloides Michx.; and conifer—trembling
aspen mixtures), on the amount, distribution, and
quality of SOC in two regions of the Canadian boreal
biome. The amount and distribution of SOC were
evaluated by sampling different layers of the soil
profile (organiclayer and 0-15, 15-35, and 35-55 cm
layers of the mineral soil) for their C contents and the
C quality was assessed by quantifying proportions of
fast C (that is, rapidly released C) and active C (that is,
potentially mineralizable C) in collected soil samples
from each layer using long-term laboratory incuba-
tions (379 days) at a high temperature (29°C). In our
sampling design, we ensured that permanent site
conditions such as climate, soil type and texture,
drainage, topography, and time since fire were inde-
pendent of tree species composition, thus the varia-
tions of dependent variables are attributed to the
effect of tree species composition and their associated
understory vegetation.
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MATERIALS AND METHODS
Study Area

The study was conducted in two regions of the
North American boreal forest in Canada. One study
region was located in northwestern Ontario
(named ‘“ON”" hereafter), approximately 150 km
north of Thunder Bay (49°23’'N to 49°37'N,
89°31'W to 89°45’W). The climate is boreal with a
mean annual precipitation (MAP) totaling 712 mm
and a mean annual temperature (MAT) of 2.5°C
(Environment Canada 2010). Five stands domi-
nated by jack pine, five stands dominated by
trembling aspen, and five stands mixed uniformly
with both tree species were selected for sampling in
a 250 km? area with a maximum distance of 30 km
between stands (total: 15 stands). The understory
vegetation in the jack pine stands consisted of
mainly the herbs Cornus canadensis L., Maienthemum
canadensis Dest., Linnea borealis L., and feather-
mosses, whereas the understory in the trembling
aspen stands was dominated by the shrubs Acer
spicatum Lamb., Rubus pubescens Raf., and Ribes
glandulosum Grauer ex Weber and the herbs
M. canadensis, Mitella nuda L., and Aster macrophyllus
(L.) Cass. The understory in the mixedwood stands
contained plant species found in both the jack pine
and aspen stands. Soils were well-drained silty
loam to sandy loam classified as Brunisols that
originated from glacial till deposits (Soil Classifica-
tion Working Group 1998). The topography was
relatively flat and all stands originated from the
same wildfire in 1923 (Senici and others 2010).
The second region was located in western Que-
bec (named ‘“QC"" hereafter), approximately 50 km
northeast of La Sarre (49°08'N to 49°11'N, 78°46'W
to 78°53’W). The climate is boreal with a
MAP totaling 890 mm and a MAT of 0.7°C

(Environment Canada 2010). Eight stands domi-
nated by black spruce, eight stands dominated by
trembling aspen, and eight stands mixed uniformly
with both tree species were selected for sampling in a
100 km? area with a maximum distance of 10 km
between stands (total: 24 stands). The understory
vegetation in the black spruce stands consisted of
mainly the herbs C. canadensis, Rhododendron groen-
landicum (Oeder) Kron and Judd, Vaccinium spp., and
big red stem moss (Pleurozium schreberi (Bird.) Mitt.);
the latter was the dominant ground cover and an
important input of organic matter to the soil (Bisbee
and others 2001). In the aspen stands, by contrast, the
understory was dominated by the shrubs R. pubescens,
Diervilla lonicera Mill., and Viburnum edule (Michx.)
Raf. and the herbs C. canadensis, Viola spp., L. borealis,
and M. canadensis, whereas the mixedwood stands had
an understory of plant species that were found in both
the black spruce and aspen stands. Soils were mod-
erately drained silty clay classified as Luvisols that
originated from glaciolacustrine deposits (Soil Clas-
sification Working Group 1998). The topography was
flat and all stands originated from the same wildfire in
1916 (Bergeron and others 2004).

Sampling

Similar to other studies that investigate tree species
diversity effects in naturally established mature
stands (for example, Wang and others 2002;
Cavard and others 2010; Brassard and others
2011), the criteria for stand selection were that
mixed-species stands would be relatively equal
proportions of trembling aspen and jack pine (ON
region) or black spruce (QC region) by stand basal
area, whereas for single-species stands the basal
area of a single tree species would be greater than
80% of the stand basal area (Table 1).

Table 1. Total Aboveground Litterfall in kg ha~' y~! (Mean + SE) and Tree Species Composition (Mean %
Tree Basal Area + SE) of the Stand Types Located in Two Study Regions of the Canadian Boreal Biome

Stand properties ON region QC region
Jack pine Mixedwood Aspen Black spruce Mixedwood Aspen

Litterfall 2272 + 134 2574 4+ 236 2651 £+ 72 1853 £ 259 2756 £+ 216 2467 £ 114
Species composition

P. tremuloides 1.6 £ 1.5 35.5 + 6.75 95.5 £ 1.11 1.5+ 0.6 614+ 4.1 88.9 £2.2

P. banksiana 83.3 + 3.00 53.7 £ 7.09 0.7 £ 0.7 - - -

P. mariana - - - 91.1 £ 34 33.5 £ 3.9 89 +£1.7

Other species’ 15.2 £ 2.13 10.8 £ 1.69 3.9 +£0.8 7.4 +£3.1 5.1+ 1.5 2.2+2.0

ON region, n = 5; QC region, n = 8.

'Other species include jack pine and balsam fir (Abies balsamea (L.) Mill.) for the QC region and balsam fir, white spruce (Picea glauca (Moench) Voss), and white birch

(Betula papyrifera Marsh.) for the ON region.
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To ensure that the variations of dependent vari-
ables are the result of tree species composition and
their associated understory, we selected all stands
in each respective region with the same permanent
conditions: climate, soil type and texture, parent
material, drainage, topography, and time since fire.
Similarity of drainage class, parent material, and
soil type was verified by digging a soil pit (ca. 1 m’®
in size) in each sampling plot (Soil Classification
Working Group 1998). All selected stands were
greater than 1 ha in area, fully stocked and visually
homogeneous in structure and composition. Thus,
any variation in the dependent variables is assumed
to be the effect of tree species and their associated
understory. More information on stand character-
istics can be found in Brassard and others (2011),
Cavard and others (2010), and Laganiere and oth-
ers (2011). We sought generality across the boreal
biome by sampling two regions, but climatic and
soil conditions differed among these regions. Con-
sequently, our analysis was conducted separately
for each region.

In each selected stand, a 400 m? circular plot was
established to represent the stand. The species and
diameter at breast height (DBH) of all trees larger
than 5 cm DBH within each plot were determined
and used for estimating tree species basal area for the
assignment of stand type classification (Table 1).
Total aboveground annual litterfall (that is, leaves,
twigs, and other debris) was measured in each plot
(kg ha~' y~') using four 0.24 m? littertraps. Litter-
fall was collected from June 2006 to June 2008 in the
ON region and from June 2007 to June 2008 in the
QC region. Littertraps were emptied twice a year,
and the collected litter was oven-dried at 50°C to a
constant weight and weighed. Total aboveground
annual litterfall was then calculated at each plot in
the QC region by summing the oven-dried weights
of collected litter from the two collection dates and
scaling up to per ha. In the ON region, the oven-dried
weights of collected litter from the four collection
dates were summed and the resulting value was
divided by two before being scaled up to per ha. The
collected litter was not analyzed for litter quality
parameters. However, data from Trofymow and
others (1995) and Preston and others (2000) showed
that black spruce and jack pine litters have a higher
fraction of acid-unhydrolyzable residue (Klason
lignin) and aromatic C regions and a lower fraction of
water-soluble material compared with aspen litter.
Moreover, higher proportions of nitrogen (N) and
calcium were in the order jack pine > aspen >
black spruce.

In June 2006, after complete soil thawing, four
sampling points were randomly determined within

each plot, where sampling points were at least 8 m
apart. At each sampling point, a 15 x 15 cm? sec-
tion of the entire organic layer (that is, forest floor
or O horizon) was collected using a sharp knife and
a trowel. One sample of the surface mineral layer
(0-15 cm) was carefully extracted with a metal
corer (diameter: 4.7 cm) directly beneath the col-
lected organic layer. At two sampling points, a
sample of the intermediate mineral layer (15—
35 cm) was extracted, whereas at one sampling
point a soil sample between 35 and 55 cm (deep
mineral layer) was extracted.

Soil Analyses

All field-moist soil samples were passed through
6- and 4-mm sieves for organic and mineral layer
samples, respectively. Soil bulk density was deter-
mined according to Maynard and Curran (2007).
Subsamples were ground and analyzed for their C
concentrations by dry combustion using a LECO
CNS-2000 analyzer (Leco Corp., St. Joseph, MI,
USA). As no carbonates were detected in any of the
soil samples, C analysis was a measure of the
total organic C concentration. C contents (in
Mg C ha™ ') were then calculated by multiplying C
concentrations with their respective soil bulk densi-
ties and sampling depths. Cation exchange capacity
(CEC) was determined by summing exchangeable
cations extracted with 0.1 M BaCl, and by atomic
absorption spectrophotometry (Hendershot and oth-
ers 2007). The pH was determined in water with a
PHM82 pH meter (Radiometer, Copenhagen, Den-
mark) using a 1:2 soil:water ratio for mineral layers
and a 1:10 ratio for organic layers. Soil texture was
determined using the standard hydrometer method
(Kroetsch and Wang 2007). All soil samples for bulk
density and chemical properties were individually
analyzed.

Microcosm Preparation

For the microcosm experiment, soil samples were
pooled by depth for each circular plot to yield
composite samples. Organic and mineral layer
samples, 6- and 40-g dry weight, respectively, were
placed on a layer of glass wool in 120-ml plastic
containers (28 cm? surface area), wetted at field
capacity, and placed in 500-ml glass jars (Mason
type). These microcosms were left to equilibrate for
1 week at 2°C after handling and were then incu-
bated in the laboratory at constant temperature
(29°C) and soil moisture (field capacity) during 379
days. Long-term laboratory incubations followed
by a modeling procedure is a useful empiri-
cal technique that provides an estimate of the
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proportion of ““active C’” present in a soil sample
under standard conditions (the remaining propor-
tion of C being considered as stable or passive) by
measuring the release of C by microbes over a long
period of time (Paré and others 2006). The use of a
high temperature allows the microbial community
to mineralize a maximum of active organic material
and increases the accuracy of the modeled active C
values (modeling procedure) because the mineral-
ization curves can reach a plateau earlier compared
with incubations at low temperatures. A tempera-
ture between 20 and 35°C is commonly used to
calculate active C (Zak and others 1993; C6té and
others 2000; Halpern and others 2010; Maillard
and others 2010).

Carbon Mineralization Measurements

Soil CO, efflux rates (C mineralization rates) were
determined every week for the first 4 weeks and
once a month thereafter (until the end of incuba-
tion). During measurements, the Mason jars were
closed with airtight lids containing a rubber sep-
tum. The first gas sample was taken from the
headspace with a syringe immediately after closing
and directly injected into a LI-6200 infrared gas
analyzer (LI-COR, St. Joseph, M1, USA) modified to
allow us to measure a small volume of CO, (LI-
COR, Application Note #121). The measurement
was repeated after 16-48 h, depending on when an
appropriate amount of CO, had accumulated in the
Mason jars (depending on the soil layer and the
progression of incubation).

Data Analysis

The mass of CO, emitted from each microcosm was
calculated according to Paré and others (2006) and
expressed as pg (C) per g of initial C mass per day.
Cumulative amounts of C mineralized were calcu-
lated by adding the cumulative amount from the
preceding period with the product of the average of
daily mineralization rates of both periods by the
number of days between both periods (Maillard
and others 2010).

A first-order kinetic one-compartment expo-
nential model was used to describe the cumulative
C mineralization as a function of time:

Ceum () = Co x 1 — ¢!

where C.um(?) is the mean cumulative C mineral-
ized at time ¢ (mg C g~ ! initial C), C, is the active C
(mg C g~ ! initial C), k, is the decomposition rate
constant for mineralization of C (day™'), and ¢ is
time (day). We used this model because it is more
flexible than more complex models and is widely

used to determine active C values. We fitted the C
mineralization data of each individual soil sample
to the model by means of a least square fitter
(SigmaPlot v. 10.0, SYSTAT Software, Inc.) and
calculated the proportion of active C at 29°C for
each replicated sample.

To evaluate the proportion of fast C (that is,
rapidly released C), indicative of high-quality
organic matter (fast turnover), we used the value of
the cumulative C mineralization after 3 months
(100 days) of incubation at 29°C.

Statistical Analysis

Mean values (that is, fast, active, and total C pro-
portions and contents) were compared between
stand types and soil layers within each region using
mixed linear models (PROC MIXED). Stand type
and soil layer depth were considered as fixed effects
whereas stand replicate was considered as a ran-
dom effect. The following model was used:

Yig = p+ S; 4+ Dr + SDj, + Bj(z‘) + &k

where Yy is fast, active, or total C (proportions or
contents), u is the overall mean, S; is stand type
(i=1, 2, 3), Dpisdepth (k=1, 2, 3, 4), SD; is the
interaction between stand type and depth, By is
stand replicates within stand type, and g;; is the
error. To better meet the assumptions of normality
and homoscedasticity, the data were either log 10-
transformed or square root-transformed. Differ-
ences between means were tested using orthogonal
contrasts (CONTRAST statement). For presentation
of our results, means and confidence limits were
converted back to the original scale by reversing
the transformation. Data were not compared sta-
tistically among regions for the reason mentioned
earlier. The significance threshold was set at 0.05.
Statistical analyses were performed using SAS v.
9.2 (SAS Institute, Cary, NC).

REsuLTs
Amounts and Distribution of SOC

For both study regions, SOC stocks of the whole
soil profile did not differ significantly among stand
types (Figure 1; Table 2). The effect of stand type
on total SOC contents, however, differed with soil
depth (Figure 1; Table 2). In both regions, SOC
contents generally decreased from the upper to the
lower soil layers. In the ON region, C content of the
organic layer was higher in the mixedwood than in
the aspen stands (Figure 1A). In the surface
(0-15 cm) and intermediate (15-35 cm) mineral
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(75.5-142.6) (63.8-128.9) (55.1-116.5)

Figure 1. Amounts and
distribution of SOC stocks
(mg ha™') in different
stand types located in the
ON (A) and in the QC (B)
regions of the Canadian
boreal biome. Different
letters across soil layer
depths and stand types
within a region represent
a statistical difference
between means according
to mixed linear models as
described in the
““Materials and Methods”
section. The relative SOC
stock distribution (%) is
shown on the upper left
of each graph. Data are
not compared across
regions because climatic
and soil conditions were
not constant between ON
and QC. 95% confidence
limits are shown for each
layer and total SOC
stocks. BS black spruce, JP
jack pine, MW
mixedwood, TA trembling
aspen. ON region, n = 5;
QC region, n = 8.

Table 2. Effect of Stand Type, Soil Depth, and Interaction Term on Fast, Active, and Total C in Two Study
Regions of the Canadian Boreal Biome

Effect df Contents Proportions
Total C Fast C Active C Fast C Active C
F value P F value P F value P F value P F value P
ON region
Stand type (S) 2 0.10 0.909 1.87 0.203 0.27 0.772 2.49 0.097 1.46 0.246
Depth (D) 3  16.55 <0.001 81.48 <0.001 59.51 <0.001 56.80 <0.001 27.13 <0.001
S x D 6 2.48 0.028 1.80 0.134 2.73 0.031 0.55 0.764 1.73 0.142
QC region
Stand type (S) 2 0.43 0.6543 1.81 0.188 3.30 0.050 10.15 <0.001 2.11 0.130
Depth (D) 3 40.85 <0.001 449.84 <0.001 125.39 <0.001 169.56 <0.001 30.92 <0.001
S x D 6 2.29 0.036 1.45 0.211 2.49 0.034 3.50 0.004 0.49 0.815

ON region, n = 5; QC region, n = 8. Bold indicates significant effects.
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layers, C contents were higher in aspen stands than
in jack pine and mixedwood stands, respectively,
whereas no differences among stand types were
detected in the deepest (35-55 cm) mineral layer.
In the QC region, C contents of the organic layer
and surface mineral layer were the highest in black
spruce stands, followed by mixedwood and aspen
stands, but C content did not differ among stand
types for deeper soil layers (Figure 1B).

SOC Quality

The proportions of fast and active C varied signifi-
cantly with soil layer depth (Table 2). Fast and
active C proportions generally decreased with
depth, and especially at the organic-mineral
interface (Figures 2, 3). Differences in proportions
of fast and active C among stand type were more
pronounced in the organic layer. Specifically, in the
ON region, less active C was found in aspen than in
pine stands. In the QC region, a lower proportion of
fast C was found in spruce than in aspen or
mixedwood stands.

The contents of fast and active C varied signifi-
cantly with soil layer depth (Table 2). In both
regions, fast and active C contents decreased from
the upper to the lower soil layers (Figure 4). Sim-
ilar to total C, active C contents of the organic layer
were the lowest in aspen stands of both regions
(36—43% less), but this stand type effect diminished
for all mineral layers (Figure 4A, B).

DiscussioN

Similar to parent material, time, topography, and
climate, biota plays a critical role in soil formation
(Jenny 1994). Tree species composition in partic-
ular has been shown to have a strong influence on
soil properties (for example, pH, C and nutrient
contents, and soil community composition) and
soil ecological processes (for example, decomposi-
tion and nutrient mineralization) (for example,
Binkley 1995; Wardle and others 1997; Laganiere
and others 2009). However, tree species composi-
tion effects on soil attributes have been mostly
observed in the organic layer (Wardle and others
1997; Alriksson and Eriksson 1998; Reich and
others 2005; Hobbie and others 2006; Laganiere
and others 2009, 2010) and only rarely seen in the
mineral soil (Finzi and others 1998; Giardina and
others 2001; Vesterdal and others 2008). In this
study, we found a significant difference in total
SOC between stand types in the organic layer and
surface mineral layer (0-15 cm) of both study
regions, and in the intermediate (15-35 cm)

mineral layer in the ON region. However, contrary
to total SOC contents, the influence of stand type
on SOC quality was restricted to the organic layer.

Although SOC stocks of the whole soil profile
were not significantly different among stand types,
probably owing to high variability and low sam-
pling effort in deep horizons, the distribution of C
across layers of the soil profile varied with forest
composition. In the ON region, the greatest organic
layer C stocks were found in mixed-species stands,
whereas the lowest were found in aspen stands.
The opposite was true for the mineral layer C stocks
(the sum of all three mineral layers). In the QC
region, the greatest amount of surface SOC
(organic + surface mineral layer) was found in
black spruce stands, followed by the mixedwood
then by trembling aspen stands. SOC stocks below
15 cm were similar across stand types. Hence, the
tendency for stands of tree species that favor low
soil C contents near the surface to have more C in
deeper soil layers, as highlighted by Vesterdal and
others (2008), was only partly supported by our
observations.

Organic Layer SOC

Stands containing coniferous species (single- and
mixed-species) stored greater amounts of organic
layer SOC than single-species aspen stands (Fig-
ure 1). The surface accumulation of SOC is mainly
driven by rates of C input (litterfall and fine root
mortality/turnover) and by C protection mecha-
nisms such as the biochemical quality of litter and
environmental constraints that affect rates of
decomposition (Jandl and others 2007). Although
annual tree litterfall in the aspen-dominated stands
was greater than the jack pine- or black spruce-
dominated stands (Table 1), the needle litter of
conifers is often acidic, molecular-complex, and
generally less palatable for soil decomposers com-
pared with that of broadleaves (Aerts and Chapin
1999; Wardle 2002). In addition, the understory
vegetation associated with coniferous stands (that is,
bryophyte) is amajor source of surface SOC that may
surpass by several times the amount of tree-origi-
nated C returned to the soil (Oechel and Van Cleve
1986). Bryophytes also favor cold and wet field
conditions and, in general, they decompose slowly
(Légaré and others 2005; Gornall and others 2007;
Lang and others 2009). This was supported by the
fact that we observed the lowest proportion of fast C
found in the organiclayer of the black spruce stands,
indicating a slow C turnover even under optimal
laboratory conditions (Figure 3B). Therefore, accu-
mulation of surface SOC would be favored in
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coniferous stands because C output rates are gener-
ally low, as micro-environmental conditions and the
nature of C inputs promote slow litter decomposi-
tion. In support of this, Laganiere and others (2012)
found annual C losses through heterotrophic respi-
ration to be lower in black spruce than in aspen
stands due to colder soil in addition to other factors
driving the accumulation and quality of C.

In the ON region, by contrast, the greatest
amount of organic layer C occurred in the mixed-
wood stands and not the pure coniferous stands,
that is, jack pine (Figure 1A). Similarly, Brassard
and others (2011) for the same study area found
mixed-species stands to have higher fine root pro-
ductivity than single-species stands; whereas,
Cavard and others (2010) found no relationship
between tree species diversity and aboveground
tree productivity. Greater C accumulation in the
organic layer thus correlates with the belowground
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Figure 4. Amounts of fast and active C contained within
layers of the soil profile in different stand types located in
the ON (A) and in the QC (B) regions of the Canadian
boreal biome. Scale of y-axis is not constant among
regions. Different letters represent a statistical difference
between means at P < 0.05 according to mixed linear
models as described in the ‘““Materials and Methods”
section. Error bars are 95% upper confidence limits. ON
region, n = 5; QC region, n = 8.

component but not with the aboveground one.
Facilitation, niche partitioning, and greater stability
(resistance) to disturbances have been suggested to
explain why certain mixed-species stands can
support greater biomass production relative to their
single-species counterparts (Jandl and others 2007;
Lorenz and Lal 2010). Along with a low proportion
of active C (Figure 3A), the possible occurrence of
these mechanisms may explain the synergistic
response of organic layer SOC storage to the aspen-
jack pine mixture.

A large proportion of the C found in the organic
layer of both regions was active SOC. The size of
the active C pool ranged from 16% to as high as
49% of SOC, with an average of 27% and a stan-
dard deviation of 8% (data not shown). Likewise,
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Neff and Hooper (2002) estimated that potentially
mineralizable C in the soils of northern latitudes
may be between 9 and 41%. Although nearly three
quarters of organic layer SOC may be qualified as
stable in our study, the active SOC pool of the
boreal biome is considerable in absolute numbers,
and is substantially greater than that found in other
biomes (temperate and tropical), where the active
pool generally represents only 2-3% and is far less
important on an absolute basis (Neff and Hooper
2002; Fissore and others 2009). Consequently, the
response of decomposition to warming could be
less constrained by C availability in boreal than in
temperate or tropical soils (Neff and Hooper 2002).

Because the proportions of active C varied
among stand types (Figure 3), the stability of
organic layer SOC stocks appears to differ with
forest composition in the boreal biome. Given that
less active C was generally found in aspen stands,
the organic layer SOC in aspen stands is more sta-
ble compared with SOC in the organic layer of the
other stand types we studied (Figure 4). Greater N
availability in the late stages of the decomposition
process has been suggested to increase organic
matter stabilization and reduce the decomposition
limit value, that is, the point when decay virtually
ceases (Berg and others 1996, 2001). A higher
organic layer N concentration in trembling aspen
compared with the other stand types (Appendix A)
might thus explain the lower content of C poten-
tially available for microbes to mineralize, that is,
active SOC, in the aspen stands.

Mineral Layer SOC

Accumulation of SOC in mineral layers is more
complex than in the organic layer. It depends on
both the aboveground and belowground C sources
(for example, dissolved organic C from the organic
layer, root turnover, and rhizodeposition), and
involves important stabilization mechanisms that
include chemical and physical protection within
soil aggregates (Rumpel and Kogel-Knabner 2011),
which confer to the C, and especially that in deep
layers, a mean residence time on the order of mil-
lennia (Jenkinson and others 2008). Probably due
to these differences in C sources, in the organo-
mineral interactions and in the degree of microbial
processing, we found a decrease in cumulative C
mineralization and in fast and active C proportions
from the organic to the mineral layers (Figures 2,
3). Accumulation of SOC in the mineral soil may
also depend on the characteristics of the organic
layer lying above it. Indeed, in boreal ecosystems
and especially in conifer stands such as in black

spruce stands, a thick organic layer with insulating
properties can develop and influence the thermal
regime of the mineral soil underneath by reducing
air-soil heat transfers during the growing season
(Carrasco and others 2006). A colder soil would
thus slow microbial activity and favor C accumu-
lation in surface mineral layers.

In a previous experiment aiming to evaluate the
influence of forest composition on soil aggregation
and soil size-density fractions in the surface mineral
layer of the QC sites, Laganiere and others (2011)
showed that contents of the less-protected fractions
(that is, uncomplexed organic matter), commonly
considered as the active pool of SOC, corresponded
to 16.0, 11.3, and 7.7 Mg C ha™"' in black spruce,
mixedwood, and aspen stands, respectively. By
comparison, we found that biologically active SOC
pools were 3.8, 3.7, and 3.4 Mg C ha' in black
spruce, mixedwood, and trembling aspen, respec-
tively (Figure 4B). The higher reported values of
Laganiere and others (2011) compared with this
study for the same stands may be the result of
uncomplexed organic matter containing not only
active SOC but also biochemically resistant SOC and
a variable proportion of particulate organic matter
that is physically protected within macroaggregates
and not readily available to microbes (Gregorich and
others 2006; von Liitzow and others 2007).

Across the soil profile, SOC located in deep layers
should be more stable than surface SOC for several
reasons including the fact that deep SOC is usually
more processed and thus has a lower quality than
surface SOC, as indicated by the lower proportion
of fast C below a depth of 15 cm (Figure 3) and the
lower C:N ratios (Appendix A). Deep SOC is also
considered stable because low temperatures and a
high heterogeneity of C input limit microbial
activity at deep soil depths (Salomé and others
2010; Rumpel and Koégel-Knabner 2011), because
deep SOC is protected against combustion during
wildfire (Neff and others 2005) and because
decomposition of deep SOC is limited by fresh C
supply (Fontaine and others 2007). Moreover,
deep-rooting tree species may accumulate more C
in deep soil layers, whereas stands of shallow-
rooting species may accumulate more C in the
upper layers (Lorenz and Lal 2010). Although the
roots of aspen and jack pine can reach a depth of
100 cm, black spruce roots rarely exceed 30 cm in
depth and most of the roots are located at the
organic—-mineral interface (Strong and La Roi
1983). These specific root patterns apparently
coincide with our SOC accumulation patterns.
Only 25% of the total SOC stock in black spruce
stands was located below a depth of 15 cm,
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compared with 36% for jack pine stands and 36%
and 46% for trembling aspen stands in the QC and
the ON regions, respectively (30% for both mixed-
woods) (Figure 1). Consequently, the SOC stock in
the trembling aspen stands could be regarded as
more stable because a larger part of the SOC is dis-
tributed in deep soil layers, where organic matter
quality is lower and conditions for microbial activity
are harsher relative to the other stand types.

Mechanisms Behind Forest Composition
Effect on SOC Stocks and Implications
for Global Changes: Black Spruce Versus
Trembling Aspen

Figure 5 represents a conceptual scheme depicting
the mechanisms that explain tree species composition
effects on the size and stability of SOC stocks using the
two most distinct stand types in this study and the
ones with the more information we have on so far,
that is, black spruce versus aspen stand in the QC
region. Itis proposed that compared with aspen, black
spruce soils store more SOC but that this C would be
more prone to loss under a changing environment,
mainly because of weak SOC stabilization and
important tree species-induced microclimatic

Black spruce

(relative to trembling aspen)

low
evapotranspiration
capacity

high light
interception

thick
moss
cover

low O,
status

low phenol
oxidase
activity

cold and
wet soil

constraints to decomposition. Indeed, the micro-
environmental conditions generated under black
spruce favor the development of a thick moss carpet
that contributes to keeping the soil cold and wet
(Légaré and others 2005; Gornall and others 2007;
Lang and others 2009; Laganiere and others 2012).
Along with spruce needles that are acidic and of low
palatability for macro-invertebrate shredders (Vance
and Chapin 2001; Laganiere and others 2010), mos-
ses, representing a large C input to the soil in black
spruce forests, are slow to decompose (Lang and
others 2009). The activity of phenol oxidase, which is
responsible for phenolic materials degradation such
as lignin, is limited in cold, wet, and acidic environ-
ments with a low oxygen status (Sinsabaugh 2010).

In addition, the thicker organic layer in black
spruce stands cools the mineral soil underneath and
thus reduces decomposition rates. For all these
reasons, black spruce soils are characterized by a
slow C turnover and organic matter can thus
accumulate in the organic and surface mineral
layers, as shown in this study. Although SOC
accumulation is greater in black spruce than in
aspen soils, SOC stabilization is weak in black
spruce soils. Indeed, Laganiere and others (2011)
found that the extra SOC stored in the surface

O = Tree species traits
I:l = Effects

low-quality C inputs
e.g. low pH, low N, high lignin

L

> slow C turnover

-~

|

Greater SOC accumulation
but stock less protected against environmental changes

Figure 5. Conceptual scheme depicting the mechanisms that explain tree species composition effects on the size and
stability of SOC stocks developed in black spruce stands relative to that developed in aspen stands in the QC region.
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mineral layer under black spruce was in fact labile
and less mineral-protected relative to aspen. In
addition, in a field respiration study in the same
study area, decomposition of soil organic matter
produced in black spruce stands was more tempera-
ture-sensitive than that in aspen stands (Q;o =
2.7 £ 0.2vs. 2.0 + 0.2) (Laganiere and others 2012).
Therefore, because decomposition of the accumulated
labile organic matter is in part limited by environ-
mental constraints (tree species-induced micro-cli-
matic effects) and that temperature sensitivity of
decomposition is greater in black spruce stands relative
to aspen, any changes in micro-climatic conditions
that would enhance soil microbial activity and espe-
cially an increase in soil temperature (induced by cli-
mate change or by a natural/human disturbance)
could release this accumulated organic matter. This
finding is of particular concern for the forest C budget
because black spruce largely dominates the boreal
landscape in Canada.

CONCLUSION

We showed that distribution and quality of SOC
differed among stand types in the Canadian boreal
forest. In general, SOC in the trembling aspen stand
was the most stable, as exemplified by larger
amounts of deep SOC and a lower proportion of
active C in the organic layer. Despite less litterfall,
black spruce stands allowed a greater accumulation
of SOC in surface layers because of low-quality C
inputs and soil microclimatic conditions limiting
decomposition. These stocks, however, might
become vulnerable to extra losses if soil conditions
become more favorable to decomposition under
climate change. Our analysis highlights that boreal
forest composition could have implications for
stability of SOC stocks and incidentally how climate
change could alter this large C pool.
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