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ABSTRACT

As part of a multidisciplinary project on carbon

(C) dynamics of the ecosystems characterizing the

Eastmain Region Watershed (James Bay, Quebec),

the objective of this study is to compare the soil C

stocks and soil organic matter quality among the main

upland vegetation types in a boreal region subjected

to a high fire frequency. On average, the organic layer

contained twice the amount of C than the mineral

soil. Closed canopy vegetation types had greater C

stocks both in the mineral and in the organic layers

than the other more open canopy vegetation types.

Landscape features such as drainage and surficial

deposit could not discriminate between vegetation

types although closed vegetation types were on

average found on wetter site conditions. Average soil

C contents varied more than 2-fold across vegetation

types. On the opposite, except for the organic layer

C:N ratio, which was smaller in closed vegetation

types, other measured soil organic matter properties

(namely specific rate of evolved C after a long-term

incubation, hydrolysis acid-resistant C as well as the

rate of changes in soil heterotrophic respiration with

increasing temperature (Q10)) remained within a

narrow range between vegetation types. Therefore,

total soil C stocks were a major determinant of both

labile C and estimated summer soil heterotrophic

respiration rate. The homogeneity of soil organic

matter quality across the vegetation types could be

attributable to the positive relationship between soil C

storage and soil C fluxes observed in this landscape

experiencing a high fire frequency. The low variabil-

ity in soil C quality could help simplify the modelling

of soil C fluxes in this environment.

Key words: soil C cycling; boreal forest; soil

organic matter quality; scaling; landscape; fire cycle.

INTRODUCTION

Boreal forests and their associated peatlands are

considered as the largest terrestrial carbon (C) res-

ervoir on the planet (IPCC 2001), mostly because of

their important surface area (approximately

14 9 106 km2) and their large soil C densities.
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Canadian boreal forests have been considered as a

large net C sink since the last deglaciation. How-

ever, recent studies suggest that terrestrial C sinks

are weakening (Canadell and others 2007), and

current changes in disturbance regimes (Le Goff

and others 2008) could significantly affect this

equilibrium by allowing boreal forests to shift from

a sink to a small net source of C (Kurz and Apps

1999; Kurz and others 2008). Moreover, this biome

is among those expected to experience some of the

greatest climate change over the next century

(Bhatti and others 2003), which could lead to a

significant impact on the global C cycle (Kurz and

others 2002) because of a potential increase in soil

respiration and enhanced forest fire activity

(Flannigan and others 1998). These changes could

lead to a positive feedback in the global C seques-

tration potential (Cox and others 2000; Knorr and

others 2005). Nevertheless, the maintenance of soil

C reservoirs given the possibility of a warmer cli-

mate is still a matter of debate (Kirschbaum 2006)

with some studies predicting greater net C losses

(Bellamy and others 2005), whereas others pre-

dicted increased C storage (Liski and others 1999).

The dynamics of soil organic matter are generally

depicted by pools with different turnover rates. The

representation of soil organic matter dynamics with

a unique decomposition rate or a single C pool

generates incorrect estimates, mostly an underes-

timation of the short-term response and an over-

estimation of the long-term response of change in

C input and output (Trumbore 2000). The most

active pools represent a small proportion of the

total soil C stock but are responsible for most of the

C fluxes (Paul and others 2001). These labile pools

are clearly reactive to temperature changes and

responsible for most of the changes in soil C in

relation to climate change (Melillo and others

2002; Davidson and Janssens 2006). Decomposi-

tion of recalcitrant organic matter is also very

sensitive to temperature but because of its very

small contribution to soil respiration and the lack of

knowledge concerning the relationship between

temperature changes and carbon stabilization pro-

cesses, it is believed that losses from these reser-

voirs would occur very slowly (Davidson and

Janssens 2006).

Accumulation of organic C in soils and the pro-

portion of C allotted to soil C pools with different

turnover rates tend to vary with vegetation type

(Gower and others 2001; Bhatti and others 2002;

Yu and others 2002), but this has rarely been

quantified by empirical methods. These variations

are linked to different factors, including litter

quality variations with forest composition (Paul

and others 2002), climate (Trumbore and others

1996), soil texture and types of minerals (Torn and

others 1997; Côté and others 2000), drainage and

topography (Parton and others 1987). Moreover,

apart from modelling approaches, only a few

studies have investigated the variability in soil

organic C content and quality among the different

vegetation types covering a boreal landscape at the

ecodistrict level (for example, Borken and others

2002; Ladegaard-Pedersen and others 2005). Labile

soil organic matter is loosely defined and estimates

of its importance may vary considerably due to the

lack of a standardized methodology (long-term

incubation, acid hydrolysis, light and heavy frac-

tions, and so on) (Paul and others 2006). Never-

theless, McLauchlan and Hobbie (2004) stipulated

that these methods are relatively well correlated

among themselves and, in the present experiment,

long-term incubation was chosen to determine

the active C pool as in other studies (Dalias and

others 2001; Paré and others 2006; Rey and Jarvis

2006).

This study is part of a multidisciplinary project

that aims to determine the C budget (CO2 and CH4)

from natural boreal ecosystems before and after

impoundment of a hydroelectric reservoir (East-

main-1). As part of this project, the main objective

of this study is to determine whether the five main

vegetation types classified with remote sensing from

Spot imaging (Grenier and others 2008) represent

homogeneous units in terms of soil C stocks, soil C

lability, and reactivity to temperature change. These

characteristics of soil organic matter were also used

to estimate field rates of heterotrophic soil respira-

tion during the summer period.

METHODS

Study Area and Sites Description

The study was conducted in the Eastmain River

Watershed in the James Bay Lowland (Figure 1),

northern Quebec (51� 56¢–52� 20¢ N, 75� 05¢–76�
10¢ W), at the northern limit of the Picea mariana-

feathermoss bioclimatic region (Robitaille and

Saucier 1998). The study area covers nearly

2,500 km2, and 24% of this territory is now occu-

pied by a hydroelectric reservoir of 603 km2 created

in 2005 (Figure 1). Annual average temperature is

-2.4�C and precipitation reaches 700 mm per year

(Wilson 1971). The region is punctuated by

numerous lakes and undulating hills (max. 175 m

ASL) from Precambrian bedrock and surficial

deposits originating from the last Wisconsinian gla-

ciation. These quaternary deposits are mainly from
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glacial, lacustrine, and alluvial origins and are

characterized by their coarse texture and thinness.

Soils are classified as Regosol, Organic, Humo-ferric,

and Ferro-humic Podzol (CSSC 1998). A thick

organic layer has developed because of the soil’s

acidic conditions (pH < 5) and the cold and humid

climate. Soil texture varies from fine silt to silty sand

and drainage from well drained to poorly drained.

Regional vegetation belongs to the Picea mariana-

feathermoss domain mostly dominated by conifer-

ous species with a forest floor covered by bryophytes

and lichens. Fire is the main disturbance that drives

the vegetation dynamics in the region. Open vege-

tation due to poor post-fire forest regeneration is

also common in this area (Payette and others 2000).

We used the regional vegetation classification

and mapping of Grenier and others (2008), which

was developed for the study area using Spot imag-

ery and field surveys. Five major vegetation types

were considered for our study given their extent:

(i) coniferous-closed canopy (CC), (ii) coniferous-

open canopy (OC), (iii) deciduous (DEC), (iv)

2-year-old burned forest (2yB), and (v) 17-year-old

burned forest (17yB). The second type, open can-

opy coniferous forest (OC), is common at this lati-

tude due to frequent forest regeneration failure

caused by complex climate–fire–insect interactions

(Payette and others 2000). As shown in Table 1,

open vegetation types, both from recent fire origin

(2–17 years) or older, make up the great majority of

the upland landscape (>90%). According to eco-

logical classification maps from Leboeuf and others

(2009), till deposit with mesic drainage conditions

make up a very large proportion of the landscape for

any vegetation type (Table 1). Soils are of a coarse

texture and the sand fraction dominates (>50%

sand). The forest floor in CC is dominated by Pleu-

rozium schreberi and some Sphagnum spp. patches,

whereas lichens such as Cladina spp. are dominant

in OC, where deposits are mostly sandy with a rapid

water evacuation. Open and closed canopy conif-

erous forests (OC, CC) are dominated by black

spruce (Picea mariana Mill. BSP.) and jack pine

(Pinus banksiana Lamb.). Deciduous stands (DEC)

are predominantly composed of trembling aspen

(Populus tremuloides Michx.), whereas white birch

(Betula papyrifera Marsh.) has only been found

sporadically. Peatlands (mostly open peatbogs and

few forested peatlands) were not integrated in this

study mostly because these ecosystems do not

present the same carbon processes and dynamics

and have been extensively studied by other scien-

tists involved in the project (Van Bellen and others,

in press).

Soil Sampling and Preparation

Soils were sampled in July 2007 from nine distinct

stands for each of the five vegetation types studied.

A single 100 m2 plot was selected within each

studied stand for soil sampling and vegetation

description. Five of the nine stands per vegetation

type were randomly retained for laboratory incu-

bation at 29�C and only one reference stand (no. 1)

Figure 1. Map of the

vegetation types

identified with Spot

images as well as

localization of the

projected flooded area on

the Eastmain River

Watershed, James Bay,

Quebec, Canada.
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per vegetation type was retained for soil tempera-

ture and litterfall measurements as well as for

incubation at multiple temperatures.

One soil pit was dug in each plot to determine

soil depth and drainage. Drainage was classified into

seven categories (from 0 to 6) ranked in order of

increasing wetness. Most plots fell within drainage

classes 2 and 3, and all plots were within classes 2 and

5. At the four corners of each plot, the organic layer

(FH), equivalent to the Oi and Oe/Oa layers, was

collected with a 10 cm 9 10 cm template and the

mineral soil was sampled with a 5-cm diameter metal

pipe at a depth of 20 cm. It was not possible to sample

at a greater depth because of the abundance of large

pebbles and boulders and because of soil thinness.

Nevertheless, soil depth assessments indicated that

only the closed forest type had an average mineral

soil depth exceeding 20 cm, with mean depths of

22 ± 7 and 25 ± 5 cm for CC and DEC, respectively,

whereas it was 16 ± 3.5, 14 ± 3.5, and 19 ± 2.5 cm

deep in 2YB, 17YB, and OC, respectively. Once

sampled, soils were maintained at 4�C in a cooler

until processing in the laboratory. Coarse fragments

(woody debris, roots and rocks) were removed by

hand to preserve soil structure and samples were

pooled per plot and soil layer for subsequent analy-

sis. The samples of five stands per vegetation type

were retained for laboratory incubation. Organic

and mineral soil samples were gently sieved at 6 and

4 mm, respectively, for the incubation experiment

(Paré and others 2006; Rey and Jarvis 2006). Sub-

samples were further air-dried and sieved at 2 mm

for other conventional physical and chemical anal-

yses, whereas they were finely ground for CN, CEC

and Fe-Al determinations.

Soil temperature used for modelling heterotro-

phic respiration was measured every hour in each

reference stand for the period from June 6 to

October 4 with two data loggers (Thermocron� and

iButtons� ds191Z-F5) buried at 10 cm in the min-

eral soil. Mean daily temperatures at each site were

used for the computation. Aboveground litterfall

was collected twice in 12 wood litter traps of 0.7 m2

at each reference stand over a period of 1 year

(g m-2 y-1).

A drainage class was assigned in the field for each

plot. As with the ecological land classification

(Leboeuf and others 2009), field drainage class

determination revealed that although the closed

forest types (CC and DEC) are found on a wide range

of drainage conditions, they are found on average in

slightly wetter conditions than the open forest types

(Table 1). We considered the estimates of drainage

conditions in the studied plots determined from field

observations to be more accurate than those given

by the ecological land classification.

Laboratory Analysis

Samples were analyzed for their carbon and nitrogen

contents using a Leco CNS 2000 (Leco Corporation,

St. Joseph, Michigan, USA). Non-hydrolyzable C

content was determined by the acid hydrolysis

technique using 6 M HCl to reflux the material at

Table 1. Breakdown of the Area Covered by the Different Vegetation Types Classified and Mapped using
SPOT Imagery into Different Surficial Deposit and Drainage Classes as Determined by Ecological Landscape
Classification and Mapping for the Whole Study Area as well as Average Drainage Classification for the 9
Stands Sampled per Vegetation Types

Upland

Vegetation

types1

% Area by veg. type2 % Of total

upland area3
Avg. drainage4

(field estimate)
Deposit Drainage type

Glacial Fluvio-

glacial

Organic R < 25 cm Xeric Mesic Hydric

17yb 81 7 8 1 8 80 8 40 1.6

2yb 75 13 7 3 13 73 7 11 1.6

OC 74 12 11 1 9 75 11 40 1.9

CC 89 6 2 2 5 89 2 1 2.7

DEC 89 4 1 3 7 87 1 8 3.3

Overall 85 8 6 2 1 87 12

% of area excluding water bodies, peatlands and non-vegetated areas, and average drainage class for the nine sites investigated per type from a field assessment (classes 0–6, 6
being the wettest).
1From Grenier and others (2008).
2From Leboeuf and others (2009).
3Excluding peatland and non-vegetated areas.
4Averages from a classification based on a scale of 0 to 6 (values ranged from 2 to 5).
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116�C for 16 h (McLauchlan and Hobbie 2004).

Cation exchange capacity (CEC) was determined by

summing up exchangeable cations (Carter 1993)

extracted with 0.1 M BaCl2, which were analyzed by

atomic absorption spectrophotometry. pH was

determined both in water and in 0.5 M CaCl2 using a

PHM82 pH meter (Radiometer Copenhagen) (Carter

1993). Soil texture was determined by humid sieving

(Hoey 2004) coupled to a laser diffraction using a

sedigraph (Analysette 22, Fritsch Laborgeräte),

whereas bulk density was measured after drying at

105�C.

Incubation

The incubation experiment is time-consuming and

only five randomly selected stands per vegetation

types could be analyzed. The methodology that was

used is described in greater detail in Paré and others

(2006). Seventy microcosms were prepared: 50

microcosms were incubated at 29�C (5 vegetation

types 9 5 stands 9 2 soil layers) and 20 additional

microcosms from the five reference sites only were

incubated at two additional temperatures (2 and

14�C) (5 sites 9 2 layers 9 2 temperatures). Fifty

grams of dry weight equivalent of mineral soil and

8 g of organic material at 100% WHC were placed

into 100 ml plastic containers filled with glass wool

at the bottom. These containers were perforated to

facilitate evacuation during leaching with K2SO4

0.005 M and humidification. These manipulations

made it possible to maintain soil humidity and

remove residuals from decomposition during the

incubation period. Microcosms were placed into

glass jars and incubated in growth chambers at a

constant humidity level for 164 days. Samples were

submitted to high temperatures to obtain in an

adequate delay the proportion of readily mineral-

izable C (Dalias and others 2001; Rey and Jarvis

2006). Jars were kept open to maintain aerobic

conditions except during CO2 measurements,

when they were hermetically closed to let CO2

accumulate. Moisture contents in the samples

incubated at 29�C were monitored by weighing the

entire microcosm and by adding deionized water

(Milli-Q) to the soil. This humidification operation,

as well as leaching, was conducted twice a month

for the duration of the experiment.

Carbon Mineralization Measurements

Carbon mineralization was measured every week

for the first month and then once a month until the

end of the experiment. Nine periods of measure-

ments were conducted during which the rate of

mineralization was calculated as the CO2 efflux

emitted over 24 h. For each microcosm, 10 ml

were collected with a needle and a syringe from the

closed jar through a septum made in the lid and

gas concentrations were measured with a Li-COR

LI-6200 (LI-COR� Application Note #121). Evolved

CO2 from each microcosm was calculated according

to Paré and others (2006) and the mineralized C

(Cm) expressed as mg (C) per g of initial soil C was

calculated using the following equation:

Cm ¼ Cm�1 þ Rp þ Rp�1

� �
=2 � D� D�1ð Þ

where Cm is mineralized C (mg C-CO2 g-1 Corg),

R is the daily respiration rate (mg C-CO2 g-1 Corg

d-1), p is the incubation period (1–9), and D is the

day when the incubation started. The C minerali-

zation rates are expressed as lg CO2 g-1 Corg h-1.

Data Analysis

The cumulative curves of mineralized C were fitted

to a first-order kinetic model proposed by Stanford

and Smith (1972). This model is used to estimate

the labile fraction of C and the rate at which it is

mineralized. This model estimates a unique pool of

labile C in which the mineralization rate depends

on the temperature. Cumulative mineralized C at

the three incubation temperatures was calculated

separately for organic and mineral layers and fitted

to the following model:

C tð Þ ¼ C0 1� e�kt
� �

where C(t) is the cumulative C mineralized at time

t (mg C g-1 initial C), C0 is the labile fraction, and

thus the potential mineralizable C (mg C g-1 Corg),

k(d - 1) is the constant release rate for the min-

eralization of C, and t is time. We used values for

the full incubation period (164 days) for the anal-

ysis. For the reference stands only, mineralization

curves from the three temperatures of incubation

were used to estimate a Q10 value expressing the

change in the rate of mineralization (k) with tem-

perature change as follows:

k ¼ krefð Q10kð Þ T�Trefð Þ=10

The experimental data were fitted to the model

using the non-linear mixed procedures in SAS

(proc non-linear mixed, SAS Institute Inc., Cary,

NC). Because Co and k are both influenced by

temperature and organic matter properties and are

often correlated, the product of Co * k represents a

better estimate of labile C than these parameters

used independently.
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Statistical Analysis

Differences between vegetation types were ana-

lyzed by one-way ANOVAs, and the Tukey–Kramer

test was used to detect significant differences

between each pair of variables. C stocks and min-

eralized C were log-transformed to meet the

assumptions of normality and homogeneity of

variance. All statistical analyses were performed

using JMP version 7.0.1 (SAS Institute Inc., Cary,

NC).

Estimation of Soil Heterotrophic
Respiration

Soil heterotrophic respiration rates were estimated

for each of the five stands per vegetation types for

which soil C incubations were conducted for the

June 8 to October 4 period during which soil

temperature information was available. Briefly, the

labile C pool and its rate of mineralization at 29�C
were derived from total soil C pool estimates

and from the equation-derived parameters for

each stand, whereas changes in the rate of C

mineralization of the labile pool with changes in

temperature (Q10) as well as the soil temperature

data came from the reference stands only. We

assumed steady state conditions: soil heterotrophic

respiration comes from the labile pool only and the

continuous production of litter and exudates

replaces the evolved labile C on a daily basis such that

Co (that is, remaining labile C) remained constant.

RESULTS

Soil Organic Carbon Stocks

A higher C content was observed in closed vege-

tation types (CC and DEC) when compared with

open vegetation types (17YB, 2YB, OC) both in the

organic layer and the mineral soil and in the total of

both layers (Figure 2A, C, E). The C content of the

organic layer was more than twice as important as

that of the mineral soil with average values of

6.36 kg C m-2 compared with 2.92 kg C m-2,

respectively. Average vegetation type soil organic C

contents from combined forest floor and 0–20 cm

mineral soil ranged from 6.2 to 13.3 kg C m-2

(Figure 2E, F). The forest floor of closed vegetation

types (CC and DEC) showed a consistent trend for
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Figure 2. Total mean soil

organic C (kg C m-2) in

the organic layer, the

mineral soil layer

(0–20 cm), and in both

layers combined for each

vegetation type (A, C, E,

respectively) and for each

vegetation type further

divided into drainage

classes (1–5; 1 being the

driest). Error bars

represent the standard

deviation from the mean.

The black bar represents

the mean of the nine

sampled plots. Bars

labelled with different

letters differ significantly

(One-way ANOVAs:

P > 0.005). A Organic

layer (P = 0.0153);

C mineral layer

(P = 0.003); E sum of the

two layers (P = 0.0001).

538 D. Paré and others



increased C stocks with slower drainage classes

(Figure 2B). This trend was not observed for other

vegetation types or for the mineral soil, but the

number of repetitions in some drainage classes/

vegetation composition types was low. Closed

vegetation types were found on a wide range of

drainage conditions but on average they were

found in wetter site conditions than open vegeta-

tion types (Table 1). Within a similar drainage

class, closed forest types generally showed a greater

C content compared with open vegetation types as

can be seen in Figure 2. Unfortunately, these dif-

ferences could not be tested statistically because of

the lack of some vegetation type-soil drainage

combinations. An analysis of covariance with

drainage as a covariable was not possible because

the relationship between drainage and OM content

was not consistent across vegetation types.

Soil Organic Matter Properties

Labile C can be estimated by deriving daily cumu-

lative specific mineralization rates (Co * k) from

non-linear equations or simply by considering

cumulative-specific C mineralized at the highest

temperature of incubation (Paré and others 2006).

For both soil layers, cumulative-specific C miner-

alized at the highest incubation temperature (29�C)

(Table 2; Figure 3) showed little variability across

vegetation types and differences were not signifi-

cant between vegetation types for both the organic

layer and the mineral soil. In the forest floor, values

ranged from 77 ± 12 to 99 ± 28 mg C g Corg total-1,

and in mineral soil they ranged from 50 ± 25 to

63 ± 19 mg C g Corg total-1, indicating that the

proportion of cumulative evolved C was more

important in the organic layer than in the mineral

soil. The results of the first-order kinetic model of

the reference stands are presented in Table 2. The

product of Co * k, expressed as evolved C per initial

C weight per day (mg C g-1 Corg day-1), illustrates

the portion of total C that is mineralized on a daily

basis because Co is the fraction of labile C and k is

the daily rate of mineralization of this fraction.

Because these two parameters are inversely

correlated, it can be misleading to interpret them

Table 2. Soil Organic Matter Properties

Parameter 17yB 2yB OC CC DEC P F d.f. error

and nb of

replicated

stands

Organic

Cmin(29�C)

(mg C g-1 Ctot)

91 ± 13 81 ± 25 92 ± 27 77 ± 12 99 ± 28 0.498 0.873 19-5

Cmin(29�C)

(g C m-2)

368 ± 81 272 ± 164 347 ± 164 519 ± 313 638 ± 268 0.152 1.897 19-5

k(29�C)

(d-1 * 1000)

0,72 ± 2.48 b 1,01 ± 1.04 b 2,64 ± 2.77 b 2,41 ± 3.83 ab 4,21 ± 3.2 8 a 0.004 5.504 19-5

Co * k(29�C) 0.50 ± 0.09 c 0.47 ± 0.12 c 0.65 ± 0.22 ab 0.54 ± 0.15 bc 0.74 ± 0.24 a 0.020 3.768 19-5

Q10 2.6 2.6 3.1 2.3 2.3 – – –

Acid insoluble %C 82 ± 3 78 ± 5 78 ± 6 80 ± 8 76 ± 7 0.3897 1.059 38-8

C:N 44 ± 4 b 50 ± 7 a 50 ± 8 a 37 ± 5 c 24 ± 3 d 0.0001 49.03 40-9

Mineral

Cmin(29�C)

(mg C g-1 Ctot)

54 ± 18 63 ± 19 55 ± 10 50 ± 25 55 ± 18 0.9684 0.151 19-5

Cmin(29�C)

(mg C m-2)

102 ± 37 c 127 ± 38 bc 114 ± 15 bc 210 ± 56 ab 236 ± 101 a 0.002 6.223 19-5

k(29�C)

(d-1 * 1000)

0.0024 0.0018 0.004 0.0033 0.0034 0.681 0.579 19-5

Co * k(29�C) 0.38 ± 0.21 0.44 ± 0.14 0.45 ± 0.09 0.45 ± 0.36 0.47 ± 0.24 0.896 0.2664 19-5

Q10 2.1 2.6 2.2 2.2 2.8 – – –

C:N 22 ± 8 21 ± 7 26 ± 8 25 ± 4 21 ± 4 04454 0.9499 40-9

Values are averages and standard deviation of the five or nine replicated sites per vegetation type, except Q10, which is estimated for the reference stands only. Cmin is the
cumulative amount of evolved CO2 during the full incubation (164 days). C0 is the estimated labile fraction of C and k(29�C) is the daily rate of mineralization of this pool at
29�C, whereas Q10 expresses the variation in the rate of mineralization with a change in temperature. Co * k is estimated for each incubation temperature and represents the
specific rate of C respired per day (mg C g-1Corg day-1). Probability, F value and degree of freedom of the model error term together with the number of true replicates are given.
The analysis was conducted on log values, but the averages and standard deviations are untransformed values. Bold P values indicate significant differences between vegetation
types at the 5% level. Vegetation type averages followed by similar letters are not significantly different at the 5% level.

Soil Carbon Stocks and Soil Carbon Quality 539



individually. The daily rate of C mineralization

(Co * k) showed significant differences between

vegetation types in the organic layer only, with the

DEC and OC types showing the highest values and

the two burned types the lowest, whereas CC was

intermediate (Table 2).

Figure 3. Carbon

mineralization rates (mg

C g Ctot d-1) during the

course of a 164-day

incubation in A the

organic layer and B the

mineral layer, for each

forest type. Error bars

represent the standard

deviation from the mean

for the 29�C incubation,

whereas values for other

incubation temperatures

are for the reference

stands only.
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The Q10 values were determined for the refer-

ence stands only. These values ranged from 2.3 to

3.1 for the organic layer and from 2.1 to 2.8 for the

mineral soil. A closer look at the data indicates that

the amount of cumulative mineralized C varied

significantly between 14 and 29�C in all cases

(P < 0.05), but not between 2 and 14�C
(P > 0.05). This is in agreement with Rey and

Jarvis (2006) who showed that levels of activity of

organisms are very low below 10�C.

The proportion of organic layer non-acid hydro-

lyzable C was very constant, averaging 80% of total

organic C, and not significantly different between

vegetation types (Table 2). The C:N ratio was one of

the only properties showing a clear contrast

between open vegetation types and closed forest

types as well as between conifers and deciduous

species. A much narrower ratio of 24 for deciduous

forests and 37 for coniferous forests contrasted with

ratios nearing 50 in the open forest types, whereas

that of the mineral soil was constant across all

vegetation types (Table 2).

When expressed on a surface basis (m2), the

cumulative mineralized C at 29�C was higher in the

organic layer than in the mineral soil. For both

layers, DEC showed the highest values with 638

and 236 mg C m-2 for the organic layer and the

mineral soil, respectively, whereas open vegetation

types showed the lowest values. CC stands, which

had the lowest estimates of specific mineralized C

in both soil layers, showed high values when

expressed on an areal basis (Table 2).

Seasonal Heterotrophic Respiration

The estimates of soil heterotrophic respiration rates

presented in Figure 4 are derived from laboratory-

determined C mineralization parameters, field soil

C stocks and field soil temperature. Mean soil daily

temperature varied from 4.3 to 18.8�C and there

were no strong trends in cumulative degree-days

with vegetation types (data not presented). Esti-

mated cumulative organic layer heterotrophic res-

piration rates varied widely across vegetation types.

The average value per vegetation type varied by a

factor of 6 as it ranged from 338 kg C ha-1 in the

2yB stands to 2091 kg C ha-1 in the DEC ones. The

magnitude of change in the mineral layer was

lower (factor of 3), ranging from 184 to 526 kg C

ha-1 for 2yB and DEC, respectively (Figure 4). The

proportion of mineralized C was greater in the

organic layer, where it varied from 1.3 to 2%, than

in the mineral soil layer, where it varied from 0.5 to

1.4%. In general, the pattern observed across veg-

etation types was coherent with the estimates of

cumulative C mineralization during the laboratory

experiment reported on a square meter basis in

Table 2.

DISCUSSION

Soil Carbon Stocks, Vegetation Types
and Drainage

Total soil C stocks ranged from 6.1 to 13.4 kg C m-2

across vegetation types and were within the range

of values reported by Bhatti and others (2002), but

higher than those estimated by Yu and others

(2002) and Gower and others (1997) for compara-

ble vegetation types in western Canada’s boreal

forest soils. These differences may be due to differ-

ences in precipitation regimes between eastern and

western boreal regions as the former are under the

influence of a humid maritime climate. For all

vegetation types, the organic layer stored signifi-

cantly more C than the mineral soil.

Higher soil C stocks were found in closed vege-

tation types (DEC and CC). This is somewhat sur-

prising because in boreal regions open forested

woodlands are often associated with peatlands with

poor drainage conditions and deep accumulated

organic sequences (Simard and others 2007) but in

this study, peatlands, which represented 14% of

Figure 4. Estimated soil heterotrophic respiration based

on soil temperature and components of soil respiration

(Table 2) for each vegetation type and soil horizon. Error

bars represent the 95% confidence interval and black

triangles and squares correspond to the reference sites’

values in the organic and mineral layer, respectively. Soil

temperature was measured from June 6 to October 4,

2007 at a 10-cm depth in the mineral soil. Soil temper-

ature as well as Q10 were derived for the reference sites

only (1 site per vegetation type) and values were used for

all five replicated stands, whereas soil C stocks, the pro-

portion of labile C (Co) as well as the daily rate of min-

eralization of this pool at 29�C (k(29�C)) were derived from

the five sites per vegetation type considered for labora-

tory incubation.
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the terrestrial landscape, were not considered. The

current fire cycle of the study area is extremely

short (<100 years; Mansuy and others 2010), and

in eastern Canadian regions experiencing a high

fire frequency, the occurrence of open canopy

forests has been associated with regeneration fail-

ure rather than with site conditions (Jasinski and

Payette 2005). Vegetation types could not be linked

to specific deposit and drainage conditions deter-

mined from the landscape ecological classification

map (Leboeuf and others 2009). Determination of

drainage conditions during field survey revealed

that although all vegetation types can be found on

a relatively wide range of drainage conditions,

closed canopy types were on average found in

wetter site conditions (Table 1). Soil C stocks were

also associated with drainage conditions but this

relationship was found only for closed vegetation

types where more soil C was found in plots show-

ing a slower drainage. Also, within a given drainage

class, the total amount of soil C was generally

higher in the closed vegetation types than in the

open types (Figure 2). These results indicate that

both factors, namely, slower drainage conditions as

well as the presence of a closed canopy forest, are

associated with greater accumulation of C in the

soil. Closed vegetation types showed, on average, a

deeper soil (22 and 25 cm in CC and DEC, respec-

tively) compared with open vegetation types

(16–19 cm), suggesting that soil depth may also

contribute to the maintenance of closed stands and

to greater soil C stores, especially in the mineral

soil. According to Johnstone and others (2010),

two main factors are thought to control the depth

of the organic layer in boreal forests: (1) the bal-

ance between the production and decomposition of

plant litter and (2) the amount of soil organic

matter that escapes fire combustion. Both factors

are potentially playing a role in explaining the

higher C stocks of closed stands in this study.

Aboveground litterfall rates, which were measured

on one stand per vegetation type over a 1-year period,

confirmed, as expected, thatC input to the soil through

litterfall was much greater in closed than in open

forest types (DEC > CC > OC > 17yB > 2yB,

respectively; 298 > 277 > 159 > 120 > 26 g m-2

y-1). Because closed forest stands on average had

slower drainage conditions, litter decomposition may

also have been slower, with all other conditions, such

as litter quality, being equal. Callesen and others

(2003) also found that greater soil C stores were

associated with higher net primary production on

well-drained soils across Scandinavia, and such a

relationship would perhaps not have been observed if

open forested peatlands would have been included.

Soil moisture conditions may affect fire severity

(Harden and others 2000). It is therefore possible

that the closed forest types (DEC and CC), because

of slower drainage conditions and a thicker organic

layer, are less susceptible to severe burning and

high C losses, which could contribute to a longer-

term C storage in the soil (Manies and others

2001). This suggests that such soil conditions may

increase the resilience of closed forests to fire dis-

turbance. Fire severity is also related to vegetation

composition, and highly severe fires are more likely

to occur in stands where the abundance of conifers

is high and that of trembling aspen is low (Epting

and Verbyla 2005). Lower fire severity in deciduous

stands composed of trembling aspen could there-

fore help to explain the higher soil C densities

found in these stands.

Jasinski and Payette (2005) documented that

open forest woodlands are frequently observed at

these latitudes and that they often persist for cen-

turies, qualifying them as alternative stable states.

In addition, Girard and others (2008) reported a

recent (last 50 years) rapid expansion of open

lichen woodlands within the closed-crown boreal

forest at similar latitudes as this study, with possible

influence of severe fires and spruce budworm

(Choristoneura fumiferana (Clemens)) outbreaks.

These observations as well as ours suggest that a

given site type may either be occupied by an open

or a closed forest and that disturbance history is an

important determinant of forest regeneration suc-

cess or failure. This is in agreement with Johnstone

and others (2010) who commented that interme-

diate positions along moisture gradients, that is,

conditions that would apply to most of our study

plots, are most vulnerable to fire-initiated loss of

resilience.

Greater soil C stocks in closed forest stands may

be explained by different factors that are interre-

lated. These factors and their influence on soil

organic matter accumulation are illustrated in

Figure 5. Fire history is a major external factor that

can override the influence of site characteristics as

severe and repeated disturbances over a short

interval could limit tree regeneration (Girard and

others 2008). Nevertheless, site conditions such as

deeper soils and slower drainage may decrease fire

severity and increase the resilience of forest

regeneration. All these factors may contribute to

greater soil C storage as well as promote positive

feedback loops on soil organic C through greater

rates of C input to the soil through litter produc-

tion, slower organic matter decomposition rates,

and through the preservation of soil C during forest

fires (Figure 5).
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Interestingly, in a recent study, Mansuy and

others (2010) observed that the influence of site

characteristics on fire frequency was calibrated by

fire regime: site characteristics had no effect on fire

frequency in regions experiencing a high fire

frequency, such as the one covered in this study,

although relationships were found in regions

experiencing long fire cycles. The poor relationships

between physical site characteristics and vegetation

types in our study could thus be related to the high

fire frequency experienced in the study area.

To sum up, stands with closed forest vegetation,

although they were found on a wide range of

drainage conditions, tended to be more abundant

in slower drainage conditions. These stands con-

tained greater soil C stocks and also supported more

productive forests, perhaps because they are more

resilient to severe disturbance and because their

inherent productive capacity is higher. Positive

feedback loops through C cycling would contribute

to maintaining the association of greater soil C

stores and closed vegetation types at the landscape

level (Figure 5). The consideration of sites with

poor drainage, namely sites undergoing paludifi-

cation, as well as regions with longer fire cycles

would bring different dynamics as open-canopy

forests would be found on soils with a thicker

organic layer (Simard and others 2007), and the

relationships found here would probably not be

valid. Also, in this study, we did not control for the

effect of stand age, which ranged between 22 and

101 years for OC, CC, and DEC stands. With time

since fire, soil organic matter accumulates; how-

ever, the rate of accumulation is usually slow in

boreal forests compared with C stocks, and highly

variable (O’Neill and others 2006; Pregitzer and

Euskirchen 2004). Because of the high fire fre-

quency, the range of stand ages was limited in this

study, and factors such as drainage and fire severity

appeared to be playing a greater role than stand age

in explaining soil C stocks as no relationships with

stand age and organic layer C content within stand

types could be found (data not shown).

Soil OM Properties

The organic layer C:N ratio was the only property of

soil organic matter that contrasted between vege-

tation types. Its low values in deciduous stands

suggest that these stands may cycle much more N

relative to C. Lovett and others (2002) also observed

a strong influence of tree species composition on the

soil C:N ratio, with consequences for N leaching.

Besides the soil organic layer C:N ratio, very little

difference in soil organic matter quality existed

between vegetation types, which was somewhat

Figure 5. Schematic illustrations of factors contributing to greater soil organic matter (SOM) accumulation in upland

closed forest stands. External drivers are indicated by boxes, whereas positive feedback loops are indicated by dotted arrows.

The opposite relationships would be found for open-canopy vegetation types. The factors maintaining greater SOM in

closed forest types could be responsible for the small variability of SOM quality across vegetation types as they would

contribute to maintaining a positive relationship between fresh litter input to the soil and soil C stocks among vegetation

types. Open stands should have a small litter input that is diluted into a small soil C reservoir, whereas closed forest stands

would show a large fresh C litter input diluted into a large soil C reservoir. Fresh (young) litter inputs are thought to be

responsible for most of the labile or active soil C.
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surprising. A higher proportion of labile organic

matter in deciduous compared with coniferous

stands was reported by Rey and Jarvis (2006) as

well as Côté and others (2000), whereas other

studies reported the opposite trend (Giardina and

others 2001) or no clear distinction (Paré and

others 2006). In this study, we anticipated a low

proportion of mineralizable C in recently burned

sites because it has been observed that such sites

are enriched in recalcitrant C forms that are more

resistant to microbial degradation (Thiffault and

others 2008). It was therefore surprising that there

were no significant differences between vegetation

types in the cumulative specific mineralized C and

that recently burned sites showed relatively high

values. A possible explanation for the absence of

differences in soil organic matter quality between

vegetation types is that the most productive types

are those where the soil has the capacity to accu-

mulate more C in a stable form and therefore

where a relatively large fresh annual C input is

diluted into a large stable C pool, contrary to open

vegetation types where a small C input is diluted

into a small total C pool (Figure 4). Such an asso-

ciation between soil C stocks and vegetation pro-

ductivity may not occur in all landscapes. In boreal

landscapes, where poor drainage often limits forest

growth, the opposite is commonly observed. For

example, Légaré and others (2005), in boreal

mixedwood forests, and Simard and others (2007),

in paludified forests, found the opposite trend with

a greater organic layer depth in less productive

stands. These conditions would favor a lower or-

ganic matter quality in sites with higher organic

matter accumulation, as was observed by Côté and

others (2000).

Soil Heterotrophic Respiration

The variability in estimated soil heterotrophic res-

piration across vegetation types is caused by differ-

ences in both total soil C stores and organic matter

quality. Because soil organic matter content was

much more contrasted between vegetation types

than soil organic matter quality, the difference in

soil heterotrophic respiration rates can be explained

to a great extent by differences in C stocks, which

varied more than 2-fold across vegetation types. On

the other hand, the contribution of soil organic

matter quality to explaining differences in soil het-

erotrophic respiration rates is minor as it varied at

most by 30% from the lowest to the highest values

of the different soil C quality indicators presented in

Table 2. The small variability in soil C quality found

in the present landscape, as expressed by the

proportion of mineralized C on total C as well as by

Q10 values, could help simplify the modelling of soil

C fluxes in this environment because estimates of

soil C stores would explain much of the soil C flux

variability.

CONCLUSION

At the regional scale, our results suggest that easily

mineralizable soil C stocks and, presumably, soil

heterotrophic respiration are greatly related to the

size of total soil C stocks. These stocks are more

important in deciduous and coniferous closed

canopy types than in other open-canopy vegetation

types. The soils of these vegetation types are thus

more likely to release greater CO2 fluxes into the

atmosphere than the other vegetation types con-

sidered in this study given an interruption in tree

productivity caused by disturbances or flooding.

Nevertheless, because of their low representative-

ness in the territory studied (6%) compared with

the open canopy and burned vegetation types,

which represented altogether more than 50% of

the territory, the potential for C loss from these

vegetation types remains low at the landscape

scale. Our results also suggest that the expansion

of open woodlands within closed-crown forests

(Girard and others 2008) would generate a land-

scape in which C exchange through the soil should

be lower. Also, because the organic layer contains

more C than the mineral soil, changes in fire fre-

quency and fire severity would strongly affect soil C

storage.
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