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ABSTRACT

Climate warming is expected to have particularly pronounced effects on boreal ecosystems. The
functioning of the boreal forest species and their capacity to adapt to environmental changes
appears to depend on soils condition. Climatic changes in boreal forest can alter current forest
species composition and adaptation by changing soil conditions, moisture and temperature
regimes, soil microbial activity and soil respiration. In this paper, we review various warming
experiment studies that have been conducted to directly assess the effect of climatic warming on
soil conditions. Results demonstrated that across a variety of experimental methodologies in
boreal ecosystems, warming manipulations significantly increases rates of soil respiration,
nitrogen mineralization often followed by increases in soil nutrient availability and decrease in
microbial abundance. Despite these climatic change-induced increases in soil nutrient
availability, most recent studies reported little or no change in soil organic matter decomposition.
However, responses of decomposition to increased soil temperatures were highly variable and
often site specific and were found to strongly depend on soil moisture. Thus, the prediction that
global warming may increase decomposition rate must be considered in combination with its
impact on soil moisture which appears to be a limiting factor.

Many studies have also provided evidence that local adaptation or acclimation to current climatic
conditions is occurring, especially in unfragmented forests. In this paper, we argue that soil in
unfragmented boreal forest is likely to be important for continued ecosystem stability in the
context of climate change by delaying freeze-up in autumn and snow melt in spring.

The most commonly cited response of boreal forest species to global warming is a northward
migration to track the climate and soil conditions (e.g. temperature and moisture) to which they
are adapted to. Yet, there are some constraints that may influence this kind of adaptation such as
water availability, genetic adaptation, changes in fire regimes, decomposers adaptation and
paludification. In this study, we examined potential effect of climatic warming on future (period
up to 2100) paludification changes through three different scenarios (increased temperature
associated to increased precipitation (S1), increased temperature combined to decreased
precipitation (2) and increased temperature with unchanged precipitation (S3)) in the Clay Belt
lowland region. Precipitation was found to play a major role in the potential paludification
response. For the 21st century, an increase in precipitations (~15-20%) will likely increase peat
accumulation in boreal forest stands prone to paludification and facilitate forested peatlands
expansion into upland forest while a diminution or unchanged precipitation combined to an
increase in temperature (~4.7 °C) will probably favour succession of forested peatlands to upland
boreal forests. Given the expected climate change in the Clay Belt lowland region, scenario 2 is
less probable. For the more probable scenarios 1 and 3, summer clear-cut harvesting and
prescribed burning followed by appropriate site preparation that removes the thick organic layers
will have the potential to reduce or reverse paludification and consequently increase site
productivity

Keywords: Global boreal forest, boreal soils, climate change, adaptation, soil processes,
temperature, soil warming experiments, precipitations, soil moisture, organic matter soils,
decomposition rates, permafrost, soil respiration, mineralization, paludification, productivity.



1. INTRODUCTION

The boreal forest biome consists of a broad complex of forested and partially-forested ecosystems
which form a circumpolar belt through northern Eurasia and North America (Fig.1) and account
for about one-third of this planet’s total forest area (Apps et al. 1993). Boreal forests cover about
9% (13.7 x 10° km?) of the land between parallels 45° and 75° north (Czimczik et al. 2005) and
consist of a mosaic of forests and wetlands reflecting adaptation of different plant species to harsh
climatic conditions and past history of disturbances. Boreal forests have been the subject of
significant research in recent years due to their link to cycle of global greenhouse gas
concentrations (CO,, CHy) in the atmosphere (Gorham 1991; Glooschenko et al. 1994). They
constitute large carbon reservoirs, which might play an important role in the feedback between

the global carbon cycle and climate change (Dunn et al. 2007).

Structure, health, productivity and the distribution of tree species and forest ecosystems across
boreal landscapes are mainly controlled by climate, soil conditions, relief and biota (Van Cleve
and Powers 1995). Current climate models predict that changes in temperature, commonly
termed global warming, and precipitations (regional decrease or increase) which expected to be
more pronounced in the boreal regions (Gibbard et al. 2005; Houghton 2005; Wickland and Neff
2008), will result in a spatial redistribution of major forest types and potential loss of habitat for
some important boreal species (Hamann and Wang 2006). For example, low relief lowland areas
may lead to creation of peat-lands and favor wetland species over other forest species (Chapin et
al. 2004). On the other hand, in areas with adequate drainage, forest may migrate northward into
areas occupied currently by tundra (Reichstein 2007) if soil moisture does not limit tree growth
(Chapin et al. 2004). In addition, under conditions of continued warming, drier soils may lead to

replacement of certain forest species with steppe communities (Chapin et al. 2004).

The response of boreal forests to changes in temperature and precipitation is related to complex
interactions between soil, nutrient availability, water table depth, soil biota and root respiration
(Wurzburger et al. 2004). For instance, increasing temperature is likely to increase soil organic
matter decomposition rates in warm dry conditions which may make nutrients more readily
mineralized and available to plants (Kirschbaum 2000b). A better understanding of the effects of

climate change on boreal forest soils is critically important, since the functioning of boreal forest
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tree species and their capacity to adapt to environmental changes appear to depend on soil
conditions. The question that is addressed here is whether or not soil conditions (e.g. temperature,
moisture, nutrients, and soil microorganisms) will limit the adaptation of boreal plant species to
climate change? Consistent with the definition employed by Trainor et al. (2009), adaptation is
defined here as an adjustment or acclimation in ecological systems in response to actual or
expected climatic stimuli and their effects or impacts. For the purpose of this work, the term

adaptation does not refer to any genotypic changes.

In this review, we synthesize results from reported studies in an attempt to understand the effects
of climate changes on global boreal forest soils. We then analyzed studies showing modification
of soil conditions as result of global warming and discuss the potential of boreal forest species to
adapt to soil conditions under climate warming We will also discuss some processes (e.g.
formation-paludification, moisture dynamic etc.) that will likely moderate or constrain the ability
of boreal forest species to adapt to changing soil conditions. The potential effect of climate
change on paludification process will be discussed through different climatic scenarios. For the
purpose of this synthesis, we defined the study area as the circumpolar boreal forest that stretch
mainly across Sweden, Finland, Norway, Russia, Alaska and northern Canada (Fig. 1).
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Fig. 1. Map of global extent and major classification of boreal forests (a), area of unfragmented

boreal forests (b), and tree canopy density (c) (from Bradshaw et al. 2009).



2. BOREAL FOREST SOILS

Boreal forests contain substantial amounts of organic carbon, which have been accumulating
since the last deglaciation (e.g. the retreat of the Laurentide ice sheet in North America, 6000
years ago, Hawkins 2004). These soils represent one-third of the world’s soil organic carbon and
are characterized by relatively cool temperatures that limit soil microorganism activity and
therefore decomposition rates (Gorham 1991). Organic carbon plays a major role in nutrient
cycling; as result, the characteristics and quantity of organic carbon in soils both reflect and
control soil development and ultimately the productivity of boreal ecosystem. Boreal forests also
have an acidic upper soil layer, low evaporation and an often wet soil conditions which tend to

limit nutrient cycling (Bonan and Shugart 1989).

In boreal forests, soil forming processes such as organic matter accumulation, leaching, gleying,
podzolization, and clay mineral transformations can be found. Among these, podozilation is a
major soil forming process (Moore 1978). Podzols are therefore the typical soils of boreal forests
(Statzer 1999). Podzolisation is a complex process (or number of sub-processes) in which organic
material and soluble minerals (commonly Fe and Al) are leached from upper horizons (A and E)
to lower B horizon (B) (Lundstrom et al. 2000). A detailed description of Podzolisation
processes are reviewed in (Lundstrom et al. 2000; Sauer et al. 2007).

Boreal forest soils are generally young and developed on glacial deposits that vary from glacial
till to thick sediments. The composition of boreal soils commonly ranged from sand, loamy sand,
and sandy loam soils (typically moderately acid to neutral) to silty loam and clay loams (heavier
soils). Boreal forests that occur over bedrock are often of similar bedrock origin (e.g. granitic)

and characterized by shallow organic soils or more humus.

Seibert et al. (2007) indicated that the influence of topography on boreal soil properties is more
important than other soil forming factors such as time or parent material. For instance, the flat
topography (and thus low slopes) in the two major peatlands in the world (the Russian West
Siberian Plain and the Canadian Hudson-Bay - James Bay Lowlands) illustrate the significance
of this factor (Lavoie et al. 2005a). This leads to the important inference that such flat
topography promotes the accumulation of organic matters, forming a thick forest floor layer in

these regions.



Coniferous trees are widespread in the global boreal forest. Black spruce (Picea mariana (Mill)
BSP), for instance, is one of the dominant tree species of the boreal forests of North America
(O’Connell et al. 2003). Black spruce forests occupy both upland and lowland peat bogs sites
and are well adapted to high soil moisture levels and cold, poorly aerated peat soils with low
nutrient availability (Roy et al. 1999). These forests generate litter that is relatively resistant to
decomposition processes and that promotes, in the absence of severe fire, the formation of a thick
forest floor layer dominated by feather moss and sphagnum that immobilizes nutrients (Oechel
and Van Cleve 1986).

In the context of global climate change, black spruce forests are important because of the
substantial quantity of carbon accumulated in their soils, the occurrence of permafrost, and the
tight relationship between the black spruce forest type and fire disturbance (e.g., Johnstone and
Kasischke 2005; Vogel et al. 2005).

The expected climatic change in boreal forests (IPCC 2007) may accelerate decomposition rate of
organic matter (Goulden et al. 1998; Serreze et al. 2000; Wickland and Neff 2008), increase soil
moisture (Akinremi et al. 1999), soil temperatures (Osterkamp and Romanovsky 1999), water
balance (Oechel et al. 1998), reduce the duration of snow cover (Beniston 1997), degrade
permafrost (Osterkamp and Romanovsky 1999; Sazonova et al. 2004; Zhang et al. 2005) and
increase the frequency of wildfires (Flannigan et al. 2005; Gillett et al. 2004). Collectively, all
these effects may raise the release of carbon stored in boreal soils and have a significant positive
feedback on global warming by rising atmospheric CO,, and CH4 (McGuire et al. 2001; Keyser
et al. 2000). However, the loss of organic carbon caused by these positive feedbacks may be
partially or entirely compensated by the gain in organic carbon stocks as result of the increased
productivity or changes in the soil conditions that could include both wetting and drying trends
(Wickland and Neff 2008).

There is no consensus about how the soil horizons are coded in different studies (e.g. Czimczik et
al. 2005; Waldrop and Harden 2008). In general, one cannot expect to find standardized
nomenclature because the boreal eco-region covers many countries that have their own soil
classification. However, several studies from North America used different nomenclatures and

occasionally, soil layers descriptions were almost similar. Table 1 provides examples of soil
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profile descriptions from Harden et al. (2006) and Waldrop and Harden (2008). Both
classification are based on a simple nomenclature and separated soils to different horizons. In
this paper we use Waldrop and Harden’s (2008) description of soil horizons which appears to

better reflect soil decomposition processes.

Table 1. Example of descriptions of boreal forest soil profiles. Data are from Harden et al.
(2006) and Waldrop and Harden (2008).

Reference Horizons Important features
Harden et al. LN Lichen
(2006) L Live moss
D Dead moss, more moss than roots
F Fbric organics: more roots and amorphous material than moss
M Mmesic or moderately decomposed organics: amorphous organics
H Humic or highly decomposed organics: amorphous, unrecognizable
organics
Waldrop & L/D Live or dead moss
Harden (2008) O Organic horizon: composed of slightly decomposed organic materiel
mostly moss and rots
A Mineral horizon: typically a brown silt loam, sometimes grading

into sandy loam or loam, occasionally with charcoal and/or rocks

3. EFFECT OF CLIMATE WARMING ON BOREAL SOIL PROCESSES

The Intergovernmental Panel on Climate Change (IPCC 2007) has arrived to the conclusion that
climate change is no longer a subject for debate. It manifests its presence in many ways
including increased temperature (generally warming) changes in precipitations trends and
seasonality. Soil warming in boreal regions has the potential to create a very large positive

feedback in the global cycle of carbon (Goulden et al. 1998).

Domisch et al. (2006) reported that soil temperature is a major factor affecting organic matter
decomposition and consequently, global warming may accelerate decomposition processes.

Other studies have reported that the rates of decomposition are directly linked to temperature and



moisture or nutrient availability (Aerts 1997; Agren et al. 2001, Liski et al. 2003) and indirectly
to substrate quality (Aerts 1997; Shaw and Harte 2001).

The effects of warmer climate on soil organic processes in cold biomes (from high latitude or
high altitudes) have been the subject of many studies with a variety of substrates and under a
variety of conditions (e.g. Aerts 1997; Agren et al. 2001; Liski et al. 2003; Van Cleve et al.
(1990), Peterjohn et al. (1993, 1994), McHale and Mitchell (1996); Pajari (1995); Rustad and
Fernandez (1998); Robinson et al. (1995). Yet, these studies have come to different conclusions
regarding the effects of warming on important ecological processes (e.g. decomposition and
mineralization rates, soil respiration and soil moistures). Responses to soil warming varied in the
treated ecosystems (e.g. cold biomes as temperate) as reviewed by Zhang et al 2008, Aerts (2006)
and Kirschbaum (2000a).

Van Cleve et al. (1990), Peterjohn et al. (1993), Peterjohn et al. (1994), McHale and Mitchell
(1996) and Rustad and Fernandez (1998) showed that soil warming could increase litter
decomposition and nitrogen and phosphorus mineralization rates. In contrast, other authors found
no significant effect of warming on decomposition (Bergner et al. 2004; Aerts 2006; Dabros and
Fyles 2009) or on soil respiration (Pajari 1995). Robinson et al. (1995) found that litter
decomposition could even be reduced by soil warming; this effect was probably caused by
increased drought of the litter. Over recent years, a number of studies found that respiration rate
increases over the first years, but no significant increase in long-term (Luo et al. 2001; Rustad et
al. 2001; Melillo et al. 2002; Eliasson et al. 2005).

In this review we focus on studies from global boreal forests, but studies from other forest
regions or cold biomes are considered when they contribute to the understanding of the process.
A summary of key boreal forest studies investigating the effects of warming on soil processes
and vegetation from boreal ecosystem is given in table 2. These studies were done with a variety
of substrates and under a variety of conditions and have come to different conclusions regarding
the effects of climate warming on boreal soils. In this review we will explain in detail

divergences and convergences between these studies.
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Table 2. Summary of results from selected soil warming studies. The effects of warming on soil properties and vegetation was
estimated with different methodologies (long and short term soil warming experiments, long and short term incubation studies and
meta-analysis of soil warming experiments). Soil warming induced increases are indicated by 1, significant increase by >1, decreases by
|, no significant effect by _ and parameter not measured by X.

soils responses

: Soil warming experiments/method Decomposition rate N“.t“”‘.e.”‘ S.O'I . . Soil .
Reference/sites availability Respiration microorganisms
Eliasson et al. (2005); Northern Sweden 10 years soil warming experiment X X Ry years 1-6: X
Flakaliden, norway spruce (Picea abies (L.) using HC; 5°C. 144%

Karst.) on podozolic, sandy, glacial till. => Acclimation of the response of Ry: years 7-10:

heterotrophic respiration (Ry,) to soil 130%

temperature.
Stromgren and Linder (2002); Northern 6 years soil warming experiment to X X TN & X
Sweden, norway spruce; Irrigated (IRR) and study the impact of warming on stem growing
fertilized sites (FER) volume growth, 5°C => 1 stem season

(115% IRR & 57 % IRR-FER).
Niinisto et al. (2004); Eastern Finland, boreal 4 years soil warming experiment in X X 1CO=> 123- X
stand of scots pine (P. sylvestris L.). situ using OTCs combined to 37% ;

increased CO, and air temperature; 1T=>27-43%;

4°C. 1CO&T

=>35-59%

Robinson et al. (1995); Two contrasting 3 years soil warming experiment in 1 with 1P, Small effect 1 X
European arctic systems situ using polythene tents (PT) Fertilizer (N, P, K) on the short

combined to with 1 58% precipitation term

(P)and 1t NPK, 1 °C.
Dunn et al. (2009); Manitoba Canada, black 3 years soil warming study. 1 X 3x>in X
spruce (Sph-dominated wetland & feather- wetland than
moss on well to poorly drained sites. upland soils
Van Cleve et al. (1990); Alaska, mature 2 years soil warming experiment in >1 T [N, P, K], X X
black spruce (Picea mariana [Mill.] BSP). situ heated plots by Heating tape 1 soil [N],

(HC) in the rooting zone; 8-10°C.
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Table 2. (continued)

Verburg et al. (1999); Southern Norway,
heather and scattered Scots pines.

Bergner et al. (2004); East-central Alaska,
burned black spruce forest site,

Alisson and Tresder (2008); Alaskan mature
black spruce on well drained soils

Bronson et al. (2008); Manitoba, Canada, 12
years old black spruce on well-drained site

Bronson et al. (2009); Manitoba, Canada, 12
years old black spruce on well-drained site

Dabros and Fyles (2009); North-western
Quebec, Canada, black spruce (BS), Aspen
trembling (AT) and Sphagnum (Sph),litters
From moderately to well drained sites.

Lukewille and Wright (1997); Southern
Norway, norway spruce.

Robinson et al. (1997); High arctic polar

south tree line, Abisko (Sweeden).

Peterjohn et al. (1994); Massachusetts,
mixed deciduous (MD), Harvard forest

2 years soil warming experiments
using heating cables; 3-5°C.

2 years soil warming experiment in
situ using OTCs; 0.4-0.9°C.

2 years soil warming experiment in
situ heated plots using OTCs; 0.5°C;
induced 22% | in soil water content.

2 years soil warming experiment in
situ heated plots using PT & HC;
1-5°C.

=> earlier Shoot budburst (9-11
days); 3 years

2 years soil warming experiment in
situ heated plots using HC; 5°C.

2 years soil warming experiment in
situ heated plots using OTCs; 2.3°C.

15 months soil warming experiment
in situ using electrical cables; 3-5°C.

13 months soil warming experiment
in situ using OTPT combined to with
158% P; 1 °C.

6 months soil warming experiment in
situ heated plots by HC; 5 °C.

decomposition rate:

AT: lower
BS and Sph: no
significant.

'

TNitrification

X

Slight 1 of
NH;+ & NO3;—

AT: 1 C:N;

Sph: | [Ca];

control plots:
[N]>1

TIN]

X

1 N rate

120% &
Root biomass

1 50% only

late in the
growing
season.

1 carbon
uptake by
black spruce

Yearl:124%
Year2:111%

X

1 50%;
1 activity of
Fungi

12



Table 2. (concluded)

Dorrepaal et al. (2005); Leaf litter collected
from several Sphagnum dominated peatlands
along a latitudinal gradient (68° N to 52° N).

Neff and hooper (2002); Alaskan Sagwon
Station, northern latitude soils.

Paré et al. (2006); Five experimental sites
representing three biomes of eastern Canada,
black spruce (BS), Sugar maple (SM), balsam
fir (BF).

Wickland and Neff (2008); Central Alaska,
Mature black spruce on well-drained site (no
permafrost), moderately well drained and
poorly drained (with permafrost at 0.5 m)

Rustad et al. (2001); 32 research sites
representing different biomes including cold
biomes (high latitude or altitude).

Aerts (2006); 34 research sites representing
cold biomes, deciduous, coniferous, shrub.

20 months outdoor litter incubation
under field conditions.

Long-term Laboratory incubation (1
year) at 10 and 30°C.

Long term laboratory soil incubation
(46 weeks) at four temperatures (3,
10, 15, and 22 °C).

Long-term soil incubation (57 days)
at five moisture content (2, 25, 50, 75
and 100% saturation) and two
temperatures (10°C and 20°C).

Meta-analysis of soil warming
experiments. 2-9 years of
experimental warming; 0.3-6°C.

Meta-analysis of soil warming
experiments. 1-3 years of
experimental warming using different
methods OTCs, PT, HC and HL,;
0.1-5°C.

Sphagnum litter
decomposed slower
than other litters in

all regions

?

X

# SOM chemistry
=> # decomposition
rate within and
among forest sites

X

Slight 1

1 [Lignin, N &
Cl; ICN&
C:P

X

C mineraliz.:
BF> SM >BS

Mineralization
>1 in well-
drained sites

CO, efflux:
BS > SM at
any T

X

Average 1 of
20%, with
greater T over
the first years,
but no
significant
increase in
long-term

X

Warming methods, OTCs: Open-toped chambers, HC: heated cables, HL: heated lamps, PT: polythene tent, OPPT: Open-toped polythene tent. SOM: soil organic

matter, T: temperature, CO,: carbon dioxide, N: nitrogen, P: phosphorus, C: carbon, Ratio C: N, Ratio C: P, Mineraliz.: mineralization
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3.1. Effects of temperature and moisture on decomposition process

The effects of temperature and moisture on soil organic matter decomposition have been widely
examined in experimental studies and field measurement. It is generally accepted that
experimentally warming soil has similar effects on organic matter decomposition as global
warming does (Smith et al. 2008). Similarly, Aerts (2006) reported that experimental warming
methods (e.g. Open-top chambers, polythene tents, heating cables in the soil, infrared heaters,
etc.) have the potential to raise temperatures within realistic limits for this century (1.5-5 °C for
this century; Houghton et al.2001). However, these methods may generate artefacts especially

with regards to soil moisture reduction.

In a very recent study, Dabros and Fyles (2009) used an Open-top chamber (OTC, as described
by Marion et al. 1997) climate change simulation to predict the potential effect of climate
warming on soil decomposition of three litter types (aspen, black spruce and Sphagnum moss) in
the northwest boreal forest of Quebec. This two-year experiment was marked by: a)- higher air
temperature of 2-3 °C, which is within realistic limits of the predicable temperature increase for
this century by IPCC (2007) and Houghton et al. (2001), b)- lower relative humidity (1 to 3%),
drier soil volumetric content and cooler soil (up to 2.3 °C) in comparison t0 Dabros’s (2008)
control plots. The authors found that the OTC treatment caused little or no change to
decomposition of litters and led to lower soil moisture. They concluded that the impact of
climatic warming, as simulated by their OTC treatment, on decomposition process may be

minimal.

In another recent study, Wickland and Neff (2008) conducted a series of incubation studies on the
decomposition of boreal soil under various moisture and temperature conditions. Results from
this study, as showed in figure 2, indicate that soil moisture had a strong effect on decomposition
at various temperatures. Indeed, they found that the effect of temperature on decomposition is
significant between 50 and 75 % saturation and negligibly small at the lowest percent (Fig. 2).
Wickland and Neff (2008) also reported that decomposition was inhibited at both low and high
moisture content. As a result, if soils become very dry or very wet in the context of climatic

warming then it will affect future carbon dynamics in boreal soils.
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While these two studies have highlighted the effect of moisture on decomposition, they obtained
different decomposition rates on similar black spruce forest substrate. One possible explanation
of this difference could be due to the experimental methods used in both studies. In fact, Aerts
(2006) reported that the responses of soil processes to simulated climate change are expected to
vary according to the experimental methods (OTC vs. incubation) and that OTC generally led to
a drying of the soils and reduced decomposition rates compared to other methods (e.g. infrared
lamps). This confirmation was consistent with other authors’ explanation regarding the observed

reduced decomposition rates in some warming experiments (e.g. Kirschbaum 2000a and 2006).

——-0°C
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(39
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0 20 40 60 80 100
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Fig. 2. The decomposition rates determined on the basis of the work of (Wickland and Neff
2008). The decomposition rates were shown as scale factors (from Fan et al. 2008).

Other studies have focused on temperature as the major factor affecting boreal organic matter
decomposition and assumed that the effects of temperature and moisture on decomposition to be
independent (Van Cleve et al. 1990; Robinson et al. 1995; Robinson et al. 1997; Verburg et al.
1999; Bergner et al. 2004). Van Cleve et al. (1990) showed that soil warming increased
significantly the decomposition of the forest floor in an Alaskan black spruce. In contrast,
Bergner et al. (2004), and Likewille and Wright (1997) found no significant effect on

decomposition process in response to elevated soil temperatures in an Alaskan black spruce and
15



Norwegian Norway spruce forests respectively. Similarly, another warming study has found that
warming reduces soil moisture which may restrain decomposition rate (Verburg et al. 1999).

In a recent meta-analysis of experimental warming studies from 34 cold biomes sites including
boreal ecosystems, Aerts (2006) found that warming treatments resulted in slightly increased
decomposition rates and that litter decomposition was controlled by both temperature and
moisture. This was corroborated by natural latitudinal gradient study by Dorrepaal et al. (2005).
This study found that decomposition rates varied with latitudes, between 68°N and 52°N, in
several Sphagnhum-dominated peatlands of NW Europe where Sphagnum was found to

decompose slower than other litter.

Aerts (2006) also suggested that both temperature and soil moisture and their interaction (both as
experimental treatment and as explanatory variables) have to be considered in soil warming
experimental studies. We believe that not taking into account these factors may explain the low
responsiveness of boreal soils decomposition found in some of the reviewed studies. Table 2
shows a summary of global boreal forest studies examining impacts of soil warming on

decomposition rate.
Temperature sensitivity of organic carbon soil

In the scientific literature, the term of temperature sensitivity (or dependence) of soil organic
matter remains a topic of debate (Davidson and Janssens, 2006; Paré et al. 2006). The
temperature sensitivity is the change in the decomposition rate of soil organic matter to variable
temperature under constant conditions. It’s often referred to as Qi, the factor by which the

respiration is multiplied when temperature increases by 10 °C (Davidson et al. 2006).

Giardina and Ryan (2000) found that recalcitrant carbon (resistant to decomposition) is not
sensitive to temperature variation, while Fierer et al. (2006) and Knorr et al. (2005) reported that
non labile organic matter is more sensitive to temperature than labile pools. Other studies
suggested that recalcitrant and labile pools have similar temperature sensitivity (Conen et al.
2006, Fang et al. 2005). Conen et al. (2006a) compared the stable isotopic signature of organic
carbon soil and reported that the difference in temperature sensitivity between young and old

carbon are negligible under field conditions and that the feedbacks of the carbon cycle on climate
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change are driven equally by young and old organic carbon soil. This was supported by another
experimental study (Fierer et al. 2006). Given the approach they used, it appears that Conen’s

view appears to prevail.

Davidson and Janssens, (2006) reported that most studies of the temperature sensitivity of
decomposition were conducted primarily on organic matter in upland mineral soils where
conditions (good drainage and aeration) are generally favourable for decomposition. They
suggested that future studies should be expanded to include wetlands, peatlands and permafrost
soils where current constraints on decomposition are likely to change consequently of climatic
warming. The authors concluded that a high research priority should be devoted to the

demonstration, if any, to the constraints sensitive to climate.

In the light of the results discussed above, it’s obvious that there is still no concusses on an
agreed effect of future global warming on boreal soils. We believe that this disagreement is
largely due to the omission of the consideration of important confounding effects.

3.2. Effects of site conditions on decomposition process in boreal ecosystems

The effect of site conditions (e.g. substrate type, drainage, permafrost, earlier snowmelt,
topography) on decomposition processes in boreal soils has recently received considerable
interest in the context of global warming. Subsequently, several experimental warming studies
have acknowledged the great importance of site conditions on boreal soils decomposition (Van
Cleve et al. 1990; Verburg et al. 1999; Niinisto et al. 2004; Alisson and Tresder, 2008; Bronson
et al. 2008; Wickland and Neff 2008; Dabros and Fyles 2009; Dunn et al. 2009).

3.2.1 Substrate type

Dabros and Fyles 2009 found that soil warming has shown to have a little or no effect on the
litter decomposition regardless the substrate type (aspen, black spruce or Sphagnum moss) or the
site (well-drained vs. moderately drained sites). In fact, their OTC treatment resulted in lower
decomposition of aspen litter and no effect on decomposition rates for spruce and Sphagnum
litter which had the highest moisture content. In contrast to this study, a recent study found that
decomposition rates were significantly greater for well drained site compared to moderately and

poorly drained sites (Wickland and Neff 2008). Since well-drained sites from both studies were
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located in North American boreal black spruce forests, Bronson et al. (2008) reported that some
of the variation in warming responses across different studies could have been due to
methodological differences. In another recent study, Paré et al. (2006) examined the effect of
temperature on soil organic matter decomposition along a latitudinal gradient encompassing
deciduous and coniferous forest types in three forest biomes of eastern Canada. Contrary to what
was commonly believed, Paré et al. (2006) found that soil organic matter contained in coniferous
boreal soils are not more resistant than deciduous forests to increasing their specific rates of soil
heterotrophic respiration under warming conditions. In addition, in boreal forest soils the
presence or absence of permafrost in sites may explain the observed variation in warming

responses.
3.2.2 Permafrost soil and earlier snowmelt

Permafrost is defined as soil that remains frozen or below zero degrees continuously for at least
two years. Approximately 20% of the earth’s land surface area and over 50% of Canada and
Russia are underlain by permafrost. Substantial amount of carbon is stored under the perennially
frozen permafrost through a slow freeze-thaw process that progressively moves organic matter

deeper into the ground where it is sealed off from decomposition by the cold temperature.

Several studies reported a trend toward earlier snowmelt of the snow cover in the boreal forest.
Dabros and Fyles (2009) reported in their experiment that the presence of frozen soil patches in
the OTC was caused by the earlier disappearance of the insulating snow cover when compared to
the control plots. These frozen patches may have contributed to cooler and drier spring soils and
the presence of snow cover have led to higher moisture in control plot than in the OTC. This
paradox "cooler soils in a warmer world" that Dabros and Fyles (2009) referred to has been
expressed before by Groffman et al. (2001b) and then has been reported in experimental studies
(Hardy et al. 2001; Decker et al. 2003). This explanation is consistent with the findings of
Mellander et al. 2005, who reported that the largest spatial variability in the timing of soil
warming in spring between different sites occurred through the years with a thin snow layer,
which is a possible consequence of climate warming in the boreal landscape of northern Sweden.
Another study of snow cover in Alaska also found a trend toward earlier spring snowmelt (Stone

et al., 2002). Additionally, Serreze et al., 2000 reported that satellite measurements indicate that

18



snow cover area decreased over the period 1972 to 1988 in both North America and Eurasia.
Consequently, these changes will have impacts on soil respiration, moisture content, air and soil

temperatures as well as the degradation of soil carbon.
3.2.3. Topography and drainage

Topography is a major factor controlling both hydrological and soil processes at the boreal
landscape scale (Van Cleve and Powers 1995; Seibert et al. 2007). Van Cleve and Powers (1995)
reported that topography plays a major role in modifying the regional climate of the northern
boreal forest and therefore the accumulation of mineral soil organic carbon in interior Alaska
(Fig. 9-14 in Van Cleve and Powers 1995). Similarly, Fisher and Binkley, (2000) observed a
strong relationship between topographical position, soil chemistry, vegetation composition, and
forest productivity in young boreal forest soils, as result of the downslope transport of water and
nutrients. To illustrate the importance of topography on soil properties, Seibert et al., (2007)

reported:

"The direction of the slope (i.e. the aspect) influences the amount and intensity of solar radiation
to which a location is exposed and subsequently the temperature regime, which affects soil
biological and chemical processes as well as evaporation. The local slope determines not only
the intensity of such processes as erosion and sediment redistribution, but also local drainage
capacity. However, the most important effect of topography on soils in, for instance, boreal
regions is its influence on water flow patterns at the landscape level. Topographical features
such as curvature, slope, and upslope area influence the hydrological conditions of a location

and generate different soil moisture conditions and flow patterns”.

Changes in topography have been also found to affect soil microbial (Fisk et al. 1998). In an
extensive study in Fennoscandian boreal forests, Hogberg et al. (2007) has found that changing
edaphic conditions along a topographic gradient match with differently structured forest floor

microbial communities.
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3.3. Effect of Soil respiration, nutrient availability and microorganism on soil

decomposition in boreal forests

As the boreal soil experiences warming, the elevated temperature may lead to an increase in soil
respiration (efflux of CO, soil) as well as to accelerated nitrogen mineralization which in its turn
will increase nutrient availability (Peterjohn et al. 1994). This was confirmed by results from

field and laboratory experiments.
3.3.1. Soil respiration

Soil respiration refers to the total carbon dioxide (CO,) efflux at the soil surface. It comprises
biotic, chemical and physical processes. Previous studies have concluded that soil respiration is
highly enhanced by temperature (Krischbaum 1995; Liski et al. 2003). Soil respiration has been
estimated with different methodologies (Fig. 3)

Laboratory
incubations

Soil warming

4 + . .
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'C isotopes
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Fig. 3. Temperature sensitivity of soil respiration rates estimated with different methodologies.
Short-term soil warming data summarized based on the work of Peterjohn et al. (1993, 1994),
McHale et al. (1996) and Rustad and Fernandez (1998); data on seasonal temperature
summarized by Lloyd and Taylor (1994) and laboratory incubations by Krischbaum (1995); **C
isotope analyses based on Trumbore et al. (1996). Figure from Krischbaum (2004).
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In one of the rare field experiments where soil temperature of Alaskan boreal black spruce forests
were increased by on average 8-10 °C over two growing seasons, Van Cleve et al. (1990) found
that the forest floor biomass declined with warming, suggesting an increase in carbon
mineralization. In a recent study in a black spruce forest in Manitoba, soil respiration increased in
response to warming by heating cables, but decreased if the air above the cables was heated
(Bronson et al. 2008). In contrast to these studies, a recent field experimental study in the
Alaskan boreal forests found that 0.5 °C soil warming decreased soil respiration up to 50%
(Allison and Treseder 2008). Similarly soil water content and bacterial and fungal abundance
were declined by 22%, 50% and 50 % respectively. As for decomposition, the difference in
warming responses between these studies could have been due to methodological differences
(Bronson et al. 2008), even though this justification is not in accord with the finding of a larger
meta-analysis study by Rustad et al. (2001) who found that response to warming was not affected

by the warming techniques.

In another four year growing season field experiment in young boreal forest of Finland, Niinisto
et al. (2004) found that forest soil CO, efflux increase as response to elevated atmospheric
concentration of CO,, air temperature and their combination by 23-37%, 27-43% and 35-59%
respectively (Fig. 4). The authors reported that emissions of CO, from forest soil were greater in
response to elevated temperature than under ambient conditions over the four year experiment
and hence temperature came out as a significant factor for mean CO; efflux in ANOVA when
combined data was used for that period. Nevertheless, after the first year of experiment, the
authors observed decrease in the temperature sensitivity of soil CO, efflux in the elevated
temperature treatment. Instead of giving a clear reason behind the observed decrease in the
temperature sensitivity, the authors provided a number of possible factors such as depletion of the
labile carbon pool in the soil, lowered soil water content, acclimation of the roots and microbes to
higher temperatures, or decreases in respiring microbial biomass in the soil due to various
warming-induced stresses. As with soil organic matter decomposition, we highly believe that the
observed decrease in the temperature sensitivity in Niinisto et al.’s (2004) experiment could be a
consequence of soil moisture which has been shown in previous study to constrain the respiration

response to temperature in boreal soils (Gulledge and Schimel 2000). This is supported by
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Davidson et al. (1998) who found that below a certain threshold, soil moisture may constrain soil
respiration more strongly than temperature.
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Fig. 4. (a): Soil surface CO2 efflux in the closed chambers. (b): Air and soil temperatures
measured 5 cm below moss surface. Figure from Niinisto et al. (2004).

The variation in warming responses between discussed studies mentioned above suggests that
soil respiration is affected by other edaphic factors, such as the absence or presence of permafrost
and soil moisture. Indeed, Allison and Treseder’s (2008) experiment was conducted in boreal
forest sites with well-drained soils without permafrost. Under such site conditions, warming
treatment may decrease carbon cycling if microbial activity becomes more limited by moisture
than by temperature. On the other hand, Van Cleve et al.’s (1990) site was underlain by

permafrost, Bronsons et al. (2008) and Niinisto et al.’s (2004) sites in Manitoba and Finland were
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irrigated. Allison and Treseder (2008) suggested that at these sites, temperature probably limited
microbial activity more than moisture in accord with positive effect on warming soil
respiration.Under climate warming, Allison and Treseder’s (2008) suggested that soil respiration
in drier boreal ecosystems may not increase, whereas Van Cleve et al. (1990) and Niinisto et al.
(2004) found that some boreal systems with wet soils may experience an increase in soil

respiration.

In one of the long-term soil warming experiments (10 years), Eliasson et al. (2005) examined the
effect of elevated soil temperature in an N-limited boreal ecosystem where soil moisture was
nonlimiting factor. Eliasson et al. (2005) found that the ecosystem warming experiments
typically show greater increase in soil respiration over the first 6 years of warming and a decline
over the last 3 years of a 10-year study. These findings are similar to those of other studies (Luo
et al. 2001; Rustad et al. 2001; Mellilo et al. 2002; Bronson et al. 2008) who found that elevated
respiration rates under soil warming in field experiments return to pre-warming values within the
first few years. This temporal change of soil respiration, when viewed at the ecosystem or stand
level, was described as acclimation of the response of heterotrophic respiration to soil
temperature (Luo et al. 2001; Rustad et al. 2001; Mellilo et al. 2002) and thermal adaptation of
microbial respiration rates (knorr et al. 2005). In other words this transient response is attributed
to rapid decomposition of labile C compounds in the first years of soil warming (Luo et al. 2001;
Rustad et al. 2001; Mellilo et al. 2002; Eliasson et al. 2005; Davidson and Janssens 2006).
Studies that attributed these observations to acclimation (e.g. Luo et al. 2001) were criticized by
Kirschbaum (2004) because acclimation implied a physiological adjustment by decomposer
organisms to their altered environment. The author added that such acclimation would stop a
long-term response of soil-carbon efflux to changing temperature and thus would not lead to any
significant loss of soil carbon in the long term and no positive feedback on atmospheric CO,

concentrations.

We believe that Luo’s et al. (2001) results were confounded by a more rapid decrease in easily
available substrate at higher temperatures than at lower ones. Kirschbaum (2004) and Eliasson et
al., (2005) reported that the transitory response was more likely caused by substrate depletion of

labile carbon rather than acclimation.
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Although there is general recognition of the potential of elevated temperatures as consequence of
the expected global warming to enhance soil respiration, we observed through the reviewed
papers that there have been few attempts to separate soil decomposers’ respiration from that of
roots. A question can then be raised concerning the mixing of soil and roots respiration responses
to soil warming. Could the mixing of these two parameters induce some artefacts regarding the

soil responses? It is beyond the scope of this review to answer to this question.
3.3.2. Nutrient availability

Nitrogen (N) and Phosphorus (P) are the most important forest nutrient (Kreutzweizer et al.
2008) and boreal forests in general tend to be strongly nutrient-limited (Rustad et al. 2001). Most
N is derived from the decomposition of soil organic matter (Kirschbaum 2000b). Overview of N
cycling process and the biogeochemistry of P in forest soils are provided in Attiwill and Adams
(1993).

Most warming experiments have resulted in higher soil nutrient availability at different levels. In
a meta-analysis of the response of N mineralization to experimental ecosystem warming, Rustad
et al. (2001) found that warming increased mineralization by 46%. Van Cleve et al. (1990)
reported that the availability of N, P and K was significantly increased by soil warming
manipulation. In this experiment, Van Cleve et al. 1990 found that concentrations of total soil N
and exchangeable N (mainly NH,4) of the organic soil layers of the experimentally warmed plot
increased by more than twofold and 3-15-fold respectively (Fig.5), whereas NOsN
concentrations declined significantly probably as result of enhanced denitrification (loss of NO,
and N2 gas to the atmosphere) potential. Similarly, in another warming experiment by Peterjhon
et al. (1994), heated plots showed twofold higher rates of N-mineralization in both forest floor
and mineral soil layers (Fig. 5). The authors did not observed any increase in the NO, efflux
from the heated plot with no increase in nitrification or soil N water suggesting that the only

alternative explanation appears to be an increase N uptake by plant.

24



B Black Spruce

O Mixed wood

control plots

Ratio of extractable N (NH4 + NOy3) in
heated plots : Extractable N in

Organic Mineral

Soil layer

Fig.5. The ratio of total extractable N (NH4+ NOg) in the heated plots to the total extractable N in
control plots from in situ experimental manipulations of soil temperature in the organic and
mineral soil layers of black spruce and mixed deciduous forests. Data are from Van Cleve et al.
(1990) and Peterjohn et al. (1994) respectively. Figure modified after Saxe et al. (2001).

The only whole-ecosystem experiment with mature trees in situ where temperature of boreal
Norwegian sparse pine-spruce forests were raised on average 3-5 ‘C (Likewille and Wright
1997), soil warming resulted in increased release of N which appears as significant
concentrations of both NH4 and NOs. In contrast, in more recent studies, Dabros and Fyles
(2009) found no significant effect of the OTC treatments of nutrient supply rates for any of the
tested nutrients (available N, NHy4, P, K, Ca and Mg), whereas Allison and Treseder (2008) found
slight increase in soil N availability.

We believe that interaction between soil moisture and temperature could create the complex
patterns of N availability observed in the different discussed studies. Overall, increased
temperature coupled with a decline in soil moisture is anticipated to cause an increase in

mineralization in boreal soils.
3.3.3. Soil microorganism

Microbial communities play a major role in regulating climate response to the carbon cycle.
They are involved in the degradation and mineralization of organic matter, thus warming effects
on microbial communities may alter ecosystem carbon and nutrient balance (Bergner et al. 2004).
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Hogber et al. (2007) demonstrated that fungi are particularly important drivers of carbon and
nutrient balance in boreal ecosystems because of their adaptation to low soil pH. Fungi were also
found to commonly form mycorrhizal associations that assist boreal vegetation to obtain nutrient
(Read et al. 2004). Fungal communities have been shown to respond to changes in temperature
(Robinson et al. 2004).

Many other studies have examined the effect of warming on microbial communities in boreal
soils with permafrost (Van Cleve et al. 1990), following fire (Bergner et al. 2004) or on a well
drained boreal site (Allison and Treseder 2008).

While Bergner et al. (2004) found that warming (0.4 °C - 0.9 °C) did not affect bacterial or fungal
biomass in Alaskan burned boreal forest (Fig. 6), Allison and Treseder (2008) concluded that
bacterial and fungal abundance decreased by over 50% in well-drained boreal soils suggesting
that this decline in microbial process may be more strongly limited by decreasing in water
content than by temperature (Allison and Treseder 2008).

Allison and Treseder (2008) also observed a significant shift in the community structure of active
fungi in response to warming. Because they assessed fungal community structure only once
during their experiment, we believe that more research is needed to determine whether the shift in
the community structure in the drier boreal soil as result of warming will persist over many years
and under different soil conditions. Another, recent study in arctic tundra found that warming

increased fungal biomass (Clemmensen et al., 2006).

Overall, results from most reviewed studies demonstrated that across a variety of experimental
methodologies in the boreal ecosystems, warming manipulations significantly increase rates of
soil respiration and N mineralization. Results also suggested that warming may affect microbial

abundance and biomass in different ways and will depend on site specification.
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4. EFFECT OF FIRE ON BOREAL SOIL PROPERTIES

Fire is a major and natural element of the boreal ecosystem (Flannigan et al. (2006, 2009); Bond-
Lamberty et al. 2007) and broader changes are expected to occur in boreal forests as result of
climate warming. In general, fire frequency is expected to increase (Flannigan et al. 2001) partly
as result of global warming. Yet, the level of change depends on the climate model used and the

investigated boreal region (Flannigan et al. 2005).
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A certain number of studies have examined the effect of fire on soil properties of the boreal
region (O'Neill et al. 2002; Bergner et al. 2004; Czimczik et al. 2005; Kasischke and Johnstone
2005; Neff et al. 2005; Ping et al. 2005; Harden et al. 2006; Waldrop and Harden 2008; Bond-
Lamberty et al. 2009; O'Donnell et al. 2009). It is primordial to mention that climate change was
not a studied factor in most of the reviewed studies. However, fire has the capacity to alter soil
conditions through changes in soil temperature and create trends similar to warming experiments

at least within a few years following fire.

O’Neill et al. (2002) reported that fire modified soil conditions of Alaskan boreal burned forest
which may affect carbon exchange for decades following the burn. Several studies have
documented post-fire changes in soil properties by affecting decomposition (Viereck et al. 1983),
soil moisture (O’Neill et al. (2002), microbial communities (Hart et al. 2005; Waldrop and
Harden 2008), and organic matter content and quality (Johnson and Curtis 2001). Yet, the post-
fire changes in thermal conditions, organic matter quality and ecosystem respiration are less clear
(O’Neill et al. 2003). O’Donnell et al. (2009) suggested that this lack of clarity is largely due to
the complex interactions among burning, soil organic matter quality, soil temperature, soil

moisture, and soil microbial communities.

In recent laboratory incubations soils from burned black spruce forest in Alaska, O’Donnell et al.
(2009) found that burning decreased the sensitivity of decomposition to warmer soil conditions in
both upland forest and sphagnum peatland sites. Although, they suggested that decomposition of
organic matter in burned sites is moisture limited, they concluded: "However, it is not clear from
these incubation results whether fire altered the chemical composition of organic matter, the

biological properties of soil, or both".

Neff et al. (2005) reported that the decomposability of organic matter substrates was decreased by
fire during the selective burning of labile compounds. Other studies have found a reduction of
microbial biomass in near surface soils (Certini 2005, Waldrop and Harden 2008; Hart et al.

2005) which can largely reduce the response of microbial respiration to increased temperature.

The combustion and regrowth of northern boreal ecosystems following fire can have large impact
on soil temperature and moisture conditions (O’Neill et al. 2003; Kasischke and Johnstone 2005).

However, O’Donnell et al. (2009) and Yoshikawa et al. (2003) observed, contrary to general
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expectations, cooler summer soil temperature in the second year following fire, which may be
due, in part, to a quick recovery with higher albedo (the ratio of radiation reflected into space

relative to total radiation intercepted by an ecosystem) and soil temperature.

In addition to the effect of albedo and soil moisture, the role of topography (Ping et al. 2005) and
permafrost (Waldrop and Harden 2008, Harden et al. 2006) are also important in controlling soil
temperatures following fire. For example, Ping et al. (2005) reported that soils in boreal forest
of Alaska, with permafrost in potentially warmer/drier slopes are most likely to show major
changes in moisture and temperature regimes after fire whereas soils within the coldest and
wettest sites are less affected by fire because most the saturated organic layer and permafrost are
preserved after fire. Another three year warming experiment showed that elevated temperature
increased CO, and reduced root biomass, but had no effect on microorganism biomass or soil
organic matter content (Bergner et al. 2004). A summary of the effects of fires on properties of
forest soils (table 3) is provided by Certini (2005).

Table 3. Summary of the effects of fires on properties of forest soils (table from Certini 2005).

Physical, physico-chemical, and mineralogical properties

Water repellence: the natural water repellence of soil often increases because of the formation of a continuous water-repellent layer a
few cm beneath the surface. [t implies limitations in soil permeability and. thus, increased runoff and erosion

Structure stahility: complexity decreases as a result of the combustion of organic cements

Bulk density: increases because of the collapse of aggregates and the clogging of voids by the ash and the dispersed clay minerals;
as a consequence. soil porosity and permeability decrease

Farticle-size distribution: does not change directly, but the increased erosion can remove selectively the fine fraction

pH: in noncalcareous soils increases, although ephemerally, because of the release of the alkaline cations (Ca. Mg, K. Na) bound to
the organic matter

Mineralogical assemblage: changes, but only at temperatures higher than 500°C

Colour: darkens, due to charring. and reddens, due to formation of iron oxides

Temperature regime: changes temporarily because of both the disappearing of the vegetable mantle and the darkening of ground
(decreased albedo)
Chemical properties

Quantity of organic maiter. decreases immediately after fire, but in the long run generally exceeds the pre-fire level

Quality of organic marter: changes remarkably, with a relative enrichment of the fraction more recalcitrant to biochemical attack. This
is due to both selective burning of fresh residues (leaves, twigs, etc.), and neoformation of aromatic and highly polymerised (humic-like)
compounds. Charred material, an exclusive product of incomplete combustion, shows residence times of centuries or even millennia
Availability of nutrients: increases, often remarkably, but ephemerally
Organic N (unavailable, often almost coinciding with total N) in part volatilises and in part mineralises to ammonium, a form
available to biota. Ammonium adsorbs on negative charges of mineral and organic surfaces but. with time, is destined to be
biochemically transformed to nitrate, which is leached soon if not taken up by cells. Nitrogen availability lowers to pre-fire levels
in a few years
Organic P mineralises to orthophosphate and the loss through volatilisation is negligible: orthophosphate is not leached out of soil but
if not promptly taken up. it precipitates as slightly available mineral forms
Calcium, magnesium and potassium often increase remarkably but ephemerally

Exchange capacity: decreases proportionally to the loss of organic matter

Base saturation: increases as a consequence of the prevailing release of bases from the combusting organic matter
Biological properties

Micrabial biomass: decreases: the recovery of the pre-fire level depends chiefly on promptness of plant recolonisation

Composition of microbial community: changes as a consequence of the selective effect of fire on some groups of microorganisms and
the modification imposed to vegetation: generally, fungi diminish more than bacteria

Soil-dwelling invertebrates biomass: decreases, but less than that of microorganisms thanks to the higher mobility of the invertebrates
Composition of soil-dwelling invertebrates community: changes, the time of recovery of the pre-fire assemblage differs highly among
the various phyla
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5. FOREST SOILS AND SPECIES DISTRIBUTION RESPONSES TO GLOBAL
WARMING: CONSTRAINTS AND ADAPTATION

One of the anticipated responses of boreal forests to global warming is the migration of plant
species to higher latitudes as the climate and soil conditions to which they are adapted do. Will
such forest movement be realized as suggested by many Dynamic Global Vegetation Models?
Some vegetation models project that forests may eventually replace between 11 and 50% of
Tundra under doubling atmospheric [CO;] scenario (Harding et al. 2002; Kaplan et al. 2003).
However, such migration is likely to be moderated or constrained in reality by many processes
such as soil formation-paludification, moisture dynamic, genetic local adaptation or topographic

gradients not yet considered in most models (e.g. Gamache and Payette 2005).

In the context of warming climate, soil temperature and decomposition would increase in upland
areas of boreal forests where drying occurs as a result of drought or adequate drainage. For
instance, Dunn et al. (2009) demonstrated that under drier future climate, natural regeneration of
conifers could be significantly reduced in the southern boreal forest of western Canada.
Therefore, the expected increase of boreal soil temperature may cause an adaptation of boreal
vegetation by a shift from coniferous to deciduous tree species (Kellomaki and Kolstrom 1992).
In addition, (C6té et al. 2000) found a greater nitrogen mineralization for deciduous than
coniferous stands both in the mineral soil and forest soil in the northeastern boreal mixed wood
forest of Canada. As the rate of decomposition is higher in boreal deciduous forests (because of
both litter and site conditions), this may further raise nitrogen availability, leading to increase in

productivity.

In boreal lowland peat bogs forests where the water table is maintained, soil warming may have
little or no significant impact on decomposition rate of the soil organic matter as suggested by
some reviewed studies (e.g. Verburg et al. 1999; Bergner et al. 2004; Aerts 2006; Dabros and
Fyles 2009). Higher water tables would increase soil heat capacity, possibly protecting soil
organic against heterotrophic respiration (Dunn et al. 2009). Thus, climatic warming will have a
slight or no effect on decomposition in these low relief lowland areas, which in turn will not
affect the adaptation of boreal tree species to the elevated air temperature. Therefore, current soil
conditions may persist for many decades in response to increasing and climate change. Similarly,

Dabros and Fyles (2009) concluded: "It is possible that the threshold for changes in soil
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conditions required to significantly impact decomposition of northern plant species is high
enough that at least within the mixed wood-boreal regions, climatic changes will have a slight or

no impact on decomposition anytime in a foreseeable future.”

Unfragmented boreal forest is likely to be important for continued ecosystem stability in the
context of changing climate. The soil in unfragmented forests is generally several degrees cooler
in late spring and summer and several degrees warmer in late fall and winter than in open areas,
delaying freeze-up in autumn and snow melt in spring (Rivers and Lynch 2004). In addition to
the moderated microclimate, maintenance of high genetic diversity and the presence of
productive mature trees are likely to enhance adaptive responses of unfragmented forests
landscapes to climate change. As temperature increases, the current climatic conditions that
characterize the boreal biome will move northwards. For boreal species to migrate north,
unfragmented forests patches have to be closely connected to allow gene migration between them
(Jump and Penuelas 2005). In this case, unfragmented boreal forests landscapes will be best
adapted to keep-up with rapidly changing soil conditions, provided that moisture is not a limiting
factor.

Under warming change, fire frequency and severity are expected to increase in northern boreal
forests. One of the consequences of severe fires may lead to the formation of reddened mineral
horizons. These reddish horizons frequently occur in upland soils at the surface and occasionally
as a buried horizon. These horizons may negatively affect tree growth because of the water
repellency and soil firmness (Certini 2005; Ping et al. 2005). There is little work in the scientific
literature with regards to soil water repellency formation of reddened mineral horizons in boreal
regions (e.g. Certini 2005; Ping et al. 2005). Overall, the studies reviewed indicate that the
temperature response of post-fire of boreal soils is likely to be variable and site specific. For
instance, in some areas, such as the eastern boreal region of North America, fire frequency may
decrease due to increased precipitation (Flannigan et al. 2005; IPCC 2007). This would likely
allow these forests to grow and continue to be adapted to its current soil conditions and

consequently accumulate additional carbon over time.

In the context of climate warming, soil responses will likely to also vary with site topography.

Boreal uplands areas with sufficient drainage may experience more droughts than lowland peat
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bogs areas which may limit growth and forest productivity. For instance, Grant et al. (2009)
found that the 2001-2003 drought effects on net ecosystem productivity at several boreal sites
were largely determined by topography. Ultimately, we believe that topography will play a
major role in determining the microclimate, snow accumulation, the growing season length, soil
water availability and the forest species distribution as well as adaptation across the boreal

landscapes.

In areas of the northern boreal forest, global warming may lead to higher soil and permafrost
temperatures and possibly a deeper active layer (Serreze et al. 2000). As permafrost melts, the
exposed soil becomes increasingly saturated with water (Chapin et al. 2000). One particularly
consequence of the increasingly saturated soil, in the absence of the high demand of trees, is
forest bogs and process known as paludification. Paludification is the accumulation of organic
matter over time, and is generally thought to be caused by increasing soil moisture (Crawford et
al. 2003; Lavoie et al. 2005a and 2005b; Vygodskaya et al. 2007). It reduces soil temperature,
decomposition rates, microbial activity, and nutrient availability (Lavoie et al. 2005a). This
process creates wetter conditions, which promote the growth of Sphagnum mosses (Fenton et al.
2005; Fenton and Bergeron 2007) and the conversion of potentially forested areas to large bog

landscapes largely resistant to forest establishment and growth (Crawford et al. 2003).

If paludification occurs as result of climate warming, boreal plant adaptation (move toward
higher latitudes) will be restrained by predicted changing soil conditions. Indeed, Crawford et al.
(2003) reported that paludification may lead to a retreat rather than an advance in the northern
limit of the boreal forest contrary to general expectations. This was corroborated by Skre et al.
(2002) who reported that climatic warming may result in a retreat southwards of the boreal forest

due to increased bog development northwards.

We’ve observed that the issue of paludification as possible consequence of climatic warming and
its effects on boreal soils has been rarely discussed in the scientific literature (e.g. Crawford et al.
2003; Skre et al. 2002; Lavoie et al. 2005a,b; Vygodskaya et al. 2007). Therefore, we believe
that the question of whether global warming will cause the northern boreal forest to paludify as

well as the magnitude of this process should be a high research priority in the future.
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6. POTENTIAL EFFECT OF CLIMATE WARMING ON PLADUFICATION:
EXEMPLE OF THE CLAY BELT REGION OF EASTERN NORTH AMERICA

The Clay Belt, a boreal region of eastern North America, is part of the Canadian Hudston Bay —
James Bay lowlands. In this region the mineral substrate is mostly composed of clay deposits
(resistant to water penetration) left by pro-glacial Lake Ojibway (Veillette 1994) with generally
flat topography (plains broken by gentle undulations or ridges) which promotes the accumulation
of organic matters and landscape paludification (Lavoie et al. 2005a) as well as increase in water
availability. The later is related to precipitation (P) being greater than evapotranspiration (ET).
In this region the hydrological balance (P minus ET and minus runoff) is critical for the initiation

of peat formation (paludification) especially in forested peatlands.

As part of the eastern Canada, summer temperature and precipitation are expected to increase in
the Clay Belt region by 1-5°C and 20%, respectively (Flannigan et al. 1998). For this region,
Maclver and Isaac (1989) reported that annual mean temperature, precipitation and potential
maximum annual evapotranspiration are projected to increase by 4.7°C, 15% and ~12%,
respectively, for the period 1951-2099. Based on many model scenarios (e.g. Houghton et al.
2001) we do have rather accurate prediction of future warming trends of the clay belt region.
However, there is much uncertainty in the precipitation and evapotranspiration projections as this
region was identified to have insufficient data to provide reliable and accurate precipitations
trends (IPCC 2007).

Within the framework of this study, the effects of climate warming on paludification processes in
the clay belt region will be analyzed using one temperature scenario (increase) and three
precipitation scenarios (increased, decreased or unchanged) for the period up to 2100. To do so,
we asked the following questions: (1) how does paludification change across the clay belt
landscape under climate changes? (2) Given these changes in paludification amplitude, do we
also see changes in vegetation composition? (3) Finally, what are the relative effects of changes

in future silvicultural treatments?

The effects of the expected climate warming on paludification processes under three different

proposed scenarios are illustrated in Table 4.

33



Scenario 1: Increased temperature combined with greater precipitation to offset
evapotranspiration (ET) in forested peatlands would not lead to significant soil moisture content
alterations, water-table level (WTL) would be maintained and peat accumulation should remain
unchanged or be favored. As a result, current paludified sites may persist for many decades in
response to climate warming and in the absence of fire. Under such conditions, mixedwood
(MW) and white spruce will eventually replace black spruce (BS) in upland areas while black

spruce stands will likely remain dominant in low relief lowlands areas (Bonan et al. 1990).

Scenario 2: Under increased temperature and decreased precipitation (P) scenario, soil moisture
content in forest peatland is expected to undergo a signification alteration with a much lower
WTL and higher ET. Consequently, this would result in an increase in organic matter
decomposition and a reduction in sphagnum growth and therefore a decrease in the abundance
paludified sites in the Clay Belt. Under such conditions, increased ET associated with warming
may result in excessive soil moisture stress and conversion of upland to steppe and peatland

forested sites to aspen and white spruce dominated forests.

Scenario 3: is quite similar to scenario 2 with increased ET and decreased WTL but lower than
S2. As a result, the thick organic layers are expected to dry up and bring about a decline of
sphagnum growth within stands prone to paludification. Consequently, mixedwood and white
spruce will eventually replace black spruce dominated sites in lowlands and dry well-drained

uplands respectively.

At the light of the expected paludification response to climatic warming (Table 4), here we
suggest different silvicultural treatment options for each of our three scenarios (S1, S2 and S3):
For S1 and S3, summer clear-cut harvesting (CT: total clear-cutting) and prescribed burning (PB)
combined with appropriate site preparation that removes the thick organic layers will have the
potential to reduce or reverse paludification and consequently increase site productivity (Lavoie
et al. 2005a). Partial harvesting would be not an appropriate option for these scenarios (1 and 3).
Indeed, recent research suggests that partial harvesting in lowland black spruce stands of the Clay
Belt may increase the rate of paludification, development of a thick, waterlogged forest floor
layer that reduces stand productivity (Fenton and Bergeron, 2007).
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Under scenarios 2, nutrient availability should increase (e.g. N) because of enhanced
decomposition rates and drought conditions of the thick organic layers. Therefore, in this case
silvicultural treatments such as partial harvesting (CP: partial cutting) followed by site replanting
with non N-limited boreal species adapted to dry soil conditions (e.g. poplar, birch, jack pine

(JP), white spruce (WS)) should be more appropriate in the context of a decline of paludification.

Table 4. Response of paludification to predicted climate change under three different scenarios
(S1, S2 and S3) in the Clay Belt region. Increases are indicated by 1, decreases by | and
significant increases and decreases by 71 and || respectively.

Paludification response Expected
Scenarios vegetation Recommended
: g silvicultural treatments
Indicators Response changes
(S1) : N
ET and WTL remain Paludification unchanged  BS + MW+
1Temperature, . CT+PB
L unchanged or slightly favored WS
1 Precipitation
(S2) ™M ETand | JWTL Decline in paludification Aspen + JP CT + CP + replanting
tTemperature, 11 decomposition rate 1 soil fertilization (e.g. JP, WS, poplar)
|Precipitation || sphagnum growth
(S3) T ET and |WTL, Decrease of stands prone  Aspen + MW  CT + B + replanting
tTemperature, 1 decomposition rate to paludification +BS (e.g. JP, WS, poplar)
Precipitation | sphagnum growth
unchanged

In conclusion, the precipitation is likely to play a major role in the boreal forested region located
on the Clay Belt. For the 21st century, increased precipitations (~15-20%) will likely increase
peat accumulation in boreal forest stands prone to paludification and facilitate the expansion of
forested peatlands into upland forests, while reduced or unchanged precipitations combined to
increased temperatures (~4.7 °C) should favour succession of forested peatlands to upland boreal
forests (Lavoie et al. 2005b).

In the future, the growing demand for wood products will increase pressure to harvest sites
undergoing paludification in the Clay Belt region. Forest management practices should be
planned in context with the adaptation of forests to expected climate changes, and eventually

under one of the more probable scenarios (1 or 3). Although, this analysis was an attempt to
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predict paludification responses through three hypothetical scenarios for the Clay belt lowland
region, some site specificities such as topographic depressions with higher peat accumulation
should be taken into consideration. In this case, paludification is an edaphic process that will not
be reversed. For a better understanding of the impact of climate change on boreal forest stands
prone to paludification, further research is needed to improve these predictions (e.g. quantitative
relationship between precipitation and ET).

7. CONCLUSION

Expected climatic warming in boreal forests can clearly alter process in soils by changing forest
composition, vegetation uptake rates, soil conditions, moisture and temperature regimes and soil
microbial activity. Among the studies that we reviewed, these alterations in soil conditions often
led to increase in CO, emissions, nutrient availability (N and P). Warming may affect microbial
abundance and biomass in different ways and will depend on site specification (e.g. drier vs.
wetland boreal ecosystems). It is also apparent that soil responses to warming can be highly
variable and will depend on site specification. The extent and magnitude of warming on boreal
soils conditions will depend on soil types and site (e.g. well-drained site, permafrost, etc.) with
strong regional differences. In addition, some of the variability among reported results of the

studies we reviewed could have arisen from differences in used methods and sampling designs.

Many of the warming soil studies reviewed have been short term, usually less than three years
with emphasis on the first year or two. Because some impacts of soil could be prolonged or
delayed beyond many years, long term warming experiments in boreal forest are necessary to
evaluate transient responses, to determine longer-trends and to give the boreal ecosystem the time
necessary to respond to climate-induced changes. Indeed, a number of soil warming experiment
studies found that respiration rate increases over the first years, but there was no significant

increase in long-term.

Most of the studies reviewed indicated or inferred that under soil warming conditions, boreal
forests may respond positively to increased CO, levels and temperature provided that water does
not act as inhibitor at high and low levels. The most cited response of boreal forest species to
global warming is a northward migration to track soil conditions (e.g. temperature and moisture)

to which they are adapted to. Yet, there are some constraints that may influence this kind of
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adaptation (migration) such as water availability, changes in fire regimes, decomposers
adaptation and paludification. In this study, we examined potential effect of climatic warming on
future (period up to 2100) paludification changes under three different scenarios (increased
temperature associated to increased precipitation (S1), increased temperature combined to
decreased precipitation (2) and increased temperature with unchanged precipitation (S3)) the
Clay Belt lowland region. Precipitation was found to play a major role in the potential
paludification response. Indeed, an increase in precipitations (~15-20%) would likely increase
peat accumulation in boreal forest stands prone to paludification and facilitate the expansion of
forested peatlands into upland forests, while reduced or unchanged precipitations combined to
increased temperatures (~4.7 °C) should probably favour succession of forested peatlands to
upland boreal forests. Given the expected climate change in the studied region, where
precipitation is expected to increase, S2 is less probable. Summer clear harvesting and prescribed
burning followed by an appropriate site preparation have been suggested for the more probable
scenarios S1 and S3 while partial harvesting followed by site replanting with adapted boreal

species to dry soil conditions.

Because climate changes are expected to be more pronounced in the boreal regions, efforts to
maintain or enhance the ability of the boreal forests to adapt to climate are essential. An overview
of possible approaches for adapting forests to climate change are provided in Spittlehouse and
Stewart (2003), Spittlehouse (2005) and Bernier and Schoene (2009). There is now more
evidence that maintaining a certain number of unfragmented forests is important in resisting to

global climate change by local adaptation.

Finally, despite the fact that boreal soils will not constrain adaptation of boreal forests, some
consequences of climatic warming may reduce the ability of certain species to respond to natural
disturbances such as pest and disease outbreaks and extreme weather events. Under such
conditions, Jump and Penuelas (2005) predicted an extinction risk among a number of species
and that the rapid rate at which climate change is expected to occur may also increase the

pressure on many species to adapt to their new northern soil conditions.
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