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Abstract

Plant species distribution and plant community cosition vary along environmental
gradients. At the continental scale, climate playsnajor role in determining plant
distribution, while at local and regional scalegeftion patterns rely more on edaphic
and topographic factors. The projected global wagnand alteration of the water regime
will influence plant physiology and phenology, ard likely to promote northward
migration of forest tree species. However the grfice of soil factors on tree species
migration remains unknown. The objective of thisrkve to investigate the effects of
soil factors and processes, as mediate by clintetage, on the migration of tree species
of the boreal and temperate forests of northeastenth America. In addition, because
of their importance in shaping tree communities #meir possible influence on tree
species migration, other biotic and abiotic aresadared.

The projected climate change is expected to inersad temperature and alter water
availability, which control many terrestrial biogdemical processes such as soil
respiration, litter decomposition, nutrient minéation, fine root dynamics, and plant
nutrient uptake. Because tree species respondduodiNy to environmental factors, it can
then be speculated that altered soil factors wiluence different species in different
ways. Ultimately, these differences could be tratesl in different colonization abilities
and migration rates, which will likely alter curtemee communities. Furthermore, other
biotic and abiotic factors such as genetic adaptatidisturbance regime, habitat
fragmentation, and competition are known to infLeertiree species establishment and

tree community composition.

Considering the broad tolerance of most tree spewesoil factors, soils should not

represent major constraint for the northward ghiifpopulations located at the southern
limit or at the center of their distribution randgér populations located at the northern
limit of their distribution range, short-distanead. <10 km) migration should be possible
as soil factors do not vary much over these digissnwhile long-distance (e.g. >100 km)

migration, could be constrained by soil factord flr@vent seed germination and seedling
establishment. Because the presence of soil iseeequisite for the establishment of



trees, the absence of soil or its low developmeay e the most important factor
constraining the establishment of trees in the tandlong with climate variables and
genetic adaptation. The relative importance of &mtors should thus be high in the
tundra. In contrast, in the boreal and temperatests because soils are already
developed, solil relative importance for tree esthbient should be lower. In these last
biomes, other factors, such as competition andidiahce regime should be as important
for tree species migration. The migration of treecses is thus highly probable within
the area currently occupied by the boreal and temedorest, but will be restricted to the
more favorable sites in the tundra because of bserae of extended soils. However,
during pedogenesis, soils may develop propertigsdéin be favorable or detrimental for
some plant species. For instance, podzols of bdoeasts are generally low in nutrient
content compared to hardwood forest brunisols. Thusient-demanding species typical
of hardwood forests may not be able to thrive inlzmis following their establishment.
Moreover, some parent materials may lead to theeldpment of soils, such as
serpentine, which support unique type of vegetatibacally or regionally, such
irreversible soil development processes may hitigder migration in response to climate
changeThus, while climate change has the potential torawp soil conditions for plant
growth, this forcing will have cope with soil pragies inherited from slow pedogenic
processes that started at the end of the lastgeeaad that are still in progress today.
These antagonistic forces are likely to slow dowteptial tree migration in response to

climate change.
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1.0 Introduction

It has been long recognized that plant speciesrilmisibon and plant community

composition vary along environmental gradients €éAlland Hoekstra, 1990; Levin,

1992). Furthermore, several community and landscstpelies have linked species
responses to environmental gradients at differepatial scales (Raisa, 1999;
Hollingsworth et al., 2006). At the continental lecaclimate plays the largest role in
determining plant distribution and community compon, (Woodward, 1987; Neilson,

1995; Box et al., 1999), while at the local andioagl scales vegetation patterns rely
more on edaphic and topographic factors (Ertseal.et1995; lverson et al.,, 1997).
However, at all scales, temperature and the balame®veen precipitation and

evapotranspiration are particularly important,resytlargely control the rate of biological
and chemical reactions. For instance, both plantpninary productivity (NPP) and

microbial decomposition of organic matter are terapee- and moisture-dependent
(Hobbie, 1996; Moore et al., 1999; Nemani et 4103).

According to the most recent report of the Inteeyomental Panel on Climate Change,
warming of the climate system is unequivocal (IPQDQ7). Most of the globally
observed increase in average temperatures sinamith@d" century is attributed to the
anthropogenic emission of greenhouse gases. Simcd 850 the global atmospheric
concentrations of carbon dioxide (gOmethane (Ck), and nitrous oxide (pO) have
increased markedly as a result of human activdes now exceed pre-industrial values
over the past 650 000 years (IPCC, 2007). FormestaCQ concentration increased by
31% (from 278 ppm pre-industrial values to 383 ppra007), and that of CHoy 150%
(from 700 ppm to 1745 ppm). Due to the radiativeciftg of these greenhouse gases,
world surface temperatures have increased by 0.D4t@een 1906 and 2005, and are
projected to rise by between 1.1 and 6.4 °C byetik of the 2% century (IPCC, 2007).
Even if greenhouse gas concentrations were todmlized, anthropogenic warming is
projected to continue for centuries due to the sicades associated with climate processes
and feedbacks, and to the atmospheric lifetimehefdreenhouse gases (£® 1 000
years, CH ~ 12 years; IPCC, 2007). Thus, both past and éuamthropogenic CO
emissions are susceptible to continue to contritboitglobal warming for more than a



millennium. In northeastern North America, warmiigy projected to be somewhere
between 3-4°C and precipitation is projected todase by 10-20% by the end of thé'21
century (IPCC, 2007). The warming is expected tdabgest in winter, and snow season
length and snow depth are expected to decreasepteixcthe northern part of the boreal

forest where maximum snow depth is likely to inceea

According to many scientists, the increase in aphesc CQ concentration and the
concomitant warming and modifications of the wategime will, in all likelihood,
influence plant physiology (Keeling et al., 1996yMmni et al., 1997; Cannell, 1998) and
phenology (Olszyk et al., 1998; Raulier and Bern2900; Delbart et al., 2008), and
modify the future range and dynamics of many pfdcies and ecosystems (Emanuel et
al., 1985; Overpeck et al., 1991; Rizzo and WikE92; Hansen et al., 2001; Neilson et
al., 2005; Hamann and Wang, 2006; McKenney et28i07). Changes in physiology,
phenology, and distribution of individual plant sgs will inevitably alter competitive
and other interactions between species, with caresdgfeedbacks to local abundance
and community composition. Moreover, it is alscelikthat some species will become
extinct (Thomas et al., 2004), either as a diresult of physiological stress or via
interactions with other species. These extinctioosld possibly reduce the functional
resilience of ecosystems in response to alteredrcemaental conditions and have
consequences for ecosystem functions such as catboage capacity (Thomas et al.,
2004). Recent analyses of long-term data setsatalighat some tree species are already
responding to the recent anthropogenic climate ghaespecially at the northern treeline
of the boreal forest (Payette and Filion, 1985; Dlacald et al., 1998; Lloyd and Fastie,
2003; Gamache and Payette, 2005; Caccianiga arett®a®006).

Furthermore, it is widely accepted that projectxbagl warming is susceptible to impact
soil factors and processes, such as litter decoibmpos(Hobbie, 1996) and N
mineralization (MacDonald et al., 1995). In turhese modifications are susceptible to

influence plant migration.



Although temperature and precipitation are oftegarded as being the major factors
determining plant species and ecosystem distribsiti@other factors such as dispersal
ability, competition, predation, disturbance regjrand rate of genetic adaptation are also
considered important. Despite the fact that thestofs are acknowledged to have the
potential to influence the success of species mmrde.g. McKenney et al., 2007), they
are rarely included in models that simulate thea# of climate change on plant species
migration. Similarly, although soil factors, suck autrient and water availability, are
known to influence seed germination, seedling sorghip and growth, and hence the
probability of successful colonization of a plampesies, soils are overlooked in most

models simulating plant species migration.

Considering that projected climatic changes areefipected to promote northward
migration of forest tree species and communities, @) will in all likelihood modify
soil biochemical properties, the main objectivato$ synthesis is to investigate how soil
biochemical properties will respond to global wargiiand altered water regime, and
how these soil alterations could influence the atign of tree species across several
biomes of northeastern North America (i.e. fromldoeeal forest to the tundra, and from
the temperate forest to the boreal forest). In tamdi because of their importance in
shaping tree communities and their likely influenoe tree species migration and
establishment, other biotic and abiotic factorgluding atmospheric CQwill also be
considered. | will first review tree migration iegponse to past, recent, and projected
climate change. Then, | will review how soils cumtihg limit tree species distribution.
Next, | will review the responses of soil factomsdaprocesses to projected climate
change, and then the potential responses of treeiespto altered soil properties as
mediated by climatic change. Finally, | will dissuthe potential migratory responses of
trees to other biotic and abiotic factors. Althougis work focuses on the migration of
trees in response to climate change in northeadterth America, results from studies
held in Scandinavia and Alaska will be used to gddynthe views supported by this

work.



2.0 Past, current, and future response of vegetation to climate change

2.1 Response of boreal and temperate tree species to past global warming

The last ice age, the Wisconsin, began about 10B®) and glaciers expanded to reach
their maximum 18 000 to 20 000 BP. At its maximuihe ice sheet extended over half of
North America, from the Canadian Rockies, acrossnibrthern plains, to southern New

England. The region immediately south of the iceeshwas dryer and cooler than today
(Webb, 1988), and was occupied by the arctic tundoaeal and deciduous forests
arranged in sequence farther to the south. The disic ended at the start of the

Holocene (ca. 12 000 BP) with a sudden and rapithivmg that melted the ice sheet in a
few thousand years (Dyke and Prest, 1987; Vincedt Rrest, 1987). The increasing

global temperature and retreating ice sheet théiated a period of rapid adjustment of

species ranges to new prevailing climatic condg#ioBased on pollen and plant

macrofossils (e.g. seeds, fruits, leaves, twigs\aodd) preserved in sediments found in
wetlands, peatlands and lakes, several authors repegted evidence of past migration

of trees.

As early as 15 000 years ago, changes began in iwmatw southeastern U.S., where
boreal species were replaced by hardwood specieblf\\ML988). SpruceP{cea spp.)

moved into the tundra, and tundra species estalisthere the retreating ice sheet left
newly exposed soilsPicea spp. were rapidly migrating into the tundra anddmee

established in parts of the Great Lakes region ariw years after glacial retreat (Webb,
1988). In New England, however, where the meltihthe ice sheet was very rapid, ca.
2000 years elapsed between the time the ice ldftspruce arrived (Davis et al., 1980).
Species identifications based on pollen morphol@gsatts, 1979; Birks and Peglar,
1980) suggest that white sprué®dea glauca) established first, followed by black spruce
(Picea mariana), and in the East, by red sprudédea rubens). Pollen records suggest
that the spruce forests were then open, similathéoforest-tundra region north of the

boreal forest in Quebec.

Thus, most of the tree species now found in theiNamerican boreal forest was able to

track the warming trend of the Holocene. Some gelike black spruce, eastern larch



(Larix laricina), and balsam poplaP¢pulus balsamea) were able to develop widespread
populations during that period (Jackson et al.,7)980 that they are now among the tree
species that show the northernmost range (BurnsHamtala, 1990; Thompson et al.,
1999). Paleoecological records show that, soutth@fLaurentian ice shed®jcea spp.
were abundant and widespread and reached theenturorthern range limit about 3 000
years ago (Jackson et al., 1997). According to &M83), balsam firAbies bal samea)
reached southern Quebec around 10 000 BP, while\pitie Pinus strobus) reached its
current northern limit in Quebec about 9 000 yeag®. Deciduous species reached
southern Quebec a few thousand years later @ugrcus spp. 7 000 BP;Fagus
grandifolia 6 000 BP;Ulmus spp. 8 000 BP). Adjustments to changing climatageh
continued to the present, with the westward exjgansf several species (e.g. white pine)
in the last 2000 to 3000 years in response to &s&@ precipitation (Jacobson, 1979).
Similarly, the American beech~( grandifolia) has expanded 70 km westward in upper
Michigan within the last 500 years in response lbmatic changes associated with the
Little Ice Age (ca. 1300 to 1850; McLachlan et 2D05). Holocene pollen records thus
show an increase through time in the number of ge®era present in northern North
America. The increase in diversity was caused hycessive immigrations of trees
moving northward behind the retreating glacier. @&dking to these records, tree species
moved at different rates, reinforcing Gleason’'s2@09idea of individualistic view of

plant succession and chance combinations of spasgesnblages.

Therefore, numerous studies have shown that treeiesp both typical of present
temperate and boreal forests have been able t& past global warming by rapid
migration. It is estimated that some species haenlable to migrate as fast as 10-100
km/century during the Holocene warming (McLachlaml &lark, 2004; McLachlan et
al., 2005). Our current knowledge of seed dispersdhanisms and current observations
of seed dispersal distances, often not extendiygrukthe edge of the tree and rarely
exceeding 100 m, cannot explain such rapid mignatates. It is often suggested,
however, that with the projected warming for thetrfH00 years, migration rates of over
100 km/century will be required for trees to trdature climate change (Malcolm et al.,
2002). Thomas et al. (2004) and Hansen et al. (280@gest that species which will be



unable to migrate fast enough could become extifbe discrepancy between our
knowledge of past migration rates with current otsgons gave rise to extensive
debates and research to resolve what is termdueeRdid’s paradox (Clark et al., 1998).
Many studies have shown that various mechaniskes,lding-distance seed dispersal by
wind and animals, or the existence of isolated faijmns near the ice sheets during the
last glacial period (Kullman, 1995, 2002a, 2004yldaexplain the rapid migration rates
observed in the paleoecological records.

Although none of the paleoecological studies citdgbve mention soil factors or
processes as having had influence on tree estaldish it can be speculated that
following the retreat of the glacier, soil factowgre not constraining seed germination
and seedling establishment, allowing for rapid n@ation of newly available sites and
for rapid species migration. It can also be speedl#hat colonization and migration were
facilitated by the absence of competition for hatisit resources. Thus, it can be
hypothesized that following the retreat of the glact the end of the last ice age,
adaptation to cold climate and dispersal capacégevhe main factors constraining plant

colonization and species migration.

2.2 Impacts of recent global warming on boreal and temperate tree species

Ecotones, i.e. transition areas between two adjacent ecologicahmounities, are
sensitive to climate variations (Loehle, 2000; (bdddh and Rigg, 2005). In these areas,
the projected climate change is susceptible to ecadstectable shifts in species
composition, whereas in the middle of a broad fozese such changes might not occur.
Because northern treeline ecosystems (i.e., timsitian zone between the boreal forest
and the tundra) are sensitive to changes in clov@nditions, several authors have used
these ecosystems as proxies of biotic changes sporse to global warming (e.g.
Kullman, 1998, 2001, 2002b; Gamache and Payett@4)20hus, several studies have
shown that at the end of the Little Ice Age (ca5@8 northern treelines of North
America and Eurasia began migrating poleward ipagese to warmer temperatures. In
Canada, Payette and Filion (1985) and CaccianiglaPayette (2006) showed that the
white spruce treeline along the east coast of Hudgmy expanded significantly during



the last 100 years in response to recent climationng. Lloyd and Fastie (2003) found
similar results for white spruce in Alaska, conahgdthat the recent shift in the location
of the forest-tundra border was a response to tes@nming. In northern Quebec,
Gamache and Payette (2005) showed along elevativaasects that black spruce
treelines from the southern forest-tundra movedhweard through the establishment of
seed-origin spruce, while those from the northesredt-tundra rose through height
growth of stunted spruce. Similarly, Johnstone @hepin (2003) recently found that the
lodgepole pine K. contorta) was still expanding northward in central Yukon,
demonstrating that this species is not in equuiriwith current climate. In Eurasia,
Kharuk et al. (2005) showed that the Siberian gihesibirica) and birchesBetula spp.)
were penetrating into a zone traditionally occuggdwo larch specied ( gmelinii and

L. shirica) in response to climatic change during the pastethdecades. Similarly,
Kullman (1998, 2001, 2002b) showed that treelimeshe Swedish Scandes responded
positively to recent global warming with upward amatthward tree species invasion into
the tundra. Finally, several other authors havkelihthe recent warming with increased
tree density or tree growth at the treeline (Mamd Payette, 1984; MacDonald et al.,
1998; Gamache et Payette, 2004).

While several studies have focused on the tramsitib the treeline, surprisingly few
specifically addressed the effects of recent clemehange on the transition zones
between forested areas, e.g. between boreal coafeand mixedwood forests or
between boreal mixedwood and temperate decidugast® Reasons that might explain
the lack of studies in these areas inclugeti{e slow and gradual changes in climatic
conditions, {i) the difficulty to observe range shift becauseah& complex structure of
forested ecosystems compared to treeline ecosys{e@mslow demographic rates and
limited dispersal, i) natural disturbances and succession that coukk menge shifts
due to climatic variations, and)(the complexity of inter- and intraspecific intetians
that could hide the effects of recent climate cleaog species range. However, montane
ecosystems provide an ideal environment for obsgrghifts in forest distribution in
response to climate change because of steep dignatilients across elevation, which in
many respects are comparable to latitudinal cliengtadients, but with clear boundaries



between forest types that may facilitate detecabmange shifts (Diaz et al., 2003). In
that respect, in 2004 Beckage et al. (2008) resed/elots established in 1964 along
elevation transects in the Green Mountains of Vertmo.S., to examine whether a shift
had occurred in the location of the transition zteéveen the northern hardwood and
boreal forests. They found an increase in dominaoteéhardwood species and a
concomitant decrease in boreal species within tl@sition zone. Using aerial

photographs and satellite imagery, they found @mated 91- to 119-m upslope shift in
the upper limits of the northern hardwood-boreahsition zone from 1962 to 2005. This
shift was consistent with a 1.1°C increase in ahmemperature, along with a 34%

increase in precipitation. They concluded that wpslope shift they observed was the
result of climate-driven shifts in competitive bade between hardwood and boreal

species in the transition zone in conjunction wriidreased canopy turnover.

As one may argue, the above-cited observationsati@xclude that these recent range
expansions may only represent the most recent pbaddolocene tree migration.
However, these observations of recent, directicatdfts at the northern treelines are
consistent with expectations of species migratiomesponse to climatic warming, and
offer further support to the idea that tree spewaitisn all likelihood migrate poleward in
response to projected climate change.

2.3 Projected impacts of global warming on boreal and temperate tree species

Computer model simulation has been extensively useithe recent years to forecast
migration rates of tree species and to predictré&ufarest composition. These simulations
indicate that, in response to climatic warming ahdnges in water balance, plant species
and communities from the boreal and temperate tora® likely to experience longer
growing seasons (Chuine et al., 2000; Goldblum &idg, 2005) and modified
disturbance regime (Flannigan et al., 1998; Statkal., 1998; Flannigan et al., 2001,
Bergeron et al.,, 2004). In response to global wagmisimulations also anticipate
significant shifts in plant species ranges (Ovekpatcal., 1991; Iverson and Prasad, 1998;
McKenney et al., 2007). However, the rate at whuahrent climate change is occurring

is deemed unprecedented (IPCC, 2007). For thisnedkere is concern that the extent



of the range shifts will surpass the dispersal caipaf many species, especially when
considering habitat fragmentation (Schwartz, 1T9g:r, 1994).

Using general circulation models (GCM), Overpeclaket(1991) predicted that climate
change could lead to significant vegetation chanbiee array of the genera they
simulated were likely to be displaced northwardabyeast 100 km, and in some cases
(e.g.Picea spp.), by as much as 1000 km. Their results suigbasspruce and northern
pine (i.e.P. strobus, P. banksiana andP. resinosa) populations in the eastern U.S. could
decline in abundance because of a northward shither southern range limit. In
parallel, southern oaksQ(ercus spp.) and pine populations are expected to move
northward by as much as 500 km because of locahgiryvhile the area of greatest
abundance of birches could change significantlyusThin eastern U.S., areas now
dominated by mixed conifer-hardwood forests coudtdme increasingly deciduous.
Such range shifts would also change the compostiothe eastern Canadian boreal
forest which would become more pine-rich than asent. Furthermore, Overpeck et
al.’s (1991) simulation indicates that the area mmeupied by tundra vegetation would
decrease where simulated warming favors the expartditree populations. Therefore,
according to Overpeck et al. (1991) in the absesfcaltered forest disturbance rates,
barriers to seed dispersal, or soil limitationsgatation change is likely to reach the
simulated doubled CO patterns within 300 to 500 years. These resulispeu
paleoecological observations that biome compostiill not remain constant as plant
taxa respond individualistically to future climatieange.

Similarly, assessing the sensitivity of Canadiaoni®s to climatic change, Rizzo and
Wiken (1992) showed that climate change under a @0O{ scenario resulted in major
shifts in boundaries between biomes. For instatieefemperate forest expanded in the
eastern boreal forest, while the arctic tundra diaglaced by the subarctic tundra in the
west but not in northern Quebec. Instead, the stibaundra in northern Quebec was
replaced by the boreal forest which shifted nortidvarizzo and Wiken (1992) also
indicated that beyond climatic factors, ecologiaasemblages are dependent upon site
factors such as soil texture and fertility, wateaikbility, slope, aspect, and elevation.



They concluded that it cannot be assumed that tiinrahange would result in extensive
shift of species to new suitable areas because (lag would likely occur before
vegetation and soils mirror the new prevailing eim andi{) adjacent geomorphology
and physiography may not be favorable for the distabent of migrating species.
Therefore, according to Rizzo and Wiken (1992)ndfarmation of the current biomes
should not be instantaneous because soils will iremsdatively unchanged for a long
period of time, which would limit the establishmeantd growth of species following
dispersal.

Likewise, in a series of studies predicting thetrdistion of over 70 tree species
following climate change in the eastern United &atverson and Prasad (1998, 2002)
concluded that several species now occurring inténgperate or boreal forests would
show range expansion and/or shifts (Table 1). kample, balsam fir, sugar mapkcér
saccharum) and yellow birch Betula alleghaniensis) were expected to migrate north,
showing an important range decline in the easter8. Wther species (e.gJIimus
americanus, Acer rubrum, andAcer saccharinum), however, are expected to show little
change in their current range. Moreover, their ltessuggest that some species (e.g.
Carya tomentosa, Celtis laevigata, Cercis canadensis and Diospyros virginiana)
currently absent in Canada or present only in sathost Ontario could become
established in eastern Canada in a near futurey Tbecluded, however, that historic
rates of migration (~10-50km/100 years) will ndtely occur with current fragmented
habitat.
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Table 1. Predicted species potential area changkein
U.S. -: area decrease, 0: no change, +. area s&rea
(after lverson and Prasad, 1998)

Specie Areg

Abies balsamea’ -

Acer rubrum
Acer saccharinum
Acer saccharun
Betula alleghaniensis’ -
Betula papyrifera* -
Caprinus carolina
Carya cordiformis -
Carya ovata

Fagus grandifolia -
Fraxinus americana -
Pinusresinosa’ -
Pinus strobus +
Populus deltoids +
Populus grandidentata’ -
Populus tremul oides -
Quercusrubra -
Thuja occidentalis -
Tilia americana -

e Ne]

+

Tsuga canadensis -

Ulmus americana 0

" species projected to become absent from the United
States.

Finally, McKenney et al. (2007) used GCMs and sgecurrent climatic envelopes (CE)
- which related species boundaries to macroscatetit variables such as temperature
and precipitation (Hampe and Petit, 2005) - to jotethe potential impacts of climate
change on the distribution of North American tre&ékey concluded that the mean
centers of future CEs were predicted to shift noatd between 3.0 and 6.4 degrees
latitude (i.e., 330 and 700 km) on average (TablerBeir simulation predicted that by
the end of the Ficentury the CE of most of species modeled woulé sitb northern
Ontario and Quebec. For example, the sugar maplis @ibjected to shift north between
3.3 and 8.7 degrees, and that of the yellow bietwben 3.9 and 8.2 degrees (Table 2).
As found by Iverson and Prasad (1998; 2002), sewdrthe species modeled (e Q.
palustris, B. nigra, andLiriodendron tulipifera) are projected to expand their range into

southern Canada by the end of th& @dntury.
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Table 2. The 20 North American tree species wighléingest projected shifts
in latitude (after McKenney et al., 2007).

Specie Northward shifin climate envelop:
latitude (degrees)
Alnus rhombifolia 9.7
Tilia americana 9.2
Slix nigra 9.C
Acer saccharum 8.¢
Ostrya virginiana 8.7
Acer saccharinum 8.7
Quercusrubra 8.7
Prunus serotina 8.t
Ulmusrubra 8.4
Fraxinus americana 8.4
Quercus alba 8.4
Betula alleghaniensis 8.2
Pinus strobus 8.2
Populus deltoids 8.2
Juglans nigra 8.2
Juglans cinerea 8.1
Celtis occidentalis 8.C
Quercus palustris 7.
Quercus macrocarpa 7.6
Betula nigra 7.8

Furthermore, there is concern about the effectdaddfitat fragmentation on species
dispersal in response to climate change. Indeadnfented habitats could give rise to
many remote areas which may become climaticallyablé but beyond the dispersal
capacity of many species, consequently reducingnpall colonization of those remote
habitats. Several other authors (e.g. Schwartz3;198rson et al., 1999; Schwartz et al.,
2001) suggested migration rates of 1-10 km perucgnb be the maximum future rates
in highly fragmented habitats. This is alarmingpessally if long-distance dispersal
events have significantly lesser effects on thgeptmns of future migration into highly
fragmented forests compared to migration ratesillig forested situations. According to
Walther et al. (2002), increased extinction riskee do future global warming and

accelerated by habitat loss and fragmentation>greated.

In the studies cited above, assessments of futistebdtion change are based on the
climate envelope approach that relates speciesbdigbn to somea priori selection of

climatic variables that are intended as indicatrghe true underlying physiological or
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biophysical limits on species distribution. Althdugnon-climatic factors such as
dispersal, competition, and disturbance regime cc@lgo influence species migration,
these factors are systematically omitted in modsisulating the impact of climate
change on plant distribution. In addition, desplie fact that soil factors are of utmost
importance to plant establishment and growth, aatimodelers recognize their potential
to influence the success of plant migration analdisthment (e.g. McKenney et al.,
2007), soil factors are almost systematically ceditin models simulating the effects of
climate change on plant migration. Hence, the filhg sections will focus on the effects
of climate change on soil biochemical propertied anot systems, and then on the
potential response of North American temperateladal tree species to changes in soil
properties as mediated by climate change. But finsill briefly review how soil factors

and processes currently limit plant distribution.

3.0 Soil limitsto plant growth and distribution

The type of vegetation covering a region dependsseweral environmental factors,
among which soil is of utmost importance. Indeedl, movides plants with a medium for
growth and supplies them with nutrients (Aber andliNd, 1991). Hence, the nutrient
status of an ecosystem's soil (in combination \whh moisture and aeration) limits plant
growth and has the potential to influence speciesirilbution and community
composition (Shaver and Chapin, 1980; Roberts anésty 1999; Shaver et al., 2001).

But what is soil? What constitutes it and how if®imed?

3.1 Soil pedogenesis

Soil is the unconsolidated mineral or organic matéying at the surface of the earth that
serves as a natural medium for the growth of laadtp, and that has been subjected to
the effects environmental factors (SSSA, 2001)eéujduring pedogenesis, i.e. soil
development, soil physico-chemical properties afuénced by several environmental
factors. These factors, also known as “state fattanclude climate; living organisms;
parent material; topography; and time (Figure hnye1994).
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Figure 1: Factors influencing soil development (#dd from Jenny, 1994).

Climate plays a very important role in the genedia soil. On the global scale, there is a
correlation between major soil types and climatariables (Aber and Melillo, 1991;
Brady and Weil, 2004), i.e. with temperature anecppitation regime. While temperature
has a direct influence on the weathering of bedtogkroduce mineral particles, moisture
availability promotes the weathering of bedrock aediments, and chemical reactions
(Pidwirny, 2006). The availability of moisture albas an influence on soil pH and the
decomposition of organic matter (Knoepp and Vo$8,72 Voroney, 2007). At regional
and local scales, climate becomes less importargoih formation (Pidwirny, 2006).
Instead, pedogenesis is more influenced by fadit@diving organisms, parent material,

topography, and time.

Living organisms have a role in a number of proesssvolved in pedogenesis including
organic matter accumulation, profile mixing, andod@ochemical nutrient cycling
(Coleman and Wall, 2007; Plante, 2007). Under dmjiuim conditions, vegetation and
soil are closely linked with each other throughrieut cycling. The cycling of nitrogen
and carbon in soils is almost completely controbbgdhe presence of animals and plants
(Coleman and Wall, 2007). Through litterfall ande tiprocess of decomposition,
organisms add humus and nutrients to the soil wiméluences soil structure and

fertility.

Parent material refers to the rock and mineral nasefrom which the soils develop.

These materials can be derived from residual settichge to the weathering of bedrock
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or from sediment transported into an area by wagros$ion (Jenny, 1994). The influence
of parent material on pedogenesis is usually relabesoil texture, soil chemistry, and
nutrient cycling. Hence, some parent materials leadhe development of soils that
possess unique characteristics that may be fawrabldetrimental for some plant
species. For instance, some species, such asdterewhite cedarThuja occidentalis),
are associated with lime-rich soil (Burns and Hdak&990). Likewise, some species are
closely associated with serpentine outcrops. Rlambiting these habitats experience
drought, heavy metal (such as Cr, Co, and Ni) exysand nutrient stress (Kruckeberg,
1984). Important nutrients lacking in serpentinelude calcium, potassium, and
phosphorous (Kruckeberg, 1984), which are rapiddgt Ithrough weathering and
leaching. Nitrogen is also scarce due to limitednplgrowth. Hence, serpentine soils
often support fewer species than non serpentirie @diuckeberg, 1954). Nonetheless,
some plant species, such/A&diantum viridimontanum and Aspidotis densa, are adapted
to thrive on these soils.

Topography generally modifies the development af so a local or regional scale.
Pedogenesis is primarily influenced by topograpéffisct on microclimate and drainage.
Soils developing on moderate to gentle slopes them detter drained than soils found at
the bottom of valleys (Pidwirny, 2006). Good drgeanhances a number of pedogenic
processes that are responsible for the developaiesail horizons, such as podzolization
(Thorn et al., 2001). Steep topographic gradiemtgit the development of soils through
the continued removal of surface sediments, iesien (Jenny, 1994). Furthermore, in
the Northern Hemisphere, south-facing slopes tentdet warmer and drier than north-
facing slopes (Small and McCarthy, 2002). Theskeidihces result in the soils of the two
areas being different in terms of depth, texturelolgical activity, and soil profile
development.

Time influences the temporal consequences of alheffactors described above. Many
soil processes become steady state overtime wisen geaches maturity (Jenny, 1994).
Pedogenic processes in young soils are usually ruadBve modification through
negative and positive feedback mechanisms in attemchieve equilibrium.

15



These “state factors” interact to influence the quemhic processes that lead to the
formation of the different types of soils found northeastern North America, such as
podzols, brunisols, and gleysols. These types db gmssess distinctive physico-
chemical properties that, in combination with otleewvironmental and habitat factors,
influence plant growth, species distribution, amimunity composition (Lomolino et
al., 2006 ).

In eastern North America podzols are typical of lcand moist climates (Pidwirny,
2006). In such climates plant growth may be substiatut the low temperatures inhibit
microbial activity so organic matter accumulatedyf et al., 1998; Charman, 2002).
As the humus decays organic acids are releasedeanlded through the soil profile by
percolating water. The hydrogen ions of these atéhsl to replace cations that are
important for plant growth, such as calcium, patass magnesium and sodium (Brady
and Weil, 2004). This process leaves behind aasriith soil containing oxidized iron
and aluminum compounds, but few cations. Althoughiferous forests are typical of
podzolic soils, mixedwood and hardwood forests @lsn be found on podzols (Bérard
and COté, 1996).

Brunisols, which tend to develop in warmer climatiest podzols, occur commonly in

southern Quebec and Ontario. Compared to podtay,dre generally less acidic, more
rich in base cations (Bérard and C6té, 1996), aadaund under vegetation types that
produce readily decomposable litter, such as mimpésts. Thus, brunisols can support
plant communities that are more nutrient-demandag those found on podzols (Aber
and Melillo, 1991).

Gleysols, which are typical of clay deposits, avernid in ecosystems that are frequently
flooded or permanently waterlogged (Pidwirny, 200@)ese conditions tend to slow the
decomposition of organic matter, which resultsaw Isoil fertility. In turn waterlogged
conditions and low soil fertility reduce plant gritmand the productivity of ecosystems
(Charman, 2002). In northeastern North America g/ are typical of the Clay Belt of
northeastern Ontario and northwestern Quebec, &g &Gt. Lawrence lowlands.
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3.2 Humus forms

Another important soil characteristic that may uethce the productivity of an
ecosystems and species distribution is humus felumus form integrates information
on soil biological activity, pH, moisture, and natit availability (Wilson et al., 2001), all
of which are known to influence plant compositiow dhe productivity of ecosystems.

Three forms of humus are generally recognized: mmder and mull. Mor humus is
primarily found on coarse textured soils under caatl humid climate, or where
acidifying vegetation predominates (Brady and We2004). It is formed of
undecomposed or partially decomposed organic mttggris not incorporated into the
mineral soil (MNDNR, 2003). It is recalcitrant tecbmposition and pedofauna is rare or
absent (Table 3). Hence, decomposition is slowiarmcomplished primarily by fungi.
In mor humus, because calcium is rare, fulvic aaidsabundant and are responsible of
podzolization. Thus, the pH of mor humus is usud@dly (<5.0), and the C:N ratio is
generally high (>20) (Berg and McClaugherty, 200 .onsequently, these soils are
generally of low fertility, and trees rely mainly organic forms of N for nutrient supply
(Schimel and Bennett, 2004). This form of humusyscal of podzols. In northeastern
North America, although mor humus is typical of derous forests, such as fir or spruce
forests, it is also common under hardwood foresish as beech-maple stands, which
produce relatively recalcitrant litter because ighHignin content (Melillo et al., 1982).

Table 3. Biological and physico-chemical propertiafs humus forms (adapted from Berg and
McClaugherty, 2007).

Humus pH C:N Faun: Florg Organic Mineralizatior
form matter
decomposition
Mull +5.C 101t Earthworm: Bacteric Rapic Rapic
Model 4.C5.C 152¢% Arthropod: BacteridFung Moderatt Slow
Mor 3.5-45 >2E Collembola/Acai Fung Slow Very slow

Moder humus is characteristic of mesic hardwoocedts lacking earthworms. It is
formed of undecomposed and partially decomposedairenof broad-leaved deciduous
forest litter that is shallowly incorporated inttet mineral soil (MNDNR, 2003).
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Decomposition is moderately slow and is accomptishg bacteria and invertebrates
(Table 3). It is characterized by the presencett#ri(L), fermentation (F), and humus
(H) layers. The humus layer gradually grades intontiveeral topsoil. The pH is usually
low (4.0-5.0) and the C:N ratio typically variestween 15-25 (Berg and McClaugherty,
2007). In eastern North America, this form of hunmusypical of brunisols found under
yellow birch-sugar maple stands.

Mull humus is formed of well-decomposed organic terathat is mixed deeply into the
mineral soil. It is characterized by the preseofca thin litter (L)layer comprised only
of remnants from the previous fall and a thick mp&yer (MNDNR, 2003). Mull is
typical of hardwood forest with earthworms, suchsagar maple stands (MNDNR,
2003). In these stands, earthworms are resporsiblaixing leaves and humus into the
topsoil. Decomposition and mineralization are tgficrapid in mull humus. The pH is
usually higher (£5.0) than that of moder and maod the C:N ratio varies between 10-15
(Berg and McClaugherty, 2007). This form of humsigénerally rich in nutrients, and
can support nutrient-demanding plant communitiealk&f, 1998). This form of humus
is also typical of brunisols.

Thus, we saw that several environmental factorsresponsible for soil development,
humus formation and soil nutrient status. Soil dast in combination with climate

variables, interact to influence plant growth amanounity composition, and hence to
produce the wide arrays of forest stands foundortheastern North America. Thus, in
response to projected climate change, migrating $pecies will have to cope with soil
properties inherited from slow pedogenic proceskat started soon after the retreat of
the glaciers at the end of the last ice age, aatdrte still in progress today. Hence, soll
formation is considered to be irreversible, whicleams that a soil never returns
completely to its initial state during its develogmh (Targulian and Krasilnikov, 2007).

Only deep erosion (such as may result from glamia), down to unaltered parent
material returns a soil back to the initial stag@sdevelopment. However, although the
results of soil development are deemed irreversitlimate change has the potential to
alter biochemical processes and modify soil proggriat least in the upper part of the
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solum, which in turn has the potential to influerem®system productivity and species
distribution. The following section reviews the pilde effects of climate change on soil

biochemical factors and processes.

4.0 Responses of soil factors and processesto projected climatic change

It is widely accepted that projected global warmisgusceptible to impact soil factors
and processes (Goulden et al.,, 1998; Davidson andséns, 2006). For example, in
northern latitudes, longer growing seasons areagdedo reduce the length and extent of
the snow cover period, therefore increasing saiperature (IPCC, 2007), a factor
known to influence the rate of chemical reacticars] impact soil carbon (C) reservoir.
In turn, this altered soil C reservoir may resaltai positive feedback to the atmosphere,
exacerbating the global warming (Cox et al., 20Rfprr et al., 2005; Davidson and
Janssens, 2006).

The relationship between temperature and the ratehemical reactions was first
proposed by Arrhenius in the 1880’s (Voroney, 200#)is relationship states that the
rates of chemical reaction increase with risinggerature, due to increased molecular
interactions. Therefore, soil temperature, alonghwwater availability, is of great
biological significance because it controls mangrestrial biogeochemical processes
such as soil respiration (i.e., €@mission; Raich and Schlesinger, 1992), litter
decomposition (Hobbie, 1996), N mineralization amttification (MacDonald et al.,
1995), denitrification (Malhi et al., 1990), Gkmission (Crill et al., 1988; Crill, 1991;
Johnson et al., 1996), fine root dynamics (Gill dadkson, 2000; Pregitzer et al., 2000;
Sullivan et al., 2007), and plant nutrient uptaBagsiriRad et al., 2000; Schmidt et al.,
2002). In northern latitudes, these processes ragately influence plant growth and
alter plant communities (Chapin et al., 1995; Stetral., 2001; Sullivan et al., 2007).

Over the last 10 to 15 years, the need for infolonabn the response of ecosystems to
altered climate has been addressed by a growind@uwni temperature-manipulation
experiments. These experiments have shown thas m@tesoil respiration generally
increase with warmer temperature (Figure 2; PeberJet al., 1993, 1994; McHale et al.,
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1998; Rustad and Fernandez, 1998; Lavigne et @03;2Hartley et al., 2007). Soil
respiration is the sum of microbial respiration dgcomposition of organic matter and
root respiration. In the boreal and temperate foresarge part of soil organic matter is
stored in the forest floor as organic matter tegbhysically unprotected from microbial
decomposition. Thus, an increase in soil tempeeagy@nerally results in greater rates of
microbial activity, which in turn results in incresd rates of litter decomposition and
nutrient mineralization (Domisch et al., 2006; Ranret al., 2007). For example, after 2
years of decomposition in a northern hardwood toresmss remaining of American
beech leaf litter was respectively approximately, @@ and 42% for ambient,
ambient+5°C, and ambient+7.5°C soil temperaturattment (McHale et al., 1998).
Interestingly, the decomposition of sugar mapléeditwas unaffected by the soil
temperature treatment. Similarly, after 30 monthdexay in soil heated approximately 5
°C above ambient temperature in a spruce-fir foresiss loss of red spruce litter
increased 19% but that of red map#e (ubrum) was unaffected (Rustad and Fernandez,
1998). In a mixed deciduous forest, PeterJohn.€894) observed that heating the soil
by 5°C doubled
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Figure 2. Relationship between mean daily,@@x from soil and soil temperature (adapted frBoone et
al., 1998).
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daily rates of net N mineralization in both minesall and forest floor. In an experiment
using buried heating cables, Van Cleve et al. (1%®@wed that soil heating of black
spruce stands significantly increased decomposdiaine forest floor which resulted in
greater extractable N and P concentrations indhest floor, higher N concentrations in
the soil solution, and elevated spruce needle MnB,K concentrations. They attributed
higher foliar N content to greater nutrient availigbfrom higher rates of decomposition.
Similarly, Wickland and Neff (2008) showed thathlack spruce stands soil respiration
was greater at 20°C than at 10 °C. Thus, as shiwwea increased soil temperature can
be responsible for higher soil respiration and ieatr mineralization in hardwood,
mixedwood, and coniferous forest. Since produgtivittemperate (Vitousek et al., 1982;
Melillo et al., 1993; Reich et al., 1997; Joshia¢ét 2003) and boreal (Van Cleve and
Zasada, 1976; Chapin et al., 1986) forest is oft@ited by the plant N supply, an
increase in N availability to plants should incee&P. Thus, it can be hypothesized that
increased soil temperature due to global warmirbingrease soil nutrient supply. In the
boreal forest, increased nutrient availability ménerefore promote the growth of
nutrient-demanding species already present, oayt facilitate the establishment of more
nutrient-demanding hardwood species, such as soggrle and yellow birch, and
promote the conversion of boreal forest communitEsninated by coniferous species,

to mixedwood communities.

However, Giardina and Ryan (2000) showed that asirgy temperature does not
consistently result in increased rates of deconjpmsin forest soils. Instead, they found
that rates of decomposition were constant acragelal-scale gradient in mean annual
temperature. Hence, their results suggest thas telecomposition in forest soils are
not controlled solely by temperature limitationsnhicrobial activity. Low soil organic
matter quality could also be responsible for thweitéd substrate availability for the
microbial biomass, and may limit microbial respwat (Wickland and Neff, 2008).
Indeed, forest-derived C consists of lignin-domaghtremains and precipitated by-
products of plant and microbial residue that arerpzarbon sources for microbes. Thus,
rates of nutrient mineralization could be slowedwvdp consequently decreasing the
amount of nutrient available for plant growth, dimciting species migration.
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Water is another important soil factor regulatinggeochemical processes. It affects the
moisture available to organisms as well as so@t#@r status, the nature and amount of
soluble materials, the osmotic pressure, and thefpHe soil solution (Voroney, 2007).
In addition, water ensures the transport of nutsiecby mass flow and diffusion.
Microbial activity is also strongly dependent upeater availability: too much or too
little water reduces microbial respiration (Davidset al., 1998; Savage and Davidson,
2001; Martin and Bolstad, 2005; Wickland and NeZ)08), and hence nutrient
mineralization (Figure 3; Wang et al., 2004; Knoeppd Vose, 2007). When plant
residues are submerged in water for extended erwddhe year and availability of
oxygen is limited, microbial activity is reducedhih results in slowed biological decay
and accumulation of organic matter (Clymo et a@98). Where water is nonlimiting,
biological activity may depend mainly on temperafwand standard Arrhenius theory can
be used to predict temperature effects. But as doyl, moisture exerts more control upon
biological processes than temperature (Martin anttBd, 2005; Wickland and Neff,
2008).
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Figure 3. Mean % of initial C mineralized versud smisture content (adapted from Wickland and Neff
2008).

Precipitation regimes under the projected climatange differ greatly according to
different regions of the world. Where evapotrarson is expected to exceed
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precipitation, drought conditions could occur armuld result in reduced microbial
activity and nutrient mineralization. Similarly, iregions where precipitations are
expected to exceed evapotranspiration, reducedrsoibbial activity and mineralization

rates could result from newly created waterloggaaddions. In turn, nutrient limitation

resulting from both drought or waterlogged condisican impact on forest productivity
(Johnston and Williamson, 2005; Simard et al., 2007

Furthermore, soil water reacts with soil £@ produce carbonic acid, a major
weathering agent (Berner, 1992; Drever, 1994). &hid, together with other acids such
as sulfuric and nitric acids, are consumed in loation exchange and mineral dissolution
reactions, which acidifies soil (Reuss et al., 298@hler and Hildebrand, 2003; Oh and
Richter, 2004). Rainfall can also affect soil pHoatiigh the leaching of nutrients such as
calcium (Ca) and magnesium (Mg), which are replabgdacidic elements such as
aluminum (Al) and iron (Fe) (Voroney, 2007). Thusth the projected increase in global
temperature - which has the potential to increasé temperature and hence soil
respiration - and increase in precipitation ovestea North America, it can be
speculated that soil acidity will increase, inciegdosses of nutrients (especially Ca and
P), and causing a reduction in the availabilityhafrients (Likens et al., 1996; Friedland
and Miller, 1999; Ouimet et al., 2001). In easté&tarth America, this reduction in
nutrient availability is suspected to contributethe slower growth of sugar maples
(Ouimet and Camiré, 1995; Duchesne et al., 2002¢ 2t al., 2006). Similarly, low soil
pH has been cited as a hypothesis to explain ttetit;m of the boundary between the
mixedwood and coniferous forest. Indeed, low sbilgould prevent the establishment of
the balsam fir in the coniferous zone, as this igseis intolerant of low pH (Béland and
Bergeron, 1993; Paré and Bergeron, 1996). Howelespite the fact that several authors
have reported negative effects of soil acidificatan the growth of sugar maple, Fisher
and Binkley (2000) consider that pH is seldom abfmm for tree nutrition and growth,
except on dry sites where high pH and high salicentrations combine to impair tree
growth. In fact, it is recognized that most treesps do well across a wide range of pH
values. Thus, for most tree species soil pH mayraptesent a major challenge for
establishment.
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Moreover, although predicted changes in atmosphe@g are small compared to the
relatively high CQ concentrations in the pore space of soils, ine@asmospheric CO

is susceptible to influence nutrient availabilitydugh altered mineralization (Lipson et
al., 2005). Indeed, effects of elevated atmosph@@g on soil microbial organisms could
be mediated by plant root production and exudafitak et al., 2000). In response to
elevated C@ microbial biomass and activity have thus beereonkel to decrease (Diaz
et al., 1993), increase (Williams et al., 2000),remain unchanged (Randlett et al.,
1996). In turn, these modifications in microbiabimass and activity are susceptible to
influence the decomposition of soil organic maged N mineralization/immobilization,
and consequently the amount of nutrient availablepilant growth (Figure 4). Thus,
long-term primary production response to elevat€d? Gepends on soil nitrogen (N)
mineralization. Despite much effort, it is still eertain how elevated GQaffects long-
term soil N dynamics.
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Figure 4. lllustration of the relationships betwgxant and microbial activity in terrestrial ecosyss, and
the potential for these relationships to be altdrgetlevated atmospheric GQPlant production is often
limited by N made available by the decompositiorormfanic matter in soil. At the same time, the diow
and maintenance of soil microorganisms is conttlolly the amount and type of organic compounds
entering soil via plant litter production. If eleéed CQ alters the amount of energy available for micrbbia
growth in soil, it also has the potential to altee microbial demand for N (i.e. microbial immobdtion)
and decrease the amount of inorganic N availablplémt uptake (after Zak et al., 2000).
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Along with biological effects on microbial respi@at and nutrient mineralization, soil
temperature and water availability influence nuttrieptake through direct effects on the
growth and physiology of plant root system (McMiehand Burke, 1998; Joslin et al.,
2000; Pregitzer et al., 2000; Pregitzer and Kin@g03). Usually, root growth begins at
low, limiting temperature, and growth rate increaseith rising temperature to an
optimum (Figure 5). Then, root growth declines wiitther increasing temperature. Root
responses to increasing soil temperature are confananee species, such as white oak
(Q. alba) (Teskey and Hinckley, 1981), trembling asp@ntfemuloides), jack pine P.
banksiana) and black spruce (Steele et al., 1997). Posgielehanisms for enhanced root
growth in warmer soils include: source-sink relasbips between above- and
belowground plant parts (Day et al., 1991; Landbaii®t al., 1996; Schwarz et al.,
1997), greater production of growth hormones (Atdral, 1973; Bowen, 1991; Kramer
and Boyer, 1995), and increased rates of enzymesaictions and cell divisions (Larcher,
1995; Taiz and Zeiger, 2006). Root vertical disttibn is also influenced by soil
temperature due to direct effect on growth, andhtlirect effects on the availability of
nutrient and water (Pregitzer and King, 2005). Tikigarticularly important in harsh
environments such as tundra where the depth tohwtoot can grow is limited by
permafrost. Finally, it is well known that rootsopferate where resource availability is
high (Pregitzer et al., 1993). Thus, when watanas limiting, roots proliferate near the
surface of the soil where higher temperatures ddimit growth and accelerate rates of
nutrient mineralization. It can therefore be hymsied that increased soil temperature
due to global warming has the potential to increasé¢ growth rates which could in turn
facilitate the establishment of migrating tree sp&c
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Figure 5. Root growth response to soil temperaflapted from Kaspar and Bland, 1992).

Root nutrient uptake is also influenced by the mmnthat soil temperature and water
exert on root physiology. Indeed, several studi@gehsuggested that rates of nutrient
uptake increase with increasing temperature (Chap#v4a,b; BassiriRad, 2000).
However, the mechanisms explaining this relatienrat well understood. Nevertheless,
it is known that root respiration increases witking soil temperature in part because
enhanced photosynthesis provides more energy faeacansport (Atkin et al., 2000).
Higher rates of root respiration result in highencentrations of C®in soil solution,
which favors ion exchange at the surface of saitiglas, releasing nutrients which can
be taken up by plant roots (Larcher, 1995). Howewereased soil respiration results in
increased carbonic acid in the soil solution whaaim decrease soil pH. In turn, this
increase in soil acidity has the potential to dffée availability and uptake of nutrients
(Marschner, 1995). Properties of the cell membraiss change with soil temperature,
affecting nutrient uptake. At low soil temperatutbere is a decrease in water uptake
caused by higher viscosity of water and reducednpability of cell membranes, which
increase resistance to water movement within tleg (Bigure 6; Kramer and Boyer,
1995; Wan et al., 2001). Therefore, it can be sla¢ed that increased soil temperature
has the potential to increase cell membrane perititgand enhance water and nutrient
uptake.
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Figure 6. Relative viscosity of water and relatnesistance for water flow through roots at low soil
temperatures (adapted from Wan et al., 2001).

The above considerations emphasize the complekityeanfluence that soil temperature
and water availability exert on soil factors andqasses, such as nutrient availability and
plant growth, and illustrate the difficulty to geakze about the multiple, interacting
processes occurring in the soil. For instancepaltyh the projected global warming may
increase nutrient mineralization (and potentiallyrient availability) through increased
microbial activity, increased precipitation and|960,, could enhance nutrient losses
through leaching and cation exchange. Neverthelessmains clear that the projected
climate change has the potential to alter soil enajure and water regime, and hence
soil processes and plant growth. At least for reatitern North America, it seems that the
possible modifications to soil physico- and biockehproperties and processes due to
projected climate change has the potential to beefimal for tree growth and the
establishment of migrating species. Because treeciesp respond individually to
environmental factors, it can then be speculated #tered soil factors will influence
different species in different ways. Ultimatelyetie differences could be translated in
different colonization abilities and migration ratevhich will likely alter current tree

communities.
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5.0 Response of tree speciesto altered soil factorsas mediated by climate change

As one considers the wide distribution range ofpterate and boreal tree species, it
appears evident that not only are these speciegtetido a wide range of climatic
conditions, but also, as soil factors are partlgtomled by climate, to a wide range of
soil conditions. However, it should be kept in mimh@t it is the local adaptations of its
different populations that give a species its bt thrive under various climate regimes
and soil conditions. Therefore, in response to alenchange and altered soil factors, it
seems likely that southern populations of a giyeecges could respond differently to the
modification of soil factors or could respond tdiierent set of soil factors than northern
populations. Thus, a species’ response to altevéd@nditions as mediated by climate
change are likely to be various and complex. Taaisn will give an insight of possible
responses of some temperate and boreal tree speciakkered soil conditions and

climate.

It is reasonable to believe that at the end ofidlseice age, soon after the retreat of the
ice sheath, plants established onto uncolonizediajldeposits. Slowly, soils began to
develop in response to climate, topography, antbdgpical factors (i.e., plants and soil
microorganisms), and so did plant communities. dntast, unless massive forest die-
off, species that will migrate in the boreal anthperate forests in response to climate
change will have to establish on sites that areadly colonized by plants, and thus will
have to cope with competition for habitat resour¢tesaddition, these migrating species
will have to cope with soils that are already depeld and that possess properties that
may not be suitable for their establishmdtar instance, podzols of boreal forests are
generally low in nutrient content compared to haydd forest brunisols (Aber and
Melillo, 1991; Bérard and Co6té, 1996Thus, nutrient-demanding species typical of
hardwood forests may not be able to thrive in p&following their establishment.
Moreover, some parent materials may lead to theeldpment of soils, such as
serpentine, which support unique type of vegetafidrerefore, the colonization of a new
habitat by a plant species could be constrainedabtors related to soil and biotic

interactions.
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As shown by numerous authors, soil properties hlgegpotential to influence plants in
many ways, especially during their establishmenasph Indeed, the nature of the
microsite (e.g. minerals. organic soil), and its physico-chemical propertgich as
temperature, water and nutrient availability, aktigve important soil factors influencing
seed germination and seedling establishment (Gakdsn 2000; Spittlehouse and
Stathers, 1990). For example, the establishmest gfecies into a new habitat can be
constrained by the inability of its seeds to geatenbecause of inadequate soil moisture
(Ammer et al.,, 2002) or allelopathic interactior&agkrisson and Nilsson, 1992). In
addition, soil temperature is a primary factor ting growth during the early part of a
plant’s establishment phase (Grossnickle, 2000pa@amd Hik, 2007). As shown above,
soil temperature places stress on plants by afigdtieir water movement capability, gas
exchange, and subsequent root growth. This inatfatts seedling growth and survival.
In some cold climates, a dense canopy may keeptesoperature so low that it delays
germination and slows up seedling development l{§tatand Spittlehouse, 1990; Groot
et al., 1997). However, removal of the forest coweay result in increases in soil
temperature to lethal levels for germination andddiag growth (Fisher and Binkley,
2000). Finally, once established, seedlings mumt fufficient amounts of nutrients in
order to survive, grow, and reproduce (Grossnick0€0). Therefore, several soil factors
have the potential to influence species’ migrasancess in response to climate change.

5.1 Migration from the boreal forest to the tundra

Species migration from the boreal forest into tinedta may first be limited by the lack
of soil and humus. For instance, on rocky outcrwpsre soil is absent, the establishment
of trees is deemed impossible. Similarly, in areéisre waterlogged conditions and low
soil temperature combine to slow down the develogmef soils and to reduce
humification rates, the establishment of tree gseahadapted to these conditions may be
hindered (Anderson, 1991).

Furthermore, with the projected climate warming peemafrost is expected to thaw at
certain locations, enhancing the decompositionodfaganic matter and increasing the
availability of nutrients (Euskirchen et al., 2008hese modifications could facilitate the
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establishment of trees north of the treeline, causi northern range extension of the
boreal forest. Alternatively, deeper permafrostidaastrict the drainage of melted water
at the surface creating waterlogged conditions timaty limit soil organic matter
decomposition and nutrient availability, therefpreventing the establishment of species
unadapted to these conditions. Thus, in areas vthere is significant peat accumulation
and underlying permafrost, only a few species sagleastern larch and black spruce
could establish and thrive.

Nevertheless, where soil exists and permafrosbser, the expected rise in summer
temperatures at the transition zone between thdrauand the boreal forest could
improve soil conditions which in turn could enharsmed germination and seedling
growth, ultimately causing a rise in treeline. FExample, in an Alaskan shrub tundra,
Hobbie and Chapin (1998) found that the seed gextiom of 3 treeline specie8étula
papyrifera, P. glauca and P. tremuloides) increased as a result of simulated global
warming. Although the success of seed germinatias attributed to an increase in air
temperature, seedling growth was dependent onceaditions, i.e., it was reduced in
nutrient-poor or cold and wet soils, such as tusswdeath tundra.

However, contrary to Hobbie and Chapin (1998) wbontl that the growth of white
spruceseedlingsincreased in response to simulated warming, Bagbexl. (2000) and
Lloyd and Fastie (2002) found a reduction in matuhite spruce growth rate in response
to warming. In these studies, the authors attributes growth reduction to drought
stress. Therefore, these different responses tmiwgrbetween early and late life stages
of white spruce emphasize that the response @eattr any given environmental factors
may vary throughout its life cycle and that thisulcb have repercussions on its
establishment, survival, and reproduction succBsss, in the tundra and at the transition
zone with the boreal forest, soil factors will lixkglay an important role throughout the
development of trees following their establishmentnew habitats. The distribution
range of a species could therefore be constraigyeal ¢pecific limiting phase of its life

cycle.
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In response to climate warming, tree species nowuminlg in the boreal forest are
therefore susceptible to migrate northward wherecsaditions allow, i.e., at or slightly
north of the transition zone between the tundra thuiedboreal forest. However, as one
moves further to the north, the lack of mineral smid organic matter will prevent the
establishment of trees and the development of terexcept along river banks and in
depressions where soils may be well developed.efdw, in eastern North America the
area now occupied by the tundra will likely decesscause of the northward expansion

of the transition zone between the tundra and tined forest.

5.2 Migration from the temperate to the boreal forests

In the boreal forest, high soil moisture and lownperature are the major factors
controlling nutrient cycling and forest productwifVan Cleve et al., 1983a,b). Locally,
permafrost may exacerbate the effects of high swisture and low temperature on
nutrient cycling and forest productivity. In resgerto global warming, a combination of
warmer soils and increased evapotranspiration rhagefore enhance nutrient cycling
and potentially increase forest productivity, arhde allow the establishment of more
productive, southern tree species that requiresenigupply of soil nutrients. However,
in the northern part of the boreal forest, whergalntinuous permafrost exists, deeper
permafrost may restrict drainage of melted watethat surface, creating waterlogged
conditions that may limit the establishment of spewunadapted to these conditions. As a
result, black spruce and larch stands will likegrgsst where waterlogged conditions

prevail.

In response to altered climate, tree species mo¢mily present in the boreal forest could
establish on sites where soil conditions are faWeraHence, the northern distribution
limit of several temperate forest tree speciesccowve north. For instance, the northern
red oak Q. rubra) is known to be relatively tolerant to drought daions (Fekedulgen
et al., 2003; Hartman et al., 2005). In northeastdorth America, despite projected
higher precipitation, soil moisture could decreadsecause of increased
evapotranspiration. Hence, some parts of the bdoeast could become more favorable
for the establishment of red oaks.
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Studying the growth of sugar maples located atd&eiduous—boreal forest ecotone,
Barras and Kellman (1998) found that sugar mapdellseys were of broad tolerance and
were present in all micro-habitats. The broad #olee of the sugar maple to soil
conditions was confirmed by Kellman (2004) in ang@lantation experiment where the
species’ establishment in the boreal forests wasessful, at least at the germination and
seedling growth stage. Furthermore, according tt@iem and Rigg (2005) the sugar
maple had a great potential for increased growtgsrat the transition zone between the
deciduous and boreal forests under the predicietht# change. Thus, it seems that soil
conditions found in the boreal forest will not cbagh sugar maple germination and
seedling establishment. Therefore, provided seifici seed availability, projected
increase in temperature and precipitation in na@astern North America could enhance
the future status of the sugar maple at its nonthenit and facilitate its range expansion

northward in response to climatic change.

As shown with the northern red oak and the sugarlenan response to climate change,
improved soil conditions or broad tolerance to soihditions may facilitate the migration
and establishment in the boreal forest of tree ispesow typically occurring in the
temperate forest. Other tree species, such asthenaple and the yellow birch, which
distribution limits occur at or near the transitiaane between the temperate and the
boreal forest, could establish in the boreal forestresponse to climate change.
Therefore, the migration of temperate tree spewisn the area currently occupied by
the boreal forest is locally probable. However,saewn above podzols of coniferous
forest could hinder the establishment of nutrieemending species, such as sugar maple,
or species associated with lime-rich soil, suchheseastern white cedar. Thus, while
climate change has the potential to improve saidat@ons for plant growth, plants will
also have cope with soil properties inherited frelow pedogenic processes. These
antagonistic forces are likely to slow down potalitiee migration in response to climate

change.
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5.3 Differential migratory response between northern and southern populations

As shown above, soil factors and processes arly likebe modified by climate change,
and could facilitate the establishment of migratinge species in the different forest
biomes of northeastern North American. However, awy could climate change and
subsequent soil modifications promote the northwasgansion of tree species’
distribution limits, but they may also allow therpistence of a species within the current
limit of its distribution range. Indeed, as statearlier, because of local adaptations
southern and northern populations of a given specmay respond differently to
modification of soil factors or could respond tditierent set of soil factors. Thus, local
adaptations may be critical for allowing the egsdtthent or the replacement of
populations of a given species within the curremitlof its distribution range.

Hence, provided climate and genetic adaptatiorsvalfor a given species it can be
hypothesized that, at the continental or regiosales, soil factors should not represent
major constraints for the northward expansion fpibpulations located at the southern
limit or at the center of its distribution rangeed&wuse over its range the species is locally
present or abundant, one can assume that soilgasit locally, are suitable for the
establishment of migrating populations. Similafty; populations located at the northern
limit of the species’ distribution range, shorttdisce (e.g. <10 km) migration should be
possible as soil factors do not vary much overdhdistances. However, long-distance
(e.g. >100 km) migration could be hampered by fastors that would prevent seed
germination and seedling development. For exang@spite probable favorable climate
envelopes, it is unlikely that the sugar maple ler yellow birch will establish in the
James Bay lowlands because of deep peat accunmulétet creates waterlogged
conditions unfavorable for the growth of these sgec Similarly, the tundra,
characterized by shallow or non-existing soilsyndikely to be rapidly colonized by the
tap-rooted jack pine despite more favorable climatonditions. Thus, because
occurrence of soil is a prerequisite for the esgthblent of trees, the relative importance
of soil factors for successful migration shouldbgh in the tundra. In contrast, in the
boreal and temperate forests, as soils are alrdadgloped, the relative importance of
soil factors for tree establishment could be lowéwwever, inherited soil characteristics
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such as low nutrient availability in podzols, angh@sure to heavy metals in serpentine
soils could locally restrict or slow down migratidm the boreal and temperate forests,
other factors such as competition and disturbaegene could be as important as soil

properties for tree establishment.

Climate change and altered soil factors and presesse thus highly susceptible to
interact to influence the projected migration asthblishment of tree species. However,
although the importance of these factors in théribdigion of plants species is widely

accepted, elevated atmospheric,GAd other biotic and abiotic factors could intérac
with climate and soil factors to further influencee migration and establishment. Some
of these factors could even prove more importaan tlimate and soil for the migration

and establishment of trees. The next section wik @n insight of some of these factors

and how they are susceptible to influence tree aiign and establishment.

6.0 Differential responses of tree species to elevated CO, and tree migration as
influenced by other biotic and abiotic factors

As shown in the previous section, soil factors ddog determinant, at least locally, for
the establishment and growth of several tree spetieing their northward migration.
However, plants do not rely solely on climatic ades and soil resources for their
growth. Atmospheric C@constitutes another essential substrate for gleowth and to
which they respond differently according to specielence, projected increases in
atmospheric C@could trigger different responses according tac&se which could alter

interspecific interactions and ultimately commurabmposition.

As shown by several authors, plant growth respotsetevated C@vary depending on
species (Spinnler et al., 2002; Korner, 2006). ¢éaljén response to elevated £Q@rowth
rates can increase, decrease or remain unchangedo@ky et al., 2003; Poorter and
Navas, 2003; Nowak et al., 2004; King et al., 200Bjfferences in genotypes
(McDonald et al., 2002), competitive ability (McDald et al., 2002), and environmental
conditions - particularly nutrient (de Graaff et, @006) and water availability (Nowak et
al., 2004) - can be responsible to this variatieurthermore, in addition to changes in
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growth rates, changes in the physiology and biodsteynof individual species under
elevated atmospheric G@nd altered climate is likely to affect bioticemhictions, such
as competition (Poorter and Navas, 2003), herbigbigiton et al., 2003), pollination
(Erhardt et al., 2005) and root—rhizosphere dynar(iRregitzer et al., 2007). This can
lead to shifts in the dominance of species, affigctiheir influence on ecosystem
properties (Kroner, 2004; Whitham et al., 2006). gpecies exhibit wide variation in
their individual responses to altered environmentaiditions, competitive interactions
are likely to change (Roumet, 2002; Mohan et &042 Ward and Kelly, 2004). Hence,
given the different species responses t@,dl@ direct effects of elevated €@ill likely
contribute to the species shifts already resulfiogn climate change (Parmesan, 2006).
These species shifts have potentially larger carssoes, because the responses of
dominant forest species to elevated ;C€an cascade through the entire ecosystem,
affecting soil microbial communities (Phillips ek,a2002; Chung et al., 2006), soil
nutrient status, and the carbon stocking capadigcosystems.

Moreover, other biotic and abiotic factors couldoyw important to restrict tree

establishment and species migration. First, smeddcal adaption may prevent the
expected northward migration of tree species ouf@ns caused by climate warming.
At the continental scale, two of the most importlactl adaptations are that to cold and
photoperiod that helps prevent frost damage (Hel®85; Skre, 2002). In northern

latitudes, a long-day photoperiod ensures that growvill begin and terminate when frost

vulnerability is low. Thus, northward migration species or populations adapted to
warmer temperatures and shorter photoperiods magohstrained because the short
photoperiod required to break dormancy occurs wihest hazard in higher latitude is

high. Therefore, despite improved climatic and soihditions, the southern populations
of a given species may not be able to migrate sstaky.

Second, altered disturbance regime may also be rtanoto promote or restrict the

future distribution range of tree species. Distades, whether fires, insect outbreaks or
windstorms, are acknowledged to temporarily altarsgstem composition and functions,
and to initiate ecological succession. Therefonstucbances can favor or exclude a
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particular species from an ecosystem. Hence, ifjuoction with climate warming,
altered disturbance regime could lead to the astabent of ecosystems in which
composition and structure are radically differemini ecosystems occurring prior to the

alteration of the disturbance regime.

Third, habitat fragmentation and land use could aépresent major constraints to tree
migration and establishment. Indeed, in naturabgst®@ms cleared for human activities
such as agriculture or urbanization, the remainmgct habitat fragments tend to be
isolated from each other, increasing the distanspexies must travel in order to find
new suitable habitat and decreasing the probalofisuccessful migration.

Fourth, in the absence of disturbance, competitimnhabitat resources such as light,
water and nutrients could also constrain tree ggegiigration and colonization of new
habitat. Recent experimental and manipulation etidon the effect of raised

temperatures (Hanninen, 1996; Epstein et al., 2604hanged nutrient levels (Karlsson
and Nordell, 1996; Shaver et al., 2001) have rexktie importance of the response of
individual trees species to altered climate rathan wholesale community shifts. In this
context, predicted climate change scenarios areaag to have profound effects on the
competition between species and on their relatisgilution across the landscape.

Fifth, suitable habitat for tree species will fluate greatly with climate change. Such
large changes would also have significant effectsother users of the forest, such as
pollinators and seed-dispersers. The inabilityhelse associated organisms to cope with
the projected climate change could jeopardize thatp species that rely on them for
their pollination or their dispersal. Furthermoraltered climate could favor the
establishment or population expansion of detrimeintect pest, such as the mountain
pine beetle Dendroctonus ponderosae) (Carroll et al., 2006), that could cause impartan
damage to forest and limit future tree reproductod migration in response to climate

change.
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Finally, the ease with which plants migrate norttdvas climate changes will depend, in
part, whether immigrants find the mycorrhizal furagid rhizosphere bacteria that they
require (Perry et al., 1990). As mycorrhizae arevkm to enhance plant nutrient and
water uptake (Eissenstat and Volder, 2005), itatdal hypothesized that immigration of
a given plant species onto a new site will be ftatédd if it is accompanied with its

associated mycorrhizal species. Some fungal speasmigrate with their hosts, but

many may not, for example, those species fruitilgwground and spreading slowly.

Therefore, it seems clear that the future northwaigtation of trees will not respond to a
single biotic or abiotic factor. Rather, trees kitely to respond to complex interactions
between climate variables - including increasedoapheric CQ@ soil factors and

processes, genetic adaptations, disturbance regiompetition, associated pollinators

and dispersers, and associated soil microorganisms.

7.0 Conclusion

As plant species distribution is partly controllbyg climatic variables such as annual
average temperature and precipitation regime, tbgged climate change is expected to
modify the distribution range of tree species. Bseatree species are likely to respond
individually to altered climate, tree communitiese aalso expected to be modified.
Furthermore, as solil factors and processes ardy mhatermined by climate variables,
climate change is expected to alter soil propertiedurn, these soil modifications are
likely to interact with altered climate variables ihfluence tree species distribution and
community composition. Hence, tree species’ respomshe projected climate change is
likely to be complex and nonlinear. According todgliey et al. (2007), tree species
responses to global warming may fall into one airforoad categories: local extinction,
in dgtu persistencein situ adaptation over generation, and migration. Thaiok$ong
lifespan or broad environmental tolerande, situ persistence may allow some tree
species to remain present in the landscape lorg sifitable climatic or environmental
conditions have changed. Although genetic adaptatitay influence tree species
response to altered environmental conditions (Dawmd Shaw, 2001), rapid adaptation

will be possible only for short-lived tree spedibat reproduce early in their life cycle. If
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tree community composition is to change in respaosglobal warming and altered
environmental conditions, two pathways are possibte situ conversion, i.e., the
replacement of dominant species by subdominant iespeor migration.In sSitu
conversion is likely to begin before immigrantsagdish and start to play a significant
functional role. Yet, if the climate changes rapjdind especially if climate change is
accompanied by widespread disturbance, some spaagsheir functions may be lost
before those functions can be replaced. Currentdyriot possible to tell what proportion
of local, regional or global floras may persistaolapt to climate change in situ, bat
situ conversion and migration will be necessary to tad@mthe functions of ecosystems.

At the continental or regional scales, if one does consider other biotic or abiotic

factors, soil factors should not represent majonst@ints for the northward shift of

populations located at the southern limit or at tdemter of their distribution range.

Because populations are already in place, one ssumee that soils, at least locally, are
suitable for the establishment of migrating popafs. At some locations, however,

unfavorable soil properties, such as waterloggedditions, or soil characteristics

inherited from pedogenic processes, such as padtoln, could preclude the

establishment of migrating species not adaptedh&se conditions. For populations
located at the northern limit of their distributisange, short-distance (e.g. <100 km)
migration should be possible as soil factors dovaoy much over these distances, while
long-distance (e.g. >100 km) migration, howevenjldde constrained by soil factors
that preclude seed germination and seedling eshebéint. However, for both short- and
long-dispersal other factors such as disturbanganes and the concurrent migration of
associated pollinators and dispersers, and asedcisbil microorganisms will also

influence the migration and establishment of tygec®s in new habitats.

Because the presence of soil is a prerequisitthéoestablishment of trees, the absence of
soil or its low development may be the most impartdactor constraining the
establishment of trees in the tundra, along witnale variables and genetic adaptation.
The relative importance of soil factors should theshigh in the tundra. In contrast, in
the boreal and temperate forests where soils awady developed, soil relative
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importance for tree establishment should be lo@éner factors, such as competition and
disturbance regime should be as important for égt@blishment. However, local soll
conditions, such as low pH and waterlogged condli{i@r pedogenic processes, such as
podzolization, could also be important to restsipecies migration and establishment in
the boreal forest. Likewise, soil characteristieveloped during pedogenic processes,
such as podzolization, could hinder the establisttrapecies. Thus, while climate change
has the potential to improve soil conditions foamlgrowth, this forcing will have cope
with irreversible soil properties inherited fromdagenic processes. These opposing
forces are likely to hinder tree migration in respe to climate change.

In conclusion, the migration of tree species issthnighly probable within the area
currently occupied by the boreal and temperatesfolaut will be restricted to the more
favorable sites in the tundra because of the albseh@xtended soils. While the area
covered by the boreal forest biome will in all ikeod decrease because of the
northward expansion of the temperate forest bione the constraints imposed by the
tundra environment, the area covered by the tertgpdomest biome could remain the
same, but show a poleward shift. However, in batimies the fate of individual species
remains uncertain and is dependent upon their nsgptm complex interactions between
climate variables, soil factors and processes, tgegaptations, disturbance regime,
competition, associated pollinators and dispersamnd, associated soil microorganisms.
Therefore, species are more likely to respond tmate change than whole biome.
Moreover, some species, such as yellow-poplarddendron tulipifera) and pin oak @.
palustris), which are currently occurring in the eastern USy,omay migrate to
southeastern Canada in response to global warmmgs, new plant species assemblages
are likely to emerge from climate change. Howeggrestions remain to be answered,
such as will the soils of the boreal forest beileegnough to support the growth of more
productive hardwood species? Reliable predictioristlee fate of tree species
communities, and thereby the policy and managewtasites of the future, will require a
clear understanding of tree responses to a widgerari biotic and abiotic factors.
Furthermore, human assistance may be needed iSp@aes are to realize their newly
expanded, potential natural ranges.
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Appendix |

How to discriminate between the effects of climatic variables from those of soil
factorson the establishment and growth of treesin response to climate change.

Greenhouse study

In order todiscriminate between the possible influence of atimwarming from that of
soil properties on the migration and establishmeitirees, | propose to set up a
greenhouse study in which seeds and seedlingsffefatit tree species typical of the
temperate and boreal forests are sowed or plantddidually in pots containing soils
representative of the different biomes found alargtitudinal gradient in eastern North
America. For example, soils could be collected egutar intervals (e.g. every 5° of
latitude) from the southern limit of the temperakeciduous forest (ca. 35°N) to the
northern limit of the boreal forest (ca. 58°N). Tih¢he pots could be placed in several
greenhouses in order to recreate different climagmes (i.e., warm and moist, warm
and dry, cold and moist and cold and dry). If théspstay long enough in the greenhouse,
it should be possible to discriminate between tifects of climate from that of soil on

the germination success and growth of the selespiedies in response to climate change.

Field study

A field-based study could also be set up to distrate between the influence of climatic
warming and soil properties on tree establishmedtgrowth. For example, for a given
species typical of the temperate forest, seedssaadlings of different provenance (e.g.
from the southern and the northern limit of itstasition) could be sowed and planted
along two or three latitudinal transects. Sowing planting locations could be located at
the center of the species’ distribution rangehatriorthern limit of its range, and then at
1 km, 5 km, 10 km, 50 km, 100 km, 200 km, and 500rorth of its actual range. Using
sugar maple as a model, the transects would spam tihe deciduous to the coniferous
forests, via mixed hardwood-softwood forest. Thushould be possible to discriminate
between the possible effects of climatic varialftesn that of soil properties on the

germination success and growth of the selectedespactresponse to climate change.
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